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(Background: Muncl8-1 is an important factor for synaptic transmitter release, but its molecular mechanism remains an
Results: Muncl8a does not affect fusion kinetics. It can sequester syntaxin-1A molecules from the syntaxin-1A:SNAP-25
Conclusion: Munc18a has no effect on complete fusion in conjunction with synaptotagmin-1, complexin-1, and neuronal

Significance: This work provides new insights into Munc18-1 and its interactions with other synaptic proteins.
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Sec1/Muncl8 (SM) proteins are essential for membrane traf-
ficking, but their molecular mechanism remains unclear. Using
a single vesicle-vesicle content-mixing assay with reconstituted
neuronal SNAREs, synaptotagmin-1, and complexin-1, we show
that the neuronal SM protein Munc18a/nSecl has no effect on
the intrinsic kinetics of both spontaneous fusion and Ca®* -trig-
gered fusion between vesicles that mimic synaptic vesicles and
the plasma membrane. However, wild type Munc18a reduced
vesicle association ~50% when the vesicles bearing the
t-SNAREs syntaxin-1A and SNAP-25 were preincubated with
Munc18 for 30 min. Single molecule experiments with labeled
SNAP-25 indicate that the reduction of vesicle association is a
consequence of sequestration of syntaxin-1A by Munc18a and sub-
sequent release of SNAP-25 (i.e. Muncl8a captures syntaxin-1A
via its high affinity interaction). Moreover, a phosphor-
ylation mimic mutant of Muncl8a with reduced affinity to syn-
taxin-1A results in less reduction of vesicle association. In sum-
mary, Munc18a does not directly affect fusion, although it has an
effect on the t-SNARE complex, depending on the presence of
other factors and experimental conditions. Our results suggest that
Munc18a primarily acts at the prefusion stage.

Synaptic neurotransmission involves the release of neu-
rotransmitter into the synaptic cleft upon an action potential.
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The release of neurotransmitters into the synaptic cleft is medi-
ated by the fusion of neurotransmitter-laden synaptic vesicles
with the plasma membrane in the active zone upon an increase
of thelocal Ca®" concentration following depolarization. There
are several synaptic proteins that have key roles in the Ca**-
triggered fusion of synaptic vesicles with the plasma mem-
brane: the neuronal soluble N-ethylmaleimide-sensitive factor
(NSF)” attachment protein receptors (SNAREs) synaptobrevin-
2/VAMP2 (vesicle-associated membrane protein), syntaxin-
1A, and SNAP-25 (synaptosome-associated protein 25); synap-
totagmin; complexin; and nSecl/Munc-18a (1-3). Whereas
SNARE proteins can provide the minimal energy to drive mem-
brane fusion (4) and synaptotagmin-1 is the Ca®>* sensor for fast
synchronous release (5), the molecular roles of complexin and
Muncl8a are less certain (6—9). Here we focus on the mecha-
nism of action of Munc18a.

There is intensive debate as to whether Sec1/Muncl8 (SM)
proteins, which are required components of all membrane traf-
ficking pathways, play a role in facilitating or regulating SNARE
complex assembly or if they are involved in the fusion process
itself (10, 11). Evidence that the neuronal SM protein Munc18a
is involved in more than “just” facilitation or regulation comes
primarily from Munc18a knock-out studies in mice (12) that
resulted in complete loss of neurotransmitter release. However,
Muncl8a knockout also resulted in a 70% reduction in total
syntaxin-1 protein level in brain lysates of the knock-out mice
and reduced syntaxin-1 mRNA levels (13). Nonetheless, the
residual syntaxin-1 was correctly targeted to the synapse and
formed SDS-resistant SNARE complex (14), so the reduction in
syntaxin-1 levels in the Muncl8a knock-out mice may not

” The abbreviations used are: NSF, N-ethylmaleimide-sensitive factor; Syt1,
synaptotagmin-1; SM, Sec1/Munc18; aSNAP, soluble NSF adaptor protein;
IPTG, isopropyl B-p-1-thiogalactopyranoside; Ni-NTA, nickel-nitrilotri-
acetic acid; OG, n-octyl-B-p-glucopyranoside; TEV, tobacco etch virus;
TCEP, tris(2-carboxyethyl)phosphine; ITC, isothermal titration calorimetry;
SV, synaptic vesicle-mimicking; PM, plasma membrane-mimicking; PIP,,
phosphatidylinositol 4,5-bisphosphate.
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explain the complete loss of neurotransmitter release. More-
over, amperometry of neuroendocrine cell exocytosis along
with overexpression of Munc18a and selected mutants showed
that Munc18a has an effect on the initial release rate (15).

So far, there is little evidence from reconstitution experi-
ments that Munc18a plays a major role in fusion itself, although
stimulatory effects by SM proteins on SNARE-dependent lipid
mixing were observed using ensemble fluorescence assays (16 —
18). A stimulatory effect of Munc18a was also observed in con-
junction with neuronal SNAREs using a single vesicle-vesicle
lipid-mixing assay (19). However, all of these experiments only
used neuronal SNAREs in addition to Muncl8a. Subsequent
ensemble experiments that reconstituted neuronal SNAREs in
liposomes along with neuron-specific proteins synaptotag-
min-1 and complexin-1 showed only a relatively small increase
of spontaneous (i.e. at zero Ca®>" concentration) lipid mixing
and content mixing upon Muncl8a inclusion when com-
plexin-1 was present (see Fig. 3 (D and F) in Ref. 20).

Reconstitution experiments with a different subset of synap-
tic proteins showed that Munc18a acts in conjunction with NSF
and aSNAP (soluble NSF adaptor protein), locking syn-
taxin-1A in a closed conformation and setting the stage for
ternary trans-neuronal SNARE complex by the action of
Muncl3 and an approaching vesicle with synaptobrevin-2 (8).
In this reconstitution experiment, Munc18a played an essential
role to facilitate trans-SNARE complex formation in conjunc-
tion with NSF, aSNAP, and Munc13. Although an important
step toward understanding the mechanism of Muncl8, this
study did not provide direct evidence that Munc18a stimulates
fusion itself, because the amount of ensemble lipid mixing was
roughly the same for a minimal system consisting only of neu-
ronal SNARES, the C2AB fragment of synaptotagmin-1,and 0.5
um Ca>* as well as for the more complete system consisting of
the same proteins plus NSF, aSNAP, Munc18a, and Muncl3
(see Fig. 4D in Ref. 8). However, it is possible that the ensemble
lipid-mixing method used for this particular comparison may
have masked an effect of Munc18a by opposing effects on the
association of vesicles prior to fusion and fusion itself because
ensemble fluorescence assays generally cannot distinguish
between these two effects (21).

The function of SM proteins may be similar or different in
other systems. As a case in point, Wickner and co-workers (22)
showed that in the yeast vacuolar fusion system, efficient fusion
with reconstituted proteins requires the HOPS complex, which
contains the SM protein Vps33. HOPS, with its SM subunit,
appears to be involved primarily in tethering and in a proof-
reading mechanism, rather than fusion itself (23-25), because
its function can be replaced by synthetically induced tethering
of vacuolar vesicles (26). However, the HOPS tethering com-
plex causes a much more significant increase in the rate of
fusion that cannot be explained by a simple increase in the
number of trans-SNARE complexes (27), suggesting that it
makes SNARE complexes more fusion-competent prior to
fusion (e.g. by preventing transient antiparallel SNARE associ-
ations (28)).

Munc18a interacts with neuronal SNARE proteins through-
out the synaptic vesicle cycle in complexes involving syn-
taxin-1A and the ternary SNARE complex (syntaxin-1A-SNAP-
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25-synaptobrevin-2) (29 -31). Moreover, Munc18a co-localizes
with syntaxin-1A and SNAP-25 in fixed cultured neurons and
forms nanoclusters in the plasma membrane (32); knockdown
of both syntaxin isoforms, syntaxin-1A and syntaxin-1B, dis-
rupts the co-localization of Munc18a to SNAP-25.

Munc18a tightly binds to syntaxin-1A in a “closed” confor-
mation in which its Habc domain associates in cis with its
SNARE domain (29, 33), which in turn hinders the SNARE
complex assembly (31, 34-36). Interestingly, in neuroendo-
crine cells, transfection of syntaxin alone results in its mislocal-
ization, whereas co-transfection of both Munc18a and syntaxin
results in trafficking to the plasma membrane (37, 38). Thus,
one function of Munc18a may be to stabilize or “chaperone”
syntaxin, which also agrees with the aforementioned knock-out
studies of Muncl8a in mice that showed a reduced level of
syntaxin-1 in the plasma membrane (13).

Binding of Muncl8a to the closed conformation of syn-
taxin-1A is not always required because rescue experiments in
cultured syntaxin-1A-deficient neurons showed that the syn-
taxin-1A Habc domain is not required for evoked synaptic ves-
icle fusion, although it was required for spontaneous synaptic
vesicle fusion (39). In contrast, the N-terminal residues of syn-
taxin-1A are required for binding of the ternary SNARE com-
plex to Munc18a and may thereby serve as a recruiting factor
for Muncl8a (18). Because the Habc domain is needed for the
closed conformation of syntaxin-1A and the tight interaction
with Munc18a, this study suggests that the N-terminal and
Habc domains mediate different functions in synaptic vesicle
fusion.

In this paper, we start from the observation that a minimal
system consisting of neuronal SNAREs and the soluble C2AB
fragment of synaptotagmin-1 exhibited the same amount of
lipid mixing as a more complete reconstitution that also
included Munc18a, NSF, aSNAP, and Munc13 (8). At variance
with that work, here we used full-length synaptotagmin-1 and
included complexin-1, in a single vesicle-vesicle content-mix-
ing assay. We recently used this assay to decipher the functions
of complexin-1 (40) and found that it qualitatively reproduces
effects observed in neuronal cultures for both spontaneous and
Ca?" -triggered release for a variety of complexin-1 truncations
and mutations, lending credence to this approach to investigate
mechanistic questions.

In the context of studying the potential effect of Munc18a in
vesicle fusion, our single vesicle content-mixing assay enables
us to distinguish between fusion and vesicle association
(often called “docking,” but we prefer not to use this term
because it has a different meaning during the life cycle of a
synaptic vesicle (1)). We investigated the effects of Munc18a
on fusion and vesicle association between synaptic vesicle-
mimicking vesicles (with reconstituted synaptobrevin-2 and
synaptotagmin-1, referred to as SV vesicles) and plasma
membrane-mimicking vesicles (with reconstituted syn-
taxin-1A and SNAP-25, referred to as PM vesicles) in the
presence of complexin-1. We then used a single molecule
assay to demonstrate that Munc18a is capable of sequester-
ing syntaxin-1A from preformed t-SNARE complex. We also
tested a double mutant that mimics phosphorylation of
Munc18a(S306E/S313E) (41-44) as well as the role of the
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N-terminal residues of syntaxin-1A. To understand the
molecular basis of the effect of Munc18a on vesicle associa-
tion and fusion, we used purified proteins to demonstrate
that Muncl8a can interact specifically with the neuronal
binary (syntaxin-1A-SNAP-25) SNARE complex (also
referred to as t-SNARE complex) as well as the syntaxin-
1A-SNAP-25-synaptobrevin-2 (ternary) SNARE complex.

