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Phosphomimetic Mutation of Ser-187 of SNAP-25 Increases both
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The phosphorylation targets that mediate the enhancement of exocytosis by PKC are unknown. PKC phosporylates
the SNARE protein SNAP-25 at Ser-187. We expressed mutants of SNAP-25 using the Semliki Forest Virus system in
bovine adrenal chromaffin cells and then directly measured the Ca?* dependence of exocytosis using photorelease
of caged Ca?* together with patch-clamp capacitance measurements. A flash of UV light used to elevate [Ca?*]; to
several uM and release the highly Ca2*-sensitive pool (HCSP) of vesicles was followed by a train of depolarizing
pulses to elicit exocytosis from the less Ca?*-sensitive readily releasable pool (RRP) of vesicles. Carbon fiber
amperometry confirmed that the amount and kinetics of catecholamine release from individual granules were similar
for the two phases of exocytosis. Mimicking PKC phosphorylation with expression of the S187E SNAP-25 mutant
resulted in an approximately threefold increase in the HCSP, whereas the response to depolarization increased
only 1.5-fold. The phosphomimetic S187D mutation resulted in an ~1.5-fold increase in the HCSP but a 30%
smaller response to depolarization. In vitro binding assays with recombinant SNARE proteins were performed to
examine shifts in protein—protein binding that may promote the highly Ca’?*-sensitive state. The S187E mutant
exhibited increased binding to syntaxin but decreased Ca?*-independent binding to synaptotagmin I. Mimicking
phosphorylation of the putative PKA phosphorylation site of SNAP-25 with the T138E mutation decreased binding
to both syntaxin and synaptotagmin I in vitro. Expressing the T138E/ S187E double mutant in chromaffin cells
demonstrated that enhancing the size of the HCSP correlates with an increase in SNAP-25 binding to syntaxin in
vitro, but not with Ca%?*-independent binding of SNAP-25 to synaptotagmin I. Our results support the hypothesis
that exocytosis triggered by lower Ca?* concentrations (from the HCSP) occurs by different molecular mecha-
nisms than exocytosis triggered by higher Ca?* levels.

INTRODUCTION

Activation of PKC potently enhances Ca?*-triggered
exocytosis from neurons and excitable endocrine cells
(e.g., Gillis et al., 1996; Smith et al., 1998; Stevens and
Sullivan, 1998; Wu and Wu, 2001; Zhu et al., 2002; Wan
et al., 2004; Yang and Gillis, 2004), but the identity of
the phosphorylation targets that mediate these effects
are unknown. The SNARE proteins syntaxin, SNAP-25,
and synaptobrevin/VAMP are targets of clostridial neuro-
toxins and play an essential role in exocytosis (Sollner
etal., 1993; Pellizzari et al., 1999; for review see Jahn and
Sudhof, 1999). Phosphorylation of cellular SNAP-25
has been shown to occur in response to phorbol ester
application and physiological stimuli in various cell types,
including PC12 cells (Shimazaki et al., 1996; Kataoka
etal., 2000), hippocampal organotypic cultures (Genoud
et al., 1999), pancreatic B cells (Gonelle-Gispert et al.,
2002), and adrenal chromaffin cells (Nagy et al., 2002).
Early studies using botulinum neurotoxin cleavage sug-
gested the likely PKC phosphorylation site as Ser-187
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(Shimazaki et al., 1996), and this was subsequently
confirmed using a phospho-Ser-187-specific antibody
(Kataoka et al., 2000). One report claims that PKC can
also phosphorylate SNAP-25 on Thr-138 (Hepp et al.,,
2002), which has been characterized as an in vitro and
in vivo PKA phosphorylation site (Risinger and Bennett,
1999; Nagy et al., 2004).

A role of Ser-187 phosphorylation in regulating
exocytosis has been questioned because Ser-187 phos-
phorylation does not always correlate with effects of
PKC-activating agents that modulate exocytosis (Iwasaki
et al., 2000; Gonelle-Gispert et al., 2002), and Ser-187
mutations do not produce large effects on exocytosis
(Gonelle-Gispert et al., 2002; Nagy et al., 2002; Finley
etal., 2003). A powerful approach to answer this question
is the use of photorelease of caged Ca’" together with
patch-clamp capacitance measurements to directly study
the modulation of Ca?*-triggered exocytosis. A study of

Abbreviations used in this paper: GST, glutathione Stransferase;
HCSP, highly Ca®*-sensitive pool; RRP, readily releasable pool; SFV,
Semliki Forest virus; SRP, slowly releasable pool.

233



this type by Nagy et al. (2002) using chromaffin cells
reveals that expressing the putative phosphomimetic
Ser-187-Glu/Asp SNAP-25 mutants increases the phase
of exocytosis that occurs seconds after photoelevation
of [Ca?*]; to ~20 pM. They interpreted this result as in-
dicating that the refilling rate of the readily releasable
pool (RRP) of granules is enhanced by phosphomi-
metic Ser-187 mutations. In contrast, unphosphorylat-
able Ser-187-Ala/Cys mutants inhibit the rate of refilling
(Nagy etal., 2002). This suggests that one effect of PKC
activation, namely the increased rate of releasable pool
refilling, occurs via phosphorylation of Ser-187 of SNAP-
25. On the other hand, expression studies with Thr-138
mutants suggest that tonic phosphorylation of SNAP-25
on Thr-138 by PKA regulates the size of the RRP and the
slowly releasable pool (SRP) in chromaffin cells, with
little effect on the rate of refilling (Nagy et al., 2004).

Most studies using photorelease of caged Ca?* have
concentrated on [Ca?"]; levels greater than ~10 pM.
Recently, a previously overlooked small burst of exocy-
tosis has been observed at [Ca®*]; levels of several uM in
chromaffin cells (Yang et al., 2002) and pancreatic
cells (Wan et al., 2004; Yang and Gillis, 2004). Exocytosis
with similar kinetics and Ca2* sensitivity has also been
observed in photoreceptors (Thoreson et al., 2004) and
gonadotropes (Zhu et al., 2002). This kinetic phase of
exocytosis has been interpreted as release from a highly
Ca?*=sensitive pool (HCSP) of vesicles that coexists with
the RRP and SRP in chromaffin cells and may play an
important role in regulating exocytosis that occurs asyn-
chronously with action potentials. The HCSP is even
more sensitive to activation of PKC than the RRP and
SRP because the HCSP is enhanced in size approxi-
mately sixfold by phorbol esters, an effect that can be
blocked with a selective PKC inhibitor (Yang et al,,
2002). Here we report that phosphomimetic mutations
of Ser-187 preferentially increase the size of the HCSP.

