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Activation of diacylglycerol (DAG) signaling pathways with phorbol esters dramatically enhances Ca 2�-triggered exocytosis from both
endocrine cells and neurons, however the relevant targets of DAG are controversial. A possible effector mechanism for this signaling
pathway is phosphorylation of SNAP-25 (25 kDa synaptosome-associated protein) at Ser187 by PKC. Here, we investigated the role of
Ser187 in the enhancement of exocytosis by the phorbol ester PMA (phorbol 12-myristate 13-acetate). We used patch-clamp measure-
ments of membrane capacitance together with photorelease of caged-Ca 2� and membrane depolarization to study exocytosis. Expres-
sion of the nonphosphorylatable S187C SNAP-25 mutant did not attenuate the enhancement of exocytosis by PMA in either bovine
chromaffin cells or the INS-1 insulin-secreting cell line. To test the effects of Ser187 mutations under conditions in which the endogenous
SNAP-25 is disabled, we expressed botulinum toxin serotype E to cleave SNAP-25 in INS-1 cells. Coexpression of a toxin-resistant mutant
(TR), but not wild-type SNAP-25, was able to rescue PMA-modulated exocytosis. Coexpression of the toxin with the TR-S187C SNAP-25
mutant was able to completely block the enhancement of exocytosis by PMA in response to photoelevation of [Ca 2�]i to low �M levels or
to a depolarizing train. The phospho-mimetic S187E mutation enhanced the small, fast burst of exocytosis evoked by photelevation of
Ca 2�, but, like PMA, had smaller effects on exocytosis evoked by a depolarizing train. This work supports the hypothesis that phosphor-
ylation of Ser187 of SNAP-25 by PKC is a key step in the enhancement of exocytosis by DAG.
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Introduction
Phorbol esters are plant-derived tumor-promoting organic com-
pounds that structurally resemble the second-messenger diacyl-
glycerol (DAG). They are commonly used as stable and potent
DAG mimics to study the role of DAG signaling in cellular pro-
cesses. Whereas most attention has focused on the ability of these
compounds to activate PKC, it has recently become clear that
DAG and phorbol esters have additional cellular targets (for re-
view, see Brose and Rosenmund, 2002). For example, experi-
ments in cultured hippocampal neurons suggest that phorbol
ester enhancement of Ca 2�-triggered exocytosis is attributable to
activation of the DAG/phorbol ester binding protein munc-13
rather than PKC (Rhee et al., 2002). However, the enhancement
of exocytosis resulting from short-term exposure to phorbol es-
ters can be mostly or completely blocked by PKC inhibitors that
act independently of DAG binding in endocrine cells (Terbush
and Holz, 1990; Gillis et al., 1996; Zhu et al., 2002; Wan et al.,
2004; Yang and Gillis, 2004) and neurons (Braha et al., 1990;
Yawo, 1999; Wu and Wu, 2001), therefore activation of PKC is,

indeed, necessary for the enhancement of exocytosis by phorbol
ester in a number of preparations.

A possible target of PKC phosphorylation in modulating exo-
cytosis is SNAP-25. SNAP-25 is one of three proteins that form
the SNARE core complex that plays an important, although not
fully defined, role in exocytosis. One of the key observations of
the essential role of SNAP-25 is that botulinum neurotoxins
(BoNTs) of serotype ‘A’ and ‘E’ inhibit exocytosis by selectively
cleaving SNAP-25 near the C terminus (Blasi et al., 1993; Schiavo
et al., 1993). Within the C terminus of SNAP-25, Ser187 is the
only known PKC phosphorylation site (Shimazaki et al., 1996).
Ser187 is phosphorylated by PKC in vitro (Shimazaki et al., 1996;
Yang et al., 2007) and in vivo in response to phorbol ester appli-
cation and depolarizing stimuli in endocrine cells (Shimazaki et
al., 1996; Gonelle-Gispert et al., 2002; Nagy et al., 2002) and
hippocampal organotypic cultures (Genoud et al., 1999).

The role of Ser187 phosphorylation in regulating exocytosis is
controversial because Ser187 phosphorylation levels do not al-
ways correlate with modulation of exocytosis (Iwasaki et al.,
2000; Gonelle-Gispert et al., 2002) and mutation of this residue
has been reported to either have no effect (Gonelle-Gispert et al.,
2002; Finley et al., 2003) or somewhat subtle effects on exocytosis
(Nagy et al., 2002; Yang et al., 2007). Two recent studies report
that phosphomimetic Ser187 mutations (to Asp or Glu) partially
mimic phorbol ester effects in enhancing vesicle recruitment
(Nagy et al., 2002) and highly Ca 2�-sensitive exocytosis (Yang et
al., 2007).
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An important test of whether phosphorylation of Ser187 of
SNAP-25 mediates effects of PKC on exocytosis is whether mu-
tation of this residue can block some or all of the effects of phor-
bol esters on exocytosis. We used photorelease of caged Ca 2�

together with patch-clamp capacitance measurements to directly
study the effects of Ser187 mutants and phorbol esters on the
Ca 2� sensitivity of exocytosis in the insulin-secreting INS-1 cell
line. Here we present experimental evidence that phorbol-ester
enhancement of exocytosis triggered by photo-elevation of
[Ca 2�]i to the low �M range or by a depolarizing train is blocked
by expressing Ser187 mutations. However, this block requires
coexpression of botulinum neurotoxin E to cleave the endoge-
nous SNAP-25 to enable functional substitution of transfected
toxin-resistant SNAP-25 mutants.

Materials and Methods
Materials. All cell culture reagents were from Invitrogen (Carlsbad, CA),
whereas all other reagents were from Sigma (St. Louis, MO) unless oth-
erwise indicated. The rabbit antibody, which selectively recognizes
SNAP-25 phosphorylation at Ser187 was described by Kataoka et al.
(2000). All other antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA).

Cell culture. Chromaffin cells were isolated from freshly collected bo-
vine adrenal glands as previously described (Yang et al., 2007) and seeded
onto 25 mm diameter round glass coverslips coated with poly(d)-lysine
in DMEM supplemented with 10% (v/v) FBS and 1% penicillin/strepto-
mycin. Cells were kept in a 37°C incubator with 5% CO2 and used 1–3 d
after preparation.

