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A dual function for Munc-18 in exocytosis of PC12 cells
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Abstract

Munc-18 interacts with the SNARE protein syntaxin and is supposed to influence transmitter release by controlling the formation of
exocytosis-relevant SNARE complexes. Here, we used combined biochemical and physiological analyses to study the role of the
Munc-18/syntaxin interaction in large dense core vesicle (LDCV) exocytosis of neuroendocrine PC12 cells. We compared two Munc-
18 mutants carrying mutations in the syntaxin-binding region and show that Munc-18’s membrane association depends on direct
binding to syntaxin. The data suggest that perturbation of syntaxin binding inhibits neurotransmitter release upstream of the individual
fusion event implying an essential role of the Munc-18/syntaxin complex leading to exocytosis. Furthermore, we show that a Munc-
18 mutant lacking any syntaxin binding has a stimulatory effect on secretion, and provide evidence that the Munc-18/Mint1
interaction may constitute a second pathway for Munc-18 to regulate exocytosis. We propose that Munc-18 represents a dynamic link
between syntaxin-related and Mint1-related mechanisms, both involved in the control of LDCV exocytosis in neuroendocrine cells.

Introduction

Secl/Munc-18 proteins (referred to as SM proteins) comprise a
family of highly conserved proteins that are essential for membrane
fusion, but their role in exocytosis is little understood (reviewed by
Jahn, 2000; Rizo & Siidhof, 2002; Gallwitz & Jahn, 2003; Toonen &
Verhage, 2003). In neurons, the lack of Munc-18 causes a complete
block of synaptic transmission (Verhage et al., 2000; Weimer et al.,
2003), whereas increased levels of the homologue protein rop at the
Drosophila neuromuscular junction lead to a reduction in neurotrans-
mitter release (Harrison et al., 1994; Schulze et al., 1994). Experi-
ments with neuroendocrine cells, however, revealed a picture in which
the functional consequences of changing expression levels of Munc-
18 are complementary. Here, calcium-dependent exocytosis is strongly
diminished in the absence of Munc-18 and is stimulated when protein
levels are increased by overexpression (Voets et al., 2001).

Munc-18 was first identified in the brain by its ability to bind to the
plasma membrane protein syntaxinl with high affinity (Hata et al.,
1993; Garcia et al., 1994; Pevsner et al., 1994a). Syntaxinl forms a
ternary complex with SNAP-25 on the plasma membrane and with
synaptobrevin II residing on the vesicular membrane. These proteins
(also referred to as soluble N-ethylmaleimide-sensitive fusion protein
attachment protein (SNAP) receptor or SNARE proteins) contain
heptad repeat regions, named SNARE motifs, that can assemble into
helical bundles involving coiled coil interactions, also referred to as
core complexes. It is assumed that the membrane-bridging interactions
between SNARE proteins lead to formation of ternary trans-SNARE
complexes (between opposing membranes) that pull vesicular and
plasma membrane in close apposition causing membrane fusion and
subsequently neurotransmitter release (Hanson et al., 1997; Brunger,
2001; Chen & Scheller, 2001). Biochemical studies show that binding
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of Munc-18 to syntaxinl prevents syntaxin’s association with the other
SNARE partners (Pevsner et al., 1994b; Hayashi et al., 1995; Yang
et al., 2000). This observation has been most influential in developing
a conceptual framework for the role of SM proteins in exocytosis,
employing them as inhibitors for the formation of exocytosis-relevant
SNARE complexes. However, the finding that binding of an SM
protein to syntaxin precludes ternary complex formation is not a
general phenomenon (Gallwitz & Jahn, 2003). For example, the yeast
Seclp protein binds to the heterotrimeric complex composed of the
corresponding SNARE homologues, Snclp, Sec9p and Ssolp, but not
to monomeric Ssolp, the yeast syntaxin homologue (Carr et al., 1999).
Moreover, Seclp concentrates at exocytotic sites and secretion is
blocked in secl null mutants, suggesting an essential or catalytic rather
than an inhibitory function in exocytosis. A current hypothesis, based
on yeast genetics, is that an SM protein bound to syntaxin interacts
with Rab GTPases during initial stages of vesicle target recognition
(Tall et al., 1999) and dissociates from syntaxin to allow, or even to
facilitate, the interaction of syntaxin with other SNAREs (Grote ef al.,
2000; Peng & Gallwitz, 2002; for review see Gallwitz & Jahn, 2003).

Besides syntaxin, Munc-18 interacts with a number of other proteins
whose role in exocytosis is less well studied. For instance, Mint
proteins (Munc-18 interacting proteins; Okamoto & Sudhof, 1997) are
multimodular adapter proteins that have been proposed to function in
membrane transport and may define, in conjunction with other proteins,
targeting sites for vesicle translocation (Butz et al., 1998; Setou et al.,
2000). Furthermore, Munc-18 is believed to interact with Doc2a and
Doc2f, two synaptic proteins of unknown function that contain
potentially calcium-binding C2-like domains (Verhage et al., 1997). It
is not yet known if these proteins operate by controlling the interactions
of SM proteins with syntaxins or if their binding to SM proteins
involves separate pathways that are linked to exocytosis in a still
unknown manner. Although the previous studies brought considerable
insight into the function of Munc-18, a great deal remains to be learned
about the molecular means by which it controls exocytosis.
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Here, we used combined biochemical and physiological analyses to
elucidate the function of Munc-18 in secretion from neuroendocrine
cells. For this, we introduced two mutations into the Munc-18 protein
that reside within the syntaxin-binding region (Misura et al., 2000)
and that have been shown to be lethal upon homotypic expression in
Drosophila (Harrison et al., 1994; Wu et al., 1998). We analysed the
capabilities of the mutant proteins to interact with the known binding
partners and studied their effects on neurotransmitter release with
carbon fibre amperometry upon overexpression in neuroendocrine
PC12 cells. With a mutant showing a lowered affinity towards
syntaxin we were aiming to perturb the endogenous Munc-18/syn-
taxin interaction and found an inhibition of large dense core vesicles
(LDCV) exocytosis, suggesting that the Munc-18/syntaxin interaction
facilitates rather than inhibits release. For a second mutant, showing a
nearly complete disruption of syntaxin binding, a strong stimulatory
effect on exocytosis is measured, indicating that non-syntaxin-related
functions of Munc-18 also govern exocytosis. In addition, we found
that overexpression of the cytosolic binding partner Mint1 influences
neurotransmitter release pointing to the possibility that the action of
Munc-18 via Mintl provides an alternative route to regulate exocy-
tosis. Our biochemical experiments show that Munc-18’s association
with membranes predominantly depends on direct binding to syntaxin
and, furthermore, that Mintl and syntaxin compete for binding to
Munc-18 suggesting that alternating complex formation can occur
upon relocation of Munc-18 from a membrane-bound state to a
cytosolic state.

Together, our data suggest that Munc-18 governs multiple mech-
anisms as regulation of SNARE complex formation (via syntaxin
binding) and vesicle transport (via Mintl binding), moving Munc-18
to centre stage in the control of the exocytotic response.

Materials and methods
Materials

Syntaxinla ¢cDNA was provided by R.H. Scheller. The following
monoclonal antibodies were used: anti-GDI (Synaptic Systems,
Goettingen, Germany), anti-Munc-18 and anti-Mintl antibody (BD
Transduction Laboratories), anti-myc (ATCC). HPC-1 antibody was
used for detection of syntaxinl (Barnstable et al., 1985). Ionomycin
was obtained from Calbiochem (Germany). Texas Red-labelled secon-
dary antibodies were purchased from Jackson Dianova (Germany).

