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ABSTRACT. The core of the membrane fusion machinery that governs neurotransmitter release includes
the SNARE proteins syntaxin-1, SNAP-25 and synaptobrevin, which form a tight “SNARE complex”,
and Munc18-1, which binds to the SNARE complex and to syntaxin-1 folded into a closed conformation.
Release is also controlled by specialized proteins such as complexins, which also bind to the SNARE
complex, and unc13/Munc13s, which are crucial for synaptic vesicle priming and were proposed to open
syntaxin-1, promoting SNARE complex assembly. However, the biochemical basis for unc13/Muncl3
function and its relationship to other SNARE interactions are unclear. To address this question, we have
analyzed interactions of the MUN domain of Muncl3-1, which is key for this priming function, using
solution binding assays and cofloatation experiments with SNARE-containing proteoliposomes. Our results
indicate that the Munc13-1 MUN domain binds to membrane-anchored SNARE complexes, even though
binding is barely detectable in solution. The MUN domain appears to compete with Munc18-1 but not
with complexin-1 for SNARE complex binding, although more quantitative assays will be required to
verify these conclusions. Moreover, our data also uncover interactions of membrane-anchored syntaxin-
1/SNAP-25 heterodimers with the MUN domain, Muncl18-1 and complexin-1. The interaction with
complexin-1 is surprising, as it was not observed in previous solution studies. Our results emphasize the
importance of studying interactions within the neurotransmitter release machinery in a native membrane
environment, and suggest that unc13/Muncl13s may provide a template to assemble syntaxin-1/SNAP-25
heterodimers, leading to an acceptor complex for synaptobrevin.

The release of neurotransmitters by?Caiggered synaptic ~ min-1 (10) and complexinsi1), which help to provide the
vesicle exocytosis is a critical event in interneuronal com- exquisite temporal and spatial regulation of synaptic exo-
munication that involves docking of synaptic vesicles to cytosis.
active zones, vesicle priming to a release-ready state, and Tne strong nature of some of the interactions within the
Ca*-evoked fusion ). Release is governed by a sophisti- elease machinery facilitated their analysis at or near atomic
cated protein machinery that includes components with yesolution in solution, which yielded key mechanistic in-
homologues in most types of mtrace_llular membrane traffic, sights. Thus, synaptobrevin, syntaxin-1 and SNAP-25 form
such as the Sec1/Munc18 (SMyrotein Munc18-1 and the 5 tight “SNARE complex” consisting of a parallel four-helix
SNARE proteins synaptobrevin/VAMP, syntaxin-1 and pyngle through sequences called SNARE motifs, which led
SNAP-25 @—6). These proteins are believed to underlie a g the notion that assembly of this complex is key for
conserved fusion mechanism. Release also depends critically,emprane fusion1—14). Syntaxin-1 also forms a tight
on proteins with specialized roles such as the active Zonecomplex with Munc18-1 when folded into a “closed con-
proteins unc13/Munc13g{-9), the C&" sensor synaptotag-  formation” that hinders SNARE complex formation and
involves an interaction of its N-terminal st domain (5)
"This work was supported by Grant 1-1304 from the Welch With its SNARE motif (L6, 17), suggesting that syntaxin-1

Foundation and NIH Grant NS37200 to J.R. undergoes a large conformational switch during exocytosis.
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of 25 kDa; TCEP, tris(2-carboxyethyl)phosphine; VAMP, vesicle COnnect Ves.ide priming with presynaptic. plastici2p), and
associated membrane protein. for the tight interaction between complexins and the SNARE

10.1021/bi702345m CCC: $40.75 © 2008 American Chemical Society
Published on Web 01/18/2008



Accelerated Publications Biochemistry, Vol. 47, No. 6, 20081475

complex, which may stabilize the SNARE complex in EXPERIMENTAL PROCEDURES
preparation for fast Ga-triggered release2(). However, it

is noteworthy that many studies have reported SNARE
synaptotagmin-1 interactions [reviewed ih 6, 22)], but

no such complex has been crystallized. Recent data suggeste
that difficulties in analyzing synaptotagmin-1/SNARE com-
plex interactions arise because multiple binding modes exist
in solution, and membrane anchoring of the SNARE complex