Rat insulinoma INS-1 cells were cultured as previously described (As-
fari et al., 1992; Yang and Gillis, 2004). Briefly, the cells were maintained
in culture media consisting of RPMI 1640 medium supplemented with
50 �M 2-mercaptoethanol, 2 mM L-glutamine, 10 mM HEPES, 100 U/ml
penicillin, 100 mg/ml streptomycin, 1 mM sodium pyruvate, and 10%
FBS. Cells were kept in a humidified 37°C incubator with 5% CO2 and
were subcultured once per week. For patch clamp experiments, INS-1
cells were plated onto 25 mm round glass coverslips in 35 mm dishes at a
density of 5 � 10 5 cells per dish. In immunoblot experiments, INS-1 cells
were plated into 60 mm dishes at a density of 2.5 � 10 6 cells per dish.

Generation of Semliki Forest virus. A DNA-based Semliki Forest virus
(SFV) vector (DiCiommo and Bremner, 1998) and an RNA-based SFV
vector (Invitrogen) (Ashery et al., 1999; Duncan et al., 1999) were used to
produce SFV. Both methods expressed a construct with green fluorescent
protein (GFP) fused to the N terminus of SNAP-25a as previously de-
scribed (Yang et al., 2007).

Chromaffin cells were infected the day after isolation. Thawed SFV-
containing media was diluted 1:1 with DMEM media without FBS.
�-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 aprotinin (0.6 mg/ml in HBS solution) was added and al-
lowed to incubate for an additional 5 min to inactivate �-chymotrypsin.
Media was removed from the chromaffin cells and replaced with the
activated 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 expressing GFP–
SNAP-25 and GFP–SNAP-25 mutants were identified by fluorescence
microscopy using 480 nm excitation and used for patch-clamp experi-
ments. Cells were selected with similar total fluorescence intensity (ap-
proximately �25%) as measured by a photodiode so that expression
levels of GFP–SNAP-25 and the various mutants were comparable.

DNA constructs. The constructs of BoNT/E light chain and the toxin-
resistant human SNAP-25a (TR SNAP-25a) were kindly provided by the
laboratory of Dr. Philippe Halban (University of Geneva, Geneva, Swit-
zerland) (Gonelle-Gispert et al., 1999, 2002). The cDNAs of BoNT/E
light chain and TR SNAP-25 were cloned into the pCMV5 vector and
pcDNA3 vector, respectively. The cDNA coding green fluorescent pro-
tein (GFP) was fused to the N terminus of the SNAP-25. The pcDNA3–
GFP–TR–SNAP-25 was used as a template for both a phosphomimetic

mutation (S187E) and a non-phosphomimetic mutation (S187C) with
the QuickChange Site-Directed Mutagenesis kit (Stratagene, La Jolla,
CA), according to the manufacturer’s instructions (Gonelle-Gispert et
al., 2002). The sequences of all constructs were confirmed by
DNA-sequencing.

Transfection of INS-1 cells. The INS-1 cells were transfected with
SNAP-25 DNA using LIPOFECTAMINE 2000 (Invitrogen) according to
the manufacturer’s instructions. Transfection medium was changed 6 h
later to fresh cell culture medium. Cells were used for experiments 2 d
after transfection. In the experiments of cotransfection of BoNT/E with
SNAP-25 constructs, the ratio of BoNT/E and SNAP-25 was 3:1 to make
it more likely that cells identified from fluorescence of GFP–SNAP-25
also express the toxin. The transfection efficiency of coexpression exper-
iments was estimated to be �5– 8% from GFP fluorescence measure-
ments. The transfection efficiency during transfection with a single plas-
mid was �15%.

[Ca2�]i calibration. A combination of the low affinity Ca 2� indicator
fura2-ff (100 �M; Teflabs, Austin, TX) and the higher affinity indicator
bisfura-2 (100 �M; Invitrogen) was used to measure [Ca 2�]i over a wide
dynamic range. The Ca 2� indicator combination was calibrated in cells
as described before (Yang and Gillis, 2004). Briefly, eight solutions with
free [Ca 2�]i of, 0.31, 1.2, 3.6, 7.2, 28, 127 �M and 10 mM were prepared
using Ca 2� buffers EGTA (KD � 150 nM at pH 7.2, total concentration 10
mM), N-hydroxyethylethylenediaminetriacetic acid (KD � 3.6 �M, con-
centration 10 mM), or 1,3-diaminopropan-2-ol-tetraacetic acid (KD �
81 �M, concentration 30 mM). Dissociation constants for the buffers were
obtained from (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 � 25 nm) for 340 and 365 nm exci-
tations were recorded after allowing 2 min for the pipette solution to
diffuse into the cell. Three to five recordings were made for each calibra-
tion solution. The following equation was fit to the eight measured ratio
values ( R) to find the five unknown parameters (Voets, 2000):

R � R0 � R1

[Ca2�]i

[Ca2�]i�K1
� R2

[Ca2�]i

[Ca2�]i�K2
.

Electrophysiology. All experiments were performed at room tempera-
ture (�22°C). Whole-cell patch-clamp measurements were performed
using an EPC-9 patch-clamp amplifier and PULSE acquisition software
(HEKA Elektronik, Lambrecht/Pfalz, Germany). Pipettes (2– 4 M� re-
sistance) were pulled from Kimax glass capillaries, coated with dental
wax at the tips, and fire polished. The pipette potential was held at a dc
value of �70 mV. 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.

A monochromator (Polychrome 4; TILL Photonics, Graefelfing, Ger-
many) coupled to the epifluorescence port of an Olympus Optical (To-
kyo, Japan) IX-50 microscope with a fiber-optic cable were used to excite
the Ca 2� indicators at 340 and 365 nm. A two-port condenser (TILL/
ASI) combined the monochromator excitation path with that of a flash
lamp (TILL/ASI). A 40� 1.15 NA water-immersion lens (U-APO; Olym-
pus Optical) focused the excitation light and collects fluorescent light.
The fluorescent light (535 � 25 nm) was measured using a photodiode
mounted in a viewfinder (TILL/ASI).