Cloning

Full-length and mutated coding sequences were amplified using the
polymerase chain reaction (PCR, PFU polymerase, Stratagene, La
Jolla, CA, USA). Munc-18 ¢cDNAs were subcloned for bacterial
expression into pGEX-4T1 (GST-fusion protein, Pharmacia) and pET-
28a (Hexa-His tagged fusion protein, Novagen), and for eukaryotic
expression into pBOBS5.1 (gift from Tom Hughes, Yale University,
New Haven, CT, USA) that has a pCR 3.1 (Invitrogen) backbone with
a modified multiple cloning site. Munc-18-D34N and Munc-18-R39C
constructs were generated using the overlapping primer method by
Higuchi et al. (1988). Rat full-length Doc2a was amplified from a rat
brain cDNA library (gift of N. Brose, Gottingen, Germany) using a
PCR procedure described by Duncan ef al. (2000), and was subcloned
into pGEX-4T1. Primers used for cloning of full-length rat Doc2o
were: Doc2BamHI 5’-atc gga tce atg agg ggc cge agg gge-3"; DocXhol
5’-gcg cte gag teca gge caa cgg caa cge-3’. The neuropeptide Y (NPY)—
EGFP construct was used as described in Lang et al. (2001). All
subcloned nucleotide sequences were verified by sequencing.

Generation of recombinant fusion proteins and binding assays

Protein expression was performed in Escherichia coli BL21(DE3).
Bacteria were grown to a density of ODgoo = 0.7 at 37 °C, protein
expression was induced with 0.2 mMm IPTG at 21 °C, and incubation
was continued for another 2—4 h. Proteins were purified by affinity
chromatography using GSH Sepharose (Amersham Pharmacia Bio-
tech) or Ni**-NTA-Agarose (Qiagen) according to manufacturer’s
instructions, and dialysed against binding buffer (in mm): NaCl, 150;
Tris, 20, pH 7.5; DTT, 1; EGTA, 1; 0.1% Triton X-100. GST-Mint!1
was further purified on a Superdex200 gel filtration column. Binding
assays with recombinant proteins were performed as follows. Recom-
binant proteins (concentrations given in figure legends) were incubated
for 2 h at 4 °C with gentle agitation. Column eluates were analysed for
purity by sodium dodecyl sulphate—polyacrylamide gel electrophoresis
(SDS-PAGE) and staining with Coomassie Blue. Aliquots of purified
proteins were snap frozen and stored at —80 °C. For binding assays
involving Doc2a,, 1.8 uM GST-Doc2a was incubated with 3 uM Munc-
18. GSH beads were added and the incubation was continued for
another 2 h at 4 °C. Beads were collected by centrifugation (supern-
atants were separated), washed rapidly (3 X 2 min/wash) with binding
buffer and were resuspended in a volume matching that of the
supernatant. Samples were analysed by SDS—PAGE, and proteins were
visualized by Coomassie Blue staining. Binding was analysed by
quantitative densitometry using a gel densitometer (Molecular Dynam-
ics, Sunnyvale, CA, USA). Binding of native Doc2a to GST-Munc-18
proteins was performed as follows. Whole rat brains were homogen-
ized in 320 mM sucrose, 4 mM HEPES, pH 7.4, 1 mM PMSF using a
glass—Teflon homogenizer. The homogenate was centrifuged at 800 g
and 12,000 g (SS34 rotor, 10 min), and NaCl was added to a final
concentration of 150 mM. For solubilization of membranes, Triton
X-100 was added to yield a final concentration of 1% (v/v) and the
homogenate was incubated for 30 min at 4 °C. Insoluble particles were
removed by centrifugation at 90,000 g for 1 h in a Beckmann 50.2 Ti
rotor. Recombinant Munc-18 protein (180 pg) bound to GSH beads
was incubated for 2 h at 4 °C with 50 mg total protein from rat brain
homogenates (Triton X-100—extract) on a rotating wheel. Beads were
washed five times with TBS—Triton X-100 and finally resuspended in a
small volume of TBS—Triton X-100. Samples were analysed by
immunoblotting. For the detection of Doc2a, a new polyclonal
antiserum against Doc2a (R93) was raised in rabbits using recombinant
full-length Doc2a as antigen. Aliquots of Hiss-tagged fusion protein
were used for repeated immunization of New Zealand rabbits.
Resulting polyclonal antisera were immunity-purified using the antigen
expressed as GST-fusion protein coupled to CNBr-activated Sepharose
4B (Amersham).

Cell culture and transfection

PC12 cells (Greene & Tischler, 1976; passage number 27-33) were
obtained from P. de Camilli and cultured as described previously
(Greene et al., 1987). Transfection was performed essentially as
described by Lang et al. (1997). Cells used for amperometry were
co-transfected with pBOB-EGFP as a marker construct, plated on
collagen-coated 35 mm dishes at densities between 1 and
1.5 x 10° cells/dish and used 3—4 days after transfection. Co-trans-
fection efficiency was analysed from the EGFP signal and immuno-
signal for the myc-tagged Munc-18 proteins. A molar ratio of 7 : 1 for
pBOB-Munc-18 constructs and the EGFP construct was used to
guarantee a co-transfection efficiency greater than 85%. A similar ratio
was used for transfection with pCMV-Mintl. For amperometric
recordings only cells that exhibited strong EGFP signals were used.
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Immunoprecipitation experiments and cell fractionation

For immunoprecipitation experiments using PC12 cell homogenate,
cultured cells were harvested, pelleted and extracted for 45 min on ice
in appropriate volumes of lysis buffer [in mM: NaCl, 150; Tris, 20,
pH 7.5; 1% Triton X-100; 1 x complete™ protease inhibitor cocktail
incl. EDTA (Roche, Mannheim)]. Insoluble components were
removed by centrifugation (80,000 g for 45min; 50.2 Ti rotor
Beckmann). Purified antibody (5-8 pg) was incubated with 400 pg
protein from the Triton X-100 extract in a total volume of 200 pL lysis
buffer for 2 h at 4 °C on a shaker. Protein-G-Sepharose bead slurry
(40 pL, Amersham Pharmacia Biotech) was added and incubation was
continued for another 2 h at 4 °C. Beads were collected by
centrifugation and the supernatants (S fraction) were decanted. Beads
were washed rapidly (5 X 2 min/wash) with TBS containing 1%
Triton X-100 and were resuspended in a volume (P fraction) equal to
that of the supernatant. For fractionation, cells were resuspended in
homogenization buffer (20 mm HEPES, pH 7.2, 250 mM sucrose,
1 x complete™-cocktail) and cracked by 15 passages through a
23-gauge needle. Cell debris was removed by centrifugation at 800 g
for 10 min at 4 °C. The resulting post-nuclear supernatant was
centrifuged at 120,000 g for 1 h at 4 °C to obtain cytosol (superna-
tant) and membrane fractions (high-speed pellet). The high-speed
pellet (membrane fraction) was washed once with homogenization
buffer, centrifuged in a Beckmann TLA 100.3 at 120,000 g for 20 min
at 4 °C, and solubilized for 25 min on ice in extraction buffer (20 mm
HEPES, pH 7.2, 100 mM NaCl, 2 mM EDTA, 1% Triton X-100,
1 x complete™-cocktail). Insoluble components were removed by
centrifugation at 15,000 g for 20 min. IP fractions as well as
membrane and cytosol fractions were analysed with SDS-PAGE
and immunoblotting. For chemiluminescence detection, Supersignal
West Dura (Pierce) was used. Biochemical analyses using transfected
cells were performed on days 3—4 after transfection.

