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Summary

SNAP-25 is an integral protein of the plasma membrane toxin. BoNT/E-resistant SNAP-25 proteins lacking the
involved in neurotransmission and hormone secretion. The cysteine-rich domain or with all the cysteines substituted
cysteine-rich domain of SNAP-25 is essential for membrane by alanines do not form SNARE complexes or rescue
binding and plasma-membrane targeting. However, this regulated exocytosis when expressed at the same level as
domain is not required for SNARE complex formation and  membrane-bound SNAP-25, which is approximately four-
fusion of membranes in vitro. In this paper, we describe an fold higher than the endogenous protein. We conclude that
‘intact-cell-based system designed to compare the effect the cysteine-rich domain of SNAP-25 is essential for €&

of similar amounts of membrane-bound and soluble SNAP- dependent hormone release because, by targeting SNAP-
25 proteins on regulated exocytosis. In transfected 25 to the plasma membrane, it increases its local
neuroblastoma cells, Botulinum neurotoxin E (BONT/E), a concentration, leading to the formation of enough SNARE
protease that cleaves SNAP-25, blocks regulated release complexes to support exocytosis.

of hormone. However, hormone release is rescued by

expressing a wild-type SNAP-25 protein resistant to the Key words: SNAP-25, Regulated exocytosis, Cysteine-rich domain

Introduction al., 1999; Veit et al., 1996; Vogel et al., 2000). It is possible
Regulated exocytosis of neurotransmitters and hormones, H¥t palmitoylation at the cysteine-rich domain of SNAP-25
well as intracellular traffic, requires fusion of two lipid bilayers modulates its biological activity. However, it is not clear
(Jahn and Sudhof, 1999). Biochemical and genetic evidenaghether the cysteine-rich domain is necessary for function.
imply that SNARE proteins play a fundamental role inThe loop with the cysteine-rich motif is not required for
membrane fusion. SNARE proteins are thought to form &omplex formation in vitro (Fasshauer et al., 1998; Poirier et
protein bridge, the SNARE complex, between an incomingl., 1998; Vogel et al., 2000). Reconstitution experiments using
vesicle and the acceptor compartment (Hanson et al., 199Rosomes show that the cysteine-rich domain is not necessary
Sollner et al., 1993; Sutton et al., 1998). It has been proposéer vesicle fusion in vitro (Parlati et al., 1999). In cracked PC12
that formation of the SNARE complex promotes membranéells treated with BoNT/E toxin, bacterially expressed, non-
fusion by bringing two separate lipid bilayers into closepalmitoylated, wild-type SNAP-25 and a full-length SNAP-25
proximity. The SNARE components involved in mutantwith its cysteines mutated into alanine residues are able
neurotransmission are two integral membrane proteins of tHe reconstitute Cé-dependent exocytosis (Scales et al., 2000).
plasma membrane, the t-SNARESs, Syntaxin-1 and SNAP-2 agreement with these findings, it has been suggested that
(Oyler et al., 1989), and a synaptic vesicle protein, the vsoluble SNAP-25 mutants have biological activity and support
SNARE VAMP-2 (Sollner et al., 1993). Recent findings showsecretion in Streptolysin-O-permeabilized HIT cells (Gonelle-
that SNARE proteins contribute to the specificity of membranésispert et al., 2000). However, it has also been proposed that
fusion (McNew et al., 2000; Scales et al., 2000), implying thathe cysteine residues of SNAP-25 are required for exocytosis
the mechanisms by which SNARESs are targeted to subcellular Streptolysin-O-permeabilized PC12 cells (Washbourne et
compartments are important for specific docking and fusion afl., 2001). The discrepancy between data using cracked or
vesicles. permeabilized cells may be caused by different levels of
SNAP-25 and its non-neuronal homologue Syndet/SNAP-28xogenous SNAP-25 in the transfected cell. Moreover, by
(Wang et al., 1997; Ravichandran et al., 1996) are synthesizeding Streptolysin-O-permeabilized cells, it is difficult to
as soluble proteins in the cytosol. Others and ourselvesstablish whether soluble SNAP-25 proteins are indeed
have shown that both SNAP-25 and Syndet/SNAP-23 arkinctional. This is because soluble SNAP-25, unlike the
palmitoylated at cysteine residues clustered in a loop betweemembrane-bound protein, can diffuse out of the pores created
two N- and C-terminal coils and that palmitoylation is essentidby toxin. In conclusion, although it is established that
for membrane binding and plasma membrane targetingalmitoylation of SNAP-25 plays an important role in targeting
(Gonzalo et al., 1999; Gonzalo and Linder, 1998b; Koticha ehe protein to the plasma membrane, the question of whether
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this process is required for SNAP-25 function in exocytosisSCATCACAGAGAAGGCTGACTCCAACAAAACCAG and 5
remains under discussion. To test whether membrar@CTTAATCTGGCGATTCTGGGTGTCAATCTC and performing

association and plasma-membrane targeting is required fB€R as described above. SNAP-25A with its cysteines changed to
function, we have used an ‘intact-cell-based system. In thiglanines was generated by performing PCR on SNAP-25A/ER-pcB7

system, the level of expression of exogenous SNAP-25 ,&q%tgﬁg\lng,&ng prijmeés:g:CGGGC%_R_ArﬁTAAAAATAg_EAAACTGTCCTCGAC?TT{
similar to that of the endogenous protein, and the activity an )

GCCTAAATCTTTTAAATTTTTCTC giving CA-SNAP-25A/ER-
the same amount of soluble and mem'brane-.bound SNARZB7. SNAP-25A lacking the N-terminal helix and containing amino
25 can be directly compared. By using this COﬂtrO"'?Ogcids 82-206 was generated by performing PCR on SNAP-25A/ER-
experimental system, we find that soluble SNAP-25 proteingcB7 using the following primers! 5GGTAGTGGTGGGGGGTTG
do not form SNARE complexes and are unable to reconstitutghd 3 TGGATTTAGGCAAATGCTGTGGC to give SNAP-25A/ER-
regulated secretion. 82-206-pcB7. SNAP-25A lacking the N-terminal helix and the loop