is critical to increase specificity and stabilize the correct as GST fusion proteins were described previouss; (8
binding mode 23) [see also24)]. Note also that complexin 51 og 29). Most of these proteins were expressed in bacteria
displaces synaptotagmin-1 from soluble SNARE complexes, o5 GST-fusion proteins, isolated by affinity chromatography,
but the opposite result is obtained on membrai25. (t  ¢leaved with thrombin and purified by ion exchange or gel
seems likely that other crucial interactions within the fjitration chromatography basically as described in these
neurotransmitter release machinery may also be stronglyreferences. For full-length rat syntaxin-1A, cleavage with
influenced by membranes or may even require membranesthrombin was performed in cleavage buffer (50 mM Tris,
to be observable, given the very nature of the biological pH 8.0, 150 mM NaCl, 2.5 mM Cag)l containing 1% (w/
process they govern. v) -OG and the protein was purified by ion exchange

These arguments suggest that inclusion of membranes inchromatography on a MonoQ column (GE healthcare life

biochemical experiments may be crucial to properly answer sciences) in 20 mM Tris, pH 8.0, 0.5 mM TCEP, also

many questions that remain to be addressed to understan&ontaining 1% (wivB-OG, with a NaCl gradient. A plasmid

the mechanism of release. Perhaps the most crucial amonqenCOdmg tag-free full-length rat syntaxin-1A as well asgHis

these questions is to determine which interactions underlie
the function of uncl13/Muncl3s. The total abrogation of
release caused by genetic ablation of uncl8#&enorhab-

Recombinant Protein®lasmids to express full-length rat
Munc18-1, full-length rat complexin-1, full-length rat syn-
xin-1A, the MUN domain of rat Munc13-1 (residues 859

531), the cytoplasmic region of syntaxin-1A (residues
2—253), the SNARE motifs of human SNAP-25B (182
and 141203), and the SNARE motif or the cytoplasmic
domain of rat synaptobrevin-2 (293 or 1-96, respectively)

agged full-length human SNAP-25B in a polycistronic vector
with separate T7 promoters was made using custom-designed
primers and standard PCR cloning techniques, and subcloned
" S into the pETDuet (Novagen) coexpression vector. The
ditis elegansor the two major isoforms (Munc13-1 and  asmid was transformed infescherichia colRosetta (DE3)
Munc13-2) in mice T—9) demonstrated the critical functional competent cells, and the proteins were expressed 4€25
importance of these proteins, and a role in opening syntaxin-1yyith induction by 0.4 mM IPTG. The harvested cell pellets
to promote SNARE complex formation was proposed based yere resuspended into 30 mL of suspension buffer (50 mM
on the finding that overexpression of a constitutively open Tris, pH 8.0, 300 mM KCI, 10% (v/v) glycerol, 1% (v/v)
syntaxin-1 mutantX6) can partially rescue this phenotype Triton X-100, 20 mM imidazole, 0.5 mM ABESF), and
in C. elegang26), and on a report of a Munc13-1/syntaxin-1  disrupted by passing twice through a high-pressure cell
interaction 7). However, it was later found that the protein  extruder at-7,500 psi (model EmulsiFlex-C5, Avestin Inc.).
fragments used in the latter study were not properly folded, The cell lysate was clarified by centrifugation at 18,000 rpm,
and that an autonomously folded module containing these mixed with 1.33 mL of 75% slurry of prewashed Ni-NTA
fragments, called the MUN domain, does not form binary agarose resin (QIAGEN) per liter of culture, and rotated in
complexes with syntaxin-1 in solution and yet rescues releasethe cold room fo 2 h at 4°C. Nonspecifically bound proteins
in Munc13-1/2 double KO mice2@). These findings do not ~ were removed by multiple washes with suspension buffer.
rule out that uncl3/Muncl3s may function in opening The resin was washed twice with 5 bed volumes of 50 mM
syntaxin 1, but show that the biochemical basis for this Tris, pH 8.0, 300 mM KCI, 1% (w/v)3-OG, 0.5 mM
function remains to be determined. ABESF, and the recombinant proteins were released with
i i 14 mL of Ni-NTA elution buffer (50 mM Tris, pH 8.0, 300
In the study described here, we tested the hypothesis that,,\ KCI, 1% (w/v) -OG, 250 mM imidazole). 1@L/mL
the Muncl13-1 MUN domain interacts with assembled sigma inhibitor cocktail, 0.5 mM ABESF and 1 mM DTT
SNARE complexes, but binding was barely detectable in \yere added, and the eluted syntaxin/SNAP-25 complex was
Solution. ThIS Observation, together W|th the arguments further purified by ion exchange Chromatography on a
described above, led us to investigate whether the postulatednonoQ column (GE healthcare) in 20 mM Tris, pH 8.0, 1%
interaction might require a membrane environment for the (w/v) 5-OG, 0.5 mM TCEP, with a NaCl gradient.
SNARE complex. Liposome cofloatation assays indicate that,  assembly of SNARE Complex&aluble SNARE com-
indeed, the MUN domain binds to membrane-anchored plexes formed with the cytoplasmic region of syntaxin-1 and
SNARE complexes. Our data also suggest that the MUN the SNARE motifs of synaptobrevin and SNAP-25 were
domain partially competes with Munc18-1 but not with assembled and purified as describ&8) (SNARE complexes
complexin-1 for SNARE complex binding, although more for reconstitutions were assembled by incubating the syn-
quantitative studies will be required to verify these conclu- taxin-1/His-SNAP-25 complex with a 1.5 excess of synap-
sions. Moreover, cofloatation assays also reveal binding of tobrevin-2 cytoplasmic fragment at room temperature for 2
the MUN domain, Munc18-1 and complexin-1 to membrane- h or overnight. Complex formation was checked by SDS
anchored syntaxin-1/SNAP-25 heterodimers. These resultsPAGE and Proto Blue or Coomassie Blue staining with
support the proposed role of unc13/Munc13s in promoting boiled and nonboiled samples.
SNARE complex assembly, and emphasize the importance Proteoliposome Preparatiofstarting liposomes contained
of including membranes to study interactions within the 15% (w/w) DOPS and 85% (w/w) POPC, or 15% DOPS,
release machinery. 83.5% POPC and 1.5%-(lissamine rhodamine B sulfonyl)-
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1,2-dipalmitoyl phosphatidylethanolamine (Avanti Polar Lip-
ids). Lipids in chloroform were mixed and the solvent was

