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SNAP-23 is the ubiquitously expressed homologue of
the neuronal SNAP-25, which functions in synaptic ves-
icle fusion. We have investigated the subcellular local-
ization of SNAP-23 in polarized epithelial cells. In hep-
atocyte-derived HepG2 cells and in Madin-Darby canine
kidney (MDCK) cells, the majority of SNAP-23 was pres-
ent at both the basolateral and apical plasma membrane
domains with little intracellular localization. This sug-
gests that SNAP-23 does not function in intracellular
fusion events but rather as a general plasma membrane
t-SNARE. Canine SNAP-23 is efficiently cleaved by the
botulinum neurotoxin E, suggesting that it is the toxin-
sensitive factor previously found to be involved in
plasma membrane fusion in MDCK cells. The localiza-
tion of SNAP-25 in transfected MDCK cells was studied
for comparison and was found to be identical to
SNAP-23 with the exception that SNAP-25 was trans-
ported to the primary cilia protruding from the apical
plasma membrane, which suggests that subtle differ-
ences in the targeting signals of both proteins exist. In
contrast to its behavior in neurons, the distribution of
SNAP-25 in MDCK cells remained unaltered by treat-
ment with dibutyryl cAMP or forskolin, which, however,
caused an increased growth of the primary cilia. Finally,
we found that SNAP-23/25 and syntaxin 1A, when co-
expressed in MDCK cells, do not stably interact with
each other but are independently targeted to the plasma
membrane and lysosomes, respectively.

A conserved machinery, the “SNARE machinery,” appears to
be involved in the docking and fusion steps of a multitude of
membrane traffic pathways in all eukaryotic cells (reviewed in
Refs. 1-5). The main components of this machinery have been
identified, and their biochemical interactions have been inves-
tigated, in most detail for the machinery mediating the fusion
of synaptic vesicles. In the process of vesicle docking and/or
fusion, a core complex is formed between the t-SNAREs syn-
taxin and SNAP-25," localized at the target (presynaptic) mem-
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brane, and the vesicular v-SNARESs synaptobrevin/vesicle-as-
sociated membrane protein and probably also synaptotagmin
(6). This complex can recruit the soluble factors NSF and SNAP
(soluble NSF attachment protein; unrelated to the synapto-
some-associated protein of 25 kDa, SNAP-25) to form the ma-
ture fusion complex, which can disassemble after NSF-medi-
ated ATP hydrolysis, leading to membrane fusion. Most of the
protein-protein interactions in the core fusion complex involve
protein domains with a predicted high probability of forming
coiled-coil structures. SNAP-25, which possesses two coiled-coil
domains, must play a central role in this complex, since it is
capable of directly binding to all other constituents of the
complex, i.e. to syntaxin to form a t-SNARE heterodimer, to
synaptobrevin/vesicle-associated membrane protein, and to
synaptotagmin (6—11). By sequence analysis, we have previ-
ously shown that both the N- and C-terminal coiled-coil do-
mains of members of the SNAP-25 protein family as well as the
membrane-proximal coiled-coil domain of the members of the
syntaxin family are homologous to each other, uniting both
families into a new superfamily (12).

An attractive feature of the SNARE hypothesis is its pro-
posal that vesicle docking and/or fusion can occur only when
cognate v- and t-SNARESs bind to each other (13). This could
provide a proofreading mechanism to prevent a transport ves-
icle from fusing with an incorrect target membrane (14). A
prerequisite for this specificity aspect of the SNARE hypothesis
is that different isoforms of t- and v-SNARESs exist in different
membrane compartments and classes of transport vesicles,
respectively. Indeed, different isoforms of v- and t-SNAREs
have been identified, some of which are expressed only in
neurons, whereas others are more ubiquitously expressed in
other mammalian tissues.