Quantification of overexpression and determination
of endogenous protein levels

To determine changes in protein levels upon overexpression of
Muncl8, cultures of PC12 cells grown on plastic dishes were
processed for immunolabelling. PC12 cell cultures transfected with
EGFP alone served as control. Samples were fixed in 4% PFA—
phosphate-buffered saline (PBS) for 30 min at room temperature,
quenched in 50 mM NH4CI in PBS for 10 min and were treated (for
1 h) with 15% goat serum and 0.5% Triton X-100 in PBS (blocking
buffer) for blocking and permeabilization. Primary and secondary
antibodies (Texas Red labelled) were applied in a 1 : 400 dilution in
blocking buffer. Pictures were taken on the stage of a Zeiss Axiophot2
with a TE/CCD-1317-K/1 CCD camera (Princeton Instruments,
Trenton, NJ, USA) and images were analysed using the Metamorph
program (Universal Imaging Corporation, West Chester, PA, USA). To
quantify the immunosignal from individual cells, isolated cells were
selected and an area of interest was defined that comprised the outer
cell perimeter omitting the nuclear region. Images were corrected for
background fluorescence. Fluorescence values are given as average
intensity per pixel.

For quantitative Western blotting, recombinant proteins and samples
from PC12 cell cultures were prepared as described above. The
monoclonal antibodies HPC-1 and anti-Munc-18 were used to detect
syntaxinl and Munc-18, respectively. Blots were further incubated
with rabbit-anti-mouse antibody (bridge antibody; dilution: 1 : 1000;
Pierce) and with '**I-Protein A (Blotting Grade, Amersham Pharmacia
Biotech) using 2 pCi per membrane. Signals were quantified by a
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Fujifilm BAS-2500 system and the image analysis program AIDA
2.11 (Raytest, Straubenhardt, Germany). Intensity values were
corrected for background radioactivity.

Analysis of granule number

For microscopic analysis of LDCVs, PC12 cells were cultured,
transfected and fixed as described in Lang et al. (2001). Cells
transfected with NPY-EGFP alone or in combination with Mintl,
Munc-18-WT/-D34N/-R39C were used 48 h after transfection.
Overexpressed protein was immunostained using the anti-myc anti-
body in combination with a Cy3-labelled goat-anti-mouse secondary
antibody (Dianova), as previously described (Lang et al., 1997). Cells
were then incubated with Tetraspek™ beads diluted 1 : 50 in PBS.
For imaging, cells were selected that displayed average expression
levels of NPY—EGFP, were in close proximity to several Tetraspek ™
beads, and were immunopositive for the overexpressed protein. Using
a piezoelectric focusing device, the objective was moved in 100-nm
steps (corresponding to 88-nm steps of the focal plane; Majlof &
Forsgren, 1993) through the cells, starting at 200400 nm below the
coverslip. A stack of 30 pictures (corresponding to a total sample
thickness of 2.6 um) was averaged and low-pass filtered (spatial
constant 812.5 nm). Granules were counted on the averaged image in
an area of 40 pm? corresponding to a volume of 105 pm’. The
identity of fluorescent spots as individual granules (within the average
image) was routinely verified by visual inspection of consecutive
images within the stack. The fluorescence signal of the individual
granule shows a bell-shaped dispersion in the axial direction (Lang
et al., 2000) with a width of approximately 1280 + 250 nm at 50% of
the maximum fluorescence intensity comprising about half of the
entire sample depth. Cells were analysed on the stage of a Zeiss
Axiovert 100 TV fluorescence microscope with a 100 x 1.4 NA plan
achromate objective. A back-illuminated frame transfer CCD-camera
(2 x 512 x 512-EEV chip, 13 x 13 um pixel size, Princeton Instru-
ments) with a magnifying lens (1.6 x Optovar) to avoid spatial
undersampling by the large pixels was used for imaging. EGFP-
fluorescence was detected using excitation filter BP 480/40, BS 505
and emission filter BP 527/30 (AHF Analysentechnik AG, Tiibingen,
Germany). Cy3-fluorescence was detected using excitation filter BP
565/30, BS 595 and emission filter BP 645/75 (AHF Analysentech-
nik AG, Tiibingen, Germany). Fluorescent Tetraspek ™ beads (diam-
eter 220 nm; Molecular Probes) could be distinguished from secretory
granules using Zeiss filter set 02 (excitation filter G 365, BS 395 and
emission LP 420). Images were analysed with Metamorph.

Line scan analysis

PC12 cells were cultured (as described above) and transfected with
EGFP-Munc-18-WT/-D28N/-R39C, Syntaxinl A-EGFP or with
EGFP alone. Forty-eight hours after transfection, randomly selected
cells were imaged using a Zeiss Axiovert 100 TV fluorescence
microscope with a 100 X 1.4 NA plan achromate objective and a
back-illuminated frame transfer CCD-camera (2 x 512 x 512-EEV
chip, 13 x 13 pm pixel size; Princeton Instruments) with a magnify-
ing lens (1.6 X Optovar) to avoid spatial undersampling by large
pixels. GFP fluorescence was elicited using a filter set F41-054
(excitation filter BP 480/40, BS Q 505 LP, emission filter BP 527/30;
AHF Analysentechnik AG, Tiibingen, Germany) and images were
analysed with Metamoph (Universal Imaging, West Chester, PA,
USA). One line scan per cell was performed over a distance of 6.9 pm
(width 1.6 pm) with 2/5 of the scanned distance extending into the
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cell. The line scan was orientated perpendicular to the plasma
membrane at regions without cell—cell contact and far enough from the
nucleus. For averaging, line scans were corrected for background
fluorescence, normalized to the maximum value and were aligned with
respect to the ‘nose’-like upward deflection of the fluorescence signal
indicating the position of the plasma membrane. In test experiments
with the membrane marker TMA-DPH we found that the maximum
slope of the EGFP signal (cytosolic only) marks the position of the
plasma membrane. Fluorescence values are given as mean + SEM.

Electrophysiology

Carbon fibre amperometry was used essentially as described (Bruns
et al., 2000). Amperometric signals were recorded with an EPC-7
amplifier (Heka Electronics holding potential set to +800 mV). The tip
of the carbon fibre was brought into direct contact with the plasma
membrane to minimize temporal distortion of the release signal and
diffusional loss of the released transmitter amount. Experiments were
performed in Ringer’s solution containing (in mM: NaCl, 130; KCl, 4;
HEPES, 10, pH 7.4; MgCl,, 1; CaCl,, 5; glucose, 44). Signals were
filtered with 3 kHz and 10 kHz (overall band with 2.3 kHz), digitized
at 25 kHz and stored on a personal computer. Using a multichannel
perfusion pipette (Bruns, 1998), a depolarizing stimulus was applied
by rapid superfusion with (in mm): NaCl, 80; KCl, 50; HEPES, 10,
pH 7.4; MgCl,, 1; CaCl,, 5; glucose, 24; tetracthylammonium
chloride, 20. Stimulation periods were bracketed by superfusion with
Ringer’s solution. For stimulation with the calcium ionophore,
Ionomycin Ringer’s solution containing 1 mM CaCl, was supplemen-
ted with 5 uM ionomycin. For data analysis, the AutesW software
(NPI Electronics, Tamm, Germany) was used as described in Bruns
et al. (2000). Signals were again digitally filtered at 3 kHz (effective
band width 2.1 kHz). Additionally, a routine for analysis of foot
events preceding the main amperometric spike was included. The start
of the foot signal was defined as the point where the current amplitude
exceeded twice the standard deviation of the average baseline noise
and its end was defined as the inflection point where the slowly
increasing foot signal turns into the more rapid increase in current
amplitude initiating the main spike phase.