evaporated under a nitrogen gas stream, and dried overnight

under vacuum. The lipid film was hydrated with reconstitu-
tion buffer (25 mM HEPES, pH 7.4, 100 mM KCI, 0.1 mM
EGTA, 1 mM freshly added DTT) to give a final lipid
concentration of 15 mM. The hydrated lipids were vigorously
vortexed for >5 min. The resulting large multilamellar
vesicles were disrupted by 5 freeze/thaw cycles in liquid N
and were forced through an 80 nm polycarbonate filter at
least 21 times using a Mini-extruder (Avanti Polar Lipids,
Alabaster, AL) to yield large unilamellar vesicles (LUV) of

100 nm mean diameter, as measured by DLS. The liposomes

were stored at 4C and used within 3 days. For reconstitu-
tions, the liposomes (106L; 15 mM lipids) were mixed at
room temperature with 206L of 15 uM syntaxin-1/SNAP-

25 heterodimer, preassembled SNARE complex or full-length
syntaxin-1 dissolved in reconstitution buffer containing 1%
(w/v) B-OG. The mixture was kept at room temperature for
30 min under gentle stirring, and the deterg8rADG was

then removed by a three-step dialysis against reconstitution

buffer (25 mM HEPES, pH 7.4, 100 mM KCI, 0.1 mM
EGTA, and 1 mM freshly added DTT) containing Biobeads
SM2 polystyrene beads (Bio-Rad Laboratories) (2 times with
1 L of buffer, 1 g of Biobeads for 2 h, plus one time with 2

L of buffer, 2 g of Biobeads overnight).

Gel Filtration Binding Assayslhe assays were performed
with a Superdex S200 10/300 GL column (GE healthcare)
injecting 500uL samples that contained g1 concentra-
tion of each protein or complex (2.5 mM lipids for proteo-
liposomes), dissolved in 20 mM Tris, pH 8.0, 150 mM NacCl,
and 1 mM DTT. Binding reactions were incubated for 2 h
at 4 °C before injection into the column.

1D 3C-Edited'H NMR ExperimentsThe spectra were
obtained by acquiring the first trace of *al—3C HSQC
spectrum (1,500 scans; 30 min total acquisition time) on a
Varian INOVAG00 spectrometer at 2% in 20 mM Tris,
pH 8.0, 150 mM NaCl, using ¥0/D,O 95:5 (v/v) as the
solvent.