The specificity of the v-SNAREs could be demonstrated in
yeast where certain v-SNARESs (e.g. Boslp, Betlp, Sec22p) are
involved in early steps of the secretory pathway, whereas oth-
ers (Sncl/2) are specific for the latest step, i.e. the fusion with
the plasma membrane (15). A similar specificity exists for the
t-SNARESs of the syntaxin family. Several non-neuronal syn-
taxin isoforms have been identified in mammals two of which,
syntaxin 5 and 6, are localized to the membranes of the Golgi
apparatus (16, 17), whereas the isoforms 2, 3, and 4 are found
at the plasma membrane (16, 18). It was recently discovered
that the localization of these plasma membrane-specific syn-
taxins is further segregated in epithelial cells. Polarized epi-
thelial cells possess two plasma membrane domains, the apical
and basolateral domains, with different protein and lipid com-
positions and a variety of different membrane traffic pathways
leading to either surface (14, 19, 20). We have demonstrated
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recently that syntaxins 3 and 4 are restricted to the apical and
basolateral plasma membrane domains, respectively, whereas
syntaxin 2 was found on both surfaces in MDCK cells (18). This
suggested that syntaxins 3 and 4 would serve only polarized
pathways to their respective surfaces. It has been hypothesized
earlier that apical fusion might be generally SNARE-inde-
pendent and would utilize a different mechanism (21, 22) but
our finding of two syntaxin isoforms, 2 and 3, being present at
the apical plasma membrane in MDCK cells suggests that
vesicle fusion at this surface is also mediated by the SNARE
machinery (18).

Information on the specificity that might be provided by the
second t-SNARE subunit, the SNAP-25 proteins, has lagged
behind mostly because until recently only one member of this
family has been identified in yeast (Sec9p) and one in mammals
(SNAP-25). Sec9p is involved in plasma membrane fusion in
yeast (23). The mammalian SNAP-25 is differentially ex-
pressed in neuronal subpopulations and is found at the axonal
plasma membrane including the presynaptic terminals (24,
25). It appears to be utilized only for the fusion of synaptic
vesicles in the nervous system and for similar regulated secre-
tion events in neuroendocrine cells (26). Recently, however, a
non-neuronal homologue of SNAP-25, termed SNAP-23, has
been identified that is 59% identical to SNAP-25 at the amino
acid level (27). SNAP-23 is expressed ubiquitously in all tissues
examined and appears to bind the syntaxin isoforms 1, 2, 3, and
4 with equal efficiency in vitro. To date, it is not known whether
SNAP-23 is present on all membrane compartments in the cell,
where it could act as a general constituent of all SNARE com-
plexes, or if it is specifically localized to only one particular
compartment.

We have investigated the latter question by studying the
subcellular localization of SNAP-23 in polarized epithelial
cells. The majority of endogenous SNAP-23 in HepG2 cells as
well as transfected SNAP-23 in MDCK cells was present at the
plasma membrane. SNAP-23 was found on both the basolateral
and apical domains, suggesting that it may play a role in
determining the possible proofreading specificity with respect
to plasma membrane/non-plasma membrane vesicle fusion but
not with respect to apical versus basolateral polarity. Also, the
neuron-specific SNAP-25 was efficiently transported to both
plasma membrane domains when expressed in MDCK cells. In
addition, only SNAP-25 could be detected at the plasma mem-
brane surrounding the primary cilia that protrude from the
apical surface of MDCK cells. This points to differences in the
targeting of these two homologues.