between the helices (amino acids 140-206) was generated by
performing PCR on SNAP-25A/ER-pcB7 using the following
. primers; 5 TGGTAGTGGTGGGGGGTTG and'5TGGATGCC-
Materials and Methods CGGGAAAATGAAA to give SNAP-25A/ER-140-206-pcB7.
Materials BoNT/E light chain was amplified from BoNT/E-pCMV plasmid (a
Enzymes for DNA modification and restriction enzymes werekind gift from T. Binz, Hanover, Germany) using primersC&TC-
purchased from Promega (Madison, WI). The pEGFP-C1 vector wlSTGCGCTCGAGTCTAGATTACCTTATGCCTTTTACAGAA and
purchased from Clontech (Palo Alto, CA). pcDNA3.1 (+), pIND, 5 TAATTAACCTAAGCTTGCCACCATGGGAATGCCAAAAAT-
pIND expressin@-Gal (pIND/lacZ) and pVGRXR vectors along with  TAATAGTTTTAAT, digested withHindlll and Xba and subcloned
Ponasterone A were purchased from Invitrogen (Carlsbad, CAjnto pCDNA3.1 and pIND vectors to give BoNT/E-pCDNA3.1 and
Lipofectamine was purchased from GIBCO BRL (Grand Island, NY).BoNT/E-pIND. Syndet/SNAP-23-Delta-BoNT/E-pcB7 has been
Mouse monoclonal anti-ACTH antibody was purchased from Cymbudescribed elsewhere (Koticha et al., 1999).
Biotech (Hampshire, UK), and anti-Synaptobrevin 2 (VAMP-2)
monoclonal antibody Cl 69.1 was a kind gift from Reinhard Jahn, Yale )
University (New Haven, CT) (Walch-Solimena et al., 1995). gati- Cell culture and transfections
Gal and secondary peroxidase-conjugated anti-mouse and anti-rabNiguro2A cells (a kind gift from Peter Cserjesi, Columbia University,
IgG were purchased from Roche (Indianapolis, IN). Anti-myc 9E1ONY) were cultured in DMEM with 8% FBS. Cells were transfected
antibody was purchased from Santa Cruz Biotechnology (Santa Crujth Lipofectamine, according to the manufacturer’s instructions. The
CA). Anti-Syntaxin-1 antibody, lonomycin and O-Nitrophefly>- efficiency of this method was determined by co-transfecting the
Galacto-pyranoside (ONPG) were purchased from Sigma (St. LouipEGFP.C1 construct together with PON3&>al and counting the
MO). Rabbit anti-Syndet/SNAP-23 antibody was raised as describguercentage of cells expressing green fluorescent protein (GFP).
previously (Wang et al., 1997). The mouse monoclonal centi- Approximately 15% of Neuro2A cells expressed GFP when
subunit of N&/K* ATPase was from Upstate Biotechnology Inc transfected with plasmids derived from DddSbacterial cells.
(Lake Placid NY). Mouse monoclonal antibody 42.1 against Rab®Neuro2A cell lines stably expressing BoNT/E, in the pIND vector,
was provided by R. Jahn (Max-Planck-Institute for Biophysical(G14 cells) were prepared according to the manufacturer's
Chemistry, Gottingen, Germany) (Matteoli et al., 1991). [Rabbitinstructions. The G14 cells were routinely transfected with plasmids
antibody against insulin-like growth factor Il (IGF-ll)/mannose 6- derived from JM109 bacteria to increase to 25% their tranfection rate.
phosphate receptor Tanner (Tanner and Lienhard, 1989) was provid€ells were induced with iM Ponasterone A for 20 hours before
by G. E. Lienhard (Dartmouth Medical School, Hanover, NH)].experiments.
Enhanced chemiluminescence detection kits were purchased from

NEN Life Science Products (Boston, MA). o )
Estimation of the amount exogenous SNAP-25 expressed in

Neuro2A cells

Constructs To estimate the amount of Myc-tagged CA-SNAP-25A/ER expressed
Murine POMGpSP65 plasmid was a kind gift from Gary Thomasin Neuro2A cells, an SDS-PAGE gel was loaded with post-nuclear
(Oregon Health Sciences University, Portland, Oregon). PBMNG2 supernatants derived from 2 andl8 cells. The intensity of the
was constructed by performing a PCR on POMC-pSP65 using th@otein band obtained by western blot analysis with anti Myc-
following primers: 5 GGTGCTAGCCGCCTTTCCGCGACAGAG antibodies was compared with that of known amounts (2.8, 5.6, 11.2,
and 3 TAAAAGCTTCTGGCCCTTCTTCTGCGC. The PCR product 22.4 and 44.8 ng) of Myc-tagged GFP-ensconsin (a kind gift from J.
was cut witiNhd andHindlll and inserted into thiehd- andHindllI- Chloe Bulinski, Columbia University, NY) (Faire et al., 1999). We
digested pcDNA3.1 vector to obtain POMC-pcDNARAGal cDNA estimated that approximately 0.0225 pg of CA-SNAP-25A/ER are
was excised frompIND/LacZ using Hindlll and Xba, and this  expressed per transfected cell. Neuro2A cell lines stably expressing
fragment was inserted intédindlll and Xbd-digested POMC- BONT/E, in the pIND vector were prepared according to the
pcDNAS3.1 to obtain POM@-Gal-pcDNAS.1. manufacturer’s instructions. Cells were induced with pm
SNAP-25A-pcB7 containing a myc-tag at the C-terminus wasPonasterone A for 20 hours before experiments. The volume of
excised withKpnl and BamrHI from SNAP25-Amyc-pCMX vector  Neuro2A cells was estimated by measuring confocal images of 22
(Bark et al., 1995) and subcloned into the pcB7 vector (Koticha et alcells using the ‘LSM 510 Image Examiner software (Zeiss,
1999). Delta-SNAP25-A-myc-pcB7 was generated using the LongThornwood, NY). The shape of these cells was approximated to that
Distance Inverse PCR method as described by Koticha et al. (Kotictd an ellipsoid with diametersun) of: th=27.4+12, d=17.3+5.6 and
et al., 1999) using SNAP-25A-pcB7 as a template and the followings=6.15+1 and calculated to have a volume of approximateki 08
primers: 5AAACTTAAATCCAGTGATGCTTACAAAA and 5 GC- pl per cell. Assuming that 50% of the cell volume is occupied by
CTAAATCTTTTAAATTTTTCTCG. SNAP-25 protein encoded by organelles and that the molecular weight of the Myc-tagged CA-
SNAP-25A-pcB7 or Delta-SNAP-25A-pcB7 was made resistant taSNAP-25A/ER is approximately 25 kDa, we deduced that the
Botulinum Neurotoxin E (BoNT/E) by changidg®Asp into a Lys  concentration of the exogenous, soluble SNAP-25 in the cytosol of
residue and82Mlet into Thr residue using the following primers: 5 the transfected cell corresponds tpN.
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Secretion assay human chromogranin B or insulin (Kaether et al., 1997; Lang
Neuro2A cells grown in 35 mm wells were transiently transfected wittet al., 1997; Pouli et al., 1998). This indicates that a hormone
POMC+{-Gal and the indicated constructs 48 hours before the secretiggtecursor can target a protein tag to the regulated secretory
experiments. For the experiment, cells were washed twice with Mpathway. Neuro2A cells, a murine neuroblastoma cell line,
medium (145 mM NaCl, 4.8 mM KCl, 1.2 mM MgCD.7 mM CaGl  which expresses exogenous POMC, cleaves POMC tofeld
and 1 mg/ml BSA) and incubated at 37°C for 30 minutes in 1.0 ml M2jnoprotein and3-endorphin, targets these peptides to secretory
The medium was replaced with 1.0 ml M2 buffer with or withopML ranules and releases them in a2‘@ependent manner

lonomycin for another 60 minutes. The medium was collected an : .
centrifuged at 30@ for 5 minutes at room temperature to remove cell hevrier et al., 1991; Noel et al., 1989). We prepared a cDNA

debris. Of this cell-free medium, 0.75 ml was added to 0.22 ml ancodlng th_e Ch'”?era POMEGal (Fig. 1A). We reasoned
containing 4 mg/ml ONPG. This reaction was incubated at 37°C for 68at: by using this construct, processed POMC would be
minutes to measufGal enzymatic activity. This incubation period was targeted to dense core granules, and hormone release in the
optimized so that the absorbance of the reactions was measured withiredium could be detected by measurfigal enzymatic