The standard bath solution consisted of (in mM) 140 NaCl, 5.5 KCl, 1
MgCl2, 5 CaCl2, 10 HEPES titrated to pH 7.2 with NaOH. The bath
solution also contained 2.6 mM glucose. Standard pipette solution con-
sisted of (in mM) 130 L-glutamic acid, 1 MgCl2, 2 Na2-ATP, and 40
HEPES titrated to pH 7.2 with CsOH. In caged-Ca 2� experiments, NP-
EGTA (Ellis-Davies and Kaplan, 1994), �80% loaded with CaCl2 was
added to the pipette solution. Basal [Ca 2�]i was set to �500 nM before
the flash.

Immunocytochemistry. INS-1 cells plated on glass coverslips in 35 mm
dishes were transfected with GFP or SNAP-25 mutants plus or minus
BoNT/E according to the protocol described above. Two days after trans-
fection, the culture medium was removed. Cells were then washed with
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bath solution. After treatment with 100 nM PMA for 30 min, the cells
were fixed with 4% paraformaldehyde (PFA) in PBS for 20 min, and
permeabilized with 0.25% Triton X-100 in PBS for 6 min. After washing
three times with PBS and blocking with 2% BSA in PBS twice, the cells
were incubated with primary antibodies. Primary antibodies were either
mouse anti-BoNT/E, 1:50 (Abcam, Cambridge, MA), rabbit
antiphospho-Ser187 SNAP-25 antibody, 1:200, or goat anti-SNAP-25
(N-19), 1:200 (Santa Cruz Biotechnology) for 2 h. They were then incu-
bated with rhodamine-conjugated secondary antibodies for 1 h. Second-
ary antibodies were either goat anti-mouse IgG, 1:50 (Biomeda, Foster
City, CA), goat anti-rabbit IgG, 1:500 (Chemicon, Temecula, CA), or
TRITC rabbit anti-goat IgG, 1:200 (Biomeda). Glass coverslips were
mounted with antifade Clarion Mounting Medium (M54; Biomeda),
followed by fluorescence image acquisition and quantitative analysis us-
ing an Olympus Optical Fluoview FV1000 Confocal Laser Scanning Bi-
ological Microscope. All the images were acquired at room temperature.
GFP–SNAP-25 fluorescence was detected during excitation with the 488
nm line from an Argon laser, whereas rhodamine immunofluorescence
was detected during excitation with a 559 nm diode laser.

Immunoblot analysis. The INS-1 cells were lysed with ice-cold RIPA
buffer (50 mM Tris HCl, pH 8.0; 150 mM NaCl; 1% NP-40; 0.5% sodium
deoxycholate; 0.1% SDS; 2 mM EDTA). Protease inhibitors (protease
inhibitor cocktail, Sigma catalog number P8340; 1 mM PMSF; 1 mM

Na3VO4) were added freshly. The lysates were harvested and centrifuged
at 12,000 rpm for 20 min at 4°C. The supernatants were collected and the
protein concentrations were measured by using the DCA method (Bio-
Rad, Hercules, CA). Equal amounts of samples (15 �g of protein unless
otherwise stated) were separated electrophoretically on a 12% SDS-
polyacrylamide gel and then transferred onto nitrocellulose membranes.
The membranes were incubated with primary antibodies (rabbit
antiphospho-Ser187 SNAP-25 antibody, 1:250; goat anti-SNAP-25 anti-
body, N-terminal, 1:250) for 2 h at room temperature, followed by 1 h
incubation with corresponding secondary antibodies (goat anti-rabbit
IgG-HRP and bovine anti-goat IgG-HRP, 1:2000, respectively) for 1 h at
room temperature. ECL Western blotting detection reagents (Pierce,
Rockford, IL) were used to develop the membranes and the proteins
bands were visualized with Hyperfilm ECL (GE Healthcare, Little Chal-
font, UK). To normalize the signals in some experiments, the membranes
were stripped in stripping buffer (1.5% glycine (W/V), 0.1% SDS (W/V),
1% Tween20 (V/V), pH 2.0) for 30 min at room temperature. After being
washed with PBS, the membranes were blotted with another pair of
primary antibody and secondary antibody (e.g., mouse anti-actin, 1:250;
bovine anti-mouse IgG-HRP, 1:2000) according to the procedure de-
scribed above. For the quantification of the Western blot data, the devel-
oped films were scanned, the immunoreactive bands were digitized, and
the densitometry was performed using Scion Image for Windows (Scion,
Frederick, MD).

Data analysis. Data analysis and curve fitting were performed using
Igor software (WaveMetrics, Lake Oswego, OR). Results and histograms
were expressed as mean � SEM except for Figure 7B, which is expressed
as mean � SD. Statistical comparisons between groups were performed
using Student’s t test. A single asterisk is used to indicate p � 0.05,
whereas double asterisks indicate p � 0.01.

Results
Overexpressing a nonphosphorylatable mutant of SNAP-25
does not attenuate the enhancement of Ca 2�-triggered
exocytosis by PMA in chromaffin cells or INS-1 cells
We expressed GFP-tagged mutants of SNAP-25a using the SFV
expression system in bovine chromaffin cells and assayed Ca 2�-
triggered exocytosis using membrane capacitance (Cm) measure-
ments while stimulating cells with photorelease of caged Ca 2�

and membrane depolarization. Fusion of GFP to the N terminus
of SNAP-25 allows fluorescent selection of cells expressing the
mutant protein at levels many-fold higher than the endogenous
protein, yet viral expression of the fusion protein has no obvious
effects on Ca 2�-triggered exocytosis (Wei et al., 2000).