EXPERIMENTAL PROCEDURES
Protein Purification

Synaptotagmin-1—Full-length rat synaptotagmin-1 (Sytl)
was expressed in Escherichia coli from plasmid pJ414 (DNA 2.0,
Menlo Park, CA) with a C-terminal decahistidine tag pro-
ceeded by a PreScission protease cleavage site to remove the tag
and all cysteine residues changed to alanine except for the cys-
teine residue at position 277. Syt1l was expressed in E. coli BL21
(DE3) by growing the cells to A, 0of 0.6 —0.8 at 37 °C and then
induced at 20 °C for 12-16 h with 0.5 mm isopropyl B-p-1-
thiogalactopyranoside (IPTG). The cells from 6 liters of
induced culture were harvested and suspended in 200 ml of
synaptotagmin buffer A (50 mm sodium phosphate, pH 7.4, 600
mM NaCl, 2 mm DTT, and 10% glycerol (w/v)) supplemented
with phenylmethylsulfonyl fluoride (PMSF) to 1 mm and two
EDTA-free Complete Protease Inhibitor Mixture tablets
(Roche Applied Science). Cells were lysed by three passes
through the Emulsiflex C5 homogenizer (Avestin, Ottawa,
Canada) at 15,000 p.s.i. Cell debris and inclusion bodies were
removed by centrifugation at 8,000 rpm in a Beckman JA-20
rotor (Beckman Coulter, Brea, CA) for 10 min. The supernatant
was then centrifuged at 8,000 rpm for 10 min in the same rotor.
Membranes were collected by centrifugation at 40,000 rpm in a
Beckman Ti-45 rotor (Beckman Coulter) for 1 h. Membranes
were washed by homogenization in 100 ml of synaptogamin
buffer A (50 mm sodium phosphate, pH 7.4, 600 mm NaCl, 2 mm
DTT, 1 mm PMSF, 10% glycerol (w/v)) supplemented with two
EDTA-free Complete Protease Inhibitor Mixture tablets
(Roche Applied Science). Membranes were harvested again by
centrifugation in a Ti-45 rotor (Beckman Coulter) at 40,000
rpm for 1 h. The pellet was suspended in 100 ml of synaptotag-
min buffer B supplemented with 2 EDTA-free Complete Pro-
tease Inhibitor Mixture tablets and snap frozen in two 50-ml
aliquots in liquid nitrogen. One aliquot of membranes was sol-
ubilized in the presence of 1.5% dodecylmaltoside (Anatrace,
Maumee, OH) for 1 h at 4 °C. The extract was clarified by cen-
trifugation in a Ti 45 rotor (Beckman Coulter) at 40,000 rpm for
35 min. The supernatant was bound to a 4-ml bed volume of
Ni-NTA beads (Qiagen, Hilden, Germany) equilibrated in syn-
aptotagmin buffer A containing 1.5% dodecylmaltoside (Ana-
trace) by stirring at 4 °C for 1 h. Beads were harvested by cen-
trifugation and poured into a column, attached to an AKTA
Prime FPLC system (GE Healthcare), and washed with 50 ml of
synaptotagmin buffer A supplemented with 110 mm n-octyl-3-
D-glucopyranoside (OG) (Anatrace) and 10 mm imidazole and
then eluted with synaptotagmin buffer A supplemented with
110 mm OG and 500 mMm imidazole. Protein-containing frac-
tions were combined and injected on a Superdex 200 (16/60)
column (GE Healthcare) equilibrated in 20 mm sodium phos-
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phate, pH 7.4, 300 mm NaCl, 2 mm DTT, 110 mm OG, 10%
glycerol (w/v) (synaptotagmin buffer B). Peak fractions were
then combined, and 100 ug of prescission protease (GE Health-
care) was added to cleave the tag. Prescission protease-cleaved
Syt1 was diluted with 20 mm sodium phosphate, pH 7.4, 2 mm
DTT, 110 mm OG, 20 um EGTA, 10% glycerol (w/v) (synap-
totagmin buffer C) to bring the NaCl to 100 mM and then
injected on a MonoS 5/50 column (GE Healthcare), washed
with synaptotagmin buffer C containing 100 mm NaCl, and
eluted with synaptotagmin buffer C containing 600 mm NaCl.
Protein-containing fractions were dialyzed against synaptotag-
min buffer C to lower the salt concentration and used for recon-
stitution into proteoliposomes.

Complexin-1—Full-length wild type complexin-1 (Cpx) was
expressed in E. coli using BL21 (DE3) cells with a thrombin-
cleavable N-terminal hexahistidine tag from plasmid pET28a
(Novagen). Cells were grown in Luria Broth to an A, between
0.6 and 0.8, and protein expression was induced by the addition
of IPTG to 0.5 mm for 12—-16 h at 20 °C. Cells were harvested by
centrifugation and resuspended in 20 mm HEPES, pH 7.5, 500
mM NaCl, 2 mm DTT, 10 mm imidazole (complexin buffer A)
supplemented with 1 mm PMSF and EDTA-free Complete Pro-
tease Inhibitor Mixture tablets (Roche Applied Science). Cells
were lysed by passing them through the Emulsiflex C5 homog-
enizer (Avestin) at 15,000 p.s.i. three times. Lysate was clarified
by centrifugation in a Ti-45 rotor (Beckman Coulter) for 35 min
at 40,000 rpm. Supernatant was bound to a 4-ml bed volume of
Ni-NTA beads (Qiagen) in batch, stirring for 1 h at 4 °C. The
beads were harvested by centrifugation and poured into a col-
umn, attached to an AKTA Prime system (GE Healthcare), and
washed with 60 ml of complexin buffer A containing 25 mm
imidazole and then eluted with complexin buffer A containing
450 mm imidazole. Protein-containing fractions were com-
bined, and 100 units of thrombin were added. This was then
dialyzed against 500 ml of 20 mm HEPES, pH 7.5, 50 mMm NaCl,
4 mMm DTT (complexin buffer B) overnight at 4 °C. PMSF was
added to 1 mM to quench the thrombin activity, and the mixture
was injected onto a MonoQ column 5/50 (GE Healthcare)
equilibrated with complexin buffer B. The column was washed
with 20 column volumes of complexin buffer B, and the protein
eluted with a linear NaCl gradient in complexin buffer B from
50 to 500 mMm NaCl over 30 column volumes. The protein-con-
taining fractions were combined and dialyzed against 20 mm
HEPES, pH 7.5, 100 mM NaCl, 4 mM DTT overnight at4 °C. The
protein concentration was measured by absorbance at 280 nm,
and aliquots were frozen in liquid nitrogen.

Wild Type Muncl8a and Muncl8a(S306E/S313E)—Wild
type Muncl8-1a (referred to here as Muncl8a) and Muncl8a
(S306E/S313E) were expressed in E. coli with an N-terminal, TEV
protease-cleavable hexahistidine tag from plasmid pPROExHTa.
Proteins were expressed by the addition of IPTG to late log phase
cultures (Aqy, ~0.6—0.8) to 0.5 mm at 20 °C for 16-18 h. Cell
pellets from 6 liters of culture were resuspended in 200 ml of
Muncl8a lysis buffer (20 mm sodium phosphate, pH 8, 300 mm
NaCl, 10 mm imidazole), supplemented with 4 EDTA-free Com-
plete Protease Inhibitor Mixture tablets (Roche Applied Science)
and 1 mm PMSF and lysed by passing them three times through an
Emulsiflex C5 homogenizer (Avestin) at 15,000 p.s.i. three times.
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The lysate was clarified in the Ti45 rotor (Beckman Coulter) at
40,000 rpm for 35 min. The supernatant was applied to a 5-ml
Ni-NTA-agarose column (Qiagen), washed on an ATKA Prime
FPLC system (GE Healthcare) with 100 ml of Munc18a lysis buffer
supplemented with 50 mM imidazole, and then eluted with
Munc18a lysis buffer supplemented with 300 mm imidazole. Pro-
tein-containing fractions were supplemented with 1 mm EDTA
and 5 mm DTT, 100 pg of TEV protease was added to the com-
bined protein-containing fractions to remove the hexahistidine
tag, and the mixture was dialyzed overnight against 1 liter of 20 mm
HEPES, pH 7.5, 50 mMm NaCl, 1 mm EDTA, 5 mm DTT (monoQ
buffer A). The TEV protease-cleaved Munc18a was then applied
to a MonoQ 5/50 column (GE Healthcare) equilibrated in monoQ
buffer A, and the column was eluted in a linear gradient from 50 to
500 mm NaCl. Protein-containing fractions were dialyzed against
20 mm HEPES, pH 7.5, 180 mm NaCl, 20 um EGTA, 0.1% 3-mer-
captoehanol for 3 h and used immediately afterward in fusion and
docking assays.

Full-length Syntaxin-1A and Synaptobrevin-2—Full-length
rat syntaxin-1A (Stxla) and synaptobrevin-2 were prepared as
described previously (45). These proteins were expressed sepa-
rately in E. coli with an N-terminal, TEV protease-cleavable,
hexahistidine tag from plasmid pTEV5 (46). Proteins were
expressed overnight at 25 °C in autoinducing medium (47) in
E. coli strain C43 (48). Cell pellets from 8 liters of culture were
suspended in 400 ml of 50 mm sodium phosphate, pH 8, 1 M
NaCl, 5 mm EDTA, and 1 mm PMSF supplemented with Com-
plete Protease Inhibitor Mixture tablets (Roche Applied Sci-
ence) and broken by three passes through a M-110-EH micro-
fluidizer (Mircrofluidics Corp., Newton, MA) at 15,000 p.s.i.
Inclusion bodies were removed by two consecutive 10-min
spinsat 10,000 rpm in a JA-14 (Beckman Coulter) rotor, and the
membrane fraction was collected by centrifugation at 40,000
rpm for 2 h in a Ti-45 (Beckman Coulter) rotor. Membranes
containing syntaxin-1A were further washed with a buffer con-
taining 10 mm Tris-H,SO,, pH 7.5, 10 mm EDTA, 10% glycerol
(w/v), centrifuged at 40,000 rpm for 1 h in a Ti-45 rotor. Mem-
brane pellets were resuspended in 20 mm HEPES, pH 7.5, 500
mMm NaCl, 1 mm tris(2-carboxyethyl)phosphine (TCEP), and
10% glycerol (w/v) and centrifuged for an additional 1 h in the
same rotor. Membranes were suspended to a concentration of 5
mg/ml in 20 mm HEPES, pH 7.5, 500 mm NaCl, 1 mm TCEP, 10
mwMm imidazole, and 10% glycerol (w/v), 1 mm PMSF, and EDTA-
free Complete Protease Inhibitor Mixture. Dodecylmaltoside
(Anatrace) was added to 2% (w/v), and after incubation at 4 °C
for 1 h, the sample was centrifuged for 35 min at 40,000 rpm in
a Ti-45 (Beckman Coulter) rotor, and the supernatant was
loaded onto a 1-ml column of Ni-NTA-agarose (Qiagen). The
column was washed with 20 mm HEPES, pH 7.5, 300 mm NaCl,
1 mm TCEP, 20 mM imidazole, 110 mm OG, and 10% glycerol
(w/v), and the proteins were eluted in the same buffer contain-
ing 450 mM imidazole and 1 M NaCl. 1 mm EDTA was immedi-
ately added to the pooled fraction and loaded onto a Superdex
200 HR 10/300 GL column (GE Healthcare) that was equili-
brated with 20 mm HEPES, pH 7.5, 300 mMm NaCl, 1 mm TCEP,
110 mm OG, and 10% glycerol (w/v). Protein fractions were
pooled and digested with 100 ug TEV protease for 30 min at
ambient temperature, after which the TEV protease had pre-
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cipitated. TEV was removed by centrifugation at 5,000 rpm for
10 min in an Eppendorf model 5804 R tabletop centrifuge
(Eppendorf North America, Hauppauge, NY). The sample in
the supernatant was again digested with 100 ug of TEV prote-
ase for 30 min at ambient temperature, after which the reaction
was complete and the TEV protease had precipitated. TEV was
removed by centrifugation at 5,000 rpm for 10 min in the same
rotor.

The N-terminally truncated construct of syntaxin-1A (Stxla
(10-288)) was expressed with an N-terminal thrombin-cleav-
able glutathione S-tranferase tag from plasmid pGEX-KG (49).
After induction with 0.1 mm IPTG at A, of 0.8, the proteins
were expressed overnight at 16 °C at 100 rpm in Luria broth in
BL21 (DE3) E.coli cells (Novagen, EMD Chemicals,
Gibbstown, NJ). Cell pellets from 1 liter of culture were sus-
pended in 40 ml of sodium phosphate, pH 8, 1 mM dithiothre-
itol, 0.2% Triton X-100, 1% dodecylmaltoside, and 0.2 mm
PMSF supplemented with Complete Protease Inhibitor Mix-
ture tablets (Roche Applied Science), and the cells were dis-
rupted by sonication at 5/15-s on/off pulse for 5 min at 50%
power using a Sonicator Ultrasonic Processor XL-2020 (Miso-
nix, Farmingdale, NY). Inclusion bodies were removed by a
10-min 15,000-rpm spin in a JA-20 (Beckman Coulter) rotor
and further cleared by centrifugation at 40,000 rpm for 35 min
in a Ti-45 (Beckman Coulter) rotor. The supernatant was incu-
bated for 2 h with a 1.5-ml slurry of glutathione-Sepharose 4
Fast Flow beads (GE Healthcare) that was pre-equilibrated in
the same buffer. The beads were then collected in a column and
washed with 80 column volumes of buffer containing 50 mm
sodium phosphate, pH 8, 1 mm dithiothreitol, and 0.2% Triton
X-100 and then with 30 column volumes of buffer containing
40 mMm Tris-HCI, pH 8, 150 mm NaCl, 1 mum dithiothreitol, and
0.8% OG. The beads were then incubated for 90 min at ambient
temperature with 100 units of bovine a-thrombin (Hemato-
logic Technologies, Essex Junction, VT) in buffer containing 40
mM Tris-HCI, pH 8, 150 mm NaCl, 1 mm dithiothreitol, and 3%
OG. The supernatant containing cleaved AN syntaxin(10-288)
was flowed off the column, after which the thrombin was
quenched with 1 mm PMSEF. Although the GST-syntaxin-1A
construct was designed to include the N terminus of syntaxin-
1A, the application of thrombin proteolysis also removed nine
additional residues at the N terminus as determined by Edman
sequencing. Removal of these nine N-terminal residues has no
significant effect on fusion efficiency and kinetics for spontane-
ous and Ca*"-triggered fusion with neuronal SNAREs, synap-
totagmin-1, and complexin-1 (Fig. 1, G and H).