the linear range. The reaction was stopped by the addition of 0.02 ml attivity with a spectrophotometric assay. To determine whether
200 mM EGTA and 0.5 ml of 1 M N&@Qs. The absorbance was read POMC can target a protein fused to its C-terminus to the
at 420 nm. To measure totBtGal activity in homogenates from regulated secretory pathway, we transiently expressed a
transfected Neuro2A cell and G14 cell, cells were scraped in 0.250 ”P’OMC-B-GaI chimera in Neuro2A cells. Cells transfected with
M2 buffer and mixed with an equal volume of M2 buffer containing Z%POMC-B-GaI plasmid express a protein of approximately150
Triton. After incubation on ice for 30 minutes, samples were centrifugeQDa that is detected with both anti-ACTH and #hGal

at 5000g for 5 minutes. Th@-Gal activity of 0.05 ml of the supernatant - : . - - .
was measured as described above. Average3-¢adl activities were antibodies (Fig. 1A). This band corresponds to a fusion protein

obtained from triplicate samples per experiment. We estimated tHegPntaining POMC (31 kDa) ari#Gal (120 kDa). The 150 kDa
fraction of damaged cells by measuring the amourg-G&l activity =~ POMC{-Gal fusion protein is processed into a 137 kDa band
released by Neuro2A cells expressing wild-t@p€al after 1 hour of that is also detected with both anti-ACTH and @Gl
incubation in basal conditions. Th@-Gal activity released was antibodies and thus contains ACTPBHlipotropin andp-Gal
calculated as a percentage of the tBt@al activity in the cell. This and lacks the N-terminal peptide of POMC. POIgGal is
experiment was done twice, with triplicate points. For some experimentgrocessed into two smaller peptides of approximately 124 kDa
yvggliﬁgg(;‘asrg&aﬂs’ggfr;hﬁ '\fll_ﬁénggl'l‘;”\‘/v‘éﬁslzgg?icﬁ?hﬁ ﬁergitﬂrhafr:)? TZ oth of these peptides are not detectable with the anti-ACTH
X : : . tibody. The 124 kDa peptide may contain eittier
minutes. The medium was collected and processed as described abcﬁlp%()protein or B-endorphin fused tB-Gal. The 120 kDa
peptide corresponds f3Gal. POMCB-Gal and its processed
SNARE complex analysis forms were all found in the membrane fraction, whereas 50%
Neuro2A cells grown in a 35 mm plate were scraped in 0.5 ml 0f wild-type 3-Gal was in the cytosol (Fig. 1A). TileGal tag
buffer containing 10 mM HEPES, 200 mM sucrose 10 mM EDTAof POMC{-Gal was not proteolyzed, indicating that peptide
and 2 mM EGTA, pH 7.4 and homogenized by six passages througlleavage occurs specifically at the hormone precursor.
an insulin needle as described previously (Koticha et al., 1999). Therocessing of POMC occurs when the precursor is packaged

homogenates were centrifuged at 69@or 5 minutes. The post- into secretory granules (Orci et al., 1987; Tooze et al., 1987).

nuclear supernatant was mixed with an equal volume of sample buffey; r in f POM | indi raetin
containing 4% SDS, sonicated for 2 seconds to disperse the pelletaggus’ processing of POMB-Gal indicates targeting to a

electrophoresed on a 9% SDS-PAGE gel. A slice of the SDS-PAG ecialized compartment. To determine the relative distribution
gel corresponding to the 99 kDa region was excised. The gel slice w8£ the precursor and processed forms of POPAGal, the
heated at 100°C, re-electrophoresed on a 13% gel and analyzed BgSt-nuclear supernatant of the transfected N2A cells was
western blot with anti-SNAP-25, anti-VAMP-2 and anti-Syntaxin-1 Céntrifuged at 7,200 for 10 minutes. The 150 kDa POM&-
antibodies as described (Otto et al., 1997). Gal precursor fractioned into the pellet P1, whereas the
processed POM@-Gal bands at 137 kDa and 124/120 kDa
o _ were almost entirely collected in the supernatant S1 (Fig. 1B).
Cell fractionation, electrophoresis procedures and confocal This observation indicates that the precursor and processed
micrography _ _ _ . forms of POMCB-Gal are sorted into different compartments.
;hesﬁaSggceéjéjsrﬁﬁuvgferzrciﬁbiﬁnoaﬁﬁtssd@seigbzgr?vrfg'?fosx (ﬁgi‘:hczﬁﬁe Rab3 immunoreactivity was recovered in S1 together with
homogenates centrifuged at 69fdr 5 minutes. The protease inhibitor rocessed POMtB—GaI. Othel.’s as wells as_ourselves have
cocktail Complete Mini (Roche Diagnostics, Mannheim, Germany hpwn by using cell fra_c“ona“o_” and immunoelectron
was mixed with the homogenization buffer (20 mM Hepes pH 7.4, 128nicroscopy that Rab3 proteins localize to dense core granules
mM potassium glutamate, 20 mM potassium acetate, 1 mM EGTA, (Baldini et al., 1998; lezzi et al., 1999; Martelli et al., 2000).
mg/ml BSA) before the experiment. For immunofluorescenceAs granules are stored at the tips of Neuro2A processes
antibodies against SNAP-25 were used at a dilution of 1:2000 an@hevrier et al., 1991), we asked whether Rab3
antibodies against myc were used at a dilution of 1:400. immunoreactivity accumulated in this region. In our culture
conditions, approximately 30% of the Neuro2A cell population
developed processes (Fig. 1C, arrows), whereas most of the

Results o cells were round (Fig. 2B,C). Rab3A immunoreactivity
POMC fused to a reporter protein is processed and concentrated at the tip of the processes, indicating Rab3 protein
targeted to the regulated secretory pathway in Neuro2A  |gcgjization to the granule (Fig. 1C). Unlike Rab3, most of the
cells POMC{-Gal immunoreactivity was accumulated at the cell

GFP is targeted to secretory granules when fused to eithBody (data not shown). This observation indicates that a large
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fraction of POMCB-Gal immunoreactivity, perhaps the 150 experiments indicate that the processed forms of PGNG2,

kDa precursor, is not localized into the granule. To determinbut not the 150 kDa precursor, are targeted to dense core
whether the processed formgs6al and Rab3 co-fractionate, granules.