Cofloatation Assaysvlixtures of the desired recombinant
proteins and 7L of reconstituted proteoliposomes, all in
reconstitution buffer, were diluted to 18Q with reconstitu-
tion buffer and incubated atC for 1 h. The samples were
mixed with an equal volume of 80% (w/v) HistoDenz
(Sigma) and placed on the bottom of541 mm ultracen-
trifuge tubes. The proteoliposomes were then overlaid with
150 uL of 35% (w/v) HistoDenz and 150L of 30% (w/v)
HistoDenz. Additional reconstitution buffer (14L) was

placed on the top of the density gradient. The samples were

centrifuged at 48,000 rpm using an SW55 rotor (Beckman)
for 4 h at 4°C. The top of the gradient (150L) was then
analyzed by SDSPAGE and Proto Blue staining. For the
experiment of Figure 2B, the gradient was divided into five
equal samples of 134 each and analyzed by SB®AGE
and Proto Blue staining.

RESULTS

Analysis of MUN Domain/SNARE Complex Interactions
in Solution.The finding that the Munc13-1 MUN does not
form binary complexes with diverse cytoplasmic fragments
of syntaxin-1 £8), together with multiple failed attempts to
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Ficure 1: Analysis of MUN domain/SNARE complex interactions

in solution. (A, B) Gel filtration elution profiles of purified
Munc18-1 (blue), MUN domain (green), soluble SNARE complex
(red), and mixtures of SNARE complex with Munc18-1 (A, black
trace) or MUN domain (B, black trace). The purple lines show the
addition of the red and blue traces in (A) and of the green and red
traces in (B). (C) Methyl regions of 1B5C-edited*H NMR spectra

of 2 uM SNARE complex containing uniformly*3C-labeled
syntaxin-1 in the absence or presence of unlabeled Munc18-1 or
MUN domain.

detect interactions of the Munc13-1 MUN domain with other
individual components of the release apparatus in solution
[Nan Shen and Josep Rizo, unpublished results] and the
notion that unc13/Munc13s may promote SNARE complex
formation, led us to hypothesize that the MUN domain may
provide a template to assemble SNARE complexes and hence
that it may bind to such complexes. We first tested this
hypothesis in solution using gel filtration assays. The method
is illustrated in Figure 1A for the Muncl18-1/SNARE
complex interaction, which provides a positive control and
is manifested by a shift in the elution volume of Munc18-1
due to SNARE complex binding (Figure 1A) [note that only

a slight shift is observed for the SNARE complex because
its radius of gyration is not substantially altered upon
Munc18-1 binding; see refl8)]. However, no shift in the



Accelerated Publications

+
~2
A &@Q% «
&
& S
s ¥ P
v SNARE
complex
SYX
QS AP-25
4 Syb
- + - Boil
“ 4 SYX
SNAP-25
<4 Syb

1 2 3 4 5
FicurRe 2: SDS-PAGE analysis of SNARE proteoliposomes. (A)

Syntaxin-1/SNAP-25 heterodimers (t-SNARE), or SNARE com-
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is any interaction between the MUN domain and the SNARE
complex in solution, it is of very weak affinity.

Analysis of Interactions between the MUN Domain and
Membrane-Anchored SNARE Complex€air failure to
conclusively detect an interaction of the MUN domain with
the SNARE complex in solution, together with the finding
that membrane anchoring of the SNARE complex strongly
enhances its specific binding to synaptotagmir23),(led
us to hypothesize that a membrane environment may be
required for binding of the MUN domain to the SNARE
complex. To test this hypothesis, we coexpressed full-length
syntaxin-1 and SNAP-25, and purified the resulting het-
erodimers. SNARE complexes were formed by incubation
with the cytoplasmic region of synaptobrevin in detergent,
and they were then reconstituted into preformed liposomes
with a 1:500 protein to lipid ratio [higher protein densities
led to aggregation on the membra28,(31)]. Interestingly,
analysis of the proteoliposomes by SPBAGE and Proto
Blue staining revealed quantitative formation of SDS-
resistant SNARE complexes, with no detectable isolated
syntaxin-1 and only a small amount of remaining SNAP-25
(Figure 2A). This finding suggests that the coexpressed
syntaxin-1/SNAP-25 heterodimers have a 1:1 stoichiometry
that contrasts with the 2:1 stoichiometry observed with
separately expressed syntaxin-1 and SNAP32), @s half
of the syntaxin-1 molecules would remain free after SNARE