Results

The subcellular distribution of Munc-18 depends on direct
binding to syntaxin1

The mechanisms by which Munc-18 binds to membranes are likely to
be important for its function in neurotransmission. Here, we first
studied whether a selective perturbation of syntaxin binding is
sufficient to produce a significant loss of Munc—18’s association with
membranes. Two point mutations (R39C and D34N) were used that
localize to the syntaxin-binding region as judged from the 3D structure
of the Munc-18/syntaxinla complex (Misura et al., 2000). Recom-
binant Munc-18-WT binds efficiently to GST-syntaxin immobilized
on Sepharose beads but not to control beads (Fig. 1A and B). The
R39C mutant exhibits only reduced binding to syntaxin, whereas the
D34N mutation causes a more severe phenotype preventing any
significant complex formation. To study the interactions of the Munc-
18 proteins with endogenous syntaxin, myc-tagged versions of Munc-
18 variants were overexpressed in PC12 cells and their interaction
with endogenous syntaxinl was analysed by co-immunoprecipitation
(Fig. 1C). Again, syntaxinl co-precipitates with wild-type Munc-18,
indicating that the overexpressed protein participates in protein
complex formation in vivo. For the R39C mutant, significantly less

syntaxinl co-precipitated (only being detectable on overexposed
Western blots). For the D34N mutant, no syntaxinl was observed in
the immunoprecipitate, in agreement with the results obtained with
purified recombinant proteins (Fig. 1A).

To assess the subcellular distribution of the Munc-18 variants, post-
nuclear supernatants from PC12 cell cultures were fractionated into
membranes and cytosol and analysed by immunoblotting. A major
portion of the endogenous Munc-18 in control cells is found in
membrane fractions (Fig. 1D, right panel). Importantly, the overex-
pressed Munc-18—WT protein shows a similar distribution, demon-
strating that, even upon overexpression, the majority of the protein
associates with intracellular membranes (Fig. 1D). The mutant R39C
still concentrates on membranes, but to a lesser extent than wild-type
protein, whereas the majority of the non-syntaxin binding mutant
D34N accumulates in the cytosol. As expected the soluble protein
GDI is found in the cytosolic fraction and a similar distribution is
observed for the Munc-18 binding protein Mintl, agreeing with
previous observations by Borg et al. (1998). To study whether Munc-
18 wild-type and mutant proteins exhibit a differential binding to
membranes also in vivo we performed fluorescence imaging of PC12
cells overexpressing EGFP-tagged variants of the proteins. For Munc-
18 wild-type protein, clear labelling of the plasma membrane is
apparent that resembles the EGFP-signal observed for syntaxin
(compare Fig. 2A and C). In contrast, the mutant proteins (Fig. 2D
and E) exhibit less labelling on the plasma membrane, consistent with
our biochemical results. Taken together, these findings confirm the
view that membrane association of Munc-18 depends on direct
interaction with syntaxin.

To estimate the change in protein levels reached upon overexpression
we quantitatively analysed the immunofluorescence signals for Munc-
18 in transfected and control cells. Fluorescence levels of cells
overexpressing WT protein increase on average 10-fold compared with
endogenous levels in control cells (Fig. 3A, control: 308 + 7820 a.u.;
wild-type overexp. 3240 + 1800 a.u). A similar increase in intracellular
protein levels is observed upon overexpression of the mutant proteins,
Munc-18-D34N and —R39C. To determine the relative amounts of
Munc-18 and syntaxin, we quantified their immunosignals with Western
blot analysis and '**I-labelled ProteinA. Immunosignals were calibrated
with standard curves comprising various amounts of both recombinant
proteins (Fig. 3B). As shown in Fig. 3C, immunosignals for Munc-18
and syntaxinl increase proportionally with increasing amounts of
protein loaded to the gel lanes. Syntaxinl was found to be in an
approximately 20-fold excess over Munc-18 (syntaxin: 104 fmol/png
total protein; Munc-18: 5 fmol/pg total protein) comprising about 0.3%
of the total protein content. Notably, syntaxinl remains in excess over
Munc-18, even after its 10-fold overexpression (ratio 2 : 1). This result
is compatible with a syntaxinl-mediated membrane accumulation of
overexpressed Munc-18 (Fig. 1D).

Munc-18 mutants with impaired syntaxin binding display
different effects on exocytosis

We next investigated how overexpression of Munc-18 variants affects
exocytosis in PC12 cells. To study their functional impact on calcium-
dependent exocytosis, dopamine release from LDCVs was monitored
with carbon fibre amperometry. Upon stimulation with high
K'-containing Ringer’s solution, control cells (overexpressing EGFP)
respond with a transient increase in the frequency of exocytotic signals
(Fig. 4A—C). Overexpression of wild-type protein leaves the exocy-
totic response unchanged. Still, perturbation of endogenous Munc-
18/syntaxin interactions by overexpression of the R39C mutant
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FIG. 1. Munc-18 binds to membranes in a syntaxin-dependent manner. (A) Binding of recombinant Munc-18—-WT/-D34N/-R39C proteins to GST—syntaxin.
Munc-18 (1.8 um) was incubated with 3.2 uM GST-syntaxin or with equimolar amounts of GST, immobilized on GSH-beads and analysed with SDS-PAGE.
Protein binding was analysed on Coomassie-stained gels. S, supernatant (non-bound); P, pellet (bound). Munc-18—WT binds efficiently to GST-syntaxin
(cytoplasmic domain, aa 1-272, upper two panels) but not to GST alone (lower two panels). No binding occurs between syntaxin and the D34N mutant whereas
approximately equimolar amounts of the R39C protein are present in the pellet and the supernatant fraction. The band with an approximate molecular weight similar
to GST in the D34N supernatant fraction is a bacterial contaminant. (B) Quantification of Munc-18 binding to GST—syntaxinl A or GST-alone, as shown in (A). The
percentage of bound Munc-18 was analysed by quantitative densitometry of the proteins stained with Coomassie blue. Data were collected from six independent
experiments. *The one-way analysis of variance indicates that differences in binding of Munc-18 variants to syntaxin are very significant (P < 0.01), and the Tukey—
Kramer post-test shows significant differences for D34N (P < 0.05) and R39C (P < 0.05) binding compared with WT protein. (C) Co-immunoprecipita-
tion experiments of syntaxin with myc-tagged Munc-18 proteins after overexpression in PC12 cells. The immunoprecipitates (P) and the remaining supernatants (S)
were analysed by Western blotting using horseradish peroxidase-coupled secondary antibodies and an ECL system for detection. Control, non-transfected PC12 cells.
For detection of Munc-18 and syntaxin, anti-myc and HPC-1 antibody were used, respectively. To increase sensitivity, blots were also overexposed (bottom panel),
revealing a small amount of syntaxin bound to the R39C mutant, whereas no binding above background was detectable for the D34N mutant. The same result was
obtained in five independent experiments. (D) Membrane association of Munc-18 variants, monitored by subcellular fractionation. A post-nuclear supernatant
(PNS) of PC12 cells overexpressing Munc-18-WT/-D34N/-R39C or control cells (non-transfected) was subfractioned into membranes and cytosol. Fractions were
analysed by immunoblotting for the indicated proteins. Right panels: fractions obtained from untransfected cells. Expression levels of Munc-18-WT/-D34N/—
R39C protein are similar. Both Munc-18 mutants bind less efficiently to membranes compared with WT protein and show increased cytosolic protein levels. The
same result was obtained in four independent experiments. Note that the membrane protein syntaxinl and the soluble protein guanine dissociation inhibitor (GDI) are
restricted to the membrane and supernatant fractions, respectively, indicating that cross-contamination is negligible.
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FiG. 2. Live imaging of cells overexpressing EGFP-tagged variants of
syntaxinl A and Munc-18 or EGFP alone. (A and B) Syntaxinl A-EGFP
concentrates at the plasma membrane, whereas EGFP (alone) accumulates in
the cytosol. (C) EGFP-Munc-18 wild-type protein produces a strong staining
at the plasma membrane and in addition some fluorescence in the cytosol. (D
and E) In contrast the fluorescence signals for EGFP-tagged mutant proteins
exhibit less staining at the plasma membrane and a more pronounced signal in
the cytosol. Right panels: spatial changes of the EGFP-fluorescence signal
obtained from averaged line scans across the plasma membrane (e.g. dotted line
in A) illustrating the differential subcellular distribution of the proteins
(syntaxinlA, 21 cells; EGFP, 19 cells; Munc-18-WT, 33 cells; Munc-18—
D34N, 37 cells, Munc-18-R39C, 36 cells).