a 70,000g pellet derived from fraction S was loaded onto a To determine whether processed PORBIGal is secreted in
20%-60% (w/v) sucrose density gradient (Fig. 1D). Rab3A and regulated manner, cells were incubated for 1 hour in basal
processed POM@-Gal co-migrated in the gradient, whereasconditions and with lonomycin in the presence of*Cahe

the Mannose-6-Phosphate receptor, a protein localized in tmeedium was analyzed by western blot (Fig. 1E). Results from
trans-Golgi and late endosomes (Lombardi et al., 1993}hree independent experiments indicated that the average ratio
concentrated in a lighter region. In conclusion, thesef the 150 kDa POM@-Gal precursor found in the medium
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Fig. 1.POMC{-Gal is processed and secreted in &*@pendent manner. (A) Neuro2A cells expressing either PRNBa+ or-Gal were
homogenized (H) in homogenization buffer with protease inhibitors and centrifuged at 95,000 rpm for 30 minutes in a Beckibarl TaA
obtain a membrane-containing pellet (P) or cytosol containing supernatant (S) as described previously (Koticha et ajydl9@fdynkes (40

pl) of the samples were electrophoresed on 9% SDS-PAGE gels, transferred to nitrocellulose membranes and prob@dGeth anti-
antibodies. The arrowheads indicate bands that are detected with both the antibod-dgaliastd the antibody against ACTH. The upper
arrow indicates the 124 kDa product of PON@Gal cleavage. The lower arrow indicafe&al. (B) Post-nuclear supernatants (PNS) derived
from N2A cells (0.4 ml) were centrifuged at 7,29fbr 10 minutes to obtain a pellet P1 and a supernatant S1. The pellet P1 was re-suspended
in 0.4 ml of homogenization buffer. Equal volumes (#)0of the fractions were loaded onto an SDS-PAGE gels, transferred to nitrocellulose
membranes and probed with anti-Na+/K+ ATPase, [f4@ial antibodies, anti-Mannose-6-Phophate receptor (M6PR) and anti Rab3
(monoclonal 42.1) antibodies. (C) Confocal immunofluorescence of cells stained with anti-Rab3 antibody 42.1. The arroviRaib8icate
immunoreactivity at the tips. Bar, 10n. (D) The supernatant S1 was derived as in B was centrifuged at gd@080 minutes, and the pellet
was loaded onto a 20-60% (w/v) sucrose density gradient. The gradient was centrifuged at 50,000 rpm in the Beckman TL&;$bickahg
rotor. Fractions were collected from the top and analyzed by western blot with anti-mannose-6-phophate receptor antibddés (epe
anti-Rab3 antibodies (closed squares) and[@@al antibodies (closed circles, the 124/120 kDa band). (E) Neuro2A cells grown in 65 mm
wells expressing POM@-Gal were pre-incubated at 37°C for 30 minutes in 1.0 ml M2 buffer with 0.7 mMbGa€lls were then incubated

with 1 ml of M2 with or without JuM lonomycin at 37C for 1 hour. SDS-PAGE gel lanes were loaded withul56f the cell medium. Western

blot analysis of the secreted POMiSGal products was performed using antibodies agf@i@al. Densitometry of the bands was done using
the NIH Image 1.61software. This experiment was done three times. (F) Rel@aSaldctivity (% age of total activity in cells) was

measured from cells either incubated witi#Cdone (-) or treated with lonomycin for 60 minutes (+) or depolarized by KCI for 120 minutes
(+), as described in the Materials and Methods. Fk&al activity release is an average of data from triplicate samples of a single experiment.
This experiment was done four times with similar results. (G) The cells were incubated #tighoGa (basal conditions) or with €and
lonomycin (stimulated conditions) for 0-30, 0-60 and 0-90 minute¥-@zpendenB-Gal release (percentage of total activity in cells}=Rs

Rhx, where Reis the percentage of the total q@iGal activity that is released by samples stimulated witt &ad lonomycin, and Rlis the
percentage of the total c@iGal activity that is released by samples kept in basal conditions. The average is calculated from the data of three
independent experiments done with triplicate samples.
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of stimulated to that of unstimulated cells is 0.96 (+0.12). Thushetween the unprocessed and the processed forms of POMC-
the amounts of POM@-Gal precursor released by cells kept-Gal. The lower fold increase in regulated secretion (two-
in basal and stimulated conditions are very similar. Thigold) measured by th@-Gal activity assay is probably because
observation is in agreement with the finding that unprocesseaf the background of constitutively secreted POBIGal
forms of POMC are secreted by the constitutive pathwaprecursor (see Fig. 1E). In support of this possibility, the ratio
(Gumbiner and Kelly, 1982). The ratio of the 120/124 kDaof the sum of all thregd-Gal-immunoreactive bands in the
processed POM@-Gal products in the medium of stimulated medium of stimulated to that of unstimulated cells was 1.86
to that of unstimulated cells is 4.36 (£0.73). Thus, processe@0.23). Thus, the extent of total POMEGal release
POMC{3-Gal, unlike the 150 kDa precursor, is released int@mbserved by using western blot analysis of the medium and the
the medium in a regulated manner. The data are in agreemghGal activity assay is similar. Fig. 1E shows that only the
with the observation that in Neuro2A cells,?Gdependent processed forms of POMB-Gal undergo regulated secretion.
release of-endorphin hormone is four-fold more comparedThus, it is likely that the G4-dependent secretion measured
with that observed in basal conditions after 30 minutedy thef-Gal activity assay is specifically caused by the release
incubation (Noel et al., 1989). In conclusion, the cellof the 137 and 124/120 POM&Gal products. As the-Gal
fractionation experiments and the secretion data support tlaetivity assay is easier to quantify, we used this method to
concept that processed POMBIal is specifically targeted to measure CH-dependent secretion in all the following
granules that undergo regulated secretion. experiments.

We measured the amount @8fGal activity released by
Neuro2A cells transiently transfected with PON3@al. Cells ) ) o
treated for 1 hour in basal conditions released approximate§NAP-25 is required for Ca2*-dependent secretion in
6% of their totaB-Gal activity. Incubation with lonomycin in Neuro2A cells
the presence of Calead to a two-fold increase ii-Gal ~ Neuro2A cells have the SNARE components Syntaxin-1,
secretion (Fig. 1F). Depolarizing the cells with 55 mM KCI inVAMP-2, SNAP-25 and the non-neuronal SNAP-25
the presence of calcium for 2 hours lead to a similar increas®mologue Syndet/SNAP-23 (Fig. 2A). Endogenous SNAP-25
in B-Gal release (Fig. 1F). The extent of2Gdependent and exogenous myc-tagged SNAP-25A are prevalently
release of3-Gal was similar at the 30 minute and 1 hour timelocalized at the plasma membrane (Fig. 2B,C). BoNT/E, a
points (Fig. 1G). Cells transfected with wild-tyg&Gal  potent inhibitor of neurotransmission, cleaves SNAP-25 (Binz
released less than 0.5% of their tofaGal activity when et al., 1994), and using BoNT/E toxin, SNAP-25 was shown to
incubated for 1 hour in control conditions, whereag*Ca be specifically involved in C&dependent secretion of
dependent release BfGal activity was undetectable (data not hormones (Sadoul et al., 1997; Sadoul et al.,, 1995). To
shown). This observation indicates that, in the conditions usetdetermine whether G&adependent release @iGal activity
for our experiments, the fraction of damaged cells was minimalccurs by the same pathway, we co-transfected BoNT/E-
and that C#&-dependent secretion depends on POMCpcDNA3.1 and POM@-Gal in Neuro2A cells. We find that
dependent targeting d3-Gal to the secretory pathway. By Ca*-stimulated secretion @Gal activity is almost abolished
measuringB-Gal activity, it is not possible to discriminate when BONT/E light chain is expressed (Fig. 2D). When