Chromaffin and other endocrine cells respond with a small

but rapid burst of exocytosis in response to photoelevation of
[Ca 2�]i into the low �M range that has been attributed to release
of a highly Ca 2� sensitive pool (HCSP) of granules, whereas ele-
vation of [Ca 2�]i into the tens of �M is required to elicit fast
release from the larger readily releasable pool (RRP) of granules
(Yang et al., 2002, 2007; Zhu et al., 2002; Wan et al., 2004; Yang
and Gillis, 2004). Figure 1A, top, depicts a protocol we developed
to estimate the size of the HCSP and RRP in a single sweep (Yang
and Gillis, 2004; Yang et al., 2007). The Ca 2� cage NP-EGTA
together with the Ca 2� indicator dyes Fura2-FF and bisFura2 are
introduced into cells through the patch pipette during whole-cell
recording. A flash of UV light to photolyze the cage (arrow) is
followed by 10 depolarizing pulses, 30 ms in duration, to � 20
mV. We fit the initial 	Cm burst to an exponential and define the
size of the HCSP as the amplitude of this exponential fit (Fig. 1A,
top). The subsequent train of depolarizing pulses leads to Ca 2�

influx through voltage-gated Ca 2� channels (ICa) (also depicted
in Fig. 1) and exocytosis of the RRP. We define the 	Cm from the
10 depolarizing pulses as 	C10 and use this as an index of the size
of the RRP (Fig. 1A, top). 	C10 is comparable in size with the RRP
defined by the Cm burst that results from photo-elevation of
[Ca 2�]i to several tens of �M (Voets, 2000).

SFV expression of phosphomimetic Ser187 mutations (to Asp
or Glu) partially mimic phorbol ester effects in enhancing vesicle
recruitment (Nagy et al., 2002) and highly Ca 2� sensitive exocy-
tosis (Yang et al., 2007) in chromaffin cells (Fig. 1A). If phos-
phorylation of Ser187 by PKC is an important player in phorbol
ester-mediated enhancement of exocytosis, then mutation of
Ser187 to a residue incapable of being phosphorylated should
block phorbol ester effects. Whereas Ala substitution is a com-
monly used control mutation, expressing the S187A mutant re-
sults in a general inhibition of Ca 2�-triggered exocytosis com-
pared with expression of wild-type (WT) SNAP-25 (Nagy et al.,
2002; Yang et al., 2007), therefore we tested the Cys mutation
(S187C) which structurally resembles Ser and produces re-
sponses indistinguishable from cells transfected with WT GFP–
SNAP-25 (Nagy et al., 2002; Yang et al., 2007) (Fig. 1). Figure 1A,
top, depicts the response of 2 cells expressing the S187C mutant
in either the absence or presence of the phorbol ester PMA. Re-
sults from a number of cells expressing either WT GFP–SNAP-25
or the S187C or S187E mutants in the absence or presence of
PMA are summarized in the bottom of Figure 1A. These results
clearly demonstrate that expressing Ser187 mutants (either
S187C or S187E) have little or no effect on the enhancement of
exocytosis by PMA.

We explored the universality of this result by performing sim-
ilar experiments in the INS-1 insulin-secreting cell line (Asfari et
al., 1992). INS-1 cells exhibit Ca 2�-triggered exocytosis with an
HCSP and RRP that are regulated in a manner comparable with
bovine chromaffin cells or primary rat pancreatic � cells (Wan et
al., 2004; Yang and Gillis, 2004). Just as in these primary endo-
crine cells, the HCSP in INS-1 cells is increased many fold in
response to PMA, whereas the RRP is increased by �50%. We
expressed S187C and S187E mutants in INS-1 cells using cationic
lipid transfection and found virtually identical results as for chro-
maffin cells, i.e., mutating Ser187 of SNAP-25 has no effect on the
enhancement of Ca 2�-triggered exocytosis by PMA (Fig. 1B).
Nevertheless, similar to chromaffin cells, the phosphomimetic
S187E mutation partially mimics PMA treatment in selectively
enhancing the size of the HCSP. The similar results between
chromaffin cells and INS-1 cells demonstrate that these observa-
tions are independent of endocrine cell type, transfection
method, or expression vector.
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A strategy to disable endogenous SNAP-
25 by expressing BoNT/E together with
rescue of exocytosis with coexpression of
a toxin-resistant (TR) SNAP-25 mutant
One possible explanation for the data of
Figure 1 is that Ser187 phosphorylation by
PKC is either unimportant for phorbol es-
ter effects or that other pathways activated
by the drug act redundantly with Ser187
phosphorylation to enhance Ca 2�-
triggered exocytosis. However, another
possible explanation is a confounding role
of the endogenous SNAP-25 in these ex-
pression studies. It is usually assumed that
overexpressed SNAP-25 dominates inter-
action with potential binding partners such
as the other members of the core SNARE
complex (synaptobrevin/VAMP and syn-
taxin) because the transfected SNAP-25 is
expressed at levels many-fold higher than
that of the endogenous protein (supple-
mental data, available at www.jneuro-
sci.org as supplemental material) (Wei et
al., 2000). However, certain mutants of
SNAP-25, although highly expressed (evi-
denced from GFP fluorescence), may not
effectively functionally compete with en-
dogenous SNAP-25. One approach to this
problem is to express SNAP-25 in cells ob-
tained from SNAP-25 knock-out mice (So-
rensen et al., 2003), but it is possible that
compensatory changes in expression of
functionally related proteins may occur
during development.

We adopted a strategy to disable endog-
enous SNAP-25 by expressing BoNT/E
light chain while simultaneously express-
ing a toxin-resistant (TR) SNAP-25 mu-
tant to functionally substitute for the en-
dogenous protein (Gonelle-Gispert et al.,
2002; Finley et al., 2003). The mutation
strategy is depicted in Figure 2A. BoNT/E
cleaves SNAP-25 between residues R180
and I181 whereas the toxin is ineffective on
TR SNAP-25 mutant which contains three
substitutions at Arg 176, Asp 179 and Met 182

(Sadoul et al., 1997; Gonelle-Gispert et al.,
1999). To increase the probability that the
cells expressing exogenous SNAP-25 were also transfected with
BoNT/E, we used a threefold higher concentration of BoNT/E
DNA than the GFP–SNAP-25 DNA.

To confirm that expressed SNAP-25 in our study is targeted
properly to the surface membrane, we transfected INS-1 cells
with GFP–SNAP-25 and acquired images from live cells using
confocal microscopy. Figure 2B clearly shows that the expressed
SNAP-25 is primarily localized in the plasma membrane, which is
consistent with a previous study (Gonelle-Gispert et al., 2002).
The lower right panel of Figure 2B depicts localization of TR/
S187C SNAP-25 in cells cotransfected with BoNT/E. Thus this
SNAP-25 mutant shows apparently normal membrane targeting
under the transfection conditions of our functional assays. We
used single-cell immunofluorescence with a SNAP-25 antibody
to quantify that exogenous TR SNAP-25 is expressed at levels

approximately sevenfold higher than endogenous SNAP-25
(supplemental data, available at www.jneurosci.org as supple-
mental material). The other mutants of SNAP-25 we tested ex-
pressed at comparable levels because we selected cells with similar
GFP fluorescent intensities.