EXPERIMENTAL PROCEDURES

Materials—Cell culture media were from Cell Gro, Mediatech (Wash-
ington, DC), and the UCSF Cell Culture Facility. Fetal bovine serum
(FBS) was from Hyclone (Logan, UT). G418 was obtained from Life
Technologies, Inc. Transwell polycarbonate cell culture filters were
purchased from Corning Costar Corporation (Massachusetts, MA). Rat
monoclonal antibody ascites against ZO-1 was obtained from Chemicon
International (Temecula, CA). The monoclonal antibody against
SNAP-25 was from Sternberger Monoclonals (Baltimore, MD). Rabbit
antiserum against detyrosinated tubulin (28) was a kind gift from
Gregg Gundersen (Columbia University). Fluorescein isothiocyanate-
or Texas red-conjugated secondary antibodies were purchased from
Jackson ImmunoResearch Laboratories (West Grove, PA). Horseradish
peroxidase-conjugated, affinity-purified goat anti-rabbit IgG was from
Southern Biotechnology Associates (Birmingham, AL). Propidium io-
dide was purchased from Molecular Probes (Eugene, OR). The mono-
clonal antibody against syntaxin 1A (HPC-1) and other chemicals and
reagents were from Sigma. cDNA for the bacterial expression of His-
tagged botulinum toxin E light chain was a kind gift of Drs. Heiner
Niemann and Thomas Binz (Medizinische Hochschule, Hannover, Ger-
many). The toxin was expressed in Escherichia coli and purified as
described (29).

Antibodies against Human SNAP-23—Rabbit antisera (R.SNAP-23N

3423

and R.SNAP-23C) against human SNAP-23 were generated by immu-
nization with synthetic peptides corresponding to the amino-terminal
17 (MDNLSSEEIQQRAHQIT) or the C-terminal 15 (RIDIANARA-
KKLIDS) amino acids of human SNAP-23 plus an additional C- or
N-terminal cysteine residue, respectively. The peptides were covalently
coupled to maleimide-activated keyhole limpet hemocyanin (Pierce)
prior to immunization.

Both R.SNAP-23N and R.SNAP-23C recognized human SNAP-23 in
immunoblot analysis. R.SNAP-23C but not R.SNAP-23N also cross-
reacts with canine SNAP-23. R.SNAP-23N could be used for immuno-
fluorescence analysis, while R.SNAP-23C gave only very weak signals
and was not used for this technique. In all cases, the signals could be
completely blocked by competition with the respective peptide.

R.SNAP-23N was affinity-purified by passing the diluted serum over
a column of SulfoLink agarose (Pierce) chemically coupled to the
SNAP-23 amino-terminal peptide. The column was then washed suc-
cessively with 10 mMm Tris, pH 7.5, and with 10 mM Tris, pH 7.5,
containing 500 mM NaCl, and the bound antibody was eluted in 0.1 M
glycine, pH 2.8. Eluted antibody was immediately neutralized by the
addition of Yio volume of 1 M Tris, pH 8.0, and the samples were
dialyzed against PBS.

SDS-PAGE and Immunoblotting—Adherent cells were recovered by
trypsinization, washed, and resuspended in PBS containing 0.5 mMm
phenylmethylsulfonyl fluoride, 0.1 mM 1-chloro-3-tosylamido-7-amino-
2-heptanone, 5 mM iodoacetamide, 10 ug/ml leupeptin, and 10 pg/ml
aprotinin. The cells were sonicated for 10 s on ice and boiled for 5 min
in SDS-PAGE sample buffer containing 1% B-mercaptoethanol (25 X
106 cells/ml). Chromosomal DNA was sheared by repeated passage
through a 22-gauge needle, and approximately 20 pg of total cell protein
per lane was analyzed by SDS-PAGE and transferred to polyvinylidene
difluoride membrane. The blot was probed with R.SNAP-23N (1:3000),
and the bound antibody was detected using horseradish peroxidase-
conjugated goat anti-rabbit IgG and enhanced chemiluminescence
(NEN Life Science Products).

Expression Vectors—Human SNAP-23 cDNA (27) was subcloned into
pcDNAS3 by adding EcoRI and Xhol sites at the 5’- and 3’-ends of the
c¢cDNA wusing the polymerase chain reaction. The sequence of
pcDNA3-SNAP-23 was confirmed by automated sequence analysis. The
c¢DNA for murine SNAP-25 was kindly provided by Dr. Michael Wilson
(University of New Mexico, Albuquerque). It was subcloned from
pSNAP 8.52 (24) into the EcoRI site of the expression vector pcDNA3.