plexes formed by incubation of these heterodimers with a 1.5-fold complex formation if the heterodimers had a 2:1 stoichiom-
excess of the synaptobrevin cytoplasmic region in detergent etry. The 1:1 stoichiometry was also suggested by analysis

solution, were reconstituted into preformed liposomes, and the

resulting proteoliposomes were analyzed by SIPAGE and Proto

Blue staining with or without boiling the samples as indicated. (B)

of the purified syntaxin/SNAP-25 heterodimers by SBS
PAGE before (data not shown) or after incorporation into

SNARE complex proteoliposomes were subjected to a HistoDenz liposomes (Figure 2A), since the bands of syntaxin-1 and
gradient, and the top fraction was analyzed with a second HistoDenzSNAP25 had similar intensities and standard samples showed

gradient. The figure shows the analysis by SEFRAGE and Proto

Blue staining of the five fractions collected in the second gradient
(1—5 correspond to fractions taken from the top to the bottom of

the gradient). All samples were boiled.

elution profile of the MUN domain or the SNARE complex

that both proteins have a similar staining capacity.

To test for binding of the MUN domain to proteoliposomes
containing SNARE complexes, we first employed gel filtra-
tion experiments using also Munc18-1 as a positive control.
However, no coelution of the MUN domain or Munc18-1

was observed when they were incubated together andwith the SNARE complex liposomes was observed (Figure
coinjected in the gel filtration column, and the chromatogram 3). While the lack of binding of Muncl8-1 to these

of the mixture (black curve in Figure 1B) was superimpos-

able within experimental error with the addition of the
individual chromatograms of the MUN domain and the
SNARE complex (purple curve in Figure 1B).

proteoliposomes contrasts with the almost quantitative
interaction observed with soluble SNARE complexes (Figure
1A) and might suggest that the presence of the membrane
weakens the Munc18-1/SNARE complex interaction, it is

Since interactions of moderate affinity may not be observ- likely that dissociation of membrane-anchored Munc18-1/

able by gel filtration, we used a one-dimensional (18-
edited NMR method 30) that does not suffer from this

SNARE complex assemblies during chromatography may
be favored by the large difference in elution volumes between

drawback. The method is based on detecting a decrease ilMunc18-1 and the proteoliposomes (in contrast to the similar
the intensity of the strongest methyl resonance (SMR) of elution volumes of Munc18-1 and soluble SNARE com-

1D *C-edited NMR spectra of &C-labeled protein upon

binding to an unlabeled protein due to the increase in

plexes).
To use a less stringent method to test for binding of the

correlation time and the resulting resonance broadening. WeMUN domain to membrane-anchored SNARE complexes,
previously used this method to demonstrate binding of we performed cofloatation assays in a HistoDenz gradient

Munc18-1 to the SNARE complex.8), and here we also

[ref (19)] (Figure 4). In these experiments, we also included

used this interaction as a positive control. Thus, the SMR Munc18-1 and complexin-1 in different combinations to

intensity of the 1D*C-edited NMR spectrum of ZM
SNARE complex containingfC-labeled syntaxin-1 exhibited
a clear decrease upon addition of 28 Munc18-1 (Figure

investigate whether they might cooperate or compete with
the potential MUN domain/SNARE complex interaction. The
SNARE complex proteoliposomes used for these assays

1C). However, no such decrease was observed in thecontained 1.5% rhodamine-labeled lipids for easy detection,

presence of 2.aM MUN domain, and increasing the MUN
domain concentration to 3¢\ led to only a slight decrease
in SMR intensity that is practically within experimental error.
Overall, the gel filtration and NMR data show that, if there