SNAP-25 and SNAP-25(K76C) Constructs for Vesicle Recon-
stitution and Single Molecule Experiments—Cysteine-free
SNAP-25 (C84S, C85S, C90S, and C92S) or single cysteine-
containing SNAP-25(K76C) (C84S, C85S, C90S, C92S, and
K76C) was expressed from plasmid pTEV5 (46) with an N-ter-
minal TEV protease-cleavable hexahistidine tag. The proteins
were expressed overnight in autoinducing medium (47) in
E. coli strain BL21(DE3) at 30 °C. Cells from 4 liters of culture
were resuspended in 200 ml of 50 mMm sodium phosphate, pH
8.0, 300 mm NaCl, 20 mm imidazole, and 10% glycerol (w/v)
supplemented with 1 mm PMSF and four EDTA-free protease
inhibitor mixture tablets. Cells were lysed by three passes

JOURNAL OF BIOLOGICAL CHEMISTRY 10521



Munci18a Does Not Alter Fusion Rates

through an Emulsiflex C5 homogenizer (Avestin) at 15,000
p.s.i. The lysate was clarified by centrifugation in the Ti-45
rotor for 1.5 h at 40,000 rpm. The supernatant was bound to a
5-ml Ni-NTA column by flowing the lysate onto the column at
1 ml/min using an AKTA Prime FPLC system (GE Healthcare).
The column was washed with 150 ml of SNAP-25 buffer con-
taining 50 mm sodium phosphate, pH 8.0, 300 mm NaCl, 10%
glycerol (w/v), supplemented with 50 mm imidazole, and eluted
with buffer containing 50 mm sodium phosphate, pH 8.0, 300
mm NaCl, 10% glycerol (w/v), and 350 mm imidazole. Protein-
containing fractions were combined, DTT was added to 5 mwm,
EDTA was added to 1 mm, and 150 pg of TEV protease was
added to remove the hexahistidine tag. This mixture was dia-
lyzed against buffer containing 20 mm HEPES, pH 7.5, 100 mm
NaCl, 4 mm DTT, and 10% glycerol (w/v) overnight at 4 °C. The
TEV-cleaved SNAP-25 was concentrated in a 15-ml Amicon
ultracentrifugal concentrator with a 10,000 molecular weight
cut-off dialysis cassette (Millipore, Billerica, MA) to 5 ml and
injected onto the Superdex 200 (16/60) column (GE Health-
care) equilibrated with buffer containing 20 mm HEPES, pH 7.5,
100 mm NaCl, 4 mm DTT, 10% glycerol (w/v). Protein-contain-
ing fractions were combined and then concentrated using a
3,000 molecular weight cut-off dialysis cassette (Millipore). The
concentration of SNAP-25 was measured by absorbance at 280
nm, and aliquots were frozen in liquid nitrogen.

Purified SNAP-25(K76C) was incubated with a 10-fold molar
excess of TCEP for 10 min followed by incubation with a
10-fold molar excess of Alexa647 c2 maleimide at room tem-
perature for 2 h. The reaction mix was then transferred to 4 °C
overnight. A Sephadex G-50 column (Sigma-Aldrich) was used
for crude separation of free Alexa647 from proteins. An addi-
tional dialysis step was done using a 10,000 molecular weight
cut-off dialysis cassette (Millipore) at 4 °C against buffer con-
taining 20 mm HEPES, pH 7.5, 90 mMm NaCl to remove remain-
ing free dye. The concentrations of SNAP-25(K76C) and
Alexa647 were measured by absorbance at 280 and 651 nm, and
aliquots were frozen in liquid nitrogen.

Soluble Syntaxin-1A and Synaptobrevin-2 Constructs and
Soluble t-SNARE Complex—N-terminally GST-tagged SNAP-25
(amino acids 1-206) and the cytoplasmic domain of synaptobrevin-
2(1-96) (amino acids 1-96) were expressed from a pGEX vector (GE
Healthcare), and Munc18a with an N-terminal His, tag was cloned
into a pProExHTa vector (Life Technologies, Inc.). Cytoplasmic syn-
taxin-1a constructs with residues 1-267 (Stx1a(1-267)) and residues
25-267 (Stx1a(25-267)) were expressed from the pPAL7 vector with
an N-terminal Profinity eXact tag (Bio-Rad). The t-SNARE complex
was produced by co-expressing N-terminally His,-tagged SNAP-25
with Stxla(1-267) lacking an affinity tag from a pET-Duet vector
(Novagen). All recombinant proteins were expressed in E. coli BL21
(DE3) RIL+ in LB medium at 37 °C to an A, of 0.6—0.8, induced
with 1 mm IPTG, and grown for an additional 4-5 h at 21-37°C.
Pellets were resuspended in lysis buffers optimized for affinity purifi-
cation with protease inhibitor mixture set V (Calbiochem) and DNase
I (Sigma). Standard lysis buffer (20 mm Tris, pH 8.0, 300 mm NaCl, 1
mm EDTA, 1 mm DTT) was used for GST fusion proteins, TALON
buffer (20 mm Na,HPO,/NaH,PO,, pH 8.0, 300 mm NaCl, 5 mum
imidazole) for His-tagged proteins, and Profinity buffer (100 mm
Na,HPO,/NaH,PO,, pH 8.0) for Stxla(1-267). Cells were lysed

10522 JOURNAL OF BIOLOGICAL CHEMISTRY

using an Emulsiflex (Avestin) at a maximum pressure of 15,000 p.s.i.,
and lysates were centrifuged at 39,000 relative centrifugal force for 30
min at 4 °C to remove insoluble material. Clarified lysates were incu-
bated with equilibrated glutathione-agarose beads, TALON metal
affinity resin (Clontech), or Profinity eXact beads (Bio-Rad) and
washed with the respective lysis buffers. Proteins were eluted from
glutathione-agarose beads with 20 mm reduced glutathione and from
TALON resin with 200 mm imidazole or cleaved from Profinity resin
following a 2-h incubation at room temperature with 100 mm NaF,
yielding Stx1a(1-267) with a native N terminus. GST fusion proteins
were combined with thrombin (90 units) and dialyzed against cleav-
age buffer (20 mm Tris, pH 8.0, 150 mm NaCl, 10 mm DTT, 2.5 mm
CaCl,) overnight at 4 °C. All proteins (except synaptobrevin-2(1-96))
were dialyzed against low salt buffer (20 mm Tris, pH 8.0, 75 mm NaCl,
1 mmEDTA, and 1 mm DTT) for 2 h at 4 °C, purified by fast protein
liquid chromatography on HiTrapQ or MonoQ columns (GE
Healthcare), and eluted with a linear NaCl gradient. Cleaved
synaptobrevin-2(1-96) was dialyzed against 20 mm MES, pH 6.5, 75
mM NaCl, 1 mm EDTA, and 1 mm DTT for 2 h at 4 °C and loaded on
a MonoS column (GE Healthcare) to separate thrombin and GST
from synaptobrevin-2(1-96). For isothermal titration calorimetry
(ITC), the t-SNARE complex produced by co-expression (see above)
was further purified on a preparative S200 column (GE Healthcare) in
20 mm Tris, pH 8.0, 150 mm NaCl, 1 mm EDTA, and 1 mm DTT. Peak
fractions containing equal-intensity bands were pooled to maximize
complex containing 1:1 Stx1a-SNAP-25. Ternary SNARE complex
for ITC was formed by combining a 1.5:1 molar excess of synapto-
brevin-2(1-96)t-SNAREs, dialyzing against low salt buffer overnight
at 4°C, and purifying on a MonoQ column. Peak fractions were
pooled and concentrated. Muncl8a was added in a slight molar
excess to t-SNAREs and incubated overnight at 4 °C prior to the lim-
ited proteolysis experiment. For anisotropy, Muncl8at-SNARE
complex was purified on an analytical 5200 gel filtration column.

Cytoplasmic Syntaxin-1A Constructs for Bio-layer Interferometry
Experiments—Cytoplasmic syntaxin-1A constructs with residues
1-265 (Stx1a(1-265)) and residues 25-265 (Stxla(25-265)) were
fused with a C-terminal Avitag sequence (Avidity, Aurora, CO)
replacing the transmembrane domain and cloned into the pTEV5
vector (46) that encodes an N-terminal TEV protease-cleavable hexa-
histidine tag. Biotinylation was conducted iz vivo by expression in
AVBI101 cells (Avidity) and induced with 0.5 mm IPTG overnight at
25 °C in the presence of 50 uM biotin.

Protein Reconstitution in Liposomes

We used the same membrane compositions and protein den-
sities as in our previous studies (45, 50). Likewise, the reconsti-
tution protocol was similar (50) with several changes; the con-
centration of 2-mercaptoethanol in the dialysis and vesicle-free
buffers was changed from 1 to 0.1%, an extra dialysis step was
added to ensure removal of Ca®>" and detergent, all dialysis
buffers contained 0.8 g/liter Chelex 100 resin (Bio-Rad) and
2.5 g/liter Bio-beads SM2 (Bio-Rad), and the Sepharose CL-4B
column (GE Healthcare) was packed under constant pressure.

Briefly, SV vesicles were reconstituted with both synaptotag-
min-1 and synaptobrevin-2 (except when noted otherwise),
whereas PM vesicles were reconstituted with syntaxin-1A and
SNAP-25A, using the lipid compositions described previously.
The protein/lipid ratios used were 1:200 for synaptobrevin and
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syntaxin and 1:800 for synaptotagmin. A 3—-5-fold excess of
SNAP-25 (with respect to syntaxin-1A) and 3.5 mol % PIP,
(unless noted otherwise) were added to the protein/lipid mix-
ture for PM vesicles only; the excess ratio of SNAP-25 to syn-
taxin-1A essentially eliminates changes of formation of non-
productive 2:1 syntaxin-1A:SNAP-25 complexes (51). Dried
lipid films were dissolved in 110 mm OG buffer containing puri-
fied proteins. Detergent-free buffer (20 mm HEPES, pH 7.4, 90
mM NacCl, 0.1% 2-mercaptoethanol) was then added to the pro-
tein-lipid mixture until the detergent concentration reached
the critical micelle concentration of 24.4 mm. The vesicles were
then subjected to size exclusion chromatography using a Sep-
harose CL-4B column, packed under near constant pressure by
gravity with a peristaltic pump (GE Healthcare) in a 5-ml col-
umn with a 2-ml bed volume that was equilibrated with buffer V
(20 mm HEPES, pH 7.4, 90 mm NaCl, 20 um EGTA, 0.1% 2-mer-
captoethanol) followed by dialysis into 2 liters of detergent-free
buffer V supplemented with 5 g of Bio-beads SM2 and 0.8 g/li-
ter Chelex 100 resin. After 4 h, the buffer was changed with 2
liters of fresh buffer V containing Bio-beads and Chelex, and
dialysis continued for 12 h. During the preparation of SV vesi-
cles, 50 mm sulforhodamine B (Invitrogen) was present in all
solutions prior to the size exclusion chromatography step. As
described previously (51), the presence and purity of reconsti-
tuted proteins were confirmed by SDS-PAGE of the vesicle
preparations, and the directionality of the membrane proteins
(facing outward) was assessed by chymotrypsin digestion fol-
lowed by SDS-PAGE. The size distributions of the SV and PM
vesicles were analyzed by cryo-EM, as described previously
(45).