A 35- . Syntaxinl
Fig. 2. SNAP-25 is required for G&dependent
secretion in Neuro2A cells. (A) Homogenates of
Neuro2A cells were analyzed by western blot with
antibodies against Syntaxin-1, SNAP-25, VAMP-2 and
Syndet. (B) Confocal immunofluorescence image of
- . wild-type Neuro2A cells stained with antibodies against
Anti- Ant: SNAP-25. (C) Confocal immunofluorescence image of
SNAP-25 Mye Neuro2A cells expressing myc-tagged SNAP-25A
E stained with antibodies against myc. Bar ubb.
(D) Neuro2A cells were transiently transfected with
1 2 3 4 56 7 POMC-3-Gal and pcDNA3.1 or witiPOMC-3-Gal and
BoNT/E-pcDNA3.1C&*-dependenB-Gal release is
BoNT/EE - + - + - + - measured as described in Fig. 1G. The average is
- -29 calculated from the data of four independent
— e -
-

29- amw SNAP2S
29-

— Syndet

18-
- /AMP2

-
-1
th

ca®* -dependent B-Gal release

- experiments done with triplicate samples. (E) Neuro2A

- <« cells were transiently transfected wjtbDNA3.1(-) or

BoNT/E-pcDNAS3.1+) alone (lanes 1-4) or in

Anti- Anti- combination withSyndet-pcBTlane 5 and 6) and

SNARZA Syndet Syndet-Delta-BoNT/E-pcRKoticha et al., 1999) (lane
7). Syndet-Delta-BoNT/E protein expressed in Neuro2A
cells is a truncated protein that is identical to the
expected product of Syndet digested by BONT/E
(arrowhead) (Washbourne et al., 2001). The western blot
was probed with anti-SNAP-25 and anti-Syndet
antibodies, as indicated.
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BoNT/E was transiently expressed together with POBAGal ~ from 84Cys to%Lys (Fig. 3A). We also generated a SNAP-25
in wild-type Neuro2A cells, approximately 10-15% of the mutant, CA-SNAP-25A, with its four cysteines changed to
endogenous SNAP-25 was cleaved (Fig. 2E, lanes 1 and 2Z)anines (Fig. 3A). This mutant is the same as that used by
Since in these conditions the efficiency of cell transfection waScales et al. to reconstitute regulated exocytosis in
10%-15%, BoNT/E toxin cleaves most of the endogenoupermeabilized PC-12 cells (Scales et al., 2000). In
SNAP-25 protein in the transfected cells. We could not deteetntransfected Neuro2A cells, more than 95% of the
any cleavage of the endogenous or overexpressed Syndetddogenous SNAP-25 is bound to membranes (data not
SNAP-23 by the toxin (Fig. 2E, lanes 3-6). These data are ishown). In transiently transfected cells, approximately 80% of
agreement with the finding that Syndet/SNAP-23 is poorlyforeign SNAP-25A is membrane bound (Fig. 3B). Thus, a
digested by BONT/E in vitro compared with SNAP-25 minor fraction of SNAP-25 in the transfected cells is shifted
(Washbourne et al., 1997). These experiments show thatto the cytosol, presumably because the membrane-binding
SNAP-25 is required for regulated secretioreBal activity = machinery is saturated. In the same experiment, more than 95%
and that Syndet/SNAP-23 is not involved in this processof Delta-SNAP-25A is found in the soluble fraction, showing
Previously, it has been shown that SNAP-25 is necessary ftirat deletion of the cysteine-rich domain shifts the protein into
hormone secretion and only highly overexpressed SNAP-2Bie cytosol. CA-SNAP-25A mutant is also found in the soluble
(the human homologue of Syndet/SNAP-23) can replac&action in transiently transfected Neuro2A cells (Fig. 3C).
SNAP-25 in regulated insulin release (Sadoul et al., 1997). Odrhus, removing the cysteine-rich domain of SNAP-25 or
results show that Castimulated secretion -Gal activity — substituting the cysteines with alanines makes the protein
occurs by the same pathway as that of hormone release bgluble in the transiently transfected Neuro2A cells. These data

endocrine cells. are in agreement with other reports (Lane and Liu, 1997; Veit
et al., 1996).

o . ] Unlike SNAP-25, SNAP-23 is resistant to proteolysis by

The cysteine-rich domain of SNAP-25 is necessary to BoNT/E (Sadoul et al., 1997; Washbourne et al., 2001). To

support regulated exocytosis in intact cells obtain a SNAP-25 protein resistant to BoNT/E digestion, we

To determine whether the cysteine-rich domain of SNAP-25Anutated its cleavage site sequence to that of SNAP-23. SNAP-

is important for function in intact cells, we generated a deletio@5A residué7°Asp was mutated into a Lys, and resiéé@et

mutant, Delta-SNAP-25A, that lacks the SNAP-25A sequencwas mutated into a Thr (Fig. 3A) to obtain the toxin-resistant
construct SNAP-25A/ER-pcB7. This SNAP-25A/ER-pcB7
construct was mutated to obtain the Delta-SNAP-25A/ER-

A pcB7 and the CA-SNAP-25/ER-pcB7 constructs. All of these
% DLGK C CGLFIC P CNKLKSS . .. "™ D... "M S$25A constructs have the myc-epitope tag at the C-terminus.
We generated a Neuro2A cell line, G14, that stably expresses
“DLGK CCGLFICP CNKLKSS...."K.."®T 825A/ER BONT/E toxin. In the G14 cells, all of the endogenous SNAP-
“ 25A is cut by the toxin. The cleaved SNAP-25 thus migrates
DLGK _ _ ________ LKSS...... K.....T Delta-S25A/ER  faster than the intact SNAP-25 protein (Fig. 4A, compare lane

1 with lane 2). We transiently transfected the SNAP-25A/ER-
pcB7 and Delta-SNAP-25A/ER-pcB7 plasmids in G14 cells.
Both SNAP-25A/ER and Delta-SNAP-25A/ER proteins have

“DLGKAAGLFIAPA NKLKSS...."K..."T CA-S25A/ER

B C the myc-tag at the C-terminus and, thus, migrate with higher
S25A Delta S25A CA molecular weight than endogenous SNAP-25 (Fig. 4A,

S25A S25A compare lane 1 with lanes 3 and 4). If cut by the toxin, the

2. == 29, “— myc-tagged SNAP-25A/ER protein would generate a peptide

with the same size as the endogenous BoONT/E SNAP-25
P S P S P S P S fragment, whereas myc-tagged Delta-SNAP-25A/ER would
generate a smaller peptide. We find that the size and the amount

membrane binding. (A) The SNAP-25A mutants used in this study. of the cleaved SNAP-25 fragment is the same in G14 cells

; ; expressing BoONT/E and transfected with PORGal
BonT/E-resistant SNAP-25 SNAP-25A/ER (S25A/ER) has amino .
acids!7%Asp and!82Viet changed t37%Lys and(lgz-rhr. Bo)nT/E- together with pcB7, SNAP-25A/ER-pcB7 or Delta-SNAP-

resistant Delta-SNAP-25A/ER (Delta-S25A/ER) lacks 11 amino ~ 29A/ER-pcB7 (Fig. 4A, compare lane 2 with lanes 3 and 4).
acids corresponding to the cysteine-rich domain of SNAP-25A and We conclude that SNAP-25A/ER and Delta-SNAP-25A/ER
has the corresponding Asp and Met residues changed to Lys and Tioteins are resistant to BoNT/E and that expression of these