The molecular mechanisms whereby phosphoryla-
tion of Ser-187 or Thr-138 affect exocytosis are unclear.
Indeed, the only published data on this issue is that
treatment of PC12 cell extracts with purified PKC and
ATP~S reduces the amount of syntaxin coimmuno-
precipitating with SNAP-25 (Shimazaki et al., 1996). This
observation suggests that phosphorylation of Ser-187
reduces the affinity of SNAP-25 for syntaxin, although
such a mechanism is not easy to reconcile with the stim-
ulatory effects of phorbol esters on exocytosis. Further-
more, stoichiometric phosphorylation of Thr-138 has no
obvious effect on the binding of recombinant SNAP-25
to SNAREs or synaptotagmin (Risinger and Bennett,
1999). Here we present evidence that the increase in size
of the HCSP by phosphomimetic mutations of Ser-187
of SNAP-25 is correlated with an increase in binding of
recombinant SNAP-25 with syntaxin measured in vitro,
but not with Ca?*-independent binding of SNAP-25 to
synaptotagmin L.
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MATERIALS AND METHODS

Preparation of Bovine Chromaffin Cells

Cell preparation was modified from previously published protocols
(Ashery et al., 1999; Smith, 1999) and is therefore described in
some detail below. Bovine adrenal glands from a local slaughter-
house were kept in a Ca?*- and Mg**-free isolation buffer and
transported to the laboratory at room temperature. Fat was
trimmed from the glands using scissors under a sterile hood.
Blood was washed out of the glands by gently injecting isolation
buffer into the portal vein and then allowing the solution to run
out while gently massaging the glands. This was repeated several
times until the liquid running out was clear. Collagenase type P
(Roche Diagnostics) was dissolved in isolation buffer at a concen-
tration of 1 mg/ml, injected into the portal vein, and then the
glands were placed in a beaker in a 37°C shaking water bath for
20-25 min. The glands were opened by cutting around the cir-
cumference of the cortex with scissors, and the medulla was
peeled away from the cortex and placed into a culture dish con-
taining isolation buffer. The medullae were then minced to small
pieces with a scalpel. The medullae-containing suspension was
filtered through a nylon mesh (70 wm; Fisher Scientific). The
filtered liquid was collected in a 50-ml tube and centrifuged at
1,000 rpm for 10 min at room temperature. The supernatant was
aspirated and discarded, and then the pellet was resuspended in
isolation buffer. In another tube, a 10-fold concentrated isolation
buffer solution was mixed with percoll at a ratio of 1:9 to make a
solution with physiological tonicity and a pH of 7.2. The percoll
solution was combined with the cell solution ata 1:1 ratio and this
mixture was centrifuged at 15,000 rpm for 30 min at 15°C. This
resulting solution contains several distinct layers: cell debris in
the top layer, chromaffin cells in the middle layer, and red blood
cells in the bottom layer. The middle layer was gently transferred
to a centrifuge tube using a pipette. Isolation buffer was added
again to fill the tube and the suspension was centrifuged at 1,000
rpm for 5 min. The supernatant was aspirated and discarded and
the pellet resuspended in isolation buffer. Chromaffin cell culture
media was added at a 1:3 ratio to the cell suspension to begin the
adaptation of cells to the Ca?*-containing media. The suspension
was centrifuged again at 1,000 rpm for 5 min and the supernatant
was discarded. After resuspending the pellet in chromaffin cell
media, the cells were counted using a hemacytometer. The solution
was then diluted with media to give a density of 6 X 10° cells/ml.
The cell suspension was then plated into six-well culture plates,
containing 25-mm diameter round glass coverslips that had been
previously coated with 0.0025% poly-1-lysine. Cells were plated at
adensity of 6 X 10 cells per coverslip for experiments using virus
infection and at a density of 10% cells per coverslip for patch-clamp
experiments. The cells were housed in a humidified incubator at
37°C with 5% COy and used 1-3 d after preparation.

Generation of Semliki Forest Virus (SFV)

We used both a DNA-based Semliki Forest virus (SFV) vector
(DiCiommo and Bremner, 1998) and an RNA-based SFV vector
(Invitrogen) (Ashery etal., 1999; Duncan et al., 1999) to produce
SFV. Both methods expressed a construct with GFP fused to the N
terminus of SNAP-25A. An oligonucleotide cassette was introduced
into the Xmal site of the viral vector of either pSFV1 or pSCA1 as
described previously (Wei et al., 2000) to generate singular re-
striction sites. Site-directed mutations of SNAP-25 were generated
using the Quickchange mutagenesis kit (Stratagene). The sequence
of all constructs was verified by DNA sequencing. For the DNA-
based method, the pSCA1 and pSCAHelper vectors were gifts from
R. Bremner (University of Toronto, Toronto, Canada) (DiCiommo
and Bremner, 1998). We inserted GFP-SNAP-25 into the restric-
tion site of pSCA1 to create the pSCA1-GFP-SNAP-25 plasmid.



HEK 293 cells were transfected with both pSCA1-GFP-SNAP-25
and pSCAHelper to produce virus as follows. 2.5 pg of each DNA
plasmid, 150 pl serum-free IMDM medium, and 30 pul Superfect
transfection reagent (Invitrogen) were combined. After allowing
10 min for complexes to form, 1 ml of regular IMDM media was
added. The media from the HEK cells (grown to 80% confluence)
was removed and the cells were washed gently with warm PBS.
Transfection solution was then added and cells were incubated at
37°C for 2-3 h. The transfection solution was then removed and
fresh HEK complete medium supplemented with 0.1 mM sodium
butyrate was added to the cells. After 5-6 h incubation, the SFV-
containing media was collected and either used immediately
or stored at —70°C. The RNA-based method to produce SFV
followed the protocol described by Ashery et al. (1999). We ob-
tained pSFV1 constructs for SNAP-25 mutants S187E, S187C,
S187D, S187A, and SNAP-25 wt as a gift from J. Sorensen and
E. Neher (MPI for Biophysical Chemistry, Goettingen, Germany).
We found no apparent difference in the response of chromaffin
cells infected with virus prepared according to the RNA or DNA
methods, therefore we combined the data.

Infection of Chromaffin Cells

Chromaffin cells were infected the day after isolation. Thawed SFV-
containing media was diluted 1:1 with Dulbecco’s modified Eagle’s
medium (DMEM) without FBS. a-Chymotrypsin (0.2 mg/ml in
HBS solution) was added and the solution was allowed to incubate
for 50 min at room temperature to activate the virus. Then apro-
tinin (0.6 mg/ml in HBS solution) was added and allowed to incu-
bate for an additional 5 min to inactivate a-chymotrypsin. Media
was removed from the chromaffin cells and replaced with the acti-
vated SFV solution. After allowing 12 h for infection, the virus-
containing media was replaced with fresh chromaffin cell media.
Cells were used for experiments 1-2 d after infection. Cells ex-
pressing GFP-SNAP-25 were identified by fluorescence microscopy
using 480-nm excitation and used for patch-clamp experiments.

Solutions and Reagents

Chromaffin cell isolation buffer consisted of (in mM): 145 NaCl,
2.8 KCl, 0.85 NaH,PO4, 2.15 Na,HPO4, 10 glucose, 10 HEPES-
NaOH, pH 7.2. The extracellular solution for patch-clamp experi-
ments consisted of 145 NaCl, 2.8 KCI, 1 MgCl,, 10 CaCl,, 10
glucose, 10 HEPES-NaOH, pH 7.2. For Ca®* calibration experi-
ments, the bath solution contained 1 mM CaCl,. The base pipette
solution contained 120 N'methylglucamine, 120 L-glutamic acid,
8 NaCl, and 40 HEPES titrated to pH 7.2 with N-methyl-glucamine.
In caged Ca?* experiments, 0.5-1 mM NP-EGTA (Ellis-Davies and
Kaplan, 1994), 80% loaded with CaCly, together with 2 mM Nay-
ATP, and 1 mM MgCl, were added to the pipette solution. To
measure [Ca?*]; over a wide dynamic range, a mixture of the
high-affinity indicator bisfura-2 (0.1 mM, K* salt, Molecular
Probes) and the lower-affinity indicator fura-2ff (0.1 mM, K* salt,
Teflabs) were added to the pipette solution (Voets, 2000). Basal
[Ca?*], was set to ~600 nM.

Chromatffin cell culture media consisted of Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen) containing 4,500 mg/liter
glucose, enriched with 10% (vol/vol) FBS (Invitrogen) and 1%
penicillin/streptomycin. HBS solution for dissolving a-chymo-
trypsin and aprotinin consisted of (in mM) 140 NaCl, 5 KCl, 10
MgCl,, 20 CaCl,, 10 HEPES-NaOH, pH 7.2. All chemicals were
from Sigma-Aldrich unless otherwise indicated.