significantly attenuates the exocytotic response by nearly 50%
(Fig. 4C), supporting the view that binding of Munc-18 to syntaxin
represents an intermediate step leading to exocytosis (Misura et al.,
2000). The same results are obtained when cells are stimulated with
the calcium ionophore ionomycin (Fig. 4D and E). This renders the
possibility unlikely that the mutants’ effect is due to changes in a
syntaxin-dependent regulation of calcium channel activity (Atlas,
2001), but rather suggests that impaired syntaxin binding interferes
directly with the exocytotic mechanism. Notably, overexpression of
the non-syntaxin-binding mutant D34N leads to a strong increase in
the frequency of the exocytotic signals (Fig. 4B and C) that is also
seen upon stimulation with ionomycin (Fig. 4D and E). Thus, not only
reduced syntaxin binding of the Munc-18 mutants, but also changes in
the interactions with other proteins should be responsible for the
different phenotypes of the mutant proteins.

Does Munc-18 influence the individual release event?

Recent studies have suggested that overexpression of the Munc-
18-R39C mutant alters the kinetics of catecholamine release from
chromaffin granules (Fisher et al., 2001), an observation that has
been attributed to a perturbation of syntaxin binding. To address this
issue we determined the properties of individual amperometric
signals with respect to quantal size, amplitude and kinetic param-
eters. The results are summarized in Table 1. Our analysis does not
reveal any significant differences for cells overexpressing wild-type
or mutant protein compared with controls. To minimize the
possibility that putative alterations of the amperometric signal time
course remain occluded by diffusional distortion, we, furthermore,
restricted our analysis to events with amplitudes larger than 8 pA or
to those with rise times faster than 500 ps. These criteria comprised
about 30% and 40% of all events, respectively, and should
preferentially select fusion events that occur closest to the carbon
fibre. Again, under both conditions, no significant differences are
seen between the experimental groups (data not shown). The foot
signal preceding the main amperometric spike reflects transmitter
leakage through a narrow fusion pore formed at the onset of
exocytosis (Chow et al.,, 1992; Alvarez de Toledo et al., 1993;
Albillos et al., 1997). Such signals should therefore be especially
sensitive to factors influencing fusion pore dynamics. As shown in
Table 1, neither the proportion of events with a foot (about 30%) nor
the properties of the individual foot signals are changed in cells
overexpressing wild-type or mutant protein when compared with
controls. In summary, the results indicate that perturbation of Munc-
18 function affects the number of organelles competent for
exocytosis but not the kinetics of catecholamine secretion from
individual granules.

Evidence for a Munc-18/Mint interaction in exocytosis

Having shown that control of exocytosis by Munc-18 does not appear
to be exclusively mediated by interacting with syntaxin, we extended
our experiments to other known binding partners of Munc-18, Mintl
and Doc2a (Okamoto & Siidhof, 1997; Verhage et al., 1997). As
shown in Fig. 5A, wild-type and mutant variants of Munc-18 bind
equally well to GST-Mintl immobilized on beads giving no
indication for differential binding of the mutant proteins. Munc-18
has been described as part of a trimeric complex together with Mintl
and syntaxinl (Okamoto & Siidhof, 1997), raising the question of
whether addition of syntaxin may reveal a differential pattern of
complex formation. In agreement with previous observations by
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F1G. 3. Syntaxin exists in a large excess over Munc-18 in PC12 cells. (A) Quantitative analysis of fluorescence intensities from single immunolabelled cells,
stained either with an anti-Munc-18 antibody (grey bars, left) or with an anti-myc antibody (black bars, right) and analysed by epifluorescence microscopy using a
video camera. Fluorescence intensities are given as average intensity (arbitrary units, a.u.) per area = SD (see Materials and methods for details). Munc-18-
overexpressing cells were reliably identified by co-transfection with an EGFP-encoding plasmid (co-transfection efficiency about 85%). The anti-Munc-18
fluorescence signal strongly increases from 308 + 78 a.u. in controls (n = 41 cells) to 3243 + 1800 a.u. upon transient overexpression of Munc-18-WT protein
(n = 43, grey bars). Similar expression levels (black bars) were reached for all three Munc-18 variants (stained with anti-myc antibody; WT, n = 50 cells; D34N,
n = 35 cells; R39C, n = 36 cells). Immunosignals were corrected for background fluorescence of non-transfected cells stained with the anti-myc antibody.
(B) Quantification of endogenous syntaxin and Munc-18 by immunoblotting of PC12 cell homogenates (2.5 and 5 pg of protein, respectively), using defined
amounts of recombinant proteins for calibration. Immunoreactive bands were developed with '*’I-labelled Protein A followed by autoradiography.
(C) Quantitative analysis by densitometry of the immunoblots shown in (B). A linear relationship between signal intensity and the amounts of recombinant
protein loaded per gel lane was obtained (linear regression, solid lines). Syntaxinl (260 fmol/2.5 pg homogenate, filled square) was found to be in a ~20-fold
excess over Munc-18 (25 fmol/5 pg homogenate, filled circle). The densitometric signals were corrected for background and included only the major band of the
recombinant protein. Intensity values for the degradation products of Munc-18 and syntaxinl (see B) comprise about 17% and 15% of major band’s intensity of
Munc-18 and syntaxin, respectively.

Siidhof and co-workers, immobilized GST-Mint1 precipitates Munc- observed upon overexpression of the D34N mutant may result from
18-WT together with a small but detectable amount of syntaxinla more frequent interactions with the Mintl protein. To find support for
(Fig. 5B). A similar result is obtained for the R39C mutant. However, this hypothesis, we overexpressed Mintl in PC12 cells and studied the
the majority of Munc-18—WT and the mutant R39C remains together functional consequences by carbon fibre amperometry. In fact,
with syntaxin in the supernatant suggesting that syntaxinl and Mintl increases in Mintl levels have a profound effect on the exocytosis
preferentially compete for Munc-18 binding rather than forming a pathway, leading to a 50% reduction in the number of stimulated
trimeric complex (compare Fig. 5SA and B). In close correlation events (Fig. 5SE-G). No significant alterations of the individual event
binding of the D34N mutant to Mintl is unchanged in the presence of properties were observed (Table 1). Taking the biochemical and
syntaxin, as expected for a mutant protein lacking any detectable physiological data together, a picture emerges in which the stimulatory
syntaxin binding (Fig. 5B, for quantification of Munc-18 binding to effect of the Munc-18-D34N mutant is best explained by sequestra-
Mintl, see Fig. 5C). Thus, the combination of all three binding tion of inhibitory Mintl. The R39C mutant may also exert a similar