We also used single-cell immunofluorescent imaging to con-
firm that most cells expressing GFP–SNAP-25 also express
BoNT/E in cotransfection experiments. Figure 2C presents sam-
ple images of cells transfected with TR SNAP-25 with (bottom
row) or without (top row) cotransfection with BoNT/E. The left
column depicts the fluorescence of GFP–SNAP-25 (488 nm ex-
citation) whereas the middle column depicts immunofluores-
cence of BoNT/E (559 nm excitation) from the same field. We
found that 11 of 13 GFP-positive cells we quantified exhibited
BoNT/E immunofluorescence at levels at least 2 SDs above back-

Figure 1. Expression of Ser187 SNAP-25 mutants does not attenuate the enhancement of exocytosis by PMA in chromaffin
cells or INS-1 cells. Whole-cell recordings were made from GFP-positive cells. Flash photolysis of caged Ca 2� at the time indicated
by the arrow leads to a burst of exocytosis (	Cm ) from the HCSP. This is followed 300 ms later by a train of depolarizing pulses to
trigger Ca 2� influx (ICa ) and release of granules that are less responsive to Ca 2� (the RRP). A, The top shows sample responses
from chromaffin cells expressing GFP–SNAP-25 with the S187C mutation using the Semliki Forest virus expression system in
either the absence or presence of 100 nM PMA. The bottom summarizes data obtained from chromaffin cells with the number of
cells (N) indicated below each experimental condition. QCa is the integral of the cumulative ICa for the 10 depolarizing pulses,
whereas 	C10 is the total increase in capacitance in response to the depolarizing pulses. The data in the absence of PMA are from
the study of Yang et al. (2007). B, The top shows sample responses from INS-1 cells expressing GFP–SNAP-25 with the TR and
S187C mutations in either the absence or presence of 100 nM PMA. The bottom summarizes data obtained from INS-1 cells.
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ground levels. It is worth noting, however, that the percentage of
cells successfully transfected was significantly lower (�5– 8%) in
coexpression experiments compared with cells transfected with
only SNAP-25 mutants (�15%). This might be attributable to
the larger amount of DNA used in the cotransfection experiments
compared with experiments in which a single plasmid was used
for transfection.

BoNT/E blocks exocytosis in cells expressing
WT GFP–SNAP-25
We cotransfected INS-1 cells with the light chain of BoNT/E and
WT GFP–SNAP-25 and assayed exocytosis using the stimulus
protocol presented in Figure 1. A sample response is depicted in
Figure 3A, whereas summarized results are presented in Figure
3B. Expression of BoNT/E dramatically inhibited Ca 2�-triggered
exocytosis with almost complete inhibition of exocytosis ob-
served in 31 of 37 cells. Expression of GFP–SNAP-25 was ineffec-
tive at negating the effect of the toxin, presumably because it was
cleaved along with the endogenous protein (also see Fig. 6). Con-
versely, coexpression of TR SNAP-25 was able to completely res-
cue Ca 2�-triggered exocytosis (Fig. 3). Thus the TR mutation,
although resistant to cleavage by BoNT/E, has no apparent dele-
terious effects on exocytosis under our stimulus conditions (also
see Fig. 6) (Gonelle-Gispert et al., 2000).

Note that coexpression of BoNT/E and WT GFP–SNAP-25
results in a �50% reduction in the size of the depolarization-
evoked Ca 2� current (ICa) or Ca 2� charge entry (QCa, the inte-
gral of ICa) (Fig. 3), suggesting that the C terminus of SNAP-25 is
linked with Ca 2� channel function, as previously reported
(Wiser et al., 1996; Rettig et al., 1997; Andres-Mateos et al., 2005).
Thus cleavage of SNAP-25 by BoNT/E can inhibit exocytosis both
by reducing Ca 2� influx and by directly blocking Ca 2�-triggered
exocytosis (Xu et al., 1998).

PMA rapidly induces phosphorylation of Ser187 in INS-1 cells
and the phosphomimetic S187E mutant is recognized by a
Ser187 phosphorylation-specific antibody
We used a SNAP-25 Ser187 phosphorylation-specific antibody
(Shimazaki et al., 1996; Kataoka et al., 2000) for immunoblot
experiments. Application of PMA 100 nM leads to rapid phos-
phorylation of SNAP-25 at Ser187 in INS-1 cells (Fig. 4A) similar
to what has been previously demonstrated (Gonelle-Gispert et
al., 2002). Note that robust phosphorylation is evident within 5
min of PMA application and appears to be maximal within �30
min. We also used an antibody that recognizes the N terminus of
SNAP-25 to probe total SNAP-25. This antibody detected both
the endogenous SNAP-25 (�25 kDa) and the expressed GFP–
SNAP-25 (�52 kDa) (Fig. 4B). Note that expression of the
SNAP-25 mutants did not lead to any obvious change in the level
of the endogenous SNAP-25.