Single Vesicle-Vesicle Content-mixing Assay

After a surface passivation with polyethylene glycol (PEG)
molecules to eliminate nonspecific binding of vesicles, a #1.5
glass coverslip (VWR International) was assembled into a
flow chamber and coated with neutravidin (0.1 mg/ml) (50).
PM vesicles at a 100X dilution were immobilized on the
PEG-coated surface for a 30-min incubation period in buffer
V in the presence or absence of 1 um Muncl8a (or mutant
Munc18a(S306E/S313E)) at room temperature (~25 °C).
This incubation period was followed by three rounds of
150-ul buffer washes with buffer V along with Munc18a if it
was present in the previous stage. SV vesicles were loaded
into the flow chamber in buffer V along with 2 um com-
plexin-1 and Munc18a if it was present in the previous stage.
For this loading step, the SV vesicle concentrations were
adjusted to account for reduction of PM vesicle association
when Muncl8a was present during the incubation period;
the PM vesicle stock solution was diluted 1,000 times in the
absence of Munc18/Munc18a(S306E/S313E) or diluted 100
times in the presence of Munc18a or diluted 300 times in the
presence of Munc18a(S306E/S313E). The system was incu-
bated for 30 min, followed by three rounds of washes with
buffer V supplemented with 2 um complexin-1, and 1 um
Muncl8a if it was present in the previous stage. Buffer V,
supplemented with 500 um Ca**, 2 um complexin, and 1 um
Muncl8a if it was present in the previous stage, was injected
into the flow chamber at a speed of 2 ml/min by a motorized
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syringe pump. The TTL signal feeding to the syringe pump
was delayed by a fixed time with respect to the start of the
movie recording by a 9520 digital delay pulse generator
(Quantum Composers, Bozeman, MT). Prior to Ca®>" injec-
tion, we monitored spontaneous fusion events for a period of
1 min in the same channel that was also used for Ca*>* injec-
tion. Real-time traces with at least one florescent jump after
the triggering were analyzed. The details of automated data
analysis were reported in previous work (52). Histograms of
Ca”*-triggered fusion events were calculated with a 1-s time
bin and fitted to a two-exponential decay function. The
faster time constant of the fitted two-exponential decay
function is defined as the synchronization time constant of
Ca*"-triggered fusion.

Single Vesicle-Vesicle Association Experiments

This assay is similar to the single vesicle-vesicle content-mix-
ing assay described above with some modifications in order to
enable higher throughput. We followed a protocol for studying
the association of single free SV vesicles with immobilized PM
vesicles described previously (53, 54). A saturated layer of unla-
beled PM vesicles was immobilized on an imaging surface via
biotin/neutravidin interactions. Specifically, the PM vesicle
solution was diluted 10 times with buffer V. 100 ul of the diluted
PM vesicle solution was injected into the sample chamber and
incubated for 30 min, followed by buffer exchange (1 X 200 ul
of buffer V) for 6 s. Next, 100 ul of solution containing wild type
or Munc18a mutant (1 uMm) was injected into the sample cham-
ber and incubated for 30 min, followed by buffer exchange (1 X
200 ul of buffer V) for 6 s. Subsequently, 100 wl of 500 —1,000X
diluted SV vesicle solution was injected into the flow chamber
in the presence of 2 uMm complexin-1. After an incubation
period of 30 min, unbound SV vesicles were removed by buffer
exchange (2 X 200 ul of buffer V for ~20's). 20 um EGTA was
included to ensure the absence of free Ca®>" ions. For the con-
trol with soluble synaptobrevin-2(1-96), an additional 30-min
incubation period with 10 uMm synaptobrevin-2(1-96) was
included between the Munc18a incubation and SV vesicle incu-
bation stages.

For the preassociated vesicle experiment, the Munc18a and
the SV vesicle incubations were reversed with the same condi-
tions: SV vesicles preassociated with PM vesicles for 30 min and
then incubated in the flow chamber with or without Munc18a
for 30 min. Associated SV vesicles were counted after one
round of buffer wash (6 s) to remove any SV vesicles that may
have become unbound by the action of Munc18a.

Sample slides with five channels were monitored in a wide
field total internal reflection fluorescence microscope (Nikon)
using an electron multiplying charge-coupled device (CCD)
camera (iXon+ DV 897E, Andor Technology). A program
(smCamera) written in C+ + was used for data acquisition and
analysis (available from Taekjip Ha, University of Illinois). 10
images were taken at random locations within each channel on
the quartz slide. Details regarding software, slide assembly, and
imaging protocols are as described previously (55).

As described in our previous work (53, 54), the PM vesicle-
covered surfaces were saturated and produced a homogene-
ous distribution for each surface preparation with red laser
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excitation (633 nm) of the DiD-labeled immobilized vesicles.
Our preparation of a reproducible, homogeneous, and satu-
rated surface of immobilized PM vesicles ensures that the num-
ber of associated SV vesicles is directly related to the association
probability. To minimize variation among different slides, for
each set of comparisons between different conditions and/or
mutants, the same protein preparations and surface prepara-
tions (quartz slide with immobilized vesicles) and incubation
times were used, and the experiments were carried out in sep-
arate channels on the same slide. We found that the relative
differences and ratios were statistically similar for different pro-
tein and surface preparations.

Single Molecule SNAP-25 Experiments

In order to probe release of SNAP-25 from t-SNARE com-
plex by Muncl8a, PM vesicles were reconstituted with syn-
taxin-1A and a 100:1 mixture of unlabeled and labeled SNAP-
25. For labeled SNAP-25, the protein was mutated at position
76 (K76C) and labeled with Alexa647. The reconstitution was
performed using the same protocol as used for all other single
vesicle experiments in this work. Likewise, the PM vesicles with
the mixture of labeled and unlabeled SNAP-25 molecules were
immobilized on an imaging surface via biotin/neutravidin
interactions with the same protocol as used for all other single
vesicle experiments in this work. Fluorescence intensity from
single vesicles was monitored before and after the Munc18a
addition; specifically, 1 um Muncl8a was injected into the
chamber and incubated for 120 min, followed by buffer
exchange (3 X 200 ul of vesicle buffer for ~20 s). A slide with
multiple channels was monitored in a wide field total internal
reflection fluorescence microscope, and data were acquired
with a CCD camera and analyzed with the smCamera program,
similar to the single vesicle-vesicle association experiments
described above. 10 images were taken at random locations
within each channel on the quartz slide. The number of vesicles
decorated with Alexa647-labeled SNAP-25 was determined by
counting the number of Alexa647 fluorescent spots from emis-
sion of Alexa Fluor upon excitation at 633 nm before and after
the Munc18a addition.

Pull-down Assay

Purified Stxla(1-267) and Stxla(25-267) were incubated
with GST or GST-SNAP-25 in phosphate-buffered saline (PBS)
solution (20 mm Na,HPO,/NaH,PO,, pH 7.4, 150 mm NaCl, 1
mMm DTT) overnight at 4 °C and then incubated with Munc18a
for 1.5 h and subsequently combined with equilibrated gluta-
thione-agarose beads (final protein concentration ~7 um) and
incubated for an additional 1.5 h at 4 °C. Samples were spun at
850 relative centrifugal force for 5 min at 4 °C, followed by sep-
aration of supernatant and bead fractions. The latter were
washed twice with 0.5 ml of PBS (spun at 850 relative centrifu-
gal force for 5 min at room temperature), combined with SDS,
boiled, and analyzed by SDS-PAGE.

Isothermal Titration Calorimetry

ITC experiments were conducted using a VP-ITC instru-
ment (Microcal) at 25 °C. Samples were dialyzed against 1 liter
of PBS overnight at 4 °C, filtered, and degassed prior to each
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run. Muncl8a (cell) concentrations ranged from 9 to 11 uwm,
t-SNARE and SNARE complex (syringe) concentrations ranged
from 100 to 180 uM, and titration injection volumes varied from
7 to 10 ul, 35—-45 injections total, with 8 —24 s/injection and 4
min between injections. Microcal Origin version 7.0 software
was used to integrate and analyze the measured heat released
on binding. Fitting the data to a single site binding model gave
the equilibrium association constant K, the enthalpy of bind-
ing AH, and the stoichiometry 7.

Fluorescent Labeling of the Soluble Synaptobrevin-2
Fragment

Purified single cysteine soluble fragment of synaptobrevin-
2(1-96) (S79C) was dialyzed against labeling buffer (20 mm
HEPES, pH 7.0, 150 mm NaCl) overnight at 4 °C and subse-
quently incubated with excess Alexa488-maleimide (Life
Technologies) for a molar ratio of 1:2 (synaptobrevin-2(1-
96)/Alexa488) in 10 mm TCEP for 24 h at 4 °C. Labeled pro-
tein (synaptobrevin-2(1-96)-A488) was subsequently dia-
lyzed against 20 mm MES, pH 6.0, 75 mM NaCl, 1 mm EDTA,
and 1 mM DTT for 2 h at4 °C and loaded on a MonoS column
(GE Healthcare). Fractions containing labeled protein were
pooled and concentrated.

Fluorescence Anisotropy Experiments

All experiments were performed at 25°C in PBS (200-pul
reaction volume) in black, flat-bottomed 96-well plates (Corn-
ing, Inc.) using a Synergy4 Hybrid Multi-Mode Microplate
reader (BioTek). SNAP-25 and cytoplasmic Stxla(1-267)
(0.25-5 uM) were combined in molar ratios of 1:1 or 1:1.5
(Stx1a(1-267)/SNAP-25). The amount of Muncl8a (0.25-5
M) added to cytoplasmic t-SNAREs was fixed at 1:1 or varied
from 0.3 to 4:1 (Munc18/t-SNAREs). Pre-formed Muncl8a-t-
SNARE complexes were purified on an S200 gel filtration col-
umn. All proteins were in excess of synaptobrevin-2(1-96)-
A488 (50 nm). BSA (0.1-0.6 mg/ml) was used to minimize
nonspecific binding of synaptobrevin-2(1-96)-A488 to the
plastic well walls. Proteins were incubated separately and/or
together in wells for 0.5-2 h at room temperature, followed by
a 10-min “warm-up” run in the plate reader at 25 °C. The final
component (synaptobrevin-2(1-96)-A488 or t-SNARE(s)) was
added to start the reaction. Fluorescence anisotropy measure-
ments were recorded every 20 -30 s for 40 —50 min. Anisotropy
(r) was calculated using the equation, r = (I, — GI1y)/ (I +
2Gl\4;), where G = I/, 1 is fluorescence intensity, the first
subscript letter represents the direction of excitation light, and
the second subscript letter represents the direction of emission
light for horizontally (H) and vertically (V) polarized light.
Baselines were subtracted from all spectra, and data were ana-
lyzed using Prism version 5.0 (GraphPad Software). This ani-
sotropy assembly assay was validated in Ref. 31, where it was
shown that tagged synaptobrevin-2 assembles into an SDS-re-
sistant complex, which is the gold standard for an assembled,
stable neuronal SNARE complex.

Bio-layer Interferometry

Binding affinities between Stxla(1-265) or Stxla(25-265)
and Munc18a or Munc18a(S306E/S313E) were measured using
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bio-layer interferometry in an Octet QK system equipped with
Streptavidin-coated biosensor tips (ForteBio, Menlo Park, CA).
Analyses were performed in 20 mm HEPES, pH 7.5, 90 mm
NaCl, 20 um EGTA, 0.1% B-mercaptoethanol, 0.05 mg/ml BSA
at 30 °C using 96-well microplates (Greiner) shaking with a
speed of 1,000 rpm during all experimental steps. Streptavidin
biosensor tips were loaded over 10—-30 s or up to a binding
height of ~1 nm in Stx1a(1-265) or Stx1a(25-265) containing
a C-terminal Avitag sequence. To monitor complex formation
between Muncl8a and the syntaxin-1A constructs, the syn-
taxin-1A-loaded tips were dipped into a Muncl8a dilution
series (0, 5, 10, 20, 40, 80, 160, and 320 nm for WT Muncl8a and
Munc18a(S306E/S313E)) and allowed to associate for 200—
1,000 s. Dissociation (200 —1,000 s) was performed in buffer (20
mM HEPES, pH 7.5, 90 mm NaCl, 20 um EGTA, 0.1% [-mer-
captoethanol, 0.05 mg/ml BSA).

RESULTS

Muncl8a Has No Effect on Fusion Kinetics—W e used our single
vesicle-vesicle content-mixing assay to study both spontaneous
and Ca*" -triggered fusion (50, 51) with modifications to protein
preparation, reconstitution, and single vesicle imaging as
described under “Experimental Procedures.” Syntaxin-1A and
SNAP-25 were reconstituted in PM vesicles decorated with
biotin-PE lipids for surface immobilization. Synaptobrevin-2
and synaptotagmin-1 were reconstituted in “SV” vesicles that
contained encapsulated sulforhodamine B as a content indica-
tor. PM vesicles were then immobilized on the surface of a flow
chamber and incubated with or without Munc18a for 30 min.
SV vesicle solution was then injected into the flow chamber in
the presence of complexin-1; Muncl8a was included if it had
been present in the previous incubation stage. Ca*>* solution
was then injected into the sample chamber using the same
buffer, which included complexin-1 and/or Munc18a if it had
been present in the previous stage. Prior to Ca®>" injection,
spontaneous fusion events were monitored for a 1-min period.
Upon Ca** injection, fusion events were monitored, and time
delays of fusion events with respect to the time point of Ca®"
injection were plotted as binned histograms (Fig. 1, A—F).