Electrophysiology and Photometry

Patch electrodes were pulled from Kimax glass capillaries, coated
with dental wax, and fire polished. The pipette resistance ranged
from 2 to 4 M) when filled with the intracellular solutions. All
clectrophysiological experiments were conducted using the stan-
dard whole-cell configuration. The series resistance ranged from

5 to 10 M{) and the membrane conductance was 600 pS or lower.
The pipette holding potential was —70 mV in all experiments.
Capacitance measurements were performed using the “sine + dc”
software lock-in amplifier method implemented in PULSE software
(Pusch and Neher, 1988; Gillis, 2000). The assumed reversal
potential was 0 mV and the sinusoid had an amplitude of 25 mV
and a frequency of 1.5 kHz.

The capacitance increase immediately following flash photolysis
of caged Ca?* was fitted by an exponential, or by an exponential
plus a line, and the amplitude of the exponential fit was inter-
preted as the size of the HCSP. The capacitance increase follow-
ing the initial exponential burst is believed to reflect release from
the RRP. Release from the RRP was accelerated 300 ms after the flash
by applying 10 depolarizing pulses, 30 ms in duration to +20 mV,
to elicit Ca?* influx. The total increase in capacitance between the
initial exponential burst and the end of the 10th depolarization was
defined as “AC;,” an index of the size of the RRP (see Fig. 2 A).

Values indicated are mean = SEM. Statistical comparisons were
performed using Student’s paired ¢ test.

A monochromator (Polychrome 4, TILL Photonics) coupled
to the epifluorescence port of an Olympus IX-50 microscope with
a fiber-optic cable excited the Ca?* indicators at 340 and 365 nm.
A two-port condenser (TILL Photonics) combined the mono-
chromator excitation path with that of a flash lamp (TILL Pho-
tonics). A 40X 1.15 NA water immersion lens (U-APO; Olympus)
focused the excitation light and collected fluorescent light. The
fluorescent light (5635 * 25 nm) was measured using a photo-
diode mounted in a viewfinder (TILL Photonics). To reduce the
variance between datasets, data recordings from both control and
experimental cells were performed in the same day.

Ca?* Measurements

[Ca%"]; was measured by dual-excitation wavelength spectrofluo-
rimetry using an equimolar combination of the indicators fura-
2FF and bisfura-2. For calibration, eight solutions were prepared
with free [Ca®"]; of 0, 0.31, 1.2, 3.6, 7.2, 28, and 127 pM and
10 mM by using the Ca®* buffers EGTA (10 mM, Kd of 150 nM at
pH 7.2), N-(2-hydroxyethyl)-ethylenediaminetriacetic acid (HEDTA,
10 mM, Kd of 3.6 uM), or 1,3-diaminopropan-2-ol-tetraacetic acid
(DPTA, 30 mM, Kd of 81 uM) (Martell and Smith, 1974-1989).
Whole-cell recordings were made using each of the calibration
solutions in the pipette, and the ratio of fluorescence emission
(535 = 25nm) for 340- and 365-nm excitation was recorded after
waiting 2 min for the pipette solution to diffuse into the cell. The
resulting [Ca®"]; versus ratio data were then fit by the equation
of Voets (2000) to yield estimates of the five free calibration para-
meters. We did not apply any correction for the fluorescence
perturbation introduced by photolysis of cage (Zucker, 1992)
because we used low cage concentrations and light intensities to
achieve the low uM [Ca?*]; used in this study.

Carbon Fiber Amperometry

Carbon-fiber electrodes were purchased from ALA Scientific Inc.
and were positioned to just touch the surface of the cell using a
micromanipulator (PCS-5000, Burleigh). The amperometric cur-
rent was measured using a patch-clamp amplifier (EPC-9, HEKA) at
a holding potential of +700 mV. The signal was filtered at 2.9 kHz
and sampled at 17.5 ksamples/s. After acquisition, samples were
averaged (“decimated”) in groups of 12 to give a final temporal
resolution of ~0.7 ms per point. Analysis of amperometric spikes
was performed using software described by Segura et al. (2000).

Recombinant Protein Molecular Biology

A fragment of synaptotagmin I encoding the cytoplasmic domain
was PCR-amplified from rat brain cDNA (CLONTECH Laboratories
Inc.) and cloned into the pET41a vector (Novagen) to create
pET41a-Syt1(96-331). This plasmid encodes residues 96-331
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Figure 1. Phosphorylation of purified recombinant SNAP-25 on
Ser-187. Recombinant SNAP-25 was phosphorylated using either
PKC or PKA with 100 wuM ATP. Kinase reactions were stopped with
an equal volume of Laemmli buffer, boiled, and resolved on SDS-
PAGE. Phosphorylation on Ser-187 was assessed by immunoblot-
ting with a phosphospecific antibody for pS187 of SNAP-25
(Pi-SNAP-25). (A) Comparison of PKA and PKC as Ser-187 kinases.
(B) Comparison of monomeric SNAP-25 and heterodimeric
syntaxin/SNAP-25 complexes as PKC substrates. (C) Effect of
mutations at Ser-187 on Pi-SNAP-25 immunoreactivity.

fused at the N terminus to glutathione S-transferase (GST) and a
His; tag. The pGEX-Syx1A construct encoding residues 4-266 of
syntaxin 1A fused at the N terminus to GST was a gift from R.H.
Scheller (Stanford University, Stanford, CA) and has been previ-
ously described (Risinger and Bennett, 1999). The pQE9-SNAP-25
construct encoding Hisg-tagged full-length SNAP-25b was a gift
from S.W. Whiteheart (University of Kentucky, Lexington, KY)
and has been previously described (Matveeva and Whiteheart,
1998). Mutant SNAP-25 constructs were produced by PCR-based
mutagenesis of this plasmid. Mutations at Thr-138 were identified
by removal of a Smal restriction site. Mutations at Ser-187 were
identified by creation of a new Clal site. Combined double mu-
tants were created by subcloning fragments from single mutants.
All constructs were verified by automated sequencing.

Protein Biochemistry

Recombinant proteins were produced by transformation of
constructs into M15 Escherichia coli, induction of expression with
IPTG, and purification by FPLC. Fractions containing recombinant
protein were pooled, concentrated, and stored in aliquots at —80°C
for subsequent use. Binding assays were performed using a previ-
ously described microtitre plate-based method (Craig etal., 2004).
The primary (bait) protein used was either 200 ng GST-syntaxin
1A or 200 ng GST-synaptotagmin I. The secondary (prey) SNAP-
25 protein was detected by monoclonal anti-RGS-Hisg antibody
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(QIAGEN) for assays using GST-syntaxin 1A, or anti-SNAP-25
mAb for assays using GST-synaptotagmin I. The RGS-His; anti-
body could not be used for assays involving synaptotagmin, as the
GST-synaptotagmin I construct also contained a Hisg tag. Syntaxin/
SNAP-25 heterodimers were assembled by overnight incubation
of equimolar amounts of GST-syntaxin and Hisg-SNAP-25 at 4°C.
This resulted in the majority of SNAP-25 forming a higher molec-
ular weight complex with syntaxin, as determined by gel filtration
chromatography using a G75 FPLC column (GE Healthcare). In
vitro phosphorylation assays were performed using purified cata-
lytically active kinases (Calbiochem) at 30°C in MES buffer (50 mM
MES, pH 6.9, 10 mM MgCl,, 0.5 mM EDTA, 1 mM DTT) and
initiated with the addition of 2 wCi [y-*P]JATP and unlabeled
ATP to a final concentration of 100 wM, as previously described
(Evans etal., 2001). Phosphorylation at Ser-187 was assessed using
the previously characterized phosphospecific antibody Pi-SNAP-25
(Kataoka et al., 2000).