We also found that the Ser187 phospho-specific antibody rec-
ognized expression of the S187E GFP–SNAP-25 mutant (Fig.
4B), but not TR SNAP-25 or the S187C mutants, similar to what
has been recently reported for the bacterially expressed protein
(Yang et al., 2007). This result indicates that the TR/S187E pro-
tein is indeed phosphomimetic as demonstrated by an increased
affinity for a Ser187-specific binding partner. Conversely, al-
though the expression level of the 52 kDa TR/S187E protein (Fig.
4B, lane 5) is approximately sevenfold higher (supplemental
data, available at www.jneurosci.org as supplemental material)
than the endogenous 25 kDa SNAP-25 (Fig. 4B, lane 2), the 52
kDa SNAP-25-Pi band from the TR/S187E-expressing cells is
much lighter than the 25 kDa SNAP-25-Pi band from the PMA

Figure 2. A strategy for expressing TR mutations of SNAP-25 that are resistant to BoNT/E
cleavage. A, Schematic representation of the SNAP-25 mutants used in this study. GFP is fused
to the N terminus of SNAP-25 to serve as a reporter of protein expression. BoNT/E cleaves
SNAP-25 between Arg180 and Ile181, but toxin resistance can be conferred with a TR set of
mutations (R176P, D179K, M182T). Finally, mutation of Ser187 to Cys precludes phosphoryla-
tion by PKC, whereas the Glu mutation is phosphomimetic. B, Four micrographs of confocal
fluorescence from live cells demonstrate that expressed GFP–SNAP-25 is primarily localized to
the plasma membrane of INS-1 cells. The top left micrograph depicts expression pattern of WT
GFP–SNAP-25, whereas the top right micrograph depicts INS-1 cells cotransfected with BoNT/E
and GFP–SNAP-25. The bottom micrographs depict expression of GFP–SNAP-25 with the TR/
S187C mutations with (bottom right) and without (bottom left) cotransfection with BoNT/E.
Scale bar, 10 �m. C, Sample confocal immunofluorescence images demonstrate that TR
SNAP-25 and BoNT/E are coexpressed in the same cells. The cells were treated with anti-BoNT/E
antibody and excited with a 488 nm laser line to image GFP–SNAP-25 (green pseudocolor),
whereas a 559 nm laser line was used to identify BoNT/E immunoreactivity (red pseudocolor).
The images were merged to show the coexpression of BoNT/E and TR SNAP-25 in the same cells.
Scale bars, 10 �m.
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treated control cells. This suggests that this
SNAP-25 Ser187 phosphorylation-specific
antibody does not bind to TR/S187E with
as high an affinity as bona-fide phosphor-
ylated Ser187. Thus the S187E SNAP-25
mutant may not perfectly mimic Ser187
phosphorylation.

Mutations of Ser187 block the
enhancement of exocytosis by PMA if
(and only if) endogenous SNAP-25 is
disabled by coexpression of BoNT/E
Having established that expression of TR
SNAP-25 can fully restore exocytosis after
cleavage of endogenous SNAP-25 with co-
expression of BoNT/E, we tested Ser187
mutations in the TR SNAP-25/BoNT/E
background. Figure 5, A and C, demon-
strates that PMA can still potently enhance
exocytosis in cells coexpressing BoNT/E
and TR SNAP-25. Conversely, the TR/
S187C mutation completely blocked the
enhancement of exocytosis by PMA under
this experimental condition (Fig. 5B,C).
This contrasts with the lack of effect of ex-
pression of TR/S187C SNAP-25 on the en-
hancement of Ca 2�-triggered exocytosis
by PMA in cells in which the endogenous
SNAP-25 remained intact (Fig. 1). Expres-
sion of the phosphomimetic TR/S187E
mutant together with BoNT/E resulted in a
preferential enhancement of the HCSP
(Fig. 5C) similar to what we observed without BoNT/E (Fig. 1).
Addition of PMA caused no additional increase in Ca 2�-
triggered exocytosis during expression of the TR/S187E mutant
in cells coexpressing BoNT/E (Fig. 5C), in contrast to the en-
hancement by PMA observed without the toxin (Fig. 1). These
results suggest that Ser187 of SNAP-25 is essential for PMA to
enhance Ca 2�-triggered exocytosis under our stimulus
conditions.

We also examined the Ca 2�-dependent kinetics of exocytosis
from the HCSP under conditions in which the endogenous
SNAP-25 was disabled by expression of BoNT/E. The rate con-
stants obtained from exponential fits of the Cm time course to
photorelease of caged Ca 2� are plotted versus post-flash [Ca 2�]i

in Figure 5D. Neither Ser187 mutation nor PMA incubation af-
fected the rate constant of exocytosis from the HCSP. This is
consistent with previous reports demonstrating that the ampli-
tudes, but not the rate constants, of Ca 2�-triggered exocytosis are
modulated by phorbol esters (Gillis et al., 1996; Wan et al., 2004;
Yang and Gillis, 2004).

Immunoblot analysis demonstrates that expression of BoNT/
E efficiently cleaves WT SNAP-25, but not TR SNAP-25;
expression of TR SNAP-25 does not block cleavage of
endogenous SNAP-25 by BoNT/E
We performed immunoblot experiments in INS-1 cells to con-
firm that expression of BoNT/E cleaves endogenous, but not
TR SNAP-25. Ser187 is part of the 26-residue C-terminal frag-
ment that is released from the SNAP-25 protein by BoNT/E
cleavage, therefore loss of immunolabeling by the Ser187
phospho-specific antibody can be used to assay toxin action.
Figure 6 A presents an immunoblot demonstrating that the

phospho-specific antibody labels both endogenous SNAP-25
(�25 kDa) and expressed GFP–SNAP-25 (�52 kDa) when
cells are incubated in 100 nM PMA for 30 min. Coexpression of
BoNT/E leads to almost complete loss of the phospho-specific
band for the expressed 52 kDa protein whereas the endoge-
nous 25 kDa protein band is essentially intact. The mild atten-
uation of the endogenous band is presumably because a
smaller percentage of cells express GFP–SNAP-25 when cells
are cotransfected with the toxin. The near complete loss of the
52 kDa band suggests that the great majority of cells that ex-
press GFP–SNAP-25 also express highly functional BoNT/E in
these cotransfection experiments and is consistent with our
immunofluorescence experiments (Fig. 2C) and the nearly
complete loss of exocytosis from these cells (Fig. 3). We
stripped the phospho-specific antibody and probed the same
membrane with an antibody that recognizes the N terminus of
SNAP-25. This blot (Fig. 6 A) demonstrates that cotransfected
cells still express GFP–SNAP-25 (52 kDa band), therefore loss
of labeling by the phospho-specific antibody likely represents
cleavage by the toxin. Figure 6C presents a quantitative anal-
ysis of the band intensity for phospho-specific antibody nor-
malized to the N-terminal SNAP-25 band to demonstrate
nearly total cleavage of the 52 kDa protein by coexpression of
BoNT/E.