and they were first separated from the excess of synapto-
brevin used to ensure full SNARE complex assembly (see
Figure 2A) using a HistoDenz gradient. The isolated pro-
teoliposomes were then incubated with the MUN domain,
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vesicles , complexes. (A) Cofloatation assays of equimolar mixtures of MUN
up30 domain, Munc18-1 and complexin-1 with protein free liposomes
%25 o : : : (plain vesicles) or SNARE complex proteoliposomes (Sc vesicles).
E 125 13 135 14 145 . . .
§20 SNARE Retantion vol , The samples were subjected to a HistoDenz gradient, and the top
stontlon volume (mh) | fraction of each gradient was analyzed by SEFAGE and Proto
15 complex Blue staining without boiling. The left lane shows one tenth of the
10 vesicles input used for the experiment performed with SNARE complex
+ MUN proteoliposomes before the gradient. Note that the SNARE com-
5 L MU_N/\ * plexes run in a diffuse pattern at the top of the gel. *hedicates
0 - the position of residual free syntaxin-1 and SNAP-25—(B
6 8 10 12 14 16 18 Cofloatation assays with SNARE complex proteoliposomes and
Retention volume (ml) different combinations of proteins as indicated were performed and

Ficure 3: Analysis of MUN domain/SNARE complex proteoli- analyzed as in (A).

posome interactions by gel filtration. (A, B) Elution profiles of . . .
Munc18-1 (blue), MUN domain (green), SNARE complex proteo- Importantly, inclusion of MUN domain, Munc18-1 and
liposomes (red), and mixtures of the proteoliposomes with Munc18-1 complexin-1 revealed clear binding of the three proteins to
(A, black trace) or MUN domain (B, black trace). The insets show the SNARE complex-containing proteoliposomes, whereas
expansions of the regions where Munc18-1 (A) or the MUN domain only a trace amount of Munc18-1 bound to protein-free
t(Bg elute. Tr}e* llndlc_ates a peak corresponding to excess synap- liposomes used as control (Figure 4A) (the identity of this
obrevin cystoplasmic region. .

ysiop g band as Munc18-1, as opposed to MUN domain, was

Munc18-1 and/or complexin-1 (in equimolar amounts with confirmed in separate controI. experir_nents where either
respect to the SNARE complex unless otherwise indicated),Mumlg'1 or th? MUN domain was included; data not
and were subjected to an additional HistoDenz gradientShown)' In addition, the'MUN dom_aln also bound to the
followed by SDS-PAGE analysis of the gradient fractions SNARE complex proteollp_osomes in the absence of com-
monitored by Proto Blue staining. Figure 2B illustrates an plexin-1 and Munc18-1 (Figure 4B, lane 2). Hence, these

. . . results indicate that the MUN domain binds directly to the
experiment _performed_ ‘.N'th the SNARE complex proteol membrane-anchored SNARE complexes and that the mem-
posomes without additions, and where the samples were

boiled before running the gel to visualize the separate brane.indeed plays an important r.olein gnhancing the MUN

: : .~ domain/SNARE complex interaction. It is unclear from the
SNARE .protems.. Note.that the presence of HlstoDenz N data in Figure 4A whether the MUN domain, Munc18-1 and
the gradient fractions distorts the migration of the different complexin-1 can bind simultaneously to the membrane-

proteins in the gels, but it is clear that the majority of the 5, hored SNARE complexes, since only a fraction of each
SNARE proteins floated to the top fraction of the gradient, ,ytein cofloated with the proteoliposomes (compare with
where most of the lipids were also found based on detectionia |ane containing one tenth of the input in Figure 4A).
of their rhodamine fluorescence. This pattern of distribution Experiments performed with a constant amount of MUN
of the SNARESs and the phospholipids was also observed ingomain and variable amounts of complexin-1, up to a 5-fold
all subsequent experiments with different protein additions, excess, suggested that these two proteins do not compete
as assessed by analysis of boiled samples where syntaxin-Ifor pinding to membrane-anchored SNARE complexes
synaptobrevin and SNAP-25 can be detected separately anqFigure 4B). However, the degree of MUN domain binding
with nonboiled samples where the three proteins run togetherobserved in the presence of an equimolar amount of
in diffuse bands corresponding to SDS-resistant SNARE Munc18-1 appeared to be somewhat lower than in its absence
complexes (see Figure 4). In Figure 4 we present the data(Figure 4C), suggesting that the two proteins compete at least
obtained with nonboiled samples because boiling partially partially for binding to membrane-anchored SNARE com-
degrades Munc18-1, and we focus on the top fraction of eachplexes. This conclusion was supported by competition
experiment, which contains the proteins that bound to the experiments between Munc18-1 and GST-MUN domain
SNARE complex proteoliposomes. (note that in these experiments we could not use an excess
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A1 2 3 4 5 8 brane anchored syntaxin-1/SNAP-25 heterodimers observed
bed 14 MUN in our assays contrasts with previous data suggesting that
=\ Munc18 this interaction does not occur in solutiod4, indicating
that the membrane may play an important role in this