RESULTS

The Ser187Glu Mutation Mimics PKC Phosphorylation
Phosphorylation of SNAP-25 on Ser-187 has been docu-
mented in several cell types and mutation of this residue
to a putative phosphomimetic glutamate has been shown
to affect pool refilling in chromaffin cells (Shimazaki
et al., 1996; Genoud et al., 1999; Kataoka et al., 2000;
Gonelle-Gispert et al., 2002; Nagy et al., 2002). However,
glutamate/aspartate mutations do not always result in
phosphomimetic proteins, and there are no data on
whether the presumed phosphomimetic SNAP-25 con-
structs behave similarly to PKC-phosphorylated wild-
type SNAP-25 in protein interaction assays. To study the
biochemical effects of phosphorylation of SNAP-25 on
Ser-187, we performed in vitro kinase assays. Wild-type
recombinant SNAP-25 was incubated with the catalytic
subunit of PKA or a catalytic fragment of PKC at 30°C for
3 h, in the presence of 100 uM ATP. Phosphorylation at
this residue was detected using a phosphospecific anti-
body (Pi-SNAP-25), which has been shown in previous
studies to be specific for SNAP-25 phosphorylated on
Ser-187 (Kataoka et al., 2000). Fig. 1 A clearly demon-
strates that phosphorylation of SNAP-25 on Ser-187 can
be achieved with PKC. In contrast, PKA is much less ef-
fective as a Ser-187 kinase, producing similar levels of
Pi-SNAP-25 immunoreactivity to control (mock) reactions.
In spite of the apparent strength of signal obtained with
this phosphospecific antibody from PKC-phosphorylated
SNAP-25, kinase assays using [3?P]-ATP show very low
stoichiometry of *?P incorporation (unpublished data),
consistent with previous reports (Risinger and Bennett,
1999; Kataoka et al., 2000). It has been suggested that
this may be due to the relatively unstructured nature of
SNAP-25 in isolation, and that interaction with syntaxin
might be required to achieve stoichiometric phosphory-
lation (Kataoka et al., 2000). To address this, we pre-
pared stable heterodimeric complexes of recombinant
syntaxin and SNAP-25 and used these for in vitro phos-
phorylation reactions. We find no increase in Ser-187
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Figure 2. Measurement of the HCSP and depolarization-evoked

exocytosis in chromaffin cells expressing GFP-SNAP-25 using the
Semliki Forrest virus expression system. Whole-cell recordings
were made from cells exhibiting GFP fluorescence. Flash photoly-
sis of caged Ca®" at the time indicated by the arrow leads to a
burst of exocytosis (increase in membrane capacitance, AC,,)
from the HCSP. This is followed 300 ms later by a train of 10 de-
polarizing pulses to trigger Ca?* influx (I¢,) in order to accelerate
release of chromaffin granules that are less responsive to Ca?*
(the RRP). (A) Sample traces from an individual cell. (B) Aver-
aged responses from 18 cells. Note that, whereas [Ca?"]; is ele-
vated uniformly throughout the cell upon photolysis of caged
Ca?*, the near-membrane [Ca®*]; that triggers release from the
RRP is likely to be significantly higher than the spatially averaged
[Ca?*]; reported by the fluorescent indicators (middle trace) fol-
lowing depolarization-triggered Ca?* influx (I,).

phosphorylation using SNAP-25/syntaxin complexes com-
pared with the isolated protein (Fig. 1 B). The struc-
tural alterations in SNAP-25 induced upon complex
formation with syntaxin therefore appear not to influ-
ence the efficiency of Ser-187 phosphorylation.

The inability to achieve stoichiometric phosphorylation
on Ser-187 prevented comparison of the effects of phos-

phorylation and mutation of this residue on syntaxin
binding. As an alternative test of the putative phospho-
mimetic nature of Ser-187 modifications, we determined
the Pi-SNAP-25 immunoreactivity of wild-type and mutant
constructs (Fig. 1 C). The increased phosphorylation of
wild-type SNAP-25 caused by PKC is eliminated in the
S187A construct, which itself exhibits similar immuno-
reactivity to mock incubations lacking kinase, thus con-
firming the nonphosphomimetic nature of this alanine
substitution mutant. In contrast, the SI87E mutant
exhibits a level of immunoreactivity comparable to PKC-
phosphorylated wild-type SNAP-25 even in the absence
of kinase, with no further increase in this signal upon
incubation with PKC. The EE mutant, in which both
Thr-138 and Ser-187 are mutated to glutamate, is indis-
tinguishable in this assay to the single SI87E mutant. As
the Pi-SNAP-25 antibody is by definition a phospho-
Ser-187-specific SNAP-25 binding protein, these data
suggest that substitution of glutamate at this position
does indeed create a phosphomimetic mutant protein.

Phosphomimetic Mutations of Ser-187 Increase the Size

of the HCSP but only modestly affect the size of the RRP
We used SFV to express mutants of SNAP-25A in bovine
chromaffin cells. EGFP fused to the N terminus was used
to allow fluorescent selection of cells expressing the pro-
tein for patch-clamp experiments. It has previously been
shown that expression of EGFP-SNAP-25 with SFV re-
sults in a ~25-fold overexpression compared with native
SNAP-25, yet has no apparent effect on Ca%*-triggered
exocytosis (Wei et al., 2000). Caged Ca®" together with a
combination of a high affinity Ca?* indicator (bisfura?)
and a lower affinity indicator (fura2-FF) were loaded
into GFP-positive cells through the patch pipette during
whole-cell recording. The combination of the two indi-
cators allows ratiometric measurement of [Ca®*]; over a
wide concentration range (Voets, 2000).

We and others have previously described a small but
rapid burst of exocytosis in response to photoelevation
of [Ca?"]; into the low pM range that we ascribe to
release from an HCSP, whereas elevation of [Ca?']; into
the tens of wM is required to elicit fast release from the
larger RRP. Fig. 2 depicts a protocol we developed to
estimate the size of the HCSP and RRP in a single sweep
(Yang and Gillis, 2004). We first use flash photolysis of
caged Ca?" to release the HCSP followed by 10 depolar-
izing pulses (30 ms in duration to +20 mV) to release
most or all of the RRP. In the sample experiment of Fig.
2 A, the HCSP is ~26 {F, whereas the increase in C,,
after 10 depolarizing pulses (ACy) is ~177 {F, similar in
size to the RRP defined from caged Ca?* experiments
in chromaffin cells (e.g., Voets, 2000). In the following
experiments we will use ACy, as an index of the size of
the RRP (Yang and Gillis, 2004).

Fig. 2 A depicts a sample AC,, response, [Ca%"];,
and evoked Ca?* current (Ig,) for a cell expressing
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Figure 3. [Expression of the phosphomimetic SNAP-25 mutation
S187E leads to a larger HCSP size than the S187C mutation that
precludes phosphorylation by PKC. (A) Sample responses of indi-
vidual cells expressing either the S187C mutation (black traces)
or the S187E mutation (red traces). (B) Averaged responses from
cells expressing the S187C mutation (black traces, 35 cells) or
S187E mutation (red traces, 40 cells).

GFP-SNAP-25, whereas averaged responses from 18 cells
are depicted in Fig. 2 B. These responses are indistin-
guishable from responses from untransfected cells (Yang
etal., 2002) and thus demonstrate that viral expression
of GFP-SNAP-25 does not significantly alter the sizes of
the HCSP or RRP.