Muncl8a had no effect on the normalized Ca®" -triggered
fusion histograms (Fig. 1, A—F), the synchronization time con-
stant (Fig. 1G), or the probability of spontaneous fusion (Fig.
1H), regardless of whether full-length Stx1a or the N-terminally
truncated Stx1a(10 —288) fragment were used. Moreover, there
was no effect if Muncl8a was incubated concurrently when
adding free SV vesicles to the immobilized PM vesicles (Fig. 2).
We note that the histograms were normalized with respect to
the total number of fusion events, so they measure the effect of
Muncl8a on the intrinsic spontaneous and Ca®"-triggered
fusion kinetics of associated vesicle-vesicle pairs. The ability to
measure intrinsic fusion kinetics is an advantage compared
with ensemble fusion experiments, where effects on docking
and fusion cannot be separated (21).

Muncl8a Binds to the Binary t-SNARE Complex—Our vesicle
fusion assay uses PM vesicles that bear assembled Stx1a-SNAP-25
binary (t-SNARE) complexes, so we asked whether Munc18a
could bind to the t-SNARE complex. We used ITC to measure the
binding thermodynamics of Muncl8a to the soluble t-SNARE

SASBMB

APRIL 17,2015+VOLUME 290-NUMBER 16

Munc18a Does Not Alter Fusion Rates

complex. For direct comparison, we carried out ITC measure-
ments of Muncl8a-binding to the soluble ternary neuronal
SNARE complex, as described previously (31). Control experi-
ments in which t-SNAREs or SNARE complex were injected into
buffer confirm that both complexes remain intact over the course
of an ITC run (ie. no dissociation occurred upon dilution).
Remarkably, the binding energetics of Munc18a to the t-SNARE
complex and to the ternary SNARE complex are very similar (Fig.
3 and Table 1). However, the affinity for both complexes is much
weaker than for syntaxin-1A alone (K, of 1.4 nm (31, 56)).

Because binding of Munc18a to the ternary complex depends
upon the N-terminal residues of Stx1a, we tested whether this is
also true for the binary complex. Stx1a(1-267) or the N-termi-
nally truncated mutant Stxla(25-267) was incubated with
GST-SNAP-25 overnight, and the resulting t-SNARE complex
was then mixed with Munc18a and glutathione-agarose. GST-
SNAP-25 bound Munc18a in the presence of Stx1a(1-267) but
not Stx1a(25-267) (Fig. 4), indicating that binding of Munc18a
to the t-SNARE complex is dependent on the conserved N-ter-
minal residues of syntaxin-1A.

Having established that Munc18a binds to the cytoplasmic
(non-membrane anchored) t-SNARE complex, we monitored
cytoplasmic ternary SNARE complex formation in the absence
or presence of Munc18a. The kinetics of ternary SNARE com-
plex formation was measured by fluorescence anisotropy, by
adding fluorescently labeled synaptobrevin-2 cytoplasmic
domain (synaptobrevin-2(1-96)-Alexa488) to a preformed
cytoplasmic t-SNARE complex consisting of Stx1a(1-267) and
SNAP-25. An increase in anisotropy, which is positively corre-
lated with an increase of molecular mass, indicates the forma-
tion of SNARE complex. Using a 1:1 molar ratio of Stxla(l1—
267) and SNAP-25 present at 6 —-100-fold molar excess over
synaptobrevin-2(1-96)-Alexa488, we monitored the rate of ter-
nary SNARE complex formation under three conditions
(Figs. 5and 6): 1) no Munc18a (Fig. 5, red line); 2) incubating
Muncl8a with the t-SNARE complex for 0.5-2 h prior to
initiating the complex formation reaction (Fig. 5, blue line);
and 3) starting from a gel filtration-purified 1:1:1 complex of
Muncl18a-Stx1a(1-267):SNAP-25 (Fig. 5, green line). As a
control, we confirmed that adding Munc18a to Stx1la(1-267)
before adding SNAP-25, using a 1:1:1 molar ratio of
Munc18a-Stx1a(1-267)-SNAP-25 over a range of concentra-
tions, inhibits neuronal SNARE complex formation (31).

In all three cases, we found no significant difference in the
amount of neuronal SNARE complex formed or the rate of com-
plex formation (Fig. 5). In the case of sequentially added Munc18a,
the protein concentrations correspond to Muncl8a-t-SNARE
binding occupancies of 20—80%; we were not able to achieve
saturated binding due to the insolubility of Munc18a at higher
concentrations. However, the results were no different starting
from fully saturated complexes with a 1:1:1 molar ratio of
Muncl8a-Stxla(1-267)-SNAP-25. In summary, Muncl8a has
no detectable effect on the rate of cytoplasmic, soluble SNARE
complex formation starting from the soluble, non-membrane-
anchored t-SNARE complex, and Muncl8a binds to the
t-SNARE complex with similar affinity as to the ternary
t-SNARE complex.
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FIGURE 1. Effect of Munc18a on Ca>*-triggered fusion and spontaneous fusion between SV and PM vesicles after 30-min incubation of PM vesicles
with Munc18a. A-F, histograms of Ca®*-triggered fusion events, without Munc18a or with Munc18a or Munc18a(S306E/S313E), using PM vesicles with
reconstituted full-length Stx1a or Stx1a(10-288), as specified in the panels. All experiments were performed in the presence of 2 um complexin. The histograms
were calculated with a bin size of 1 s, normalized by the total of fusion events observed upon Ca" injection, and fitted to two-exponential decay functions
(solid lines). The synchronization time constants (faster time constant of the fitted two-exponential fit) are shown in G. Spontaneous fusion events were
observed for 1 min before Ca?*-injection and shown in H. Error bars in G, 10 errors computed from the covariance matrix during least square fitting using a
Levenberg-Marquardt technique; error bars in H, S.E. values over at least eight experiments.

Muncli8a Reduces SV-PM Vesicle Association—Although we
did not observe an effect of Munc18a on the Ca**-triggered
fusion histograms and spontaneous fusion probabilities (Fig. 1),
we found that the number of associated SV vesicles was reduced
when Munc18a had been preincubated with the immobilized
PM vesicles; in fact, we compensated for this reduction in asso-
ciated SV vesicles by increasing the SV vesicle concentration
accordingly compared with control without Muncl8a (see
“Experimental Procedures”). We studied this effect quantita-
tively by using a single vesicle-vesicle association assay that
enabled higher throughput (53, 54). Similar to the fusion exper-
iments discussed above, immobilized PM vesicles were prein-
cubated with Muncl8a before SV vesicles along with com-
plexin-1 (see “Experimental Procedures” for details). The
number of associated SV vesicles per field of view was counted
and used as a measure of association efficiency between pairs of
free SV and immobilized PM vesicles. For a series of conditions,
the same surface preparation and immobilized PM vesicles
were used, and the free SV vesicle concentrations and incuba-
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tion times were kept the same as well. Because experiments
with different protein and surface preparations cannot be com-
pared directly, we plotted the results as fractional probabilities
relative to the respective controls without Muncl18a for each
series of experiments that used the same surface and PM vesicle
preparation (Fig. 7).

Munc18a reduced the number of associated SV-PM vesicles
compared with the case without Munc18a (Fig. 7A). As a con-
trol, when the cytoplasmic domain of synaptobrevin-2
(synaptobrevin-2(1-96)) was added to the immobilized PM
vesicles at 10 uM concentration, SV-PM vesicle association was
essentially abolished regardless of the presence of Muncl8a
(Fig. 7A). This experiment confirms that SV-PM vesicle associ-
ation depends on trans-SNARE complex formation because the
soluble synaptobrevin-2(1-96) fragment blocks trans-SNARE
complex formation by sequestering t-SNARE (syntaxin-
1A-SNAP-25) complexes.

A larger reduction by Muncl8a on vesicle association was
observed when SV vesicles were reconstituted with only synap-
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FIGURE 2. Effect of Munc18a on Ca>*-triggered fusion and spontaneous
fusion with concurrent addition of Munc18a and SV vesicles to immobi-
lized PM vesicles. Shown are histograms of Ca®*-triggered fusion events
without Munc18a (A) and with 1 um Munc18a (B) using PM vesicles containing
full-length Stx1a. Munc18a and SV vesicles were introduced concurrently. All
experiments were performed in the presence of 2 um complexin. The histo-
grams were calculated with a bin size of 1 s, normalized by the total of fusion
events observed upon Ca®" injection, and fitted to two-exponential decay
functions (solid lines). The synchronization time constants (faster time con-
stant of the fitted two-exponential fit) are shown in C. Spontaneous fusion
events were observed for 1 min before Ca®" injection and shown in D. Error
bars in C, are 10 errors computed from the covariance matrix during least
square fitting using a Levenberg-Marquardt technique; error bars in D, S.E.
value over 4-6 experiments.

tobrevin-2 (i.e. without synaptotagmin-1) (Fig. 7E). Thus, the
presence of synaptotagmin-1 masks part of the effect of
Muncl8a on SV-PM vesicle association. One possible explana-
tion could be that the interaction between reconstituted synap-
totagmin-1 in the SV vesicles and the membrane of the immo-
bilized PM could be responsible. Synaptotagmin-1 interacts with
membranes containing PIP, even in the absence of Ca** (57, 58),
so we performed an experiment without PIP, in the PM vesicle
preparation. However, Munc18a reduced vesicle association to a
similar degree (Fig. 7B) as that observed in the presence of PIP.,
implying that the effect by Munc18 on vesicle association is not
caused by interference of the synaptotagmin-PIP, interaction.
Finally, Munc18a had no effect on SV-PM vesicle association
when it was added after vesicles had been associated by trans-
SNARE complex formation (Fig. 7C).

Munc18a Sequesters Syntaxin-1A from Membrane-reconsti-
tuted t-SNARE Complex—The reduction of SV-PM vesicle
association by Muncl8a was similar when the N-terminally
truncated Stx1a(10-288) construct was used (Fig. 7, D and F).
Because the observed reduction of SV-PM vesicle association
does not depend on the N terminus of syntaxin-1A, yet the
interaction between Muncl8a and the t-SNARE complex
depends on it (Fig. 4), the effect of Munc18a cannot be due to its
interaction with the t-SNARE complex. Thus, we asked
whether the observed reduction in SV-PM vesicle association
could instead be caused by a sequestration reaction where
Munc18a would capture closed syntaxin-1A and, thus, release
SNAP-25.
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To test this hypothesis, we labeled SNAP-25 at residue 76
and reconstituted a mixture of labeled and unlabeled SNAP-25
molecules into PM vesicles together with unlabeled syntaxin-
1A. The same reconstitution and immobilization protocols
were performed as for all other single vesicle experiments in this
work. We adjusted the ratio of labeled to unlabeled SNAP-25 mol-
ecules in order to obtain at most one labeled SNAP-25 molecule
per PM vesicle. Note that we used a soluble SNAP-25 construct
(i.e. without palmitoylation), so once a SNAP-25 molecule was
dislodged from a t-SNARE complex it was expected to diffuse
away from the surface. We monitored fluorescence from single
SNAP-25 molecules before and 120 min after the Muncl8a
addition (Fig. 8). Consistent with our hypothesis of syntaxin-1A
sequestration, we observed that incubation of Munc18a results
in reduction of about 50% of surface-localized SNAP-25
molecules.

Effects of Reducing the Muncl8a-Stxla Interaction by
Phosphorylation—Phosphorylation of Muncl8a greatly reduces
interaction with syntaxin-1A (41), and a phosphorylation-mim-
icking mutant Unc-18(S322E) of Caenorhabditis elegans Unc-18
(S322E) reduces binding to syntaxin-1A. However, the role of
phosphorylation in neurons was found to be relatively subtle; the
two phosphorylation sites in Munc18a appear to be important for
post-tetanic potentiation (59). In our system, similar to wild
type Muncl8a, the phosphorylation mimic mutant of
Munc18a(S306E/S313E) had no effect on the normalized Ca®™-
triggered fusion histograms (Fig. 1, A—F), the synchronization time
constant (Fig. 1G), or the probability of spontaneous fusion (Fig.
1H), regardless of whether full-length Stxla or the N-terminally
truncated Stx1a(10-288) fragment were used. The phosphoryla-
tion mimic Munc18a(S306E/S313E) also reduced vesicle associa-
tion but to a lesser degree (Fig. 7A). The lessened effect on SV-PM
vesicle association by the phosphorylation mimic is correlated
with its reduced affinity to syntaxin-1A compared with wild type
Munc18a, as determined by bio-layer interferometry experiments
(Fig. 9). Thus, these experiments further corroborate that the
sequestration of syntaxin-1A by Munc18a is related to the interac-
tion between Munc18a and syntaxin-1A.