W bt bl b A lgsyntaxin interaction.
Although the MUN domain does not bind to the cyto-
W 4 Complexin plasmic region of syntaxin-1 in solutio@§), the importance
0ix Ix - - - - Muncis of the membrane in the diverse interactions uncovered here
0.1x - 1x 1x 1x - MUN led us to test in a final set of experiments whether the MUN
0.1x - - x 5x 1x Complexin domain might bind to membrane-anchored full-length syn-
B1 2 3 c taxin-1 using also cofloatation assays. Munc18-1 used as a
o legsTMUN ——2—2_4 MUN positive control exhibited robust binding to syntaxin-1
' s LJ[«Munc18 | ‘-'3"’1””013 proteoliposomes, but practically no binding was observed

for the MUN in the absence or presence of Munc18-1 (Figure
5C). These results indicate that the MUN domain does not

— e st | SYNEAXIN

— =‘1§’F?f§."£5 T tx 1x MUN interact with membrane-anc_hored syntaxin-1 in the absence
" Ix_ 5x GSTMUN - 1x - 1x Munci8 of SNAP-25, or with syntaxin-1/Munc18-1 complexes.

1x 1x 1x Munci18

FicurRe 5: The MUN domain, Munc18-1 and complexin-1 bind to DISCUSSION

membrane-anchored syntaxin-1/SNAP-25 heterodimers. Cofloata- . . .
tion assays with proteoliposomes containing reconstituted syntaxin- Great advances have been made in characterizing high-
1/SNAP-25 heterodimers (A, B) or syntaxin-1 (C) and different affinity complexes involved in synaptic exocytosis, but many