We next performed experiments comparing responses
from cells expressing the phosphomimetic mutation
S187E with cells expressing an S187C mutation that
precludes phosphorylation. Sample traces are depicted
in Fig. 3 A whereas averaged responses are depicted in
Fig. 3 B. The average size of the HCSP is 23 fF for S187C,
avalue indistinguishable from wild type, whereas expres-

238 Effects of SNAP-25 Phosphomimetic Mutations on Exocytosis

sion of the S187E mutant results in an approximately
threefold larger HCSP (P < 0.001). In contrast, the
ACy, response was only ~50% larger for cells express-
ing the S187E mutation. This increase in ACj, was also
significant (P < 0.001).

We also compared cells expressing the S187A muta-
tion with those expressing the putative phosphomimetic
mutation S187D. Whereas the HCSP was approximately
twofold greater for S187D-expressing cells compared
with cells expressing S187A (P < 0.001), the AC,, re-
sponse is similar for the two mutations. However, both
of these mutants had AC,, values significantly less than
cells expressing control GFP- SNAP-25 (P < 0.001 for
both mutants; also see Nagy et al., 2002). These results
are summarized in Fig. 8.

The HCSP Consist of Granules with Similar Catecholamine
Content and Release Kinetics as the RRP

Capacitance measurements indicate changes in surface
area that result from both exocytosis and endocytosis.
Declines in capacitance due to endocytosis following
stimulus-induced rises are generally quite slow or absent
during whole-cell recording if [Ca?"]; is kept below 10 uM
(seeFigs.2A,3A,4A,7A, and Smith and Neher, 1997),
therefore, fast changes in C,, likely accurately reflect
exocytosis under our recording conditions. To test this
hypothesis, we performed a set of experiments with the
addition of a carbon fiber electrode to directly record
quantal catecholamine release using amperometry.
Fig. 4 A depicts a sample response using a similar proto-
col as Fig. 2, whereas Fig. 4 B depicts the average of
44 traces obtained from 16 cells. In Fig. 4 B we compare
the integral of the amperometric trace (Q, red line)
with the capacitance response. The scaled Q follows the
AC trace with a delay due to the time it takes for cate-
cholamine to be released from granules following
membrane fusion. Note that the ratio of Q (which scales
with granule volume) to AC (which scales with granule
surface area) is similar for release from the HCSP as
from the depolarization-evoked release, suggesting
that the granules in the two phases of release have a
similar size. Also note that the similarity in time course
between Q and AC demonstrates that endocytosis
does not greatly affect the kinetics of AC,, under our
recording conditions.

We analyzed individual amperometric spikes to see
if quantal release differs between the HCSP and the
RRP. Fig. 4 C presents cumulative histograms of the
charge of individual amperometric spikes resulting from
the HCSP phase (dashed line) and the depolarization-
evoked response (solid line). Little difference in quan-
tal content (Q) is apparent. Cumulative histograms of
the spike duration at half-maximal current (t;,,) are
compared in Fig. 4 D. Again, no difference is apparent.
Therefore we conclude the phase of exocytosis we attri-
bute to release of the HCSP consists of granules with



Figure 4. The HCSP is composed of
granules with similar catecholamine
content and release kinetics as the
RRP. Carbon fiber amperometry to
measure catecholamine release was
combined with whole-cell capacitance
measurements. Flash photolysis of NP-
EGTA to elevate [Ca®*]; to several pM
to release the HCSP was followed 1 s
later by 10 depolarizing pulses, 30 ms
in duration, to release the RRP. Am-
perometric spikes (I, top trace) fol-
lowing flash photolysis where assigned
to the HCSP whereas spikes following
membrane depolarization were desig-
nated as RRP. (A) Sample experiment.
(B) Average of 44 traces from 16 cells.
Q (red line) represents the integral of
the amperometric current. (C) Cumu-
lative histogram of the charge (Q) of
individual amperometric spikes from
the HCSP (dashed line, 135 spikes,
median = 0.80 pC) and the RRP (solid
line, 274 spikes, median = 1.1 pC).
(D) Cumulative histogram of the spike
duration at half-maximal current (t; /9)

(0d)0
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similar catecholamine content and release kinetics as
depolarization-evoked release from the RRP.

Phosphomimetic Mutation of SNAP-25 at Ser-187
Increases Binding to Syntaxin but Decreases
Ca?*-independent Binding to Synaptotagmin |

in an In Vitro Protein Binding Assay

Results with the phosphomimetic S187E and S187D
mutations suggest that phosphorylation of SNAP-25 on
Ser-187 increases the size of the HCSP. As phosphoryla-
tion of this residue has been suggested to inhibit syn-
taxin binding (Shimazaki et al., 1996), we analyzed the
effect of Ser-187 mutations on the ability of recombi-
nant SNAP-25 to bind GST-syntaxin. Unexpectedly, the
S187E phosphomimetic mutation results in an increased
binding affinity for syntaxin (Fig. 5 C). This effectis spe-
cific for the phosphomimetic glutamate residue, as sub-
stitution with a nonphosphorylatable alanine residue at
Ser-187 does not exhibit increased binding (Fig. 5 A).
Although we also created the S187C cysteine substitu-
tion mutation, we were unable to prepare soluble mu-
tant recombinant protein, thus precluding biochemical
analysis of this mutant. Substitution of glutamate at Thr-
138, a PKA phosphorylation site (Risinger and Bennett,
1999; Nagy et al., 2004) that has also been suggested to
be a PKC target (Hepp etal., 2002), also fails to increase
syntaxin binding (Fig. 5 B). It has been suggested that
phosphorylation of Thr-138 may occur tonically in chro-
maffin cells (Nagy et al., 2004), and so we investigated

0O 10 20 30 40 50 60 70

T 1T 1 for the HCSP (dashed line, median =

6 ms) and the RRP (solid line, median

ms = 8 ms).

the effect of a double Thr-138/Ser-187 glutamate substi-
tution (“EE” mutant), which would potentially mimic
SNAP-25 phosphorylated on both sites. Interestingly,
the Ser-187 mutation was dominant in this double mu-
tant, as the EE mutant displayed a virtually identical in-
crease in syntaxin binding to that seen in the single
S187E mutant (compare Fig. 5, C and D). We therefore
conclude that phosphomimetic mutation of Ser-187 in-
creases syntaxin binding affinity irrespective of the phos-
phorylation state of Thr-138.

In addition to syntaxin, SNAP-25 has been shown to
bind to a variety of other proteins implicated in exo-
cytosis. Amongst these, synaptotagmin is of particular
interest, as its interaction with SNAP-25 involves the
C-terminal helix that contains Ser-187 and is function-
ally important in the regulation of exocytosis (Gerona
et al.,, 2000; Zhang et al., 2002; Bai et al., 2004). We
therefore assessed the Ca?*-independent binding of the
wild-type and mutant SNAP-25 proteins to a GST fusion
protein encoding the cytoplasmic domain of synapto-
tagmin 1. The S187E mutant exhibits a reduction in
synaptotagmin binding (Fig. 6 C), in direct contrast to
the increased syntaxin binding exhibited by this
mutant. Again, some sequence selectivity was evident,
as an alanine substitution at the same position in the
S187A mutant has little effect on synaptotagmin binding
(Fig. 6 A). The T138E and EE mutants display similarly
reduced synaptotagmin binding as the SI87E mutation
(Fig. 6, C and D). Taken together, this indicates that

Yang et al. 239



/ﬁ\ 120

60
40

20

Relative Binding(%
® 2
o o
&
]
>

[SNAP—25](nM)

B 120

T138E
O

1000

Relative Binding(%)
» N o] 8
o o o O

N
o

° [SNAP- 25](nM)

S187E

N

10 1000
[SNAP- 25] nM

e

1000

-
N
o

100

o]
o

Relative Binding(%)
H [}
o o

N
o

(=]
N

[SNAP 25](nM)

Figure 5. Binding of wild-type and mutant SNAP-25 to GST-
syntaxin 1A. 200 ng of GST-syntaxin was bound to wells in gluta-
thione-coated 96-well plates and incubated with the indicated
concentrations of wild-type or mutant SNAP-25. Bound SNAP-25
was detected by ELISA using a monolonal RGS-Hiss antibody.
Binding is expressed as a percentage of the maximum binding
obtained. Data points are the mean of four experiments, = SEM.

phosphomimetic glutamate mutation at Ser-187 in-
creases syntaxin binding yet decreases synaptotagmin
binding, whereas glutamate mutation at Thr-138 in-
hibits both interactions.