Close inspection of immunoblots with the N-terminal
SNAP-25 antibody reveals that there are two endogenous
SNAP-25 bands evident in all samples with BoNT/E transfection
(highlighted by boxes in Fig. 6A). The lower band is likely the
truncated endogenous SNAP-25 and provides additional evi-
dence for the effectiveness of BoNT/E expression.

We next tested whether the TR mutation can protect

Figure 3. Expression of TR, but not WT, GFP–SNAP-25 can rescue exocytosis in INS-1 cells coexpressing BoNT/E. A, Sample
traces from INS-1 cells cotransfected with BoNT/E and WT (GFP–SNAP-25; black trace) or TR SNAP-25 (red trace). B, Bar graph
summary of data obtained from cells expressing WT or TR SNAP-25 with or without coexpression of BoNT/E.
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SNAP-25 from cleavage by BoNT/E (Fig. 6B). In TR SNAP-25
transfected cells, both the endogenous 25 kDa SNAP-25 and the
expressed 52 kDa TR SNAP-25 are phosphorylated during treat-
ment with PMA (Fig. 6B). In TR/S187E transfected cells, PMA
phosphorylates the endogenous 25 kDa SNAP-25 but has no ef-
fect on the immunoreactivity of the expressed 52 kDa protein.
During expression of either TR SNAP-25 or TR/S187E, BoNT/E
coexpression does not change the phospho-specific immunore-
activity of the 52 kDa SNAP-25 mutant relative to the immuno-
reactivity probed with the N-terminal SNAP-25 antibody (Fig.
6B,C).

It is not straightforward to determine the extent that the
endogenous SNAP-25 is cleaved in cells expressing BoNT/E
using immunoblots of the entire cell population because only
�5– 8% of cells express the transfected proteins. Therefore we
used single-cell immunofluorescence with the Ser187
phospho-specific antibody to assay cleavage of endogenous
SNAP-25. A question of particular relevance is whether ex-
pression of TR SNAP-25 can block BoNT/E from cleaving the
endogenous protein, therefore we expressed the TR/S187C
mutant with or without cotransfection with BoNT/E. Because
the S187C mutant cannot be phosphorylated by PKC, the
phospho-specific antibody will not recognize this exogenous

form of SNAP-25 even in cells treated with PMA (Fig. 6 B).
Pi–SNAP-25 immunoreactivity, originating from endogenous
SNAP-25, is noted only if cells are incubated in PMA (Fig. 7).
Pi–SNAP-25 immunofluorescence is equivalent to back-
ground levels in PMA-treated cells that coexpress TR/S187C
and BoNT/E, presumably because the toxin cleaves the endog-
enous SNAP-25. Sample images are presented in Figure 7A,
whereas normalized fluorescent data are summarized in Fig-
ure 7B.

Discussion
Phosphorylation of Ser187 of SNAP-25 by PKC is necessary
for phorbol ester enhancement of Ca 2�-triggered exocytosis
Our results demonstrate that expression of nonphosphorylatable
Ser187 mutants of SNAP-25 can almost totally block enhance-
ment of exocytosis by the DAG analog PMA if, and only if, en-
dogenous SNAP-25 is disabled by expressing BoNT/E. This con-
trasts with a study by Finley et al. (2003) that reported little effect
of Ser187 mutations on enhancement of exocytosis by a phorbol
ester in CA3 hippocampal neurons. This study was performed
using a similar strategy of rescuing BoNT/E intoxication with a
toxin-resistant SNAP-25 mutant, although it is not clear in this
study how extensively the endogenous SNAP-25 was cleaved by
the toxin. Nevertheless, it is likely that phorbol esters have effects
on exocytosis that are not mediated by PKC and the relative
importance of the PKC-mediated effect likely depends on the cell
type and stimulus conditions. For example, we have observed
that the effects of PMA on exocytosis in chromaffin cells are not
always completely blocked by the PKC inhibitor bisindolylmale-
imide I if cells are treated with the phorbol ester for greater than
�30 min (data not shown) (Shoji-Kasai et al., 2002). A very
recent study in cultured hippocampal neurons found that PKC
inhibitors are less effective at blocking the enhancement of exo-
cytosis elicited by a second exposure to the phorbol ester PDBu
(Wierda et al., 2007).

Our conclusions are based on the assumption that endoge-
nous SNAP-25 is disabled and functionally replaced with the
expressed TR SNAP-25 mutants. We found that BoNT/E and TR
SNAP-25 are indeed expressed in the same cells (Fig. 2C) and
BoNT/E expression cleaves GFP–SNAP-25, but not TR SNAP-25
(Fig. 6). Expression of BoNT/E almost completely abolishes exo-
cytosis when expressed together with GFP–SNAP-25, but coex-
pression of TR SNAP-25 completely rescues exocytosis (Fig. 3).
In addition, our immunofluorescence experiments suggest that
expression of TR SNAP-25 does not block the ability of coex-
pressed BoNT/E to cleave endogenous SNAP-25 (Fig. 7). We
have not investigated possible complications of this approach
introduced by the presence of cleavage products of SNAP-25. In
addition, our approach to assay SNAP-25 cleavage with the
phospho-specific antibody in Figures 6 and 7 is indirect, although
the double bands depicted in Figure 6A strongly support the
hypothesis that expression of BoNT/E indeed cleaves endoge-
nous SNAP-25.

A likely alternative target of phorbol esters to enhance exocy-
tosis is munc-13. A study by (Rhee et al., 2002) suggested that
munc-13 is the only important target of phorbol esters in enhanc-
ing exocytosis because mutation of the phorbol ester binding site
of this protein was able to completely block phorbol ester effects.
However, our results and those of others published within the last
year suggest that other proteins in addition to munc-13 play im-
portant roles in phorbol-ester mediated enhancement of exocy-
tosis in both neurons and endocrine cells. While preparing this
manuscript, a study by (Wierda et al., 2007) reports that mutating