The reduction of SV-PM vesicle association by
Munc18a(S306E/S313E) was similar when the N-terminally
truncated syntaxin-1A construct Stx1a(10-288) was used (Fig.
7, D and F). Moreover, the affinity of the phosphorylation
mimic Munc18a(S306E/S313E) to the N-terminally truncated
syntaxin-1A construct was reduced relative to wild-type syn-
taxin-1A (Fig. 9). This suggests that the syntaxin-1A sequestra-
tion reaction by Munc18a(S306E/S313E) is independent of the
presence of the N-terminal residues of syntaxin-1A, as con-
cluded above for wild type Munc18a.

DISCUSSION

Our single vesicle-vesicle content-mixing assay enabled us to
discriminate between effects caused by vesicle association and
intrinsic fusion rates, thus overcoming a key deficiency of pre-
vious ensemble fluorescence methods, where both effects are
convoluted (21). Using our single vesicle-vesicle content-mix-
ing assay, we found that Munc18a has no effect on both spon-
taneous and Ca®*-triggered fusion rates with neuronal
SNAREs, complexin-1, and synaptotagmin-1 (Fig. 1).
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FIGURE 3. Munc18a binds soluble t-SNAREs and SNARE complex with similar thermodynamics. t-SNAREs (A) or SNARE complex (100-180 um) (B) was
titrated into Munc18a (9-11 um). The top panel shows the heat signals corresponding to each injection. The bottom panel shows the integrated areas versus
molar ratio of interacting species. Data were fit to a single binding site model using a nonlinear least squares fit (solid line). Thermodynamic parameters are

presented in Table 1.

TABLE 1

Thermodynamic parameters of Munc18a interaction with t-SNARE
and ternary SNARE complexes

Our results differ slightly from previously published ITC data for Munc18a-binding

SNARE complex (see supplemental Table S1 in Ref. 31), which probably reflects
differences in the protein constructs and preparations.

Muncl8a interaction

partner K, AH° n
UM kcal/mol
Stx1a(1-267) in t-SNARE 1.2*+0.5 —83*09 14
complex
Stxla(1-267) in ternary 1.9 +0.7 —10.5 = 0.6 0.8
SNARE complex

Role of the Syntaxin-1A N Terminus—The N terminus of syn-
taxin-1A plays only a small role in the binding affinity between
Muncl8a and closed syntaxin-1A (30, 31). In contrast, the N
terminus is essential for the interaction between Munc18a and
ternary neuronal SNARE complex (31); for the interaction
between Muncl18a and t-SNARE complex (Fig. 4); and for co-
localization of Muncl8a, SNAP-25, and syntaxin-1A (32).
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Although the N terminus is required for recruitment of
Muncls, its function could be physically separated in neuro-
muscular junctions of C. elegans by using “split” syntaxin trans-
genes (18). Moreover, point mutations of Munc18a that inter-
fere with binding to the syntaxin-1A N terminus and disrupt
binding to the assembled SNARE complexes all support normal
docking, priming, and fusion of synaptic vesicles as well as nor-
mal synaptic plasticity in rescue experiments with neuronal
cultures using autaptic muncl8a null mutant neurons (60).
Consistent with these previous results, in our experiments, the
syntaxin-1A N terminus had no effect on fusion rates (Fig. 1)
and vesicle association (Fig. 7).

Muncl8a Sequesters Syntaxin-1A from Reconstituted t-SNARE
Complex—When we added Muncl8a to immobilized PM vesicles
with reconstituted syntaxin-1A and SNAP-25, we observed
reduction of SV-PM vesicle association on a ~30-min time
scale (Fig. 7). This result suggested that Munc18a reduces ves-
icle association by sequestration of syntaxin-1A (i.e. releasing
SNAP-25 from t-SNARE complex). We independently con-
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FIGURE 4. Munc18a binds soluble t-SNAREs and requires the Stx1a(1-267) N-terminal residues. Bead fractions (combined with SDS and boiled prior to
loading) of GST (lanes 1-5) and GST-SNAP-25 (lanes 7-12) with Stx1a(1-267) (lanes 3, 9, and 10) or Stx1a(25-267) (lanes 4, 5, 11, and 12) in the presence (lanes 2,
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FIGURE 5. Cytoplasmic SNARE complex formation starting from cyto-
plasmic, soluble t-SNAREs with and without Munc18a. The amount of
cytoplasmic SNARE complex formed (A) and initial rate of SNARE complex
formation (B) were determined using fluorescence anisotropy with synap-
tobrevin-2(1-96)-A488. SNARE complex formation from three starting
states was compared: t-SNAREs in the absence of Munc18a (red); t-SNAREs
with sequential addition of Munc18a (blue); and t-SNAREs in a preformed
complex with Munc18a, where Munc18a, Stx1a(1-267), and SNAP-25 were
used in equal proportions (green). We note that protein constructs and
molar ratios in this work differ from those in Ref. 70, so the rates of SNARE
complex formation cannot be compared directly.
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firmed the sequestration of syntaxin-1A by Munc18a by a single
molecule experiment (Fig. 8). Moreover, the phosphorylation
mimic mutant of Munc18a with reduced affinity to syntaxin-1A
resulted in less reduction of vesicle association (Fig. 7A), cor-
roborating the notion of syntaxin-1A sequestration.

The interaction between Munc18a and syntaxin-1A lacking
the N-peptide is strong (K, = 10 nm) albeit reduced compared
with full-length syntaxin-1A (K, = 1.4 nm) (31). Moreover, the
crystal structure and solution scattering analysis of the complex
between syntaxin-1A and Munc18a is similar in the presence or
absence of the syntaxin N-terminal residues (56). In both cases,
Muncl8a is expected to sequester syntaxin-1A and interact
with it in a closed conformation, consistent with our results.

Sequestration of the cytoplasmic, soluble fragment of syn-
taxin-1A from t-SNARE complex by Munc18a was previously
observed by nuclear magnetic resonance spectroscopy on a
11-h time scale (Fig. 1 in Ref. 8) and by a FRET-based assay on a
~30-min time scale using separate SNAP-25 N- and C-termi-
nal SNARE helices (Fig. S1B in Ref. 8). Thus, there is consider-
able variation of the time scale of syntaxin-1A sequestration
depending on the constructs and experimental conditions; this
probably explains why there is no apparent sequestration of
syntaxin-1A (which would produce much larger enthalpy
changes and a smaller K ;) (56) on the ~1-h time scale of our
ITC experiment (Fig. 3).

A Possible Molecular Mechanism for the Sequestration of Syn-
taxin-1A by Muncl8a—Previously, the conformations of 1:1
binary (syntaxin-1A-SNAP-25) complex were studied by single
molecule FRET experiments using binary complexes that were
reconstituted into supported bilayers (61). These experiments
revealed three configurations of the 1:1 syntaxin-1A:SNAP-25
binary complex; one configuration corresponds to a parallel
three-helix bundle, whereas the other two are flexible configu-
rations with one of the SNAP-25 SNARE domains dissociated.
Occasional transitions between these configurations were
observed. Adding synaptobrevin-2 entirely suppressed the flex-
ible configurations. The addition of complexin-1, the MUN
domain of Muncl3, Muncl8a, or synaptotagmin-1, also
reduced the flexible configurations to varying degrees. The sin-
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FIGURE 6. Munc18a has no effect on the kinetics of cytoplasmic (soluble)
SNARE complex formation. Representative traces of fluorescence anisot-
ropy experiments monitoring SNARE complex formation with synapto-
brevin-2(1-96)-A488 starting from t-SNARE complex (A), preformed
Munc18a-t-SNARE complex (B), and t-SNARE complex with separate addition
of Munc18a (C). Colored dots, experimental data; lines, exponential fits of the
curves.

gle molecule experiments with labeled SNAP-25 presented
here (Fig. 8) suggest that Munc18a is capable of sequestering a
fraction of syntaxin-1A molecules because we observed a loss of
surface-localized SNAP-25 upon incubation with Munc18a.
Despite the prolonged incubation with Munc18a, this seques-
tration of syntaxin-1A molecules was only partial. Combined
with the results presented in Ref. 61, we suggest that sequestra-
tion of syntaxin-1A by Munc18a occurs only for the fraction of
1:1 syntaxin-1A-SNAP-25 complexes that are in the flexible
configurations during the incubation period; presumably, the
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kinetic barrier to sequester syntaxin-1A by Munc18a is lower
for the flexible configurations.

Is There an Interaction between Muncl8a and Synaptob-
revin-2?—Previously, it had been suggested that Muncl8a
interacts with synaptobrevin-2 based on ensemble lipid-mixing
assays (17) and line broadening in solution NMR experiments
(62). The lack of a significant difference in affinity between
binary and ternary neuronal SNARE complex (Fig. 3) or an
effect on fusion rates (Fig. 1) is consistent with the very weak
(K ~15 um) affinity reported for the Muncl8a-synaptobrevin
interaction (62). Because our experiments were performed well
below the reported K, of 15 uM for this interaction, if the intra-
cellular Munc18a concentration were substantially higher, it is
possible that contacts between Munc18a and synaptobrevin-2
could have some role in fusion.

Effect of Muncl8 on Vesicle Association Is Independent of
PIP,—PIP, is a charged lipid that is enriched in the plasma
membrane and may promote synaptic vesicle recruitment to
the active zone (63). When PIP, was excluded from PM vesi-
cles in our vesicle association assay, the overall association
efficiency was greatly reduced, such that a much higher SV
vesicle concentration had to be used in order to obtain a
significant number of associated SV-PM vesicle pairs. How-
ever, the ratio of vesicle association with and without
Munc18a was unchanged (Fig. 7, compare A and B), illustrat-
ing that the effect of Munc18a on vesicle association is PIP,-
independent. Synaptotagmin-1 interacts with PIP,-containing
membranes even in the absence of Ca?" (57) and is thus
expected to increase association between SV and PM vesicles,
as we observed. When synaptotagmin-1 was eliminated from
SV vesicles, the same fractional vesicle associations were
observed for control, Munc18a, and Munc18a(S306E/S313E)
(Fig. 7, compare A and E), consistent with the notion that the
effect of Muncl8a in these experiments is to sequester syn-
taxin-1A and release SNAP-25. However, in the absence of syn-
aptotagmin-1, the reduction of SV-PM vesicle association by
Munc18a was more pronounced, suggesting that synaptotag-
min-1 interactions with t-SNARE (syntaxin-1A-SNAP-25)
complexes (64) can compensate the partial reduction by
Munc18a; as mentioned above, this interaction also stabilizes
t-SNARE complexes (65).

Munci8a Has No Effect on Spontaneous and Ca’" -triggered
Fusion—Recent work by Lou et al. (71) shows that Munc18a
stimulates single vesicle-vesicle lipid mixing with neuronal
SNAREs in the absence of synaptotagmin-1 but that there is no
stimulatory effect on single vesicle lipid mixing by Munc18a in
the presence of neuronal SNAREs and synaptotagmin-1. More-
over, their experiments with SNAREs that were reconstituted
in nanodiscs offer an explanation for the enhancement of lipid
mixing: Muncl8a increases a state of the trans-SNARE com-
plex where the C-terminal ends of the SNARE domains are
close to each other in the absence of synaptotagmin-1, whereas
in the presence of synaptotagmin-1, Munc18 has no effect on
the states of the trans-SNARE complex (see Fig. 1, C and D, in
Ref. 71). Their results suggest that the observed increase in lipid
mixing is a consequence of increased vesicle association that
occurs when Muncl8a increases the C-terminal zippering
probability of the neuronal trans-SNARE complex. Although
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FIGURE 7. Vesicle association efficiency between SV vesicles and immobilized PM vesicles. A-f, SV vesicle association efficiency was measured by
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SV vesicles associated with PM vesicles with no Munc18, with Munc18, and with Munc18a(S306E/S313E) or supplemented with 10 um soluble synaptobrevin(1-
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totagmin-1, associated with PM vesicles with reconstituted Stx1a-SNAP-25. F, same as E but with PM vesicles with reconstituted Stx1a(10-288)-SNAP-25. Error
bars, S.D. values over 10-15 experiments in random locations of the same flow channel. **, p < 0.01 using Student’s t test.

400 - No X sive forces between solvated bilayers oppose trans-SNARE

X complex formation) (66, 67). Thus, the C-terminal zippering

T 1 uM probability is affected by the presence of the reconstituted

Munc18 transmembrane domains, and in the absence of the transmem-

'g brane domains, one would not expect to see the intermediate
o 1 T state observed by Lou et al. (71), consistent with our results.