The Stimulatory Effect of the Phosphomimetic SNAP-25
Mutant S187E on Highly Ca?"-sensitive Exocytosis Is Not
due to Decreased Ca?*-independent Binding of SNAP-25
to Synaptotagmin |

The decreased binding of SNAP-25 to synaptotagmin of
the phosphomimetic mutation S187E is of particular in-
terest because the Ca?*-sensing role of synaptotagmin
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Figure 6. Binding of wild-type and mutant SNAP-25 to GST-
synaptotagmin 1. 200 ng of GST-synaptotagmin (cytoplasmic
domain) was bound to wells in glutathione-coated 96-well plates
and incubated with the indicated concentrations of wild-type or
mutant SNAP-25. Bound SNAP-25 was detected by ELISA using a
monolonal SNAP-25 antibody. Binding is expressed as a percent-
age of the maximum binding obtained. Data points are the mean
of four experiments, = SEM.

in exocytosis. It is possible that synaptotagmin I is the
low-affinity Ca%" sensor for exocytosis from the RRP
(Sorensen et al., 2003), but that a different, higher af-
finity Ca?* sensor mediates release from the HCSP. In
this case, decreasing the affinity of SNAP-25 for synapto-
tagmin I may make granules more likely to be in the
highly Ca?*-sensitive state. To test for this possibility we
performed experiments using cells expressing the T138E
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Figure 7. Expression of the PKC phosphomimetic SNAP-25 mu-
tant S187E in a background of the PKA phosphomimetic muta-
tion T138E increases the size of the HCSP. (A) Sample responses
of individual cells expressing the T138E mutation (black traces)
or the double T138E/S187E mutation (EE, red traces). (B) Aver-
aged responses from cells expressing either T138E (black traces,
26 cells) or EE (red traces, 30 cells).

mutation, which has a similarly decreased affinity for
synaptotagmin I as the S187E mutation (Fig. 6). A typi-
cal experiment is depicted in Fig. 7 A whereas the aver-
age response is given in Fig. 7 B (black traces). The sizes
of the HCSP and the AC,, response for T138E are com-
pared in Fig. 8. It is apparent that expression of the
TI138E mutant results in responses very similar to ex-
pression of wild-type GFP-SNAP-25, consistent with the
view that this residue is phosphorylated by PKA under
tonic conditions in chromaffin cells (Nagy et al., 2004).
We next compared the response of cells containing
TI138E with those expressing the double “EE” mutant
(Fig. 7). These two mutants exhibit very similar Ca?*-
independent binding to synaptotagmin I (Fig. 6), but
the EE SNAP-25 mutant exhibits increased binding to
syntaxin (Fig. 5). The results depicted in Fig. 7 and sum-

marized in Fig. 8 demonstrate that the double mutant
has a phenotype similar to that of S187E, i.e., the HCSP
is enhanced several fold compared with wild type
whereas the response to depolarization (ACy,) is en-
hanced to a lesser extent. Thus the stimulatory effect of
the S187E mutation on the HCSP cannot be attributed
to a decreased Ca’?*-independent binding to synapto-
tagmin I, but is correlated with increased binding of
SNAP-25 with syntaxin.

DISCUSSION

Effects of Phosphomimetic Mutations of SNAP-25 on
Binding To Syntaxin and Synaptotagmin | Assayed In Vitro
Many lines of evidence suggest that neuronal exocytosis
is modulated by PKA and PKC (for reviews see Turner
et al.,, 1999; Evans and Morgan, 2003; Leenders and
Sheng, 2005; Morgan et al., 2005). However the precise
roles of individual phosphorylation events on specific
proteins are still largely unclear. The core complex protein
SNAP-25 has been previously reported to be phosphor-
ylated on Ser-187 by PKC (Shimazaki et al., 1996) and at
Thr-138 by PKA (Risinger and Bennett, 1999) and PKC
(Hepp et al., 2002), and these two phosphorylation
events have been suggested to regulate the refilling ki-
netics (Nagy et al., 2002) and size (Nagy et al., 2004) of
releasable vesicle pools, respectively. These studies were
based on the phenotypes of chromaffin cells expressing
putative phosphomimetic glutamate /aspartate mutants,
although no assessment of their phosphomimetic prop-
erties has been provided. In the present study, we found
that the SI87E mutation does indeed create a phospho-
mimetic protein, as evidenced by enhanced binding of
a phospho-Ser-187-specific antibody to the recombi-
nant protein. Furthermore, phosphomimetic mutation
of Ser-187 (either singly or in combination with muta-
tion of T138) was found to selectively increase SNAP-
25’s binding affinity for syntaxin, but not synaptotagmin.
As this enhanced syntaxin binding correlated with in-
creased exocytosis from the HCSP, the simplest inter-
pretation is that these effects are causally linked. This
remains speculative, however, because these functional
effects may be due to changes in SNAP-25 interactions
with other proteins not assayed in this study.

How then might an increase in binding affinity of
SNAP-25 for syntaxin explain the various reported stim-
ulatory effects of PKC on exocytosis? Formation of the
syntaxin—-SNAP-25 heterodimer is the initial, rate-limiting
step in SNARE complex assembly. Therefore, in situa-
tions where the availability of syntaxin—-SNAP-25 dimers
are limiting, increased formation of these t-SNARE
heterodimers by Ser-187 phosphorylation would facili-
tate formation of the ternary SNARE complex and
hence membrane fusion. This model is consistent with
the observed effect of the S187E mutant in increasing
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Figure 8. Summary data of granule pool sizes for cells expressing
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the rate of releasable pool refilling after stimulation
(Nagy et al., 2002), and the increase in the size of the
HCSP reported here, assuming that tSNARE hetero-
dimer formation is limiting in these assays.

The only previously published data on how phos-
phorylation of SNAP-25 on Ser-187 might affect syn-
taxin binding is the observation that treatment of PC12
cell extracts with purified PKC and ATPvyS reduces the
amount of syntaxin coimmunoprecipitating with SNAP-
25 (Shimazaki et al., 1996). In the complex environ-
ment of a cell lysate, it is clearly possible that effects of
PKC and ATP~S other than phosphorylation of SNAP-
25 could explain the observed reduction in SNARE
complex (e.g., effects on NSF). In any case, it is difficult
to reconcile the enhancement of exocytosis in various
systems with a model where PKC induces a reduction
in syntaxin-SNAP-25 heterodimer formation, as this
should antagonize membrane fusion.

Interestingly, mimicking PKC phosphorylation with
the S187E mutation decreases Ca?*-independent bind-
ing of SNAP-25 with the cytoplasmic domain of synapto-
tagmin I assayed in vitro (Fig. 6). However, there is no
difference in Ca’**-independent synaptotagmin binding
between a Thr-138 phosphomimetic SNAP-25 mutant
(T138E) and the T138E/S187E double mutant (EE, Fig. 6),
whereas the EE mutant results in a larger HCSP than
the T138E mutant when expressed in chromaffin cells
(Fig. 7). Therefore the difference in Ca?*-independent
binding to synaptotagmin I does not appear to explain
changes in exocytosis caused by S187E expression in chro-
maffin cells, which, as discussed above, seems most likely
to be explained by an increased affinity for syntaxin.