partners, as under in vivo conditions, reveals a differential action of the stimulatory effect on exocytosis via Mintl binding but, in addition,
mutant proteins that may serve as a mechanism for their opposite perturbs the endogenous Munc-18-syntaxinl interaction, leading to a
effects on exocytosis. It is conceivable that the stimulatory phenotype strong impairment of secretion.
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FIG. 4. Differential effects on LDCV exocytosis upon overexpression of Munc-variants in PC12 cells. (A) Exemplary amperometric current traces recorded upon
high K" stimulation from control cells and cells overexpressing Munc-18-WT/-D34N/-R39C. Overexpression of the D34N mutant protein leads to a strong
increase in the exocytotic response, whereas overexpression of the R39C mutant causes a strong decrease. No alterations are observed upon overexpression of Munc-
18 wild-type protein when compared with control cells expressing only EGFP (bar indicates stimulation with high K* solution). (B) Cumulative plot of the number
of amperometric spikes evoked by depolarization with high K* (bar) in the different test groups. Data are normalized to the maximum number of events recorded
from control cells (control, 1008 events, 14 cells; Munc-18—WT, 910 events, 14 cells; Munc-18-D34N, 2208 events, 16 cells; Munc-18-R39C, 504 events, 14 cells).
(C) Mean number of events per stimulation for control cells and Munc-18-WT/~D34N/-R39C overexpressing cells upon high K" stimulation (mean = SEM).
Horizontal lines within the bars indicate the median values of the frequency distributions. * signifies P < 0.001 with one-way analysis of variance for differences
between cell populations and a Tukey—Kramer post-test comparing D34N (P < 0.05) or R39C (P < 0.05) effect with control. (D) Cumulative events analysis from
control cells and Munc-18-WT/-D34N/-R39C overexpressing cells stimulated by application of 5 pM of the calcium ionophore ionomycin (bar). Data are
normalized to the maximum number of events recorded in control cells (control, 1257 events, 21 cells; Munc-18—WT, 1380 events, 21 cells; Munc-18-D34N 2413
events, 21 cells; Munc-18-R39C, 576 events, 24 cells). Four (out of 28 R39C-overexpressing) cells had release frequencies that exceeded the median value by more
than 10 times. These cells were excluded from the analysis as a similar variability was not observed for the other test groups. (E) Mean number of events per
stimulation for the indicated test groups (mean £ SEM). The median values of the frequency distributions are indicated as horizontal lines within the bars.
*P < 0.001, with one-way analysis of variance for differences between cell populations and a Tukey—Kramer post-test comparing D34N (P < 0.05) or R39C
(P < 0.05) effect with control.
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TABLE 1. Characterisics of release events in PC12 cells overexpressing munc-18—WT, -18-D34N, -18-R39C and -18-Mintl
Control WT D34N R39C Mintl

Number of cells 14 14 16 14 19
Events per stimulus 72 +12 65+ 13 138 £ 21* 36 £ 5% 30 £ 5%
Total events analysed per group 1008 910 2208 504 570
Characteristics of main amperometric spike

Charge (fC) 26.6 £ 8.6 263 £13.3 282 +94 232 £8.6 22.5 £10.7

Peak amplitude (pA) 46 +14 42+ 1.6 52+21 44 +£3.0 3.6+1.4

Rise-time (50 to 90%) (us) 607 + 296 870 + 650 730 + 456 912 + 627 897 + 579

Half-width (us) 3078 + 1368 3814 + 2373 3698 + 1843 3824 + 2239 3821 + 1984
Characteristics of foot preceding spike

Foot amplitude (pA) 34+14 48+15 48+ 1.7 4.0+2.0 47 +£3.0

Foot charge (fC) 50+2.6 8.1+4.7 7.8 3.1 45+£25 9.9+ 7.7

Foot duration (us) 2421 + 830 3207 + 1984 2783 + 965 2052 + 700 3325 + 1340

Events with foot (%) 24.7 £143 18.9 +12.0 24.6 £ 14.7 21.7 £17.7 11.4 +10.0

Measurements are given as mean (+ SD) of median values determined for the individual cells except for events per stimulus (mean + SEM) and events with foot
(mean % =+ SD). The half-width gives the duration of the current transient at half-height of its peak amplitude. *P < 0.0001 with one-way analysis of variance for
differences between cell populations [and with Tukey—Kramer post-test comparing D34N (P < 0.05), R39C (P < 0.05) and Mint1 (P < 0.01) effects with control].

We also studied whether the Munc-18 variants exhibit differential
binding to Doc2a (Verhage et al., 1997). Unexpectedly, no binding
between GST-Munc-18 protein and native Doc2a from rat brain
homogenate could be detected (Fig. 5D), contrasting previous reports
by Verhage et al. Using a variety of experimental approaches we
neither observed binding between recombinant proteins nor between
native proteins using immunoprecipitations from rat brain homogenate
(not shown). Furthermore, we found that Doc2a is virtually
undetectable on immunoblots of PC12 cells (Fig. 5D). While other
hitherto unknown interactions of Munc-18 likely exist, it seems safe to
conclude that Munc-18 has at least a dual role, and may serve as a link
between syntaxin-related and Mintl-related functions (Fig. 7; for
details see Discussion).

LDCV numbers are not changed by perturbation of Munc-18
function

To assess the question if the observed changes in release frequency
may simply reflect changes in the biogenesis of the granules, we
determined the number of LDCVs in cells overexpressing the proteins.
For this, secretory granules of cultured PC12 cells were visualized by
overexpressing EGFP-tagged NPY-EGFP that is sorted into newly
formed LDCVs (Lang et al., 1997; Holroyd et al., 2002). Cells
expressing NPY-EGFP alone (control) or in combination either with
Mintl or with one of the Munc-18 proteins were examined. A stack of
30 individual epifluorescence images (vertical distances between
images ~ 88 nm) was acquired focusing from the footprint of the cells
at the coverslip surface into deeper regions of the cells (maximum
depth 2.6 pum; Fig. 6A and B, see Materials and methods for details).
Fluorescence beads served as reference points to define the axial
position of the coverslip and an average image (calculated from the
individual images) was used for counting of NPY-EGFP-positive
granules (Fig. 6C). We found that the fluorescence signal of the
individual granule shows a bell-shaped dispersion in axial direction
(Lang et al., 2000), with a width of approximately 1280 + 250 nm at
50% of the maximum fluorescence intensity comprising about half of
the entire sample depth. Thus, the resolution of this assay is too low to
analyse changes in the spatial distribution of the granules. However,
we found that granules from all focal planes of the stack were visible
on the average image, as judged from the analysis of consecutive
image planes (compare Fig. 6A—C). As shown in Fig. 6D, no changes
in the number of NPY-EGFP-positive granules could be detected,

indicating that overexpression of the Munc-18 variants or of Mintl
leaves the de novo synthesis of LDCVs unchanged.

Discussion

In this study we set out to gain insight into the molecular role of
Munc-18 in the exocytotic response of PC12 cells. For this, we took
advantage of two point mutations within Munc-18 that perturb the
Munc-18/syntaxin interaction and that had been previously shown to
alter synaptic transmission in Drosophila (Harrison et al., 1994; Wu
et al., 1998). Our combined electrophysiological and biochemical
analyses support the view that Munc-18 influences exocytosis via
distinct and predominantly exclusive interactions with syntaxin and
Mintl. Furthermore, we provide evidence that Munc-18 acts upstream
of membrane fusion rather than at the level of membrane merger.
Taken together, Munc-18 seems to serve as an important molecular
link that regulates both membrane-bound as well as cytosolic events in
the cascade of protein—protein interactions leading to exocytosis.