Figure 4. Incubation of INS-1 cells in PMA leads to rapid phosphorylation of SNAP-25 at
Ser187. The S187E phosphomimetic mutant is detected by a Ser187 phospho-specific antibody.
A, The time course of SNAP-25 phosphorylation during incubation of INS-1 cells in 100 nM PMA
for the indicated period of time. Control lanes include sham incubations (Bath solution) and
incubation in the vehicle DMSO for 30 min. Two groups of samples were prepared in parallel and
separated using electrophoresis by SDS-PAGE gels. After transfer to membranes, they were
probed with either the Ser187 phospho-specific antibody (Pi–SNAP-25; top) or an antibody
that recognized the N terminus of SNAP-25 (SNAP-25; middle), respectively. One of the mem-
branes was then stripped and probed with a �-actin antibody (bottom). B, Detection of ex-
pressed SNAP-25 mutants in INS-1 cells. INS-1 cells either incubated in PMA (100 nM) or stan-
dard bath solution for 30 min before lysis. CON refers to nontransfected cells, whereas WT refers
to transfection with GFP–SNAP-25.
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the PKC phosphorylation sites of
munc-18 can completely block the en-
hancement of EPSC amplitude by phor-
bol esters in cultured hippocampal neu-
rons. Another recent study reports that
mutation of the PKC phosphorylation
site in Aplysia SNAP-25 blocks the ability
of a phorbol ester to reduce the level of
depression observed in response to re-
petitive stimulation of sensory-to-motor
synapses (Houeland et al., 2007). An im-
portant future area of study is to further
delineate how these three proteins coor-
dinate to mediate effects of the DAG sig-
naling pathway on exocytosis.

How does phosphorylation of Ser187
affect exocytosis?
We found that expression of the phospho-
mimetic S187E SNAP-25 mutant increases
exocytosis elicited by low [Ca 2�]i levels
(from the HCSP) to a greater extent than
exocytosis elicited by higher [Ca 2�]i levels
(from the RRP) in both chromaffin cells
(Yang et al., 2007) and insulin-secreting
cells (Fig. 1B). This mirrors the higher sen-
sitivity of the HCSP to phorbol ester appli-
cation (Yang et al., 2002; Wan et al., 2004;
Yang and Gillis, 2004). This effect of ex-
pressing S187E does not depend on
whether or not the endogenous SNAP-25 is
disabled by BoNT/E (compare Figs. 1B,
5C). Neither S187E expression (Fig. 5D)
nor phorbol ester application (Gillis et al.,
1996; Wan et al., 2004; Yang and Gillis,
2004) change the [Ca 2�]i-dependent rate
constants of exocytosis. It has previously
been reported that S187E expression in
chromaffin cells leads to an increase in the
rate of the sustained component of exocy-
tosis after photoelevation of [Ca 2�]i, but
not an increase in RRP size (Nagy et al.,
2002). The increase in the “sustained”
component by S187E has been interpreted
as an increase in the rate of vesicle recruit-
ment. Phorbol ester treatment has also
been reported to increase the rate of vesicle
resupply in chromaffin cells (Smith, 1999). In Aplysia sensory-to-
motor synapses, expression of phospho-mimetic SNAP-25 mu-
tants has been reported to slow the rate of synaptic depression in
a manner similar to phorbol ester application (Houeland et al.,
2007). This is also consistent with PKC phosphorylation of
SNAP-25 leading to vesicle mobilization.

Expression of phosphomimetic Ser187 mutants does not re-
produce all effects of phorbol esters on exocytosis. For example,
expressing the S187E mutation does not lead to the 1.5- to 2-fold
increase in the size of the RRP that is observed with phorbol ester
application in endocrine cells. In addition, the HCSP is increased
approximately sixfold with phorbol ester application, but only
approximately twofold during expression of S187E. Nevertheless,
Ser187 mutations can block these effects of phorbol esters. A
possible reason for this is that phosphorylation of Ser187 is nec-
essary, but not sufficient for these phorbol ester effects attribut-

able to involvement of other proteins such munc-13 or munc-18.
Another possibility, indirectly suggested because of the relatively
weak binding to the phospho-specific antibody (Fig. 4B), is that
the S187E mutation imperfectly mimics phosphorylation of na-
tive SNAP-25. Experiments using the potentially phospho-
mimetic Asp substitution for Ser187 have not been particularly
informative in this regard because expression of this SNAP-25
mutant in chromaffin cells leads to an inhibition of release from
the RRP (Nagy et al., 2002; Yang et al., 2007).

The molecular mechanisms whereby PKC phosphorylation of
SNAP-25 enhance vesicle mobilization and highly Ca 2�-
sensitive exocytosis remain incompletely understood, although it
has recently been shown that the S187E mutation increases bind-
ing of purified, bacterially expressed SNAP-25 to syntaxin (Yang
et al., 2007). This contrasts with an early report demonstrating
that treatment of PC12 cell lysates with PKC and ATP�S reduces

Figure 5. Mutations of Ser187 blocks the enhancement of exocytosis by PMA if endogenous SNAP-25 is disabled by coexpres-
sion of BoNT/E. The kinetics of exocytosis from the HCSP are not affected by Ser187 mutations or PMA incubation. All experiments
were performed in fluorescent-positive cells cotransfected with BoNT/E and the indicated GFP–SNAP-25 mutant. Cells were used
within 1 h after addition of 100 nM PMA. A, Sample traces from cells expressing TR SNAP-25 and BoNT/E incubated in the absence
(black trace) or presence (red trace) of PMA. B, Sample traces from cells expressing TR/S187C and BoNT/E incubated in the
absence (black trace) or presence (red trace) of PMA. C, Bar graph summarizing data from the indicated number of cells. D, Plot
of the rate constant of exocytosis from the HCSP plotted against the post-flash [Ca 2�]i for cells expressing either TR (circles),
TR/S187C (squares), or TR/S187E (triangles). Filled symbols represent cells exposed to 100 nM PMA. The rate constant was
obtained from an exponential fit to the Cm trace after flash photolysis of caged Ca 2�.
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the amount of syntaxin coimmunoprecipitating with SNAP-25
(Shimazaki et al., 1996), but is consistent with a report demon-
strating an increase in the ternary SNARE complex in PC12 cells
expressing the S187E SNAP-25 mutant (Xu et al., 2004). Because

formation of the syntaxin-SNAP-25 dimer is believed to be the
initial, rate-limiting step in SNARE complex assembly, enhance-
ment of heterodimer formation might be expected to enhance
early steps of priming vesicles for exocytosis.
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