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The essential membrane fusion apparatus in mammalian cells, the soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) complex, consists of four a-helices formed by three proteins: SNAP-25, syntaxin 1, and
synaptobrevin 2. SNAP-25 contributes two helices to the complex and is targeted to the plasma membrane by palmitoyl-
ation of four cysteines in the linker region. It is alternatively spliced into two forms, SNAP-25a and SNAP-25b, differing
by nine amino acids substitutions. When expressed in chromaffin cells from SNAP-25 null mice, the isoforms support
different levels of secretion. Here, we investigated the basis of that different secretory phenotype. We found that two
nonconservative substitutions in the N-terminal SNARE domain and not the different localization of one palmitoylated
cysteine cause the functional difference between the isoforms. Biochemical and molecular dynamic simulation experi-
ments revealed that the two substitutions do not regulate secretion by affecting the property of SNARE complex itself, but

rather make the SNAP-25b-containing SNARE complex more available for the interaction with accessory factor(s).

INTRODUCTION

The identity of the proteinaceous machinery responsible for
fusing intracellular membranes is rapidly being unraveled
(Jahn et al., 2003). Among the molecular players the soluble
N-ethylmaleimide-sensitive factor attachment protein recep-
tor (SNARE) proteins assume a special position, because
they seem to form the essential fusion apparatus on which
the other proteins work. Reconstituted SNARE proteins suf-
fice to fuse vesicles in vitro (Weber et al., 1998), and many of
the other proteins regulating membrane fusion (e.g., Seclp/
Munc18-proteins, synaptotagmins, and complexins) may be
recruited to the fusion apparatus through binding to
SNAREs. A simple model would be that the SNARE com-
plex executes the membrane fusion reaction itself, whereas
accessory proteins would provide the necessary regulation
of the process. However, the situation seems more compli-
cated, because the neuronal SNARE proteins that act in fast
neuroexocytosis to release neurotransmitter in the synapse
are present in alternative isoforms (Elferink et al., 1989;
Archer et al., 1990; Bennett et al., 1992; Bark and Wilson,
1994). The question how these isoforms regulate secretion
has not been resolved.
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The core of the neuronal SNARE complex is a twisted
coiled-coil structure composed of amphipathic helices con-
tributed by the plasma membrane attached proteins syn-
taxin 1 and synaptosome-associated protein of 25 kDa
(SNAP-25), and the vesicular synaptobrevin 2 (Sutton et al.,
1998; Figure 1). SNAP-25 provides two of the four a-helices
to the complex and is attached to the plasma membrane via
palmitoylation of four cysteine residues in the linker region
between the two SNARE domains. In contrast, both syntaxin
1 and synaptobrevin 2 have transmembrane domains and
contribute to the SNARE complex with one a-helix each. The
orientation of the four a-helices is parallel, so that the mem-
brane anchors of syntaxin and synaptobrevin are located on
the same side of the complex. This structure led to the
suggestion that the SNARE complex when formed in trans
would act as a molecular zipper, such that formation toward
the transmembrane anchors brings the membranes into con-
tact and eventually leads to fusion (Hanson et al., 1997). This
model for SNARE action would predict that assembly of the
SNARE complex might be rate limiting for secretion. Con-
sidering that fast chemical neurotransmission depends on
the extremely tight temporal coupling (<0.5 ms) between
the calcium trigger for exocytosis and neurotransmitter re-
lease, this raises the question whether residues in the
SNARE domains are modified to enable physiological reg-
ulation of synaptic transmission or whether they are con-
served so as not to compromise the basic fusogenic function
of SNARE complexes.

SNAP-25 is expressed as two isoforms that differ by nine
amino acid substitutions. The substitutions cluster within
the N-terminal region of the first SNARE domain and in the
adjacent sequence and include a relocation of one of the four
cysteine residues that are required for membrane association
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Figure 1. Alternative splicing of exon 5 introduces nine amino acid
substitutions in SNAP-25. (A) The substitutions are located in the
C-terminal end of the first SNARE motif and the first part of the
linker and include a relocalization of one of the palmitoylated
cysteines. The gray boxes and numbers show residues that are
buried in the inside of the complex. (B) Crystal structure of the
ternary SNARE complex (Sutton et al., 1998). The membrane an-
chors of syntaxin and synaptobrevin would attach at the right side.
The linker between the two SNAP-25 SNARE domains (SN1 and
SN2) was added using a drawing program. The structure was
downloaded from PubMed (1SFC) and drawn using Swiss-Pdb
viewer (Guex and Peitsch, 1997; http:/ /www.expasy.org/spdbv/).

(Figure 1). The substitutions in the N-terminal SNARE do-
main of the two SNAP-25 isoforms include three charge
changes (Figure 1). This is remarkable because in those
syntaxin and synaptobrevin isoforms that have been shown
to enter alternatively into the neuronal SNARE complex,
substitutions in the SNARE domains are either nonexistent
or conservative (syntaxin 1A and 1B, Bennett et al., 1992;
synaptobrevin 1 and 2, Elferink et al., 1989; Archer et al.,
1990; and synaptobrevin 2 and cellubrevin, McMahon et al.,
1993; Borisovska ef al., 2005). The two SNAP-25 isoforms are
the product of developmentally regulated alternative splic-
ing of duplicated but divergent copies of exon 5 (Bark and
Wilson, 1994; Bark et al., 1995). In the embryonic brain,
SNAP-25a is the prevalent isoform, whereas the expression
of SNAP-25b increases robustly through postnatal brain de-
velopment to become the predominant isoform in most, but
not all, adult brain areas (Bark ef al., 1995; Boschert et al.,
1996). Impairment of this switch toward the SNAP-25b iso-
form in mice leads to premature mortality and a change in
short-term plasticity in CA1 hippocampal synapses (Bark et
al., 2004). In contrast, the SNAP-25a isoform remains the
predominant species in adult rat and mouse adrenal chro-
malffin cells and in PC12 cells (Bark et al., 1995; Grant et al.,
1999). Importantly, when expressed in chromaffin cells from
SNAP-25 null mice, the two splice variants support different
levels of secretion, due to differential regulation of the size of
the releasable vesicle pools (Serensen ef al., 2003).

Here, we used a number of approaches to investigate the
question how the two SNAP-25 isoforms differentially reg-
ulate secretion from chromaffin cells. The answer to this
question has important implications for the understanding
of how the SNARE complex can both regulate and trigger
vesicle fusion.
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MATERIALS AND METHODS

Chromatffin Cell Preparation, Mutagenesis, and Expression

SNAP-25 null embryos (E17-19) were recovered by Cesarean section and
chromaffin cells prepared as described previously (Serensen et al., 2003).
Mutations were introduced into SNAP-25a- or SNAP-25b-containing pSFV1
plasmids (pSFV1 SNAP-25a-IRES-EGFP and pSFV1 SNAP-25b-IRES-EGFP)
by using PCR mutagenesis, and all constructs were sequenced. Semliki Forest
Virus (SFV) expressing SNAP-25 and enhanced green fluorescent protein
(EGFP) were prepared as described previously (Ashery et al., 1999).

Plasma Membrane Sheets from Embryonic Mouse
Chromatffin Cells: Generation and Immunofluorescence

Mouse chromaffin cells were plated on @ 25-mm glass coverslips pretreated
with 0.1 mg/ml poly-L-lysine (Sigma-Aldrich, St. Louis, MO) for 30 min.
Plasma membrane sheets were generated 22-28 h after cell plating and 7 h
after viral infection by placing the coverslip into 150 ml of ice-cold sonication
buffer (120 mM potassium glutamate, 20 mM potassium acetate, 20 mM
HEPES, 0.5 mM dithiothreitol [DTT], 2 mM ATP, 100 uM GTP, 4 mM MgCl,,
4 mM EGTA, 6 mM Ca?*-EGTA, [Ca®*|4. = 300 nM, pH 7.2, and 310
mOsM/kg; bubbled with N, for 30 min) in a round glass beaker with a final
volume of 300 ml. The coverslip with the attached cells was centered 14 mm
under the sonication tip (& 2.5 mm), and the cells were disrupted applying a
single ultrasound pulse (Sonifier 450, power setting at 1.6-1.8 and a duty
cycle of 100 ms; Branson, Danbury, CT). Apart from chromaffin cells, the
primary culture contained a low number of other cell types (e.g., endothelial
cells). However, the membrane sheets generated from these cells differed in
size and had lower level of staining for syntaxin 1, so that they were easily
recognized and excluded from analysis.

For immunolabeling, freshly prepared membrane sheets were fixed for 2 h
at room temperature in phosphate-buffered saline (PBS) containing 4% para-
formaldehyde. They were washed twice in PBS, incubated for 10 min with 50
mM NH,Clin PBS to block free aldehyde groups, and then washed once more
with PBS. Sheets were incubated for 2 h with primary antibodies raised
against SNAP-25 (mouse monoclonal C1 71.2, recognizing both SNAP-25a and
b; Xu et al., 1999) and syntaxin 1 (rabbit polyclonal R31; Lang et al., 2001)
diluted 1:100 in PBS containing 1% bovine serum albumin (PBS-bovine serum
albumin). They were washed four times for 10 min each with PBS and then
incubated for 1 h with secondary antibodies diluted 1:200 in PBS-bovine
serum albumin (Cy3-coupled goat-anti-mouse and Cy5-coupled goat-anti-
rabbit; Jackson ImmunoResearch Laboratories, West Grove, PA). Membrane
sheets were washed four times in PBS and were then imaged in PBS contain-
ing 1-(4-trimethyl-amoniumphenyl)-6-phenyl-1,3,5-hexatriene (TMA-DPH;
Invitrogen, Carlsbad, CA). TMA-DPH visualizes phospholipid membranes
and therefore allows for the identification of membrane sheets. In addition,
0.2-pum TetraSpeck beads (Invitrogen) were added and allowed to adsorb to
the glass coverslip, acting as a spatial reference to correct for vertical shifts
that occur during filter changes.

Coverslips mounted in an open chamber were analyzed using a Zeiss
Axiovert 100 TV fluorescence microscope with a 100X 1.4 numerical aperture
plan achromate objective. Appropriate filter sets were used for TMA-DPH (BP
350/50, BS 395, and BP 420LP), Cy3 (BP 525/30, BS 550LP, and BP 575/30)
and Cy5 (BP 620/60, BS 660LP, and BP 700/75). Throughout all experiments
the focal position of the objective was controlled using a low-voltage piezo
translator driver and a linear variable transformer displacement controller
(Physik Instrumente, Waldbronn, Germany). Recordings were performed
with a back-illuminated charge-coupled device camera (512 X 512-EEV chip,
24 X 24-um pixel size; Princeton Instruments, Trenton, NJ) with a 2.5X
Optovar magnifying lens. Images were acquired and analyzed using the
program MetaMorph (Molecular Devices, Sunnyvale, CA).

For comparative quantitation of fluorescence intensity, membrane sheets
were identified and selected in the TMA-DPH channel in an unbiased man-
ner. Regions of interest (40 X 40 pixels corresponding to 3.7 X 3.7 um) were
placed onto the sheets and then transferred to the Cy3- and Cy5-channels
with corrections being made to avoid obvious artifacts such as highly fluo-
rescent contaminating particles that were occasionally seen. In the Cy3- and
Cyb5-channels, the average fluorescence intensity was determined and cor-
rected for the local background measured in an area outside the membrane
sheets.

From each animal, at least 10 membrane sheets were analyzed, and the
mean value normalized to the mean of +/+ animals from the same litter. The
animal means were used to calculate population mean and SEM (number of
animals = 7-12 for each condition). For image representation, a linear lookup-
table was applied using the autoscale-function. In some cases, the maximal
value was decreased to make the finer structures (clusters) visible.

Correlative Features of Fluorescent Spots

To investigate correlative properties of fluorescent spots we calculated the
normalized correlation coefficient between pairs of same-sized images (or
regions of interests) detected in different channels. If f* (x,y) and ' (x,y) are the
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two images after subtraction of the respective means the normalized correla-
tion coefficient is given by (Manders ef al., 1992)

y= [ Dyt x, y):| / \/( > M y)z)) ( > e y)2)>
Xy

The calculations were carried out in a custom-written macro for Igor Prover
4.01 (Wavemetrics, Lake Oswego, Oregon). We used the fluorescence profile
of TetraSpeck beads (Invitrogen) to align the images with another. To inves-
tigate the maximal degree of correlation that could be expected in our system
between the two channels used for SNAP-25 and syntaxin 1 detection, given
noise, image distortion, and so on, we calculated the correlation coefficient
between images of artificial liposomes containing phosphatidylethanolamine-
Oregon Green and Alexa594-synaptobrevin 2. This gave a correlation coeffi-
cient of 0.78 + 0.02 (n = 4).

Electrophysiology and Electrochemistry

The cells were used 2—-4 d after plating; 610 h after virus infection, whole-cell
patch-clamp capacitance, amperometry, flash photolysis of caged calcium,
and intracellular Ca?* measurements were performed as described previ-
ously (Nagy et al., 2002). During the recordings, the mouse chromaffin cells
were maintained in extracellular solution (145 mM NaCl, 2.8 mM KCl, 2 mM
CaCl,, 1 mM MgCl,, 10 mM HEPES, and 2 mg/ml p-glucose, pH 7.20, 305
mOsM/kg). Capacitance and amperometric measurements were carried out
in parallel to ensure that the fusion of catecholamine-containing vesicles was
being monitored. Capacitance traces were fitted with a sum of exponential
functions to separate pool sizes (noted as amplitudes of the exponentials)
from the kinetics of fusion triggering (noted as time constants of the expo-
nentials), as described previously (Nagy et al., 2002, 2004). Data are given as
mean * SEM, and the nonparametric Mann-Whitney U-test or the Kruskal—
Wallis multiple comparison test were used to test statistical difference, which
is indicated by *p < 0.05, **p < 0.01, and ***p < 0.001.

Protein Purification

The basic SNARE expression constructs in a pET28a vector (residues 1-206),
the syntaxin 1A SNARE motif (residues 180-262), and synaptobrevin 2 (res-
idues 1-96) have been described previously (Fasshauer and Margittai, 2004).
For expression of SNAP-25b, the full-length gene was cloned into the pET28a
vector. The recombinant SNARE proteins were isolated from Escherichia coli
and purified by Ni?"-nitrilotriacetic acid affinity chromatography followed by
ion exchange chromatography on an Akta system (GE Healthcare, Little
Chalfont, Buckinghamshire, United Kingdom) essentially as described previ-
ously (Fasshauer and Margittai, 2004). All ternary SNARE complexes were
assembled overnight and purified using a Mono Q-column (GE Healthcare).
Protein concentration was determined by absorption at 280 nm.

Circular Dichroism (CD) Spectroscopy Measurements

CD measurements were performed using a model J-720 instrument (Jasco,
Tokyo, Japan). All experiments were carried out in 20 mM sodium phosphate,
2 M guanidine-HCI, pH 7.4, in the presence of 100 mM NaCl and 1 mM DTT.
For thermal denaturation experiments, ~10 uM purified ternary SNARE
complexes were heated in Hellma quartz cuvettes with a pathlength of 0.1 cm.
The ellipticity at 222 nm was recorded between 25 and 95°C at a temperature
increment of 30°C/h.

Molecular Dynamics Simulations

Molecular dynamics simulations of the SNAP-25a-containing SNARE com-
plex were started from the x-ray structure of the neuronal SNARE complex
(chains A-D from PDB code: 1SFC; Sutton ef al., 1998). The simulation system
contained 3002 protein atoms, 27,785 SPC water molecules (Berendsen et al.,
1981), and 15 sodium ions, resulting in a system size of 86,357 atoms. The
“mutated structure” was generated using the molecular modeling suite
WHATIF (Vriend, 1990). The MUTATE routine was used to replace H66 with
Q and Q69 with K in the x-ray structure (1SFC), before the polar hydrogens
were attached with the ADDHYD routine. Due to these mutations, the sim-
ulation system of the mutated structure contains 3003 protein atoms and
27,782 SPC water molecules. Fourteen sodium ions were added to keep the
simulation system neutral.

Molecular dynamics simulations were carried out using the GROMACS
simulation package (Lindahl et al., 2001). We used the GOMACS force field,
which is the GROMOS 87 force field (van Gunsteren and Berendsen, 1987)
with slight modifications (Van Buuren et al., 1993) and explicit hydrogens on
the aromatic side chains. To allow an integration time step of 2 ns, covalent
bond lengths were constrained using Lincs and Settle (Miyamoto and Koll-
man, 1992; Hess et al., 1997). Electrostatic interactions were calculated explic-
itly at a distance smaller than 1.0 nm. Long-range electrostatic interactions
were calculated by particle-mesh Ewald summation (Darden et al., 1993). The
protein and the solvent were coupled separately to an external temperature
bath of 300 K (Berendsen et al., 1984) with a coupling constant of tau = 0.1 ps.
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The pressure was kept constant at 1 bar by weak coupling (tau = 1.0 ps) to a
pressure bath (Berendsen et al., 1984).

RESULTS

Plasma Membrane Localization of SNAP-25 Isoforms

SNAP-25 is targeted to the plasma membrane by a stretch of
36 amino acids (85-120) localized in the linker region be-
tween the two SNARE domains (Gonzalo ef al., 1999). All
four linker-cysteines are necessary for proper membrane
localization because single-cysteine substitutions suffice to
greatly diminish palmitoylation and membrane association
(Veit et al., 1996; Lane and Liu, 1997). Because the position of
one of these clustered cysteine residues differs between
SNAP-25a and SNAP-25b, it has been suggested that the
arrangement of potential fatty acylation sites may contribute
to targeting the two SNAP-25 isoforms to different sites on
the plasma membrane (Bark and Wilson, 1994; Bark et al.,
1995). In general, targeting of SNARE proteins to distinct
regions (e.g., lipid rafts) in the plasma membrane has been
suggested to spatially control exocytosis (Chamberlain et al.,
2001; Salatin et al., 2005). Thus, it is possible that the func-
tional difference between SNAP-25a and SNAP-25b might
simply reflect an altered targeting efficiency to exocytotic
sites.

We addressed these questions by isolating plasma mem-
brane sheets from SNAP-25 null cells overexpressing either
SNAP-25 isoform using a SFV construct (see Materials and
Methods). This technique allows examination of membrane
proteins in their natural microenvironment defined by local
lipid composition and bound proteins (Lang, 2003). Previ-
ously, by Western blot analysis we showed that the SNAP-
25a/b SFV constructs express similar amounts of protein in
bovine chromaffin cells (Serensen et al., 2003); however, the
preparation of mouse chromaffin cells does not yield enough
protein for Western blot analysis. Thus, another advantage
of the membrane sheet technique is that it allows the com-
parison of the amount of membrane-targeted protein in
embryonic mouse chromaffin cells. Membrane-associated
SNAP-25 was visualized by immunostaining, together with
syntaxin 1, to assay the distribution and amount of the
interacting SNARE protein that might be different upon
ablation or overexpression of SNAP-25. In Figure 2, we
present images of membrane sheets from wild-type (+/+)
cells and knock-out cells (—/—) overexpressing either iso-
form. On overexpression, the amount of SNAP-25 increased
to beyond wild-type levels (see below); however, to preserve
spatial information the images C and D in Figure 2 were
scaled independently of A and B (for quantitation, see Fig-
ure 3). In wild-type mouse chromaffin cells, both SNAP-25
and syntaxin 1 were clustered (Figure 2A), as shown previ-
ously in PC12 cells (Lang et al., 2001). In the plasma mem-
brane of SNAP-25 null cells syntaxin 1 still formed clusters
(Figure 2B), indicating that syntaxin 1 clusters do not de-
pend on direct or indirect interactions between syntaxin 1
and SNAP-25. Importantly, in cells from SNAP-25 null mice
overexpressing SNAP-25a (Figure 2C) or SNAP-25b (Figure
2D), a spotty pattern of SNAP-25 was observed, indistin-
guishable from that in wild-type cells. In overexpressing
cells, this pattern was present on top of a stronger back-
ground level, which is not obvious at the image scaling
chosen for presentation in Figure 2 (see Discussion). We
compared the absolute fluorescence intensities per unit
membrane area for both SNAP-25 isoforms and syntaxin 1
(Figure 3, A and B). The SNAP-25-specific signal was re-
duced by 33% in heterozygous (Snap-25 +/—) cells com-
pared with wild-type (Snap-25 +/+) cells (p < 0.05 Tukey—

5677



G. Nagy et al.

SNAP-25 syntaxin 1

overlay

SNAP-25 +/+

SNAP-25 -/-

Figure 2. SNAP-25 and syntaxin 1 on membrane sheets from
embryonic mouse chromaffin cells. Plasma membrane sheets were
generated from SNAP-25 +/+ chromaffin cells (A), SNAP-25 null
chromaffin cells (B), SNAP-25 null chromaffin cells expressing
SNAP-25a (C), and SNAP-25 null chromaffin cells expressing SNAP-
25b (D). Sheets were immediately fixed with paraformaldehyde and
immunostained for SNAP-25 and syntaxin 1. The samples were
imaged in three channels: membranes were identified in the pres-
ence of TMA-DPH dye in the blue (not shown), SNAP-25 signal was
detected in the red and syntaxin 1 in the long red channel. Overlay
from SNAP-25 and syntaxin 1 indicates partial colocalization of two
proteins. Note that the SNAP-25 images in A, C, and D were scaled
independently of each other to preserve spatial information; how-
ever, the absolute immunofluorescence intensities in C and D were
much higher than in A (see Figure 3). The colocalization was quan-
tified using correlation analysis (see text).

Kramer multiple comparison test), showing a gene-dose
effect. In null cells overexpressing either SNAP-25a or
SNAP-25b, the immunoreactivity was much higher than in
wild-type cells but not significantly different between iso-
forms (SNAP-25a, 13.7 + 1.0-fold overexpression; SNAP-
25b, 14.7 + 2.2-fold overexpression, p > 0.05, Tukey-Kramer
multiple comparison test). The levels of syntaxin 1 immu-
nofluorescence were not strongly affected by ablation or
overexpression of SNAP-25 isoforms (Figure 3B; p = 0.0393,
ANOVA, posttests showed that the difference between het-
erozygotes and knockouts was just significant). These data
show no difference in targeting efficiency between the
SNAP-25 isoforms. In addition, the 14- to 15-fold increase
compared with wild-type levels excludes that limited avail-
ability at the plasma membrane of either isoform causes the
difference in secretion.

However, the differences might occur at the level of mi-
crodomain organization. When the colocalization of
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Figure 3. Quantification of SNAP-25 isoforms and syntaxin 1 in
the plasma membrane of embryonic mouse chromaffin cells. The
immunofluorescence of membrane sheets from 12 SNAP-25 null
animals, 12 SNAP-25 WT(+/+) animals, 9 SNAP-25 heterozygous
(+/—) animals, 9 SNAP-25 null animals expressing SNAP-25a and
7 SNAP-25 null animals expressing SNAP-25b were analyzed and
plotted. A minimum of 10 sheets per animal were analyzed. The
values indicate relative abundance (normalized to the mean of
SNAP-25+/+ animals from the same litter) = SEM of SNAP-25 (A)
and syntaxin 1 (B) protein.

SNAP-25 and syntaxin 1 clusters was studied, findings
ranged from only partial overlap (Lang et al., 2001; Ohara-
Imaizumi ef al., 2004) to nearly perfect colocalization (Rick-
man et al., 2004), but all studies suggest that the sites of
overlap represent fusion sites. To assay for a putative dif-
ference in the sorting of the SNAP-25 isoforms into the
syntaxin 1-cluster, we quantified the colocalization by cal-
culating the correlation coefficient of the two images (see
Materials and Methods). First, the degree of overlap was char-
acterized in homozygous wild-type cells, resulting in a cor-
relation coefficient of 0.25 = 0.02 (n = 32 membranes ana-
lyzed), indicating that a significant fraction of SNAP-25 is
within or close to syntaxin 1 clusters. The correlation coef-
ficients were similar when heterozygous and SNAP-25 null
cells overexpressing SNAP-25a or SNAP-25b were analyzed
(heterozygous cells, 0.26 = 0.02, n = 34; null cells overex-
pressing SNAP-25a, 0.25 * 0.03, n = 24; and null cells
overexpressing SNAP-25b, 0.25 * 0.02, n = 31).

Finally, we conclude that the secretory difference between
SNAP-25 isoforms cannot be explained by differential tar-
geting efficiency to the plasma membrane or a change in
microdomain organization as assayed by diffraction-limited
light microscopy.

Identification of the Critical Amino Acid Substitutions
Defining Neurosecretion Properties of SNAP-25a and
SNAP-25b

To identify the amino acid substitutions responsible for the
physiological differences in secretion mediated by SNAP-25
isoforms, we generated chimeric constructs and assayed
their ability to rescue exocytosis in SNAP-25 null chromaffin
cells. Secretion was assayed by simultaneous whole cell
patch-clamp recordings to measure capacitance increase re-
sulting from vesicular fusion (Figure 4A, middle) and am-
perometry (Figure 4A, bottom), which detects the release of
oxidizable vesicle contents (adrenaline and noradrenaline).
Viral-infected SNAP-25-expressing cells were recognized by
the coexpression of green fluorescent protein (see Materials
and Methods), and exocytosis was triggered by flash photo-
lysis of caged Ca®" (Figure 4A, at arrow). Because different
preparations of chromaffin cells vary in secretory compe-
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Figure 4. A group of three amino acids is sufficient to switch
SNAP-25a to SNAP-25b phenotype. (A) Mean [Ca>*]; (top, error
bars represent SEM), capacitance change (middle), and amperomet-
ric current (bottom) were measured simultaneously after a step-like
elevation of [Ca?*]; caused by flash photolysis of caged Ca®* (flash
at arrow). The traces are averages of many experiments, so the
individual fusion events (spikes) are not recognizable in the am-
perometric signal. Left, secretion after the first stimulation; right,
secretion in response to the second stimulation (left). Shown are
means of 38 SNAP-25 null cells expressing SNAP25b cells (black)
and 38 cells overexpressing SNAP-25aN6°D/H66Q/Q69K for 6-8 h
(gray). There was no difference in preflash [Ca>*]; between two
groups (our unpublished data). The data for SNAP-25a overexpres-
sion were taken from another series of experiments and are shown
here for comparison. Secretion from cells transfected with SNAP-
25aN65P/H66Q/Q09K and SNAP-25b was similar. (B) Amplitudes of
exponential fits to individual responses. The amplitudes (mean *
SEM) of the fast and the slow burst component and the rate of
sustained component were similar in both stimuli (dark bars,
SNAP-25b; gray bars, SNAP-25aN65D/H66Q/Q60K)

tence, we adopted the strategy of dividing the chromaffin
cells obtained from each SNAP-25 null embryo between
several coverslips and performed rescue experiments with
both mutated and control constructs on cells from the same
animal on each experimental day. Only experiments done in
parallel were compared statistically. Because we did not
measure a difference in membrane targeting between the
two isoforms, we reasoned that most likely the critical amino
acid substitutions would be present in the SNARE domain,
rather than in the linker. Hence, we first assayed the three
nonconservative substitutions (from SNAP-25a to SNAP-
25b; Figure 1) N65D, H66Q, and Q69K in the N-terminal
SNARE domain, which could affect properties and function
of the SNARE core complex.

As reported previously, expression of SNAP-25b in
SNAP-25-deficient chromaffin cells resulted in a twofold
increase in the size of the exocytotic burst, as determined by
the secretion 0-1 s after flash photolysis of caged Ca?*,
compared with that supported by SNAP-25a overexpression
(Figure 4A; note that the SNAP-25a trace is taken from a
separate experimental series, and hence the quantification of
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these experiments is not presented in Figure 4B; also see
Serensen et al., 2003). The exocytotic burst phase represents
the fusion of the two primed vesicle pools (the readily
releasable and the slowly releasable pools, denoted RRP and
SRP, respectively), whereas the sustained phase represents
slower priming of new vesicles, followed by fusion as long
as the intracellular calcium concentration ([Ca?*];) stays
high. By fitting of a sum of exponential functions to the
capacitance trace, we can separate the size of the two releas-
able pools from their fusion time constants (Nagy et al., 2002,
2004). The time constants for fusion from the two releasable
pools were not different between SNAP-25a- and SNAP-25b-
expressing cells (not shown; Serensen et al., 2003). In addi-
tion, the rate of sustained secretion was independent of the
isoform of SNAP-25 expressed (1-5 s after Ca®* release;
Figure 4A and Serensen et al., 2003). However, it should be
noted that by comparison with SNAP-25 null cells, it was
shown that SNAP-25 expression is necessary for both the
normal fusion rate constants and the rate of the sustained
component (Serensen et al., 2003), indicating that SNAP-25
participates in all phases of release from chromaffin cells.
However, the difference between SNAP-25 isoform is only
evident on the size of the fast and slow exocytotic burst
component, indicating that they only differ in their regula-
tion of the size of the releasable vesicle pools.

Expression of a SNAP-25a variant in which the three
amino acids in positions 65, 66, and 69 (Figure 1) were
switched to SNAP-25b residues—N65D/H66Q/Q69K—re-
sulted in a SNAP-25b-like secretory phenotype (Figure 4A).
Kinetic analysis showed that the size of both burst compo-
nents and the rate of the sustained component were indis-
tinguishable from SNAP-25b overexpression (Figure 4B). In
addition, providing a second flash stimulation ~100 s after
the initial stimulus resulted in almost the same level of
secretion as were recorded in SNAP-25b-expressing cells
(Figure 4, A and B). The small reduction in secretion driven
by the N65D/H66Q/Q69K construct during the second
flash stimulation was not statistically significant (Figure 4B).
This experiment tested the ability to refill depleted vesicle
pools and confirmed that this component of secretion was
also indistinguishable between cells expressing the triple
SNAP-25a mutation and SNAP-25b. Thus, the three amino
acid substitutions N65D/H66Q/Q69K were sufficient to
provide SNAP-25a with the properties of SNAP-25b in me-
diating secretion from these chromaffin cells.

We next tested the effect of single mutations N65D, Q69K,
and H66Q imposed on the SNAP-25a protein sequence back-
ground (Figure 5, A-D). The N65D mutation resulted in a
level of secretion that was indistinguishable from SNAP-25a
(Figure 5, A and B, red traces; compare with the trace for
SNAP-25a in Figure 4). In contrast, the Q69K mutation re-
sulted in an intermediate level of secretion, with an exocy-
totic burst that was significantly larger than in SNAP-25a
N65D but smaller than for the N65D/H66Q/Q69K triple
mutation (Figure 5, A and B). Kinetic analysis confirmed that
the Q69K had intermediate sized RRP and SRP (Figure 5B).
Note, that the sustained rate of release was not changed by
any of these mutations (Figure 5B, bottom) —or by any of
those that were studied in the following experiments. This is
consistent with the difference between the SNAP-25a and
SNAP-25b phenotype, where the burst size was changed,
but the sustained rate was invariant (Figure 4; Serensen et
al., 2003). The H66Q single mutation resulted in a SNAP-
25a-like phenotype (Figure 5C, compare with trace for
SNAP-25a in Figure 4). Therefore, the Q69K substitution was
necessary for the stronger secretory phenotype produced by
SNAP-25b, but in itself seemed not to be sufficient. Finally,
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Figure 5. H66Q/Q69K: the minimal mutation in SNAP-25a that
gives SNAP-25b phenotype. (A) Response to the first stimulation in
SNAP-25 null cells expressing SNAP25aN%P (red, 23 cells),
SNAP25a9%K (blue, 30 cells) and SNAP25aN65P/H66Q/Q69K (black, 40
cells). For explanation, see the legend to Figure 4. (B) Size of the
burst (fast + slow burst) component and the rate of sustained
secretion. The secretory phenotype of SNAP25a2%°K is intermediate
between SNAP25aN%P and the triple mutation. No difference in the
rate of the sustained component was detected. (C) Response to the
first flash stimulation in SNAP-25 null cells expressing
SNAP25aH00Q/Q9K (green, 30 cells), SNAP25at%¢Q (gray, 16 cells)
and SNAP25b (black, 23 cells). (D) The amplitudes of the burst
components and the rate of sustained release in cells expressing
SNAP25aH66Q/Q9K were indistinguishable from cells expressing
SNAP-25b.

we tested the effect of combining the Q69K with the H66Q
substitution on secretion. Expression of the double substitu-
tion resulted in sizes of the fast and slow burst components
that were indistinguishable from SNAP-25b (Figure 5, C and
D). Together, these data indicate that the substitutions
H66Q/Q69K define critical residues that distinguish the se-
cretory properties attributed to SNAP-25 isoforms in chro-
maffin cells.

To confirm that these residues are sufficient to explain the
difference in secretory phenotype between isoforms, we con-
structed the complementary substitution mutations in
SNAP-25b. As shown in Figure 6, secretion rescued by the
mutation Q66H/K69Q in SNAP-25b was almost indistin-
guishable from that obtained with SNAP-25a (Figure 6A,
gray and black traces, respectively). Kinetic analysis con-
firmed that there was no statistical significant difference in
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Figure 6. Q66H/K69Q mutation in SNAP-25b results in SNAP-
25a-like phenotype. (A) The opposite experiment to the one shown
in Figure 5. Here, we mutated the positions 66 and 69 in SNAP-25b
into the residues found in SNAP-25a. Response to a first flash
stimulation in SNAP-25 null cells expressing SNAP25pQeeH/K69Q
(gray, 26 cells) in comparison with SNAP25a (black, 26 cells). The
data for SNAP-25b overexpression were taken from another series
of experiments and are shown here for comparison. (B) Response to
a first flash stimulation in SNAP-25 null cells expressing
SNAP25bX9Q (gray, 26 cells) in comparison with SNAP25a (black,
26 cells). Again, data for SNAP-25b overexpression were taken from
another experimental series (C). Size of fast and slow burst and rate
of the sustained component. Dark bars, SNAP-25a; gray bars,
SNAP-25b Q66H/K69Q; and white bars, SNAP-25b K69Q. No sig-
nificant changes were found between these three constructs (e.g., for
the sustained component; p = 0.13, Kruskal-Wallis test).

the size of either burst component between cells expressing
SNAP-25a and SNAP-25b Q66H /K69Q (Figure 6C, dark and
gray bars). In fact, the single mutation K69Q in SNAP-25b
was enough to secure the reversion to the SNAP-25a phe-
notype, as judged by the overall secretion (Figure 6B, dark
and gray traces) and kinetic analysis of the burst sizes (Fig-
ure 6, B and C, dark and white). The fact that the Q69K
mutation in the SNAP-25a background leads to an interme-
diate phenotype (Figure 5A), whereas the SNAP-25b K69Q
mutation is indistinguishable from SNAP-25a, indicates that
the two positions 66 and 69 have nonadditive effects on
secretion. Given the complexity of protein—protein interac-
tion such effects are not surprising.

In conclusion, by systematically swapping nonconserva-
tive amino acid differences between the isoforms, we find
that the residue substitutions Q66H and K69Q, in SNAP-25a
and SNAP-25b, respectively, are necessary and sufficient to
account for the difference in secretory phenotype supported
by these two isoforms in mouse chromaffin cells.

A Neighboring Residue, Asp-70, Defines a Hydrophilic
Stretch of Amino Acids Regulating Secretion

One possible explanation for the difference in secretory phe-
notype between SNAP-25 isoforms is that an accessory fac-
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Figure 7.
is necessary for the SNAP-25b-like phenotype. (A) Response to a

A neighboring aspartate (D70) present in both isoforms

first flash stimulation in SNAP-25 null cells expressing
SNAP25aP7°4 (gray, 22 cells) in comparison with SNAP25a (black,
21 cells). Bottom, size of fast and slow burst and rate of sustained
component. (B) Response to a first flash stimulation in SNAP-25 null
cells expressing SNAP25bP704 (gray, 35 cells) in comparison with
SNAP25a (black, 41 cells). The data for SNAP-25b overexpression
were taken from another series of experiments and are shown here
for comparison. Bottom, sizes of fast and slow burst of release, and
rate of sustained component. No significant changes were found
between SNAP-25a and SNAP-25bP704, showing that the aspartate
at position 70 is necessary for the SNAP-25b secretory phenotype
but not for the SNAP-25a-like secretory phenotype.

tor binds to the surface of the helical coiled-coil structure of
the SNARE complex around positions 66 and 69 (see Dis-
cussion). If this is the case, then this factor may bind to a
longer stretch than just these two residues. Alternatively, the
difference in secretory phenotype might be explained by an
interaction of the residues at positions 66 and 69 with neigh-
boring residues in the SNARE complex, leading to different
properties of the SNAP-25a- and SNAP-25b-containing
SNARE core complexes. In both cases, structural neighbors
of the amino acids at positions 66 and 69 might participate in
the difference in secretory phenotype.

To identify other amino acids that could be involved, we
mutated the neighboring aspartate D70, which is present in
both SNAP-25a and SNAP-25b (Figure 1; also see Figure 9),
and measured secretion after rescue of null cells. Mutation of
D70 to alanine (D70A) in SNAP-25a did not compromise
secretion, as shown in the overall secretion and following
kinetic analysis of secretory components (Figure 7A). Strik-
ingly, however, expression of the D70A SNAP-25b mutant
resulted in a clear decrease in secretion compared with cells
expressing native SNAP-25b (Figure 7B). The resulting se-
cretion seemed indistinguishable from the level of vesicular
fusion supported by SNAP-25a (Figure 7B). Moreover, we
found no significant differences between the burst sizes be-
tween SNAP-25a and SNAP-25b D70A (Figure 7B, bottom).
These data suggest that the neighboring amino acid D70 in
SNAP-25 cooperates with K69 and Q66 in SNAP-25b to
induce a stronger secretory phenotype for the SNAP-25b
isoform.

Vol. 16, December 2005

SNAP-25 Splice Variants and Secretion

Biochemical Properties of the Two Splice Variants of
SNAP-25

We next investigated whether different biochemical proper-
ties of the SNARE complex formed with either SNAP-25
splice variant could account for the different secretory phe-
notypes. The pathway of SNARE complex formation in vitro
involves a transient interaction between the N-terminal ends
of the SNARE domains of syntaxin 1 and SNAP-25, which
results in the formation of a 1:1 syntaxin 1:SNAP-25 precom-
plex (Fasshauer and Margittai, 2004) and serves as an accep-
tor for synaptobrevin. Therefore, mutations or changes in
the N-terminal ends of the SNAP-25 SNARE domains can
lead to slowdown of assembly, whereas C-terminal muta-
tions do not (Fasshauer and Margittai, 2004; our unpub-
lished data). The amino acid substitutions between the
SNAP-25a and SNAP-25b isoforms are placed in the C-
terminal end of the first SNARE motif (Figure 1); therefore,
no difference in in vitro assembly rates can be expected.

The stability of the SNARE complex can be assayed by CD
spectroscopy, which makes use of the fact that the a-helical
structure of the SNARE domains is induced during complex
formation, whereas uncomplexed SNARE domains are un-
structured (Fasshauer et al., 1997). To assess the conse-
quences of the SNAP-25 isoform for the stability of the
SNARE complex, we performed thermal denaturation ex-
periments on in vitro assembled ternary SNARE core
complexes. All analyzed complexes unfolded in a single,
cooperative reaction (Figure 8). Interestingly, SNAP-25b-
containing complexes melted at a slightly higher tempera-
ture (4-5°C) compared with those constituted with SNAP-
25a, indicating that SNAP-25b increases the stability of the
ternary SNARE complex. We next tested the stability of the
SNAP-25a H66QQ/Q69K double substitution that leads to a
SNAP-25b-like secretory phenotype (see above). As shown
in Figure 8, replacement of these residues in SNAP-25a
resulted in a complex with the same stability as SNAP-25b,
indicating that both the difference in stability and secretory
phenotype can be attributed to these two amino acids. In
contrast, complexes formed with SNAP-25a containing the
Q69K single mutation did not affect the melting tempera-
ture, suggesting that this substitution cannot in isolation
contribute to the differential stability of the isoforms. Finally,
we tested the SNAP-25b mutation D70A. Remarkably, com-
plexes containing SNAP-25b with the D70A substitution
retained the higher melting temperature and thus stability
characteristic of SNAP-25b, even though this single substitu-
tion was sufficient to provide a SNAP-25a-like secretory phe-
notype to SNAP-25b (Figure 7). These experiments suggest that
despite a slight difference in stability of complexes containing
either SNAP-25b or SNAP-25a, this change is probably not
causal for the difference in secretory phenotype.

Structural Implications of the Replacement of Two Amino
Acids in the SNARE Domains

To identify potential molecular interactions within the
SNARE core complex involving the side chains of the two
critical amino acid positions, we inspected the crystal struc-
ture of the SNARE core complex. The original crystal struc-
ture (Sutton et al., 1998) and a later refined structure (Ernst
and Brunger, 2003) both used the SNAP-25a isoform (note
that in those publications this was denoted as SNAP-25b).
By replacing H66 with Q and Q69 with K, we created a
model structure to explore the possibilities for interaction
with neighboring residues (Figure 9). Next, we performed
molecular dynamics (MD) simulations of the wild-type (WT)
crystal structure and the mutated structure. In both cases,
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Figure 8. The thermal stability of the ternary SNARE complex is
slightly higher in the presence of SNAP-25b. Thermal melts of
purified ternary SNARE complexes containing different SNAP-25
variants or point mutations. Thermal stability of ternary SNARE
complexes formed overnight was assayed by CD spectroscopy in
the presence of 2 M guanidine hydrochloride. Complexes formed
with SNAP-25b unfolded at a slightly higher temperature (4-5°C)
than SNAP-25a-containing complexes. The double mutation H66Q/
Q69K in SNAP-25a was sufficient to get a complex of higher stabil-
ity, whereas the single mutation Q69K did not change stability. The
D70A mutation in SNAP-25b led to a complex with SNAP-25b-like
stability, but a SNAP-25a-like secretory phenotype (Figure 7B). This
finding shows that the difference in stability is not causing the
difference in secretory phenotype.

the crystal structure was solvated in a box of water mole-
cules (Materials and methods) and simulated for 20 ns. The
results show that in the WT (SNAP-25a-containing) crystal
structure the side chains of the residues H66 and Q69 dis-
played more interactions (H-bonds) with neighboring resi-
dues than when mutated to the (SNAP-25b) residues Q66
and K69. In the SNAP-25a structure, the two nitrogen atoms
(N&1 and Ne2) in the imidazole ring of H66 participated in
H-bonds 85 and 46% of the time, respectively, whereas the
Q66 was hydrogen bound only 36% of the time. Similarly, at
position 69, the Q residue of SNAP-25a participated in H-
bonds 37% of the time, whereas K69 showed hydrogen
bonds only 29% of the time. These simulations show that the
substitution of histidine to glutamine at position 66 and
glutamine to lysine at position 69 leads to decreased inter-
action of the side chains with neighboring amino acids
within the SNARE complex. Together with the experimental
findings, these computer simulations are consistent with the
idea that the difference in secretory phenotype induced by
the two amino acid substitutions is most likely caused by
differential interaction with accessory factors on the surface
of the coiled-coil structure of the SNARE complex.

DISCUSSION

Although there is considerable evidence that SNARE protein
complexes participate in nearly all intracellular membrane
fusion events, different opinions exist as to which step in the
multiple-step process of membrane fusion is catalyzed by
SNAREs. Similarly, the question of the physiological impor-
tance of different SNARE isoforms and how they may par-
ticipate either in different membrane trafficking pathways or
in the same vesicle fusion events has yet to be resolved. We
have investigated these questions by comparing the two
splice variants of SNAP-25, SNAP-25a and SNAP-25b,
which can both support secretion when expressed in
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Figure 9. Structural arrangement of the SNARE complex around
the SNAP-25 residues 66 and 69. A. Structure of the SNAP-25a-
containing ternary SNARE complex (Sutton et al., 1998) after MD
simulation for 20 ns (as explained in the text). (B) Structure of the
ternary SNARE complex after introduction of Q66 and K69 in the
SNAP-25a-containing ternary SNARE complex and MD simulation
for 20 ns. Note that the structural arrangements shown here are
“snapshots” taken from a longer simulation and do not represent a
preferred or typical arrangement of the side chains.

SNAP-25 null mutant chromaffin cells. In spite of only dif-
fering by nine amino acid substitutions, expression of the
two splice variants results in a two- to threefold difference in
the size of the exocytotic burst, indicating that they have a
different ability to support the primed pool of vesicles. Here,
we identify the two key amino acid residues that lead to the
physiological differences in secretion. Biochemical and com-
puter-assisted simulation analysis lead us to propose that
the function of these residues, whose side chains face the
external surface of the coiled-coil SNARE structure, is to
interact with accessory proteins that may influence the sta-
bilization or formation of the primed vesicle state.

Results from the plasma membrane sheet assay suggest
that both SNAP-25 isoforms are targeted to the plasma
membrane with the same efficiency, are available in excess,
and colocalize to the same extent with syntaxin 1-clusters.
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Concerning the latter conclusion, it should be noted that the
antibody used for SNAP-25 detection is less sensitive for
SNAP-25 in a complex with syntaxin 1 (Lang et al., 2002),
leading to a reduction of the signal-to-noise ratio for the
detection of this pool compared with free SNAP-25. Never-
theless, the presence of significant positive correlations be-
tween the SNAP-25 and syntaxin 1 signals show that the
proteins are targeted to the same subdomains in the plasma
membrane. It might be surprising that a 14- to 15-fold in-
crease of SNAP-25 leaves the correlation coefficient with
syntaxin 1 unchanged compared with wild-type cells. How-
ever, it should be noted that correlation analysis was done
on mean-subtracted images (see Materials and Methods).
Therefore, the finding is consistent with two scenarios. First,
independently of the SNAP-25 level always the same frac-
tion of SNAP-25 ends up in clusters, or second, the mecha-
nism that causes clustering has a limited capacity, and after
saturation additional SNAP-25 is uniformly distributed in
the membrane. Linescan analysis of the membrane sheets
showed that after overexpression, the amplitude of the
spotty signals is increased but that the background fluores-
cence level is increased even more (our unpublished data).
Therefore, we suggest that the mechanism that causes clus-
tering has a limited capacity, which, however, is not ex-
hausted in control cells.

Although evidence has suggested that in some other cells
coexpression with syntaxin 1 is required to retain SNAP-25
on intracellular membranes (Rowe et al., 1999; Vogel et al.,
2000; Washbourne et al., 2001), more recent studies have
supported the view that targeting of SNAP-25 to the plasma
membrane in neuronal cells does not require syntaxin 1
(Loranger and Linder, 2002). This model is in agreement
with our finding that membrane associated SNAP-25 can be
increased from nothing to >10-fold wild-type levels within
8 h without changing the plasma membrane syntaxin 1 level.
The observation that the positioning of the four cysteines is
rearranged between the two SNAP-25 isoforms had been
suggested to provide a mechanism that might contribute to
differences in membrane localization or targeting (Bark and
Wilson, 1994). Our data show no discernible difference be-
tween the patterns of membrane-associated clusters formed
by the two SNAP-25 isoforms. Furthermore, our search for
the functionally relevant substitutions showed that the relo-
cation of the cysteine does not contribute to the difference in
secretory phenotype between SNAP-25 isoforms in chromaf-
fin cells. Nevertheless, previous studies using tagged pro-
teins expressed in nerve growth factor-differentiated PC12
cells indicated that SNAP-25b localized more to varicosities
and terminals, whereas SNAP-25a showed a more diffuse
localization (Bark ef al., 1995). Thus, this question should be
reexamined in polarized neurons.

Our data demonstrate that the major functional distinc-
tion between the two SNAP-25 isoforms in neurosecretion is
their ability to support the pool of releasable vesicles. By
systematic mutagenesis, we identified the two nonconserva-
tive substitutions in the N-terminal SNARE domain (from
SNAP-25a to SNAP-25b)—H66Q and Q69K—as being both
necessary and sufficient for the functional difference be-
tween the isoforms. Thermal denaturation studies showed
that SNAP-25b-containing complexes were somewhat (4-
5°C) more stable than the SNAP-25a-containing complexes,
which were used for structural studies (Sutton ef al., 1998)
and that the difference in stability could be attributed to the
same two amino acid substitutions. Moreover, further ex-
periments demonstrated that a neighboring conserved as-
partate (D70) also is required to obtain the stronger SNAP-
25b secretory phenotype. Mutation of D70 to alanine in
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SNAP-25b did not change the stability of the SNARE com-
plex, even though the ability to support secretion was re-
duced to the level of SNAP-25a. Therefore, we conclude that
the change in complex stability is most likely not causal for
the functional difference between SNAP-25a and SNAP-25b.

The idea that the two substitutions H66Q and Q69K do
not regulate secretion through a change in the property of
the SNARE complex itself was corroborated by molecular
dynamics simulations, which showed that Q66 and K69
participate less frequently in intracomplex interactions than
the SN AP-25a residues H66 and Q69. It should be noted that
this result is not in conflict with the higher thermostability of
the SNAP-25b-containing complex measured biochemically.
The thermostability of the SNARE complex does not depend
strongly on hydrogen-bonding on the surface of the complex
but more on the hydrophobic interactions in the interior of
the complex, on the tendency of the SNARE domains to
adopt different secondary structures, on the stability of
partly unfolded states, and so on, which could all be
changed in subtle ways by the H66Q and Q69K substitu-
tions.

We thus suggest that the side chains of these two polar
amino acids are available for interaction with accessory fac-
tor(s). Although the identity of such putative binding part-
ner(s) is unknown, our findings suggest that the factor
would bind to a stretch of amino acids at the N terminus of
the coiled-coil SNARE structure. Two scenarios can be sug-
gested: either this factor binds to only one of the two com-
plexes (SNAP-25a or SNAP-25b containing), or it binds to
both complexes, but with different affinities, which in turn
regulates the size of the releasable vesicle pools. Because
usually protein—protein interactions involve binding to mul-
tiple residues, but only two substitutions are necessary to
explain the difference between isoforms, the latter scenario
seems most likely. Interestingly, complexin proteins bind to
the groove between syntaxin 1 and synaptobrevin 2 (Chen et
al., 2002), whereas Q66, K69 and D70 face the C-terminal
SNAP-25 helix and syntaxin 1. Synaptotagmin 1 has been
shown to bind to charged amino acids in the C-terminal end
of the SNARE complex; however, the residues responsible
for binding are found in the SN2 domain of SNAP-25 (refer
to Figure 1; Zhang ef al., 2002). Furthermore, increasing the
amount of synaptotagmin 1 in mouse chromaffin cells leads
to a secretory phenotype, which is not consistent with the
difference between SNAP-25 isoforms (our unpublished
data). Finally, the accessory factor proposed here might, in
fact, be the phospholipids themselves. Such an interaction
may cause the SNARE complex to assume a more flat posi-
tion on the plasma membrane, which could stabilize the
primed vesicle state, but this notion remains speculative.
The identification of the polar stretch of amino acids Q66,
K69, and D70 should make it possible to identify the binding
partner(s) by biochemical interaction experiments.

The effect of incorporating different SNAP-25 isoforms
into the SNARE core complex is to regulate the size of the
exocytotic burst, which represents the number of release-
ready vesicles. Importantly, this is achieved without chang-
ing the rate of release from the releasable pools (either the
slowly releasable pool or the readily releasable pool; our
unpublished data; Serensen et al., 2003). This adds to our
previous findings that alterations of protein kinase C or
protein kinase A phosphorylation sites in SNAP-25 also
modify upstream priming reactions, without affecting the
fusion rate from the primed vesicle pools (Nagy et al., 2002,
2004). Together, these results establish a function of SNAREs
in regulating the priming reaction, which confers release
competence to the vesicles. However, other studies have
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involved the SNARE complex in exocytosis triggering and
fusion pore formation (Gil et al., 2002, Serensen et al., 2003;
Han et al., 2004; Borisovska et al., 2005; our unpublished
data). Collectively, these observations suggest that although
the C-terminal end of the coiled-coil domain of the SNARE
complex is involved in both vesicle priming and fusion
triggering, these functions can be separately encoded within
this small subdomain with certain residues being involved
exclusively in one or the other reaction. Specifically, residues
facing the surface of the SNARE bundle may regulate prim-
ing by binding to accessory factors, whereas residues facing
the inside of the bundle will affect the assembly speed of the
ternary complex and therefore may regulate the fusion rate,
even though this has so far not been shown. The first of these
steps (defining vesicle priming) may correspond to assem-
bly of a precomplex between syntaxin 1 and SNAP-25,
which in a later step serves as an acceptor for synaptobrevin
2 (An and Almers, 2004; Fasshauer and Margittai, 2004).

Thus, the SNARESs are not only required for the last steps
in exocytosis (exocytosis triggering and fusion pore forma-
tion) but also for an upstream step (vesicle priming), and
they can regulate the upstream reaction without compromis-
ing the fidelity and speed of the downstream fusion step.
This arrangement allows regulation of the extent of exocy-
tosis without compromising the exocytotic event itself,
which is exactly what is required for the neuronal fusion
apparatus.
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