protein combinations were performed and analyzed as in Figure 4. questions about the interactions that mediate this process
The left lane in panel A shows one tenth of a sample containing remain unanswered. Particularly important is to understand
the proteoliposomes, MUN domain, Munc18-1 and complexin-1 . . .
in the same amounts used for the cofloatation assays. In (G}, the the b§15|§ for the crucial functlon Of, the Muncl3.-1 MUN
indicates a degradation band of Munc18-1. domain in release2@). Recent findings suggesting that
interactions within the release machinery can depend criti-
of Munc18-1 because of its limited solubility, and that an cally on membranes2@, 25), together with the proposed
excess of MUN domain yielded inconclusive results due to function of unc13/Munc13 in promoting SNARE complex
the close migration of Munc18-1 and the MUN domain in assembly 26, 27) and extensive failed attempts to detect
SDS-PAGE). Thus, although the GST-MUN domain ap- binding of the Munc13-1 MUN domain to putative targets
peared to bind more weakly to the membrane-anchoredin solution, led us to hypothesize that the MUN domain binds
SNARE complex than the MUN domain, addition of an to SNARE complexes anchored on membranes. Our cof-
excess of the fusion protein decreased Munc18-1 binding loatation assays now support this hypothesis and suggest that
(Figure 4D). Note however that these competition results the MUN can also bind to membrane-anchored syntaxin-1/
need to be interpreted with caution, since there was someSNAP-25 heterodimers. Moreover, our results also indicate
variability between experiments and the distortions causedthat these heterodimers bind to Munc18-1, as suggested by
by the HistoDenz in the gels hindered quantitation of the previous studies3@), and to complexin-1, in contrast to
data. solution data34). Overall, our data support the notion that
Analysis of Interactions of Membrane-Anchored Syntaxin- the MUN domain is involved in SNARE complex assembly,
1/SNAP-25 Heterodimer&ince it is unclear to what extent and emphasize the importance of performing biochemical
interactions of the SNARE complex are shared by syntaxin- studies of the release machinery in a membrane environment,
1/SNAP-25 heterodimers, we also used cofloatation assaysvhich is not surprising given the fact that this machinery is
to investigate whether the MUN domain, Munc18-1 and assembled between two membranes.
complexin-1 bind to syntaxin-1/SNAP-25 heterodimers  Our cofloatation data need to be interpreted with caution,
reconstituted into proteoliposomes. Indeed, clear binding wasas they could be influenced by the presence of HistoDenz.
observed for the three proteins (Figure 5A). As observed However, the control with protein-free liposomes, which
for SNARE complex interactions, competition assays be- revealed only a small degree of Munc18-1 binding, indicates
tween the MUN domain and complexin-1 suggested that both that the cofloatation of the MUN domain, Munc18-1 and
proteins can bind simultaneously to the membrane-anchoredcomplexin-1 with proteoliposomes containing SNARE com-
syntaxin-1/SNAP-25 heterodimers (Figure 5A). Moreover, plexes or syntaxin-1/SNAP-25 heterodimers is not simply
experiments performed with Munc18-1 and variable amounts due to nonspecific protein aggregation on the liposomes. This
of GST-MUN domain suggested that they also can bind conclusion is further supported by the partial competition
simultaneously to the heterodimers (Figure 5B), in contrast observed between Muncl8-1 and the MUN domain for
to the results obtained for the SNARE complex. The binding binding to membrane-anchored SNARE complexes, which
of the MUN domain to the syntaxin-1/SNAP-25 heterodimers also indicates specificity. Moreover, all the binding interac-
uncovered by these results further supports its proposed rolgions observed in these cofloatation assays were consistently
in promoting SNARE complex assembly. Note that the observed in multiple experiments performed with separate
interaction of Munc18-1 with these heterodimers observed preparations. However, we did observe some variability in
here had been suggested by studies using lawns of plasmahe amount of binding in different experiments, and quan-
membrane 33) but had not been described with purified titation of the results was hindered by the gel distortions
components, whereas the binding of complexin-1 to mem- caused by HistoDenz. Thus, while our cofloatation data were
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highly reproducible from a qualitative point of view, more the 2:1 stoichiometry observed for binding between soluble,
quantitative methods will be required to verify the results separately expressed syntaxin-1 and SNAP32) ihay be
of our competition assays. related to the finding that liposome fusion induced by full-
Our data suggest that the membrane can influence multiplelength neuronal SNARES was observed only when syntaxin-1
SNARE interactions. Membrane anchoring of the SNARE and SNAP-25 were coexpresse®b). These observations
complex appears to weaken Munc18-1 binding, given the suggest that some key states of the complexes formed by
contrast between the gel filtration results obtained with the release machinery may be kinetically hindered.
soluble (Figure 1A) or membrane-anchored complex (Figure Clearly, further research will be required to test all these
3A). This conclusion needs to be further tested, since this ideas and to investigate the nature of the various complexes
contrast may arise from the large difference in elution discussed above. Our data suggest that definitive tests of
volumes between Munc18-1 and proteoliposomes, but it is these ideas will require quantitative studies of protein
plausible that Munc18-1 binding to fully assembled SNARE complexes in a native membrane environment, preferably
complexes is hindered by steric interactions with the between two apposed membranes. Particularly valuable for
membrane that may not occur in vivo if binding involves this purpose will be fluorescence spectroscopy approaches,
partially assembled SNARE complexes. Conversely, the which have already been used to study interactions of

membrane appears to be key for binding of the MUN domain
to SNARE complexes and of complexin-1 to syntaxin-1/
SNAP-25 heterodimers, which likely arises from cooperat-
ivity of interactions with lipids and the SNARESs. Note that
the membrane is not required for binding of complexin-1 to
the SNARE complexd4, 29), but this interaction involves
the SNARE motifs of syntaxin-1 and synaptobre\2d)(and
hence is impossible for the syntaxin-1/SNAP-25 heterodimer.

These observations suggest that the modes of binding of

complexin-1 to the SNARE complex and the heterodimer
are drastically different, and that only the latter is stabilized
by the membrane. In this context, functional studies recently
led to the proposal that the N-terminus of complexin-1, which
precedes the SNARE complex binding region, may bind to
phospholipids as well as to the C-termini of the syntaxin-1
and SNAP-25 SNARE motifs36), but further research will
be required to verify this proposal.

The significance of the interactions of the MUN domain
with membrane-anchored SNARE complexes and syntaxin-

membrane-anchored SNARE complexes with complexin and
synaptotagmin-123, 24). It will also be critical in future
research to consider the possibility that some conformational
states may be reachable only under certain experimental
conditions.

NOTE ADDED IN PROOF

Using single molecule fluorescence resonance energy
transfer experiments, Weninger et al. have also found that
the Munc13-1 MUN domain binds to membrane-anchored
t-SNARE complxes 7).
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