Fig. 3. The cysteine-rich domain of SNAP-25 is necessary for

BonT/E-resistant CA-SNAP-25A/ER (CA-S25A/ER) has all proteins does not inhibit the cleavage of endogenous SNAP-
cysteines substituted with alanines and has amino ¥#&#sp and 25A by BoNT/E. These experiments also show that similar
182Vlet changed té"%ys and'82Thr. (B) Fractionation of cells amounts of SNAP-25A/ER and Delta-SNAP-25A/ER are

transiently expressing wild-type SNAP-25A or Delta-SNAP-25A. axpressed in G14 cells. We obtained the same results when the
Post-nuclear supernatants from these cells were centrifuged as Gl14 cells were transfected with the CA-SNAP-25A/ER

described in Fig. 1 and separated into membrane pellet (P) or cytos .
(S). Equal volumes of the fractions were then loaded onto a 13% Qonstruct (data not shown). We estimated that the amount of

SDS-PAGE gel, transferred and probed with anti-Myc antibody. ~ CA-SNAP-25A/ER expressed is approximately 0.025 pg per
(C) Fractionation of cells transiently expressing either wild-type  transfected cell (see Materials and Methods), leading to a

SNAP-25A or CA-SNAP-25A. This experiment was done as cytosolic concentration of approximatelyuM. The western
described in panel B. blot in Fig. 4A shows that the amount of endogenous, cleaved
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A cysteine-rich domain in intact cells. Regulated exocytodis of
1 2 3 4 Gal activity was measured in cells lacking endogenous SNAP-
TR 25. G14 cells stably expressing BoNT/E were transiently

alone S25A/ER transfected withPOMC3-Gal in combination with pcB7 or

SNAP-25A/ER or Delta-SNAP-25A/ER or CA-SNAP-

- 25A/ER (Fig. 5A,B). The variability between the avergge
e - Gal activities of each of these groups of cells was less than
10%. This observation indicates that expression of different
- T SNAP-25 proteins did not change the level of expression of

POMC{3-Gal. Cells co-tranfected with POM@&Gal and the
pcB7 vector (Fig. 5A,B) or with POM@-Gal alone (data not

- ex;qrz:sl;:ngBieIL’l;‘fE shown) did not releas®-Gal activity in response to increase

) in intracellular C&*. These data further support the concept

B 14 that regulated release @fGal activity requires SNAP-25 (Fig.
2A). In agreement with this concept, &atimulated release
12 of B-Gal-activity is reconstituted in G14 cells expressing
SNAP-25A/ER (Fig. 5A,B). In these cells, the extent of‘ca
dependen3-Gal release was approximately 65% of that of
8 wild-type Neuro2A cells. It is possible that SNAP-25A/ER
with mutations at’%Asp and afl82Mlet and the Myc epitope
tag is less efficient than wild-type SNAP-25 in reconstituting
4 regulated secretion. Another possibility is that expression of
SNAP-25A/ER does not occur in all the cells expressing the
2 POMC{3-Gal protein, thus lowering the efficiency by which
regulated release is reconstituted.
Gl4 WT Hormone secretion is specifically dependent on intact
cells  cells SNAP-25. In this assaf3-Gal activity release is abolished by
BONT/E toxin digestion of SNAP-25 and reconstituted by

10

B-Galrelease
(% age of total activity in cells)

Fig. 4. Expression of BONT/E-resistant SNAP-25A mutants does not
inhibit the cleavage of endogenous SNAP-25 by the toxin.

(A) Homogenates of wild-type Neuro2A cells (lane 1) and of cells
stably expressing BoNT/E, the G14 cells (lane 2-4). G14 cells were
transiently transfected withROMC-3-Gal together with either pcB7
(lane 2) oISNAP-25A/ER-pcB(fane 3) oDelta-SNAP-25A/ER-
pcB7(lane 4). Homogenates of cells expressing the indicated
constructs were electrophoresed on 13% SDS-PAGE gels, and
western blots were probed with anti-SNAP-25 antibody. The
arrowhead indicates the endogenous SNAP-25. (B) Rele@sGalf
activity under basal conditions from G14 cells and wild-type
Neuro2A cells transfected witPOMC-3-Gal construct. The release

is calculated as a percentage of the f@t@&lal activity in the cells.

B

>

Caztdependem p-Gal release
(Yoage of total activity in cells)

SNAP-25 in the G14 cells is similar to that of exogenous
SNAP-25. Co-transfection of the plasmids POI@Gal
together with pcB7, SNAP-25A/ER-pcB7 or Delta-SNAP-
25A/ER-pcB7 in G14 cells results in a transfection efficiency
of approximately 25%. As the exogenous SNAP-25 is
expressed only in 25% of the cell population, we deduce thi
the amount of endogenous SNAP-25 corresponds to one foul
of the exogenous protein and is 0.00625 pg per cell ¢
approximately 150,000 molecules per cell. G14 cells hav
similar morphology and generation time to the Neuro2A cells
(data not shown). Unstimulated G14 cells release the sanféd. 5. The cysteine-rich domain of SNAP-25 is necessary to support
amount o Gal aciy as wid type Neuro2A (ig 4B)cell, P9, SomY s 1 0L 18 et e ey
::nodr:gﬁg}?stiga; g'gzf;ggggebsfggll\]#ﬁgvgzp?g ;’ ;:)Vrs d in basal transfected witiPOMC-Gal and pcB7 oSNAP-25A/ER-pcBar

. s . Delta-SNAP-25A/ER-pcBTB) C&*-dependent secretion pfGal
A full-length SNAP-25 protein with its cysteines mutated 10, tivity in G14 cells stably expressing BoNT/E and transiently

alanines is able to rescue regulated secretion in permeabilizgfhnsfected witPOMC-3-Gal and pcB7 0SNAP-25A/ER-pcBar
BoNT/E-treated PC12 cells (Scales et al., 2000). We expressed-SNAP-25A/ER-pcBT&*-dependenp-Gal release (as in Fig.

the same level of full-length, soluble SNAP-25 (SNAP-1G)is calculated from the data of four independent experiments done
25A/ER) and wild-type SNAP-25 to study the role of thewith triplicate samples.

-

=
o
=3

peB7

S25A/ER-peB7
Delta-S25A/ER-peB7
S25A/ER-peB7
CA-S25A/ER-pcB7
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expression of toxin-resistant SNAP-25. These data furthés not concentrated near the plasma membrane. To test this
confirms the conclusion that €adependenf3-Gal activity  possibility, we expressed CA-SNAP-25A/ER at five-fold
release occurs by the same pathway as native hormone relebggher levels in G14 cells (Fig. 6F, lower panel). In cells
(Fig. 2). The amount of G&dependenp-Gal released from transfected with 1Qig of CA-SNAP-25A/ER-pcBiasmid, the
cells expressing either Delta-SNAP-25A/ER (Fig. 5A) or CA-soluble SNAP-25 is expressed at sufficient levels to support
SNAP-25A/ER (Fig. 5B) was equal to that released by G1&NARE complex formation (Fig. 6F, upper panel, arrowhead),
cells transfected with control plasmid. Thus, soluble SNAP-2%s indicated by the appearance of a slower migrating band
mutant proteins are unable to reconstitute*@mpendent above the endogenous SNAP-25 complexes (Fig. 6F, upper
secretion of3-Gal activity when expressed at the same level apanel, double arrows). We conclude that the cysteine-rich
the palmitoylated protein. We conclude that the cysteine-ricdomain of SNAP-25, by targeting SNAP-25 to the plasma
domain of SNAP-25 is necessary for function in intact cells. membrane, is important for increasing its local concentration
and thereby supporting SNARE complex formation.