Membrane association of Munc-18

Previous experiments by Garcia et al. (1995) suggested that Munc-18
exhibits properties of membrane association that are characteristic for
hydrophobic interactions. Furthermore, the authors found little
evidence for a stable complex between syntaxin and Munc-18 using
immunoprecipitations from rat brain homogenate. In contrast, a more
recent study by Perez-Branguli et al. (2002) shows that membrane
association of Munc-18 in 29.3T-cells depends on the heterologous
expression of syntaxin. To elucidate the molecular mechanism of
membrane association in neuroendocrine cells we studied the effects
of point mutations within the Munc-18 protein that should, based on
the 3D structure of the Munc-18/syntaxin complex (Misura et al.,
2000), either affect amino acids directly contacting the syntaxin
H3-domain (R39C) or change the architecture of the syntaxin-binding
region (D34N). As predicted from the crystal structure, we found that
the mutant proteins differ significantly in binding to syntaxin. While
the D34N mutation abolishes any detectable binding to syntaxin, the
R39C defect allows for less but still significant binding to syntaxin.
Using cell fractionation we found that the membrane association of the
mutant proteins parallels their ability to interact with syntaxin. In the
same line, overexpressed Munc-18-WT protein concentrates in
membrane fractions of PC12 cells and co-precipitates syntaxinl.
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FIG. 5. Mintl binds differentially to the Munc-18 variants in the presence of syntaxin and exerts an inhibitory influence on exocytosis. (A) Binding of recombinant
Munc-18-WT/-D34N/-R39C to GST-Mint] [Coomassie stained gel, S, supernatant (non-bound); P, pellet (bound)]. GST-Mint1 (3 uM) prebound to GSH beads
was incubated overnight with 5 uM Munc-18-WT/-D34N/-R39C. Immobilized GST-Mint! precipitates all three Munc-18 proteins with similar efficiency. No
binding of Munc-18 proteins to GST alone is observed (lower panels). (B) Binding was performed as in (A), but in the presence of 10 uM recombinant syntaxinla,
revealing differences in Mint-binding between the Munc-18 mutants due to competition with syntaxin binding. Note binding of D34N to GST-Mint] persists in the
presence of syntaxinla to the same extent as without syntaxinla (compare with A). (C) Quantification of Munc-18 binding to GST-Mintl in the absence or
presence of syntaxinl, as shown in (A and B). The percentage of bound Munc-18 was analysed by quantitative densitometry of the proteins stained with Coomassie
blue. Data were collected from four independent experiments. *P < 0.0001, with one-way analysis of variance for differences between test groups and a Tukey—
Kramer post-test comparing WT (P < 0.01) and R39C (P < 0.01) binding to Mintl in the absence and presence of syntaxin. (D) Immunoblots of rat brain
homogenate (15 pg/lane), PC12 cells (30 pg/lane) and PC12 cells overexpressing Doc2o (15 pg/lane) were probed with affinity-purified antibody raised against
Doc2a (left panel). The Doc2a antibody (R93) specifically recognizes in rat brain homogenate and in PC12 cells overexpressing Doc2a a polypeptide that migrates
at a position corresponding to the molecular mass of ~ 46 kDa. In non-transfected PC12 no significant Doc2o. immunosignal was detected. Right panel, GST-Munc-
18 wild-type protein immobilized on glutathion-Sepharose beads efficiently co-precipitates syntaxin but not Doc 2o from rat brain homogenate. Immunoblots were
stained with antibodies against the indicated proteins. (E) Representative amperometric traces from control PC12 cells and cells overexpressing Mintl, stimulated
by superfusion with high K" solution (bar). (F) Cumulative events analysis from controls and Mintl-overexpressing cells. Data are normalized to the total number
of events recorded in control cells (control, n = 954, 18 cells; Mintl, n = 570 events, 19 cells). Mintl attenuates the exocytotic response by more than 40%
compared with controls. Bar indicates duration of stimulation (30 s) with high K*. (F) Mean number of LDCV events per cell stimulated by high K" application in
control cells (n = 18) and Mintl-overexpressing cells (n = 19). Values are given as mean + SEM. Horizontal lines within the bars indicate the median values of the
frequency distributions. *P < 0.05, Student’s r-test.
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‘a” and ‘b’ with A). (C) Averaged image (low-pass filtered) calculated from the stack of 30 images. Note, on averaged images only granules are visible whose centre
lies within the stack and that are therefore discernable as bright, clear dots. These granules originate from all focal planes of the stack as illustrated by the granules ‘a’
and ‘b’ as well as the bead. (D) Number of NPY—-EGFP-containing granules per pm® in PC12 cells overexpressing Munc-18-WT/-D34N/-R39C or Mint1 plotted
as percent of control. Granules were counted in a volume of 105 um®. Control PC12 cells possess on average 3.3 + 0.8 NPY-EGFP-positive granules per 10 um>.

Thus, we conclude that membrane association of Munc-18 largely
depends on direct binding to syntaxin, an observation that agrees with
the abundance of syntaxin molecules present in PC12 cells providing a
sufficient number of binding sites for Munc-18.

Does Munc-18 serve as negative regulator in exocytosis?

Munc-18 has been proposed to act as a negative regulator in
exocytosis by controlling syntaxin’s availability for SNARE com-
plexes. Previous studies suggested that syntaxin can exist in at least
two different conformations referred to as ‘open’ (in the core
complex) and ‘closed’ (Hanson et al., 1997; Fernandez et al., 1998;
Sutton et al., 1998; Dulubova et al., 1999; Margittai et al., 2003).
The latter conformation involves the interaction of the N- and C-
terminal region of syntaxin, and is incompatible with core complex
formation but instead allows for binding of Munc-18 (Misura et al.,
2000). Therefore, one should expect a reduction of transmitter
release upon overexpression of Munc-18. Several lines of evidence
are difficult to reconcile with such a scenario in neuroendocrine
cells. First, we find that syntaxinl exists in a 20-fold excess over

endogenous Munc-18 in PC12 cells. Because both proteins interact
with a 1 : 1 stoichiometry (Misura et al., 2000), it is unlikely that
Munc-18 controls syntaxin’s availability and by this acts as a simple
competitor for SNARE complex formation. Second, overexpression
of the Munc-18 wild-type protein in PC12 cells does not lead to any
inhibition of transmitter release. One might argue that the overex-
pressed Munc-18 protein binds to a subpopulation of syntaxinl
molecules that is not engaged in exocytosis. We consider this
possibility unlikely because the R39C mutant protein attenuates the
exocytotic response, indicating that the overexpressed protein
intermingles with the pool of syntaxinl molecules that is functionally
relevant for exocytosis. Third, the inhibitory phenotype of the R39C
mutant per se suggests that the Munc-18/syntaxin interaction has a
positive role in exocytosis.