Culture of HepG2, HT-29, and Caco-2 Cells—HepG2 and Caco-2 cells
were obtained from the UCSF Cell Culture Facility. HT-29.74 cells were
a kind gift of Dr. Charlotte S. Kaetzel (University of Kentucky, Lexing-
ton). HT-29.74 cells were grown in RPMI 1640 with 25 mm Hepes, 2 mMm
glutamine, 10% FBS, 100 units/ml penicillin, and 100 ug/ml streptomy-
cin. Caco-2 cells were cultured in Dulbecco’s modified Eagle’s medium
(4.5 g/liter glucose), supplemented with 20% heat-inactivated FBS, 1%
nonessential amino acids, 100 units/ml penicillin, and 100 ug/ml strep-
tomycin. HepG2 cells were grown in Dulbecco’s modified Eagle’s medi-
um-H21 (4.5 g/liter glucose) containing 10% heat-inactivated FBS, 2 mm
glutamine, 100 units/ml penicillin, and 100 pg/ml streptomycin (30).

Culture and Transfection of MDCK Cells—MDCK strain II cells were
maintained in minimal essential medium, supplemented with 10%
FBS, 100 units/ml penicillin, and 100 pg/ml streptomycin in 5% CO,,
95% air. Newly transfected cells or pooled stable clones were cultured
on 12-mm, 0.4-um pore size Transwell polycarbonate filters so that they
reached confluency after 1 day and were grown for a further 3 or 4 days
with regular medium changes.

MDCK cells or MDCK cells that stably express syntaxin 1A (de-
scribed by Low et al. (18)) were transfected with the expression vectors
for SNAP-23 or SNAP-25 by the calcium phosphate method as described
previously (31). 3 days after transfection, cells were either directly
plated onto filters for immunocytochemistry, or stable clones were se-
lected in medium containing 0.35 mg/ml G418.

Immunocytochemistry, Confocal Microscopy, and Image Analysis—
Samples were fixed with 4% paraformaldehyde, permeabilized with
0.025% (w/v) saponin in phosphate-buffered saline, and blocked with
10% FBS followed by sequential incubations with primary antibodies
and fluorescein isothiocyanate- and/or Texas red-conjugated secondary
antibodies. In some cases, nuclei were stained with 5 ug/ml propidium
iodide after treatment with 100 pug/ml RNase A. The samples were
analyzed using a Bio-Rad MRC-1000 confocal microscope.

For measurement of the length of the primary cilia, cells were labeled
with an antibody against detyrosinated tubulin (28). Serial x-y confocal
sections were recorded in 1-um increments covering the entire height of
the cell including the region above the apical membranes and projected
into a single image. The apparent length of individual cilia in randomly
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Fic. 1. SNAP-23 is expressed in epithelial cell lines. Equal
amounts of total protein extracts from the cultured human epithelial
cell lines HepG2 (lane 1), HT-29 (lane 2), Caco-2 (lane 2), and the canine
kidney cell line MDCK (lane 3) were investigated by Western blot
analysis with the antibody against human SNAP-23 (R.SNAP-23N).
Total proteins from a stable clone of MDCK cells transfected to express
human SNAP-23 were analyzed for comparison (lane 5).

selected fields was measured using NIH Image version 1.61 (National
Institutes of Health). Since the length of three-dimensional cilia was
measured after projection into a two-dimensional image, the obtained
values are slightly shorter than the real length. We therefore refer to
them as the “apparent” lengths.

Botulinum Toxin E Cleavage—Radiolabeled human SNAP-23 and
murine SNAP-25 were produced by in vitro transcription/translation
from the expression vectors described above using the TNT coupled in
vitro translation/transcription kit (Promega, Madison, WI) using T7
RNA polymerase