The cysteine-rich domain of SNAP-25 is important

for SNARE complex formation in intact cells A truncated SNAP-25A protein having amino acids 82-
Homogenates derived from G14 cells, transiently co206 rescues regulated exocytosis

transfected wittPOMC-3-Gal andSNAP-25A/ERunlike those It has been proposed that a ternary SNARE complex could be
derived from cells co-transfected with pcB7 ©GA-SNAP- formed by the C- and the N-terminal domains of two distinct
25A/ER(Fig. 6A, arrowhead) dbelta-SNAP-25A/ERFig. 6D,  SNAP-25 molecules (Fasshauer et al., 1998). The flexible
arrowhead) have a prominent SDS-resistant 99 kDa band thatker region connecting the two helices of SNAP-25 is
is detected by the anti-SNAP-25 antibody. The 99 kDa band isecessary for multimerization of SNARE complexes
the SNARE complex because it dissociates after boiling t¢Fasshauer et al., 1998; Poirier et al., 1998). The possible
yield Myc-SNAP-25, Syntaxin-1 and VAMP-2 proteins (datasignificance of SNARE complex multimerization in regulated
not shown). The 99 kDa band is also detected by anti-Myexocytosis is not clear, as the SNAP-25 peptides corresponding
antibodies in homogenates derived from G14 cells transfected the C-terminus and the N-terminus helices not linked by the
with SNAP-25A/ERut not in the same samples derived fromloop were able to rescue exocytosis in the in vitro assays (Chen
cells transfected with pcB7 d€A-SNAP-25A/ERFig. 6B). et al., 1999; Parlati et al., 1999). These data suggested that if
This observation indicates that o~

exogenous SNAP-25A/ER, but 1
CA-SNAP-25A/ER or Delta-SNAF
25A/ER, is able to form complexes
the conditions used for this experime
The fainter, lower, SNAP-25-reacti
bands that are detected in G14
transfected with control plasmid,
in G14 cells expressing CA-SNA
25A/ER (Fig. 6A, double arrows)
Delta-SNAP-25A/ER (Fig. 6D, douk
arrows), may correspond to SNAP
complexes formed by the endogen
BONT/E-cut SNAP-25. SNAR
complex formation is inhibited
cleavage of SNAP-25 (Hayashi et
1994); thus, it is possible that the fa:
migrating bands correspond to ot
SNAP-25 complexes, perhaps disulfi
linked SNAP-25 oligomers (Sadc
et al., 1997a). The total amount
exogenous wild-type and soluble SN/
25 proteins expressed in G14 cells
comparable (Fig. 6C,E). These ¢
indicate that soluble SNAP-25 prote
cannot form SNARE complexes wt
expressed to the same level as
exogenous membrane-bound prot
The cysteine-rich domain is not involv
in  SNARE complex formatio
(Fasshauer et al., 1998; Poirier et
1998). The soluble mutant may not fc
complexes in the Neuro2A ce
because, unlike the wild-type proteir

CA
S25A Delta
pcBT+ 825A+ 525A+ D S25A F CA-S25A 5 10
99 - - - 99 POMC-B-Gal 5 0
z ~r : s -
- -
anti-SNAP2S
B =
99 anti-SNAP25
- —
S25A Delta
pcB7 S25A CA ant-Aye S25A 29-
C S25A pr— anti-SNAP2S
e B -
29- anti-SNAP25

anti-SNAP25

Fig. 6. The cysteine-rich domain of SNAP-25 is important for SNARE complex formation in
intact cells. (A) Post-nuclear supernatants in sample buffer were prepared as described in the
Materials and Methods. The samples were either not boiled (=) or boiled (+)and loaded on a
9% SDS-PAGE gel. SNAP-25 complexes from G14 cells transiently transfected ugtbf5
POMC-3-Gal together with ug of pcB7 orSNAP-25A/ER-pcB({&25A) orCA-SNAP-
25A/ER-pcB{CA S25A) were detected by western blot analysis with anti-SNAP-25 antibody.
The arrowhead indicates SNARE complexes formed by exogenous SNAP-25 and the double
arrow indicated SNAP-25 complexes formed by endogenous SNAP-25. (B) The western blot
of a similar experiment was probed with anti-Myc antibody. (C) The total amount of SNAP-25
protein expressed in the transfected cells shown in A is detected with the anti-SNAP25
antibody. (D) SNAP-25 complexes from G14 cells transiently transfectedP@itMC-3-Gal
together with eitheBNAP-25A/ER-pcBar Delta-SNAP-25A/ER-pcBiere detected as

described in A. (E) The total amount of SNAP-25 monomer expressed in these cells was
detected as in C. These experiments were repeated three times with triplicate samples per
experiment. (F) SNAP-25 complexes from G14 cells transiently transfected with the indicated
amounts ig) of POMC-3-Gal andCA-SNAP-25A/ER-pcBat CA-SNAP-25A/ER-pcBalone.

The arrowhead indicates SNARE complexes formed by exogenous SNAP-25 and the double
arrow indicates complexes formed by endogenous SNAP-25. The total amount of CA-SNAP-
25A/ER expressed in the cells is shown in the lower panel. The western blot was probed with
the anti-SNAP-25 antibody.
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the SNAP-25 C-terminus helix is efficiently targeted to themembrane by the cysteine-rich domain (Gonzalo et al., 1999;
plasma membrane it should rescue regulated secretion in t@®nzalo and Linder, 1998a; Koticha et al., 1999; Veit et al.,
G14 cells expressing BoNT/E. To test this possibility, we2000; Vogel and Roche, 1999). However, the biological
expressed the SNAP-25 C-terminus attached to the loop witlignificance of the membrane localization of endogenous
the entire cysteine-rich domain, producing S25A/ER-82-206BNAP-25 remains under discussion, as one study found that
(Fig. 7A). The minimal plasma membrane-targeting domain ofoluble SNAP-25 proteins functions in regulated exocytosis in
SNAP-25 maps to residues 85-120 (Gonzalo et al., 1999); thud]T cells (Gonelle-Gispert et al., 2000), whereas a more recent
it is expected that a SNAP-25 mutant lacking the entire Npaper shows that soluble SNAP-25 is inactive in PC12 cells
terminus domain would still be targeted to the plasmgWashbourne et al., 2001). A discrepancy in the results may be
membrane. Fig. 7B shows that S25A/ER-82-206 protein isaused by different levels of overexpressed SNAP-25 in the
efficiently targeted to the plasma membrane. When S25A/ERransfected cells. It is also possible that the permeabilized cell
82-206 protein was transiently transfected in G14 cells, it wasystem used in both studies leads to depletion of different
able to rescue C&dependent secretion @fGal activity as amounts of soluble SNAP-25 proteins through the pores
efficiently as the wild-type SNAP-25 protein (Fig. 5). The created by the toxin at the plasma membrane (Gonelle-Gispert
S25A/ER-82-206 protein was also able to form SNAREet al., 2000; Washbourne et al., 2001). To resolve the question
complexes of 70 kDa (Fig. 7D), which are similar to theof whether membrane localization is required for SNAP-25
complexes formed by the C-terminal helix of SNAP-25function in the cell, we measured secretion from intact
introduced in permeabilized PC12 cells (Chen et al., 1999Neuro2A cell lines stably transfected with BoONT/E toxin.
The C-terminal helix of SNAP-25, without the

membrane-binding region, S25A-ER-140-206, A B
highly unstable when expressed in cells, and its ac
cannot be estimated. These experiments show th
two helices of SNAP-25 do not need to be physic
linked in order to function in intact cells. As SNAP