© Parisotto et al. (20) showed that spontaneous ensemble lipid

mixing (i.e. at zero Ca®>") is increased in the absence of com-

plexin-1, whereas this effect is smaller in the presence of com-

0 plexin-1 (see Fig. 3, A and B, in Ref. 20). However, the subse-

quent further increase in ensemble lipid mixing upon Ca*"
injection is similar, regardless of the presence of Muncl8a.
Moreover, Fig. 3C in Ref. 20 shows that the subsequent increase
in ensemble content mixing upon Ca®" injection is also unaf-
fected by the presence or absence of Munc18a. Thus, the lack of
an effect on Ca** triggered ensemble content mixing is entirely
in agreement with our single vesicle-vesicle Ca**-triggered
fusion results (Fig. 1, A—C and G) that show no increase in
synchronization of Ca®"-triggered fusion with neuronal
SNARES, synaptotagmin-1, and complexin-1 upon the addition
of Munc18a. Moreover, Figs. 3 and 4 in Ref. 71 show little effect
of Munc18a on single vesicle-vesicle lipid and content mixing
for spontaneous fusion in the presence of neuronal SNAREs

FIGURE 8. Munc18a sequesters syntaxin-1A and releases SNAP-25 from
t-SNARE complex that is reconstituted in PM vesicles. Top panels, shown
are the average number of labeled SNAP-25 molecules from 10 random imag-
ing locations in the same sample channel before and after (120 min) 1 um
Munc18 addition. Bottom panels, representative fields of view. Error bars, S.D.
Note that a purple spot indicates higher brightness. **, p < 0.01 using

Student's t test.

we did not see an effect on soluble ternary SNARE complex
formation by Munc18 (Figs. 5 and 6), we can reconcile these
observations by noting that assembly of the neuronal SNARE
complex is paused under loaded conditions (i.e. when the repul-
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and synaptotagmin-1 (normalized by the number of associated/
docked vesicles).

We emphasize that the data of Parisotto et al. (20) showing
an increase in ensemble lipid mixing by Munc18a was not nor-
malized by the number of associated/docked vesicles, so it can
be explained by an increase in vesicle association (i.e. more
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FIGURE 9. Bio-layer interferometry experiments of Munc18a and Munc18a(S306E/S313E) binding to syntaxin-1A(1-265) or syntaxin-1A(25-265)
constructs that had been surface-immobilized with a C-terminal biotin tag. Sensograms are fit to a 1:1 binding model (black lines). Specified concentra-
tions of Munc18a were used. The dissociation constant of wild type Munc18a to Stx1a(1-265) is 4.5 nm (A), that of Munc18a(S306E/S313E) to Stx1a(1-265) is 75
nM (B), that of Munc18a to Stx1a(25-265) is 44 nm (C), and that of Munc18a(S306E/S313E) to Stx1a(25-265) is 1,400 nm (D). Note that binding of Munc18a to
N-terminally truncated syntaxin-1A should not be affected by the different constructs (Stx1a(25-265) versus Stx1a(10-288)) used in bio-layer interferometry
binding experiments and in the fusion and vesicle association experiments (see the supplemental material in Ref. 31).

vesicles are associated, resulting in a larger signal) rather than
an effect on hemifusion or fusion per se. This explanation also
applies to other previously published results (16, 68). Moreover,
we speculate that the apparent difference in the degree of
ensemble lipid mixing can be explained by the competition of
the two processes, the enhancement of neuronal SNARE zip-
pering in the absence of synaptotagmin-1 versus the sequestra-
tion of syntaxin-1A by Munc18a; different experimental condi-
tions may shift the balance between these two processes. For
example, the requirement of preincubation of vesicles at 4 °C
for the ensemble lipid mixing experiments by Shen et al. (17)
could arise from shifting the balance between Muncl8a-en-
hanced SNARE zippering versus Muncl8a-induced sequestra-
tion of syntaxin-1A.

NSF and aSNAP will disassemble the t-SNARE complex (8);
other experiments suggest that Munc18a then prevents further
action of NSF/aSNAP by sequestering syntaxin-1A and locking
it into the closed confirmation and preventing trans-SNARE
formation until synaptobrevin-2 and Muncl3 arrive (8). We
note that the amount of ensemble lipid mixing was roughly the
same for a minimal system consisting only of neuronal
SNARESs, the C2AB fragment of synaptotagmin-1, and 0.5 um
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Ca®>" and for the more complete system consisting of the same
proteins plus NSF, «SNAP, Munc18a, and Munc13 (see Fig. 4D
in Ref. 8). One of the reasons for our study was to investigate
whether the ensemble lipid-mixing method may have masked
an effect of Munc18a on content mixing. Our results now con-
clusively show that Munc18a has no effect on intrinsic sponta-
neous and Ca®" -triggered fusion rates in conjunction with neu-
ronal SNAREs, synaptotagmin-1, and complexin-1. Our study
was enabled by our single vesicle-vesicle fusion system, where
effects on vesicle association can be separated from effects on
spontaneous and Ca>" -triggered fusion (40, 45, 51).

Stidhof (69) noted in his 2013 Nobel Lecture, “The fact that
SM proteins are required continuously during SNARE-com-
plex assembly argues for a role either in organizing proper
SNARE-complex assembly and in preventing dead-end inap-
propriate SNARE complexes, or in catalyzing lipid mixing dur-
ing fusion. At present, no conclusive data argue one way or the
other, and this question will clearly keep many of us busy for
years to come.” Because our results show that Munc18a has no
effect on fusion in conjunction with neuronal SNAREs, synap-
totagmin-1, and complexin-1, the following consensus view
emerges. Muncl8a primarily plays a role in proofreading of
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trans-SNARE complexes rather than directly in fusion itself.
This notion has also been suggested for the SM protein-con-
taining HOPS complex in the context of vacuolar fusion (27).
However, future reconstitution experiments with all factors
involved in synaptic vesicle fusion will have to be carried out in
order to study the proposed proofreading role of Munc18a.

Acknowledgments—We thank Dr. Yeon-Kyun Shin for communicat-
ing results prior to publication and Dr. Taekjip Ha for single molecule
software.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

APRIL 17,2015+VOLUME 290-NUMBER 16

Stidhof, T. C. (2013) Neurotransmitter release: the last millisecond in the
life of a synaptic vesicle. Neuron 80, 675—690

. Jahn, R, and Fasshauer, D. (2012) Molecular machines governing exocy-

tosis of synaptic vesicles. Nature 490, 201-207

. Siidhof, T. C., and Rothman, J. E. (2009) Membrane fusion: grappling with

SNARE and SM proteins. Science 323, 474 —477

. Weber, T., Zemelman, B. V., McNew, J. A., Westermann, B., Gmachl, M.,

Parlati, F., S6llner, T. H., and Rothman, J. E. (1998) SNAREpins: minimal
machinery for membrane fusion. Cell 92, 759 -772

. Ferndndez-Chacén, R., Konigstorfer, A., Gerber, S. H., Garcia, J., Matos,

M. F,, Stevens, C. F., Brose, N, Rizo, J., Rosenmund, C., and Stidhof, T. C.
(2001) Synaptotagmin I functions as a calcium regulator of release prob-
ability. Nature 410, 41-49

. Kimmel, D., Krishnakumar, S. S., Radoff, D. T., Li, F., Giraudo, C. G.,

Pincet, F., Rothman, J. E.,, and Reinisch, K. M. (2011) Complexin cross-
links prefusion SNAREs into a zigzag array. Nat. Struct. Mol. Biol. 18,
927-933

. Li, F,, Pincet, F., Perez, E., Giraudo, C. G., Tareste, D., and Rothman, J. E.

(2011) Complexin activates and clamps SNAREpins by a common mech-
anism involving an intermediate energetic state. Nat. Struct. Mol. Biol. 18,
941-946

. Ma, C,, Sy, L., Seven, A. B.,, Xu, Y., and Rizo, J. (2013) Reconstitution of the

vital functions of Munc18 and Munc13 in neurotransmitter release. Sci-
ence 339, 421-425

. Trimbuch, T., Xu, J., Flaherty, D., Tomchick, D. R,, Rizo, J., and Rosen-

mund, C. (2014) Re-examining how complexin inhibits neurotransmitter
release. Elife 3, e02391

Carr, C. M, and Rizo, J. (2010) At the junction of SNARE and SM protein
function. Curr. Opin. Cell Biol. 22, 488 — 495

Rizo, J., and Stidhof, T. C. (2012) The membrane fusion enigma: SNAREs,
Sec1/Muncl8 proteins, and their accomplices— guilty as charged? Annu.
Rev. Cell Dev. Biol. 28, 279 -308

Verhage, M., Maia, A. S., Plomp, J. J., Brussaard, A. B., Heeroma, J. H,,
Vermeer, H., Toonen, R. F., Hammer, R. E., van den Berg, T. K., Missler,
M., Geuze, H.J., and Siidhof, T. C. (2000) Synaptic assembly of the brain in
the absence of neurotransmitter secretion. Science 287, 864 — 869
Bouwman, J., Spijker, S., Schut, D., Wichtler, B., Ylstra, B., Smit, A. B., and
Verhage, M. (2006) Reduced expression of neuropeptide genes in a ge-
nome-wide screen of a secretion-deficient mouse. J Neurochem. 99,
84-96

Toonen, R. F. G., de Vries, K. J., Zalm, R, Stdhof, T. C., and Verhage, M.
(2005) Muncl18-1 stabilizes syntaxin 1, but is not essential for syntaxin 1
targeting and SNARE complex formation. J. Neurochem. 93, 1393—-1400
Barclay, J. W. (2008) Munc-18-1 regulates the initial release rate of exocy-
tosis. Biophys. J. 94, 10841093

Scott, B. L., Van Komen, J. S., Irshad, H., Liu, S., Wilson, K. A., and McNew,
J. A. (2004) Seclp directly stimulates SNARE-mediated membrane fusion
in vitro. J. Cell Biol. 167, 75— 85

Shen, J., Tareste, D. C., Paumet, F., Rothman, J. E., and Melia, T. J. (2007)
Selective activation of cognate SNAREpins by Sec1/Munc18 proteins. Cell
128, 183-195

Rathore, S. S., Bend, E. G., Yu, H.,, Hammarlund, M., Jorgensen, E. M., and
Shen, J. (2010) Syntaxin N-terminal peptide motif is an initiation factor for

SASBMB

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Munc18a Does Not Alter Fusion Rates

the assembly of the SNARE-Sec1/Muncl8 membrane fusion complex.
Proc. Natl. Acad. Sci. U.S.A. 107, 22399 —22406

Diao, J., Su, Z., Lu, X., Yoon, T.-Y., Shin, Y.-K., and Ha, T. (2010) Single-
vesicle fusion assay reveals Munc18-1 binding to the SNARE core is suf-
ficient for stimulating membrane fusion. ACS Chem. Neurosci. 1,168 —174
Parisotto, D., Pfau, M., Scheutzow, A., Wild, K., Mayer, M. P., Malsam, J.,
Sinning, I, and Séllner, T. H. (2014) An extended helical conformation in
domain 3a of Munc18-1 provides a template for SNARE (soluble N-eth-
ylmaleimide-sensitive factor attachment protein receptor) complex as-
sembly. J. Biol. Chem. 289, 9639 —9650

Cypionka, A., Stein, A., Hernandez, J. M., Hippchen, H., Jahn, R., and
Walla, P. J. (2009) Discrimination between docking and fusion of lipo-
somes reconstituted with neuronal SNARE-proteins using FCS. Proc.
Natl. Acad. Sci. U.S.A. 106, 18575-18580

Stroupe, C., Hickey, C. M., Mima, J., Burfeind, A. S., and Wickner, W.
(2009) Minimal membrane docking requirements revealed by reconstitu-
tion of Rab GTPase-dependent membrane fusion from purified compo-
nents. Proc. Natl. Acad. Sci. U.S.A. 106, 17626 -17633

Zick, M., Stroupe, C., Orr, A., Douville, D., and Wickner, W. T. (2014)
Membranes linked by trans-SNARE complexes require lipids prone to
non-bilayer structure for progression to fusion. Elife 3, 01879

Xu, H.,, Zick, M., Wickner, W. T., and Jun, Y. (2011) A lipid-anchored
SNARE supports membrane fusion. Proc. Natl. Acad. Sci. U.S.A. 108,
17325-17330

Lobingier, B. T., Nickerson, D. P., Lo, S.-Y., and Merz, A. ]. (2014) SM
proteins Slyl and Vps33 co-assemble with Sec17 and SNARE complexes
to oppose SNARE disassembly by Sec18. Elife 3, 02272