242 Effects of SNAP-25 Phosphomimetic Mutations on Exocytosis

Nevertheless it is possible that Ser-187 participates in
Ca?"-dependent binding of SNAP-25 to synaptotagmin I
(Gerona et al., 2000) or in other interactions between
SNAP-25 and synaptotagmin isoforms not assayed here.

Phosphomimetic Mutations of SNAP-25 Partially Mimic

the Effects of Protein Kinases on Vesicle Pool Sizes

This work extends previous reports that demonstrate that
exocytosis triggered by low levels of [Ca?"]; is regulated
differently than exocytosis triggered by higher [Ca2"];
levels (Yang et al., 2002; Wan et al., 2004; Yang and Gillis,
2004). Here we show that expression of the phospho-
mimetic S187E SNAP-25 mutant has a greater effect on
increasing the size of the HCSP compared with the RRP
(Fig. 8), and thus results in an increase in the fraction of
granules that are in a highly Ca?*=sensitive state. Activa-
tion of PKC with a phorbol ester also increases the size of
the HCSP to a greater extent than the RRP (Yang et al.,
2002; Zhu et al., 2002; Wan et al., 2004; Yang and Gillis,
2004). On the other hand, PKC activation has additional
effects on exocytosis that are not reproduced by expres-
sion of S187E such as a greater increase in the size of the
RRP and the maintenance of RRP size in response to re-
peated stimulation (Nagy et al., 2002).

An interesting observation is that the S187E SNAP-25
mutation results in a approximately two to threefold in-
crease in both the HCSP (this work) and the steady-state
release that continues for seconds after photoelevation
of [Ca?"]; to levels >~15 uM (Nagy et al., 2002). This
“sustained” phase of release is usually interpreted as re-
flecting the rate of vesicle recruitment since this refill-
ing process presumably becomes rate limiting following
depletion of vesicle pools (for review see Sorensen,
2004). It is somewhat puzzling, then, why neither the
RRP nor the SRP increase in size if the refilling step is
enhanced with the S187E mutation. A possible explana-
tion for these observations is that the SI187E mutation
increases the refilling step of the HCSP, rather than the
RRP or SRP, and this accounts for both the increase of
the “sustained” phase of exocytosis and the increase of
the HCSP size. Further experiments are necessary to
test this hypothesis.

Finally, whereas our results demonstrate a preferen-
tial increase in a highly Ca%*-sensitive state upon expres-
sion of SNAP-25 Ser-187 phosphomimetic mutations,
other groups have demonstrated that different muta-
tions of the C terminus of SNAP-25, including trunca-
tion of the nine C-terminal amino acid residues to
mimic BoNT/A cleavage, greatly decrease the sensitivity
of exocytosis to Ca?* (Gerona et al., 2000; Sorensen
et al.,, 2006). Thus our results provide further evidence
that the C terminus of SNAP-25 plays an important role
in Ca?* sensing for exocytosis.

We thank Prof. E. Neher and Dr. J. Sorensen (MPI for Biophysical
Chemistry, Goettingen, Germany) for the gift of pSFV1 constructs



for SNAP-25 mutants and Dr. R. Bremner (University of Toronto,
Toronto, Canada) for the gift of the pSCAl and pSCAHelper
DNA-based SFV vectors. We also thank Dr. T.C. Hwang for critical
reading of an early version of the manuscript and Jia Yao for help
preparing figures.

This work was supported by a research grant to A. Morgan
from the Biotechnology and Biological Sciences Research Council
and National Institutes of Health NS40453 to K.D. Gillis. TJ. Craig
was supported by a Wellcome Trust prize PhD studentship.

Olaf S. Andersen served as editor.

Submitted: 27 October 2006
Accepted: 9 February 2007

REFERENCES

Ashery, U., A. Betz, T. Xu, N. Brose, and J. Rettig. 1999. An effi-
cient method for infection of adrenal chromaffin cells using
the Semliki Forest virus gene expression system. Fur. J. Cell Biol.
78:525-532.

Bai, J., C.T. Wang, D.A. Richards, M.B. Jackson, and E.R. Chapman.
2004. Fusion pore dynamics are regulated by synaptotagmin®t-
SNARE interactions. Neuron. 41:929-942.

Craig, T}J., L.F. Ciufo, and A. Morgan. 2004. A protein-protein binding
assay using coated microtitre plates: increased throughput, repro-
ducibility and speed compared to bead-based assays. J. Biochem.
Biophys. Methods. 60:49-60.

DiCiommo, D.P., and R. Bremner. 1998. Rapid, high level protein
production using DNA-based Semliki Forest virus vectors. J. Biol.
Chem. 273:18060-18066.

Duncan, R.R., A.C. Don-Wauchope, S. Tapechum, M.]. Shipston,
R.H. Chow, and P. Estibeiro. 1999. High-efficiency Semliki Forest
virus-mediated transduction in bovine adrenal chromaffin cells.
Biochem. J. 342:497-501.

Ellis-Davies, G.C., and J.H. Kaplan. 1994. Nitrophenyl-EGTA, a
photolabile chelator that selectively binds Ca** with high affinity
and releases it rapidly upon photolysis. Proc. Nail. Acad. Sci. USA.
91:187-191.

Evans, GJ., and A. Morgan. 2003. Regulation of the exocytotic ma-
chinery by cAMP-dependent protein kinase: implications for pre-
synaptic plasticity. Biochem. Soc. Trans. 31:824-827.

Evans, G.J.O., M.C. Wilkinson, M.E. Graham, K.M. Turner,
L.H. Chamberlain, R.D. Burgoyne, and A. Morgan. 2001.
Phosphorylation of cysteine string protein by protein kinase
A: implications for the modulation of exocytosis. J. Biol. Chem.
276:47877-47885.

Finley, M.F., R.H. Scheller, and D.V. Madison. 2003. SNAP-25 Ser187
does not mediate phorbol ester enhancement of hippocampal
synaptic transmission. Newropharmacology. 45:857-862.

Genoud, S., W. Pralong, B.M. Riederer, L. Eder, S. Catsicas, and D.
Muller. 1999. Activity-dependent phosphorylation of SNAP-25 in
hippocampal organotypic cultures. J. Neurochem. 72:1699-1706.

Gerona, R.R., E.C. Larsen, J.A. Kowalchyk, and T.F. Martin. 2000.
The C terminus of SNAP25 is essential for Ca®*-dependent
binding of synaptotagmin to SNARE complexes. /. Biol. Chem.
275:6328-6336.

Gillis, K.D. 2000. Admittance-based measurement of membrane ca-
pacitance using the EPC-9 patch-clamp amplifier. Pflugers Arch.
439:655-664.

Gillis, K.D., R. MoBner, and E. Neher. 1996. Protein kinase C
enhances exocytosis from chromaffin cells by increasing the size
of the readily releasable pool of secretory granules. Neuron.
16:1209-1220.

Gonelle-Gispert, C., M. Costa, M. Takahashi, K. Sadoul, and P.
Halban. 2002. Phosphorylation of SNAP-25 on serine-187 is

induced by secretagogues in insulin-secreting cells, but is not
correlated with insulin secretion. Biochem. J. 368:223-232.

Hepp, R., ]J.-P. Cabaniols, and P.A. Roche. 2002. Differential phos-
phorylation of SNAP-25 in vivo by protein kinase C and protein
kinase A. FEBS Lett. 532:52-56.