82 reee 92

S25A/ER
1 206

82 92
residues 20-80 are required for SNAP-25 bindin -
syntaxin, these experiments support the concep S25A/ER-82-206
that the interaction between SNAP-25 and sytax -
not necessary for membrane binding and pla
membrane targeting. C D
225

. . 2 8 -
Discussion £ = 66 kDa —
In neuroblastoma cells, a chimera wtGal fused t( (73 Z & I
the C-terminus of POMC is targeted to a specia & 5 \
secretory pathway. This conclusion is supported b = 3 3 DS
following observations. First, POMC is proces: < F -
whereas the3-Gal tag remains intact. As hormc g S 27
processing occurs only in secretory granules (O1 _§‘ s é é
al., 1987; Tooze et al., 1987) endoproteolytic clea & 1 % &
of the tagged pro-hormone indicates its correct sc 3 § T Z
to these vesicles. Second, processed P@MGR, =~ 0L =
unlike the precursor, co-fractionates with R = ©
proteins that are associated with dense core gra 2 @

Third, precursor POM@-Gal is release
constitutively, whereas processed POIRGal is
released in a Ga&dependent manner. Similarly, 1
release of approximately 5% of the tdfatal activity

S25A/ER-82-206 -

in the medium occurs in a regulated manner, as
induced by depolarization and is Talependen
Fourth, the fraction of3-Gal activity released in
Ca&*-dependent manner is abolished by BoN
expression, whereas secretion in cells kept L
control conditions is unchanged. Fifth, expression
BoNT/E-resistant SNAP-25 protein rescues?2'€
dependentB3-Gal secretion. As exocytosis of nat
hormones specifically requires intact SNAF
(Sadoul et al., 1997; Sadoul et al., 1995), these
indicate that C#-dependent secretion of-Gal
activity occurs by the same pathway.

A number of studies have demonstrated that St
25 and Syndet/SNAP-23 are targeted to the pli

Fig. 7. The two helices of SNAP-25 can function independently of each other
in regulated exocytosis. (A) A SNAP-25 construct caB@$A/ER-82-206-
pcB7,lacking the N-terminal helical region and containing amino acids 82-
206 was generated. (B) Confocal immunofluorescence image of Neuro2A
cells expressing myc-tagged S25A/ER-82-206 stained with antibodies against
myc. Bar, 15um. (C) C&*-dependent secretion p{Gal activity (percentage

of total activity in cells) was derived as in Fig. 5fAGal secretion is

measured in G14 cells stably expressing BoNT/E and transiently transfected
with POMC3-Gal andpcB7or S25A/ER-82-20-pcBT&*-dependent release

of B-Gal (as in Fig. 1G) is calculated from the data of four independent
experiments done with triplicate samples as in Fig. 1. (D) SNARE complexes
derived from G14 cells transiently transfected VADMC-3-Gal together

with eitherpcB7or S25A/ER-82-206-pcBiere detected as described in Fig.

6. The total amount of S25A/ER-82-206 expressed is shown in the lower
panel probed with anti-myc antibodies.



3350 Journal of Cell Science 115 (16)

Transfected neuroblastoma cells are dependent on expresshigher levels than the exogenous membrane-bound SNAP-25.
of exogenous, BoONT/E-resistant SNAP-25 for regulatedrhe only known role of the cysteine-rich domain is to target
secretion. By using the Neuro2A cells, it was possible t&NAP-25 to the plasma membrane. Thus, the simplest
achieve a level of exogenous SNAP-25 overexpression in thaterpretation of these results is that the cysteine-rich domain,
transiently transfected cells that was only four-fold higher thaby controlling the localization of SNAP-25 at the plasma
endogenous SNAP-25. Moreover, the effect of membranenembrane, regulates its availability to form SNARE
bound and soluble SNAP-25 could be directly compared as reomplexes in the cell.
permeabilization procedures are used prior to stimulation of the We have also shown that the C-terminal and the N-terminal
cells. Under these conditions we find that soluble, BoNT/Ehelices of SNAP-25, each targeted to the plasma membrane by
resistant SNAP-25 mutants, either lacking the cysteine-rictwo distinct cysteine-rich domains, function as well as full-
domain or with the four cysteines residues changed to alanindsngth SNAP-25 in intact cells. These results are in agreement
are unable to support exocytosis. with the in vitro finding that the two helices do not need to be
In vitro reconstitution of norepinephrine secretion occurs alinked together to function (Chen et al., 1999; Parlati et al.,
concentrations of 10-4QM of full-length, soluble SNAP-25 1999; Scales et al., 2000). Although the loop may act as a linker
with its cysteine residues mutated into alanines (Scales et abf multiple SNARE complexes, this function does not appear
2000). In the Neuro2A cells used here, the intracellulato be necessary for function in the cell.
concentration of the same soluble mutated SNAP-25 protein is
1 uM, which is below the level required to reconstitute granule The authors wish to thank M. C. Wilson for Myc-tagged SNAP-25
release in vitro (Chen et al., 1999; Scales et al., 2000 DNA, J. C. Bulinski for the Myc-;agged Ensconsin protein, G.
Targeting of SNAP-25 to the plasma membrane or té;omas for the POMC cDNA, T. Binz for the BoNT/E cDNA, P.

) ; : erjesi for the Neuro2A cell line and R. Jahn for the anti-VAMP-2
cholesterol-dependent clusters at which secretory vesicl antibody. The authors also thank Sudhindra Swamy and Theresa

preferentlally dock and fuse (Lang et al., 2001) would gre":.m%wayne for their excellent technical assistance with the confocal

increase the concentration of SNAP-25 to the levels requiregicroscope and helpful discussions. The authors thank the Confocal

for exocytosis. We conclude that the role of the cysteine-riciyicroscopy Facility of the Herbert Irving Comprehensive Cancer

domain is to increase the concentration of SNAP-25 near th@enter at the Columbia Presbyterian Medical Center for the use of the

plasma membrane to a sufficient level to allow exocytosis. confocal microscope. This work was supported by National Institutes
Mutation of the palmitoylation site of G proteins or the GRKof Health grant # RO1-DK53293.

class of serine/threonine kinases impairs their function in

signal transduction [reviewed by Resh (Resh, 1999)].
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