Zick, M., and Wickner, W. (2013) The tethering complex HOPS catalyzes
assembly of the soluble SNARE Vam?7 into fusogenic trans-SNARE com-
plexes. Mol. Biol. Cell 24, 3746 —3753

Zick, M., and Wickner, W. T. (2014) A distinct tethering step is vital for
vacuole membrane fusion. Elife 3, 03251

Weninger, K., Bowen, M. E,, Chu, S., and Brunger, A. T. (2003) Single-
molecule studies of SNARE complex assembly reveal parallel and antipa-
rallel configurations. Proc. Natl. Acad. Sci. U.S.A. 100, 14800 —14805
Misura, K. M., Scheller, R. H., and Weis, W. L. (2000) Three-dimensional
structure of the neuronal-Secl-syntaxin la complex. Nature 404,
355-362

Dulubova, I, Khvotchev, M., Liu, S., Huryeva, L, Siidhof, T. C., and Rizo, J.
(2007) Munc18-1 binds directly to the neuronal SNARE complex. Proc.
Natl. Acad. Sci. U.S.A. 104, 2697—-2702

Burkhardt, P., Hattendorf, D. A., Weis, W. L, and Fasshauer, D. (2008)
Munc18a controls SNARE assembly through its interaction with the syn-
taxin N-peptide. EMBO J. 27, 923-933

Pertsinidis, A., Mukherjee, K., Sharma, M., Pang, Z. P., Park, S. R., Zhang,
Y., Brunger, A. T., Stidhof, T. C., and Chu, S. (2013) Ultrahigh-resolution
imaging reveals formation of neuronal SNARE/Muncl8 complexes in
situ. Proc. Natl. Acad. Sci. U.S.A. 110, E2812—-E2820

Chen, X,, Ly, J., Dulubova, I, and Rizo, J. (2008) NMR analysis of the closed
conformation of syntaxin-1. . Biomol. NMR 41, 43-54

Ma, C,, Li, W., Xu, Y., and Rizo, J. (2011) Munc13 mediates the transition
from the closed syntaxin-Muncl8 complex to the SNARE complex. Nat.
Struct. Mol. Biol. 18, 542-549

Yang, B., Steegmaier, M., Gonzalez, L. C.,, Jr., and Scheller, R. H. (2000)
nSecl binds a closed conformation of syntaxinlA. J. Cell Biol. 148,
247-252

Pevsner, J., Hsu, S. C,, Braun, J. E., Calakos, N., Ting, A. E., Bennett, M. K,,
and Scheller, R. H. (1994) Specificity and regulation of a synaptic vesicle
docking complex. Newuron. 13, 353-361

Rowe, J., Corradi, N., Malosio, M. L., Taverna, E., Halban, P., Meldolesi, J.,
and Rosa, P. (1999) Blockade of membrane transport and disassembly of
the Golgi complex by expression of syntaxin 1A in neurosecretion-incom-
petent cells: prevention by rbSEC1. J. Cell Sci. 112, 1865-1877

Medine, C. N,, Rickman, C., Chamberlain, L. H., and Duncan, R. R. (2007)
Munc18-1 prevents the formation of ectopic SNARE complexes in living
cells. J. Cell Sci. 120, 44074415

Zhou, P, Pang, Z. P, Yang, X., Zhang, Y., Rosenmund, C., Bacaj, T., and
Siidhof, T. C. (2013) Syntaxin-1 N-peptide and Habc-domain perform

JOURNAL OF BIOLOGICAL CHEMISTRY 10533



Munci18a Does Not Alter Fusion Rates

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

distinct essential functions in synaptic vesicle fusion. EMBO J. 32,
159-171

Lai, Y., Diao, ], Cipriano, D.]., Zhang, Y., Pfuetzner, R. A., Padolina, M. S.,
and Brunger, A. T. (2014) Complexin inhibits spontaneous release and
synchronizes Ca**-triggered synaptic vesicle fusion by distinct mecha-
nisms. Elife 3, 03756

Fujita, Y., Sasaki, T., Fukui, K., Kotani, H., Kimura, T., Hata, Y., Stidhof,
T. C,, Scheller, R. H., and Takai, Y. (1996) Phosphorylation of Munc-18/
n-Secl/rbSecl by protein kinase C. J. Biol. Chem. 271, 7265-7268

Nili, U., de Wit, H., Gulyas-Kovacs, A., Toonen, R. F., Sgrensen, J. B.,
Verhage, M., and Ashery, U. (2006) Munc18-1 phosphorylation by protein
kinase C potentiates vesicle pool replenishment in bovine chromaffin
cells. Neuroscience 143, 487—-500

Edwards, M. R, Johnson, J. R., Rankin, K., Jenkins, R. E., Maguire, C.,
Morgan, A., Burgoyne, R. D., and Barclay, J. W. (2012) PKC-2 phosphor-
ylation of UNC-18 Ser®** in AFD neurons regulates temperature depen-
dency of locomotion. J. Neurosci. 32, 7042-7051

. Wierda, K. D. B, Toonen, R. F. G., de Wit, H., Brussaard, A. B., and

Verhage, M. (2007) Interdependence of PKC-dependent and PKC-inde-
pendent pathways for presynaptic plasticity. Neuron 54, 275-90

Diao, J., Grob, P., Cipriano, D. J., Kyoung, M., Zhang, Y., Shah, S., Nguyen,
A., Padolina, M., Srivastava, A., Vrljic, M., Shah, A., Nogales, E., Chu, S.,
and Brunger, A. T. (2012) Synaptic proteins promote calcium-triggered
fast transition from point contact to full fusion. Elife 1, €00109

Rocco, C. ., Dennison, K. L., Klenchin, V. A., Rayment, 1., and Escalante-
Semerena, J. C. (2008) Construction and use of new cloning vectors for the
rapid isolation of recombinant proteins from Escherichia coli. Plasmid 59,
231-237

Studier, F. W. (2005) Protein production by auto-induction in high density
shaking cultures. Protein Expr. Purif. 41, 207234

Miroux, B., and Walker, J. E. (1996) Over-production of proteins in Esch-
erichia coli: mutant hosts that allow synthesis of some membrane proteins
and globular proteins at high levels. /. Mol. Biol. 260, 289 -298

Guan, K. L., and Dixon, J. E. (1991) Eukaryotic proteins expressed in Esch-
erichia coli: an improved thrombin cleavage and purification procedure of
fusion proteins with glutathione S-transferase. Anal. Biochem. 192,
262-267

Kyoung, M., Zhang, Y., Diao, J., Chu, S., and Brunger, A. T. (2013) Study-
ing calcium-triggered vesicle fusion in a single vesicle-vesicle content and
lipid-mixing system. Nat. Protoc. 8, 1-16

Kyoung, M., Srivastava, A., Zhang, Y., Diao, J., Vrljic, M., Grob, P., Nogales,
E., Chu, S., and Brunger, A. T. (2011) In vitro system capable of differen-
tiating fast Ca® " -triggered content mixing from lipid exchange for mech-
anistic studies of neurotransmitter release. Proc. Natl. Acad. Sci. U.S.A.
108, E304-E313

Diao, J., Zhao, M., Zhang, Y., Kyoung, M., and Brunger, A. T. (2013) Study-
ing protein-reconstituted proteoliposome fusion with content indicators
in vitro. BioEssays 35, 658 —665

Diao, J., Cipriano, D. J., Zhao, M., Zhang, Y., Shah, S., Padolina, M. S,,
Pfuetzner, R. A., and Brunger, A. T. (2013) Complexin-1 enhances the
on-rate of vesicle docking via simultaneous SNARE and membrane inter-
actions. J. Am. Chem. Soc. 135, 15274 —-15277

Diao, J., Burré, J., Vivona, S., Cipriano, D. J., Sharma, M., Kyoung, M.,
Stdhof, T. C., and Brunger, A. T. (2013) Native a-synuclein induces clus-
tering of synaptic-vesicle mimics via binding to phospholipids and synap-

10534 JOURNAL OF BIOLOGICAL CHEMISTRY

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

tobrevin-2/VAMP2. Elife 2, e00592

Diao, J., Ishitsuka, Y., Lee, H., Joo, C., Su, Z., Syed, S., Shin, Y.-K.,, Yoon,
T.-Y., and Ha, T. (2012) A single vesicle-vesicle fusion assay for in vitro
studies of SNAREs and accessory proteins. Nat. Protoc. 7, 921-934
Colbert, K. N., Hattendorf, D. A, Weiss, T. M., Burkhardt, P., Fasshauer,
D., and Weis, W. . (2013) Syntaxinla variants lacking an N-peptide or
bearing the LE mutation bind to Munc18a in a closed conformation. Proc.
Natl. Acad. Sci. U.S.A. 110, 12637-12642

Kim, J.-Y., Choi, B.-K., Choi, M.-G., Kim, S.-A., Lai, Y., Shin, Y.-K,, and
Lee, N. K. (2012) Solution single-vesicle assay reveals PIP2-mediated se-
quential actions of synaptotagmin-1 on SNAREs. EMBO J. 31,2144 -2155
Vennekate, W., Schroder, S., Lin, C.-C., van den Bogaart, G., Grunwald,
M., Jahn, R., and Walla, P.J. (2012) Cis- and trans-membrane interactions
of synaptotagmin-1. Proc. Natl. Acad. Sci. U.S.A. 109, 11037-11042
Geng, O., Kochubey, O., Toonen, R. F., Verhage, M., and Schneggen-
burger, R. (2014) Munc18-1 is a dynamically regulated PKC target during
short-term enhancement of transmitter release. Elife 3, e01715

Meijer, M., Burkhardt, P., de Wit, H., Toonen, R. F., Fasshauer, D., and
Verhage, M. (2012) Munc18-1 mutations that strongly impair SNARE-
complex binding support normal synaptic transmission. EMBO J. 31,
2156-2168

Weninger, K., Bowen, M. E,, Choi, U. B,, Chu, S., and Brunger, A. T. (2008)
Accessory proteins stabilize the acceptor complex for synaptobrevin, the
1:1 syntaxin/SNAP-25 complex. Structure 16, 308 —320

Xu, Y., Su, L., and Rizo, J. (2010) Binding of Munc18-1 to synaptobrevin
and to the SNARE four-helix bundle. Biochemistry 49, 1568 —-1576
Honigmann, A., van den Bogaart, G., Iraheta, E., Risselada, H. J., Mi-
lovanovic, D., Mueller, V., Miillar, S., Diederichsen, U., Fasshauer, D.,
Grubmiiller, H., Hell, S. W., Eggeling, C., Kithnel, K., and Jahn, R. (2013)
Phosphatidylinositol 4,5-bisphosphate clusters act as molecular beacons
for vesicle recruitment. Nat. Struct. Mol. Biol. 20, 679 — 686

de Wit, H., Walter, A. M., Milosevic, 1., Gulyas-Kovécs, A., Riedel, D.,
Serensen, J. B., and Verhage, M. (2009) Synaptotagmin-1 docks secretory
vesicles to syntaxin-1/SNAP-25 acceptor complexes. Cell 138, 935-946
Choi, U. B,, Strop, P., Vrljic, M., Chu, S., Brunger, A. T., and Weninger,
K. R. (2010) Single-molecule FRET-derived model of the synaptotagmin
1-SNARE fusion complex. Nat. Struct. Mol. Biol. 17, 318 =324

Zorman, S., Rebane, A. A,, Ma, L., Yang, G., Molski, M. A., Coleman, J.,
Pincet, F., Rothman, J. E., and Zhang, Y. (2014) Common intermediates
and kinetics, but different energetics, in the assembly of SNARE proteins.
Elife 3, €03348

Gao, Y., Zorman, S., Gundersen, G., Xi, Z., Ma, L., Sirinakis, G., Rothman,
J. E., and Zhang, Y. (2012) Single reconstituted neuronal SNARE com-
plexes zipper in three distinct stages. Science 337, 1340-1343

Rodkey, T. L., Liu, S., Barry, M., and McNew, J. A. (2008) Munc18a scaf-
folds SNARE assembly to promote membrane fusion. Mol. Biol. Cell. 19,
5422-5434

Siidhof, T. C. (2014) The molecular machinery of neurotransmitter re-
lease (Nobel lecture). Angew. Chem. Int. Ed. Engl. 53, 12696 —12717
Pobbati, A. V., Stein, A., and Fasshauer, D. (2006) N- to C-terminal
SNARE complex assembly promotes rapid membrane fusion. Science 313,
673-676

Lou, X, Shin, J,, Yang, Y., Kim, J., and Shin, Y.-K. (February 25, 2015)
Synaptotagmin-1 is an antagonist for Munc18-1 in SNARE zippering.
J. Biol. Chem. 290, 1053510543

SASBMB

VOLUME 290-NUMBER 16+APRIL 17,2015