Our results agree with previous work by Graham et al. (1997) and
Fisher et al. (2001), showing that overexpression of Munc-18 does not
attenuate release of human growth hormone from PC12 cells, but are
only partially consistent with their reports concerning the effect of the
R39C mutant (Fisher et al., 2001). Similar to our results these authors
noticed a reduction in exocytotic activity from PC12 cells measured

© 2005 Federation of European Neuroscience Societies, European Journal of Neuroscience, 21, 2419-2432



2430 D. Schiitz et al.

synapto- MQM
brevin )

Mint1 +
munc-18

2 3 membrane
@ > fusion
s s

munc-18

syntaxin syntaxin trans-SNARE
‘precursor’ ‘closed’ or modified + complex
munc-18

FI1G. 7. Model for Munc-18’s function in neuroexocytosis. Munc-18 mainly
interacts with syntaxinl, while a small fraction of Munc-18 forms the binary
Munc-18/Mintl complex. The trimeric Mintl/Munc-18/syntaxinl complex
(for clarity of illustration not included) likely represents a transitional state
between the two binary complexes. The competition between Mintl and
syntaxinl for Munc-18 binding and the mutual exclusiveness of the Munc-
18/syntaxinl complex and SNARE protein binding to syntaxin makes Munc-
18 cycle between these two interactions during SNARE complex formation and
membrane fusion. Syntaxin, conformationally modified by Munc-18, becomes
available for SNARE complex formation. Munc-18 may transiently provide a
link between the site of exocytosis and Mintl functions (e.g. vesicle
recruitment) and then fall back into the Munc-18/syntaxinl complex.

by release of human growth hormone. However, using amperometry
in chromaffin cells, Fisher et al. also reported that this observation is
due to premature closure of the fusion pores leading to incomplete
transmitter discharge with a faster decay of the amperometric signal.
Our data demonstrate that PC12 cells overexpressing the R39C mutant
protein are capable of performing bona fide membrane fusion. In an
extensive analysis of the individual amperometric signal, neither
changes of quantal size nor alterations in the kinetic of transmitter
discharge are detected (Table 1). Furthermore, foot signals are
similar to those in control cells giving us no indication for the control
of fusion pore dynamics by Munc-18 in neuroendocrine PC12 cells. In
fact, the attenuation of the exocytotic frequency seen upon overex-
pression of the R39C mutant protein in this study rather suggests that
Munc-18 functions upstream of the fusion event.

Munc-18 in exocytosis

Establishing how the intermolecular reactions of Munc-18 are
interrelated is crucial for the understanding of the mechanism of
exocytosis. In conjunction with previous studies, our data show that
Munc-18 participates in two different complexes that both are
functionally relevant for release of neurotransmitter from neuroendo-
crine cells.

We show that a large number of Munc-18/syntaxin complexes can
be established by overexpression of wild-type protein without
influencing exocytosis. Still, a perturbation occurs when complex
formation is impaired with the R39C mutant protein. Thus, the Munc-
18/syntaxin complex is an obligatory intermediate as judged from the
R39C effect, but its formation is not a rate-limiting step for exocytosis
of LDCVs as can be concluded from the overexpression of Munc-18—
WT protein. Previous studies suggested that Munc-18 may have a
catalysing function on syntaxin, changing its conformation and by this
providing a platform for SNARE complex assembly (Dulubova ef al.,
1999; Misura et al., 2000). It is conceivable that altered syntaxin
binding of the R39C mutant is accompanied with functional
impairment of the Munc-18 protein affecting the conformation of
the syntaxin molecule.

To address the question of whether Munc-18 has a function in
exocytosis beyond its interaction with syntaxin, we studied the role of
Mintl in the secretion process from PC12 cells. Mintl is a PDZ- and
PTB-domain-containing protein that accumulates at synaptic sites
(Okamoto et al., 2000), and has been implicated in vesicle transprt and
organization of release sites (Butz et al., 1998; Setou et al., 2000).
Moreover, Biederer & Sudhof (2000) showed that association of
Munc-18 to Mintl enhances Mint1’s interaction with CASK. CASK is
a membrane-associated guanylate kinase domain protein (MAGUK)
that binds to the cytoplasmic tail of the presynaptic adhesion molecule
neurexin and that may govern F-actin nucleation at release sites (Hata
et al., 1996; Biederer & Siidhof, 2001). Thus, the molecular properties
of Mint-mediated mechanisms appear to be well suited to influence the
exocytotic response. In fact, deletion of Mintl has been found to
increase the release probability at inhibitory synapses (Ho et al.,
2003). We show that overexpression of Mintl inhibits LDCV
exocytosis in neuroendocrine PC12 cells. Our biochemical data
provide strong evidence that syntaxinl and Mintl compete for Munc-
18 binding positioning Munc-18 at the functional interface between
syntaxin-mediated mechanisms and a Mint-mediated control of the
exocytotic pathway. In order to unmask ‘non-syntaxin’-related
functions of Munc-18, we took advantage of the D34N mutation that
abolishes any binding to syntaxin. This mutant protein has a
stimulatory effect on the exocytotic response and accumulates in the
cytosol where the Mintl protein is preferentially found. Thus, it is
conceivable that increased binding of Mintl by the D34N protein is
responsible for the stimulatory action of the mutant protein producing
a disinhibition by sequestering Mintl.

Taken together, the data suggest that Munc-18 participates in at least
two complexes that localize to the plasma membrane and to the
cytosol, respectively, and that likely govern functionally distinct
mechanisms. In the presence of a large amount of ‘free’ syntaxin,
however, the high-affinity interaction between syntaxin and Munc-18
(dissociation constant ~5 nM, Pevsner et al., 1994b) appears to
outrun the competing interaction with Mintl, limiting the increase in
cytosolic Munc-18 (see Fig. 1D). Such a scenario can explain why a
significant activation of the Mint-pathway is prevented upon overex-
pression of the wild-type protein. Thus, changes in cytosolic levels of
Munc-18 controlled by the high-affinity interaction with syntaxin may
serve as an important regulatory event in the exocytotic pathway.

How can our findings be integrated with other studies on Munc-18
function in LDCV exocytosis? Previous studies by Dulubova et al.
(1999) found an inhibition of secretion from PCI12 cells by
overexpression of the cytoplasmic region of syntaxinl. This effect is
abolished when a syntaxin mutant (L165A/E166A) is used that
preferentially adopts the ‘open’ conformation. Consequently, inhibi-
tion could be due to sequestering of Munc-18 from the exocytotic
machinery, an observation that agrees well with our finding that an
increase of cytosolic Munc-18 may lead to more frequent interactions
with the Mint1 protein mediating the stimulatory effect on exocytosis.
Interestingly the same syntaxin mutant is able to compensate for a lack
of another synaptic protein, Munc-13, that has been implicated in
priming of secretory organelles (Richmond ez al., 2001) but fails to
rescue the severe paralysis of the Munc-18 null mutant (Weimer ef al.,
2003). The latter observation is consistent with the view of a dual role
of Munc-18 in exocytosis. Furthermore, overexpression of Munc-18 in
bovine chromaffin cells with the Semliki Forest virus system increases
the exocytotic response (Voets et al., 2001). Provided that levels of
overexpressed Munc-18 protein are sufficient to saturate the endog-
enous population of syntaxin molecules, the observed increase in
exocytosis may also be due to more frequent interactions between
Munc-18 and the Mintl protein.
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We propose a scenario in which Munc-18 serves as a dynamic and
precise link between the fusion machinery (via syntaxinl binding) and
proteins activating presynaptic superstructures (via Mintl binding),
with Munc-18 switching from one interaction to the other during
exocytosis (Fig. 7). In fact, such a switch can be promoted by PKC-
dependent phosphorylation of Munc-18 that has been shown to occur
preferentially during calcium-dependent exocytosis in rat brain nerve
terminals (de Vries ef al., 2000). The PKC-catalysed phosphorylation
of Munc-18 prevents the high-affinity interaction with syntaxin (Fujita
et al., 1996). Conformationally modified syntaxin may now become
available to form protein complexes such as the core complex in order
to drive vesicle fusion. In parallel, Munc-18 is free to bind Mintl. It is
conceivable that such a mechanism may ensure the replenishment of
new secretory organelles to sites at the plasma membrane where
exocytosis just occurred. This may contribute to the observed lack of
docked granules in the absence of the Munc18/unc18 protein (Voets
et al., 2001; Weimer et al., 2003). Indeed, transient ‘uncaging’ of
Munc-18 could provide a localized signal for membrane trafficking
reactions. The Munc-18/syntaxin complex would in this scenario
define such exocytosis-competent plasma membrane areas and the
precision of the interaction would guarantee for efficient and correct
delivery of secretory organelles.
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