Iwasaki, S., M. Kataoka, M. Sekiguchi, Y. Shimazaki, K. Sato, and M.
Takahashi. 2000. Two distinct mechanisms underlie the stimula-
tion of neurotransmitter release by phorbol esters in clonal rat
pheochromocytoma PC12 cells. J. Biochem. (Tokyo). 128:407-414.

Jahn, R., and T.C. Sudhof. 1999. Membrane fusion and exocytosis.
Annu. Rev. Biochem. 68:863-911.

Kataoka, M., R. Kuwahara, S. Iwasaki, Y. Shoji-Kasai, and M.
Takahashi. 2000. Nerve growth factor-induced phosphorylation
of SNAP-25 in PCI2 cells: a possible invovlement in the regula-
tion of SNAP-25 localisation. J. Neurochem. 74:2058-2066.

Leenders, A.G., and Z.H. Sheng. 2005. Modulation of neurotrans-
mitter release by the second messenger-activated protein ki-
nases: implications for presynaptic plasticity. Pharmacol. Ther.
105:69-84.

Martell, A.E., and R.H. Smith. 1974-1989. Critical Stability Constants.
Volumes 1-6, Plenum Press, New York.

Matveeva, E.,and S.W. Whiteheart. 1998. The effects of SNAP/SNARE
complexes on the ATPase of NSF. FEBS Lett. 435:211-214.

Morgan, A., R.D. Burgoyne, J.W. Barclay, T.J. Craig, G.R. Prescott,
L.F. Ciufo, G.J.O. Evans, and M.E. Graham. 2005. Regulation of
exocytosis by protein kinase C. Biochem. Soc. Trans. 33:1341-1344.

Nagy, G., U. Matti, R.B. Nehring, T. Binz, J. Rettig, E. Neher, and J.B.
Sorensen. 2002. Protein kinase C-dependent phosphorylation of
synaptosome-associated protein of 25 kDa at Ser187 potentiates
vesicle recruitment. J. Neurosci. 22:9278-9286.

Nagy, G., K. Reim, U. Matti, N. Brose, T. Binz, J. Rettig, E. Neher,
and J.B. Sorensen. 2004. Regulation of releasable vesicle pool
sizes by protein kinase A-dependent phosphorylation of SNAP-25.
Neuron. 41:417-429.

Pellizzari, R., O. Rossetto, G. Schiavo, and C. Montecucco. 1999.
Tetanus and botulinum neurotoxins: mechanism of action
and therapeutic uses. Philos. Trans. R. Soc. Lond. B Biol. Sci.
354:259-268.

Pusch, M., and E. Neher. 1988. Rates of diffusional exchange be-
tween small cells and a measuring patch pipette. Pflugers Arch.
411:204-211.

Risinger, C., and M.K. Bennett. 1999. Differential phosphoryla-
tion of syntaxin and syanaptosome-associated protein of 25 kDa
(SNAP-25) isoforms. J. Neurochem. 72:614-624.

Segura, F., M.A. Brioso, J.F. Gomez, ].D. Machado, and R. Borges.
2000. Automatic analysis for amperometrical recordings of
exocytosis. . Neurosci. Methods. 103:151-156.

Shimazaki, Y., T-i. Nishiki, A. Omori, M. Sekiguchi, Y. Kamata, S.
Kozaki, and M. Takahashi. 1996. Phosphorylation of 25-kDa
synaptosome-associated protein. J. Biol. Chem. 271:14548-14553.

Smith, C. 1999. A persistent activity-dependent facilitation in chro-
maffin cells is caused by Ca?* activation of protein kinase C.
J- Newrosci. 19:589-598.

Smith, C., T. Moser, T. Xu, and E. Neher. 1998. Cytosolic Ca®* acts
by two separate pathways to modulate the supply of release-
competent vesicles in chromaffin cells. Newron. 20:1243-1253.

Smith, C., and E. Neher. 1997. Multiple forms of endocytosis in bo-
vine adrenal chromaffin cells. J. Cell Biol. 139:885-894.

Sollner, T., S.W. Whiteheart, M. Brunner, H. Erdjument-Bromage,
S. Geromanos, P. Tempst, and J.E. Rothman. 1993. SNAP receptors
implicated in vesicle targeting and fusion. Nature. 362:318-324.

Sorensen, J.B. 2004. Formation, stabilisation and fusion of the readily
releasable pool of secretory vesicles. Pflugers Arch. 448:347-362.

Sorensen, J.B., R. Fernandez-Chacon, T.C. Sudhof, and E. Neher.
2003. Examining synaptotagmin 1 function in dense core

Yang et al. 243



vesicle exocytosis under direct control of Ca?*. J. Gen. Physiol.
122:265-276.

Sorensen, J.B., K. Wiederhold, E.M. Muller, I. Milosevic, G. Nagy,
B.L. de Groot, H. Grubmuller, and D. Fasshauer. 2006. Sequential
N- to C-terminal SNARE complex assembly drives priming and
fusion of secretory vesicles. Embo J. 25:955-966

Stevens, C.F., and J.M. Sullivan. 1998. Regulation of the readily re-
leasable vesicle pool by protein kinase C. Neuron. 21:885-893.

Thoreson, W.B., K. Rabl, E. Townes-Anderson, and R. Heidelberger.
2004. A highly Ca*"-sensitive pool of vesicles contributes to
linearity at the rod photoreceptor ribbon synapse. Neuron.
42:595-605.

Turner, KM., R.D. Burgoyne, and A. Morgan. 1999. Protein phos-
phorylation and the regulation of synaptic membrane traffic.
Trends Neurosci. 22:459-464.

Voets, T. 2000. Dissection of three Ca?*-dependent steps leading to
secretion in chromaffin cells from mouse adrenal slices. Neuron.
28:537-545.

Wan, Q.F,, Y. Dong, H. Yang, X. Lou, J. Ding, and T. Xu. 2004.
Protein kinase activation increases insulin secretion by sensitizing
the secretory machinery to Ca?*. J. Gen. Physiol. 124:653-662.

244 Effects of SNAP-25 Phosphomimetic Mutations on Exocytosis

Wei, S., T. Xu, U. Ashery, A. Kollewe, U. Matti, W. Antonin, . Rettig,
and E. Neher. 2000. Exocytotic mechanism studied by truncated
and zero layer mutants of the C-terminus of SNAP-25. EMBO J.
19:1279-1289.

Wu, X.S., and L.G. Wu. 2001. Protein kinase c increases the apparent
affinity of the release machinery to Ca?* by enhancing the release
machinery downstream of the Ca®* sensor. J. Newrosci. 21:7928-7936.

Yang, Y., and K.D. Gillis. 2004. A highly Ca?*-sensitive pool of gran-
ules is regulated by glucose and protein kinases in insulin-secreting
INS-1 cells. J. Gen. Physiol. 124:641-651.

Yang, Y., S. Udayasankar, J. Dunning, P. Chen, and K.D. Gillis. 2002.
A highly Ca**-sensitive pool of vesicles is regulated by protein
kinase C in adrenal chromaffin cells. Proc. Natl. Acad. Sci. USA.
99:17060-17065.

Zhang, X., M.J. Kim-Miller, M. Fukuda, J.A. Kowalchyk, and T.F.
Martin. 2002. Ca?*-dependent synaptotagmin binding to SNAP-25
is essential for Ca?*-triggered exocytosis. Neuron. 34:599-611.

Zhu, H., B. Hille, and T. Xu. 2002. Sensitization of regulated exocyto-
sis by protein kinase C. Proc. Natl. Acad. Sci. USA. 99:17055-17059.

Zucker, R.S. 1992. Effects of photolabile calcium chelators on fluo-
rescent calcium indicators. Cell Calcium. 13:29-40.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (U.S. Prepress Defaults)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 299
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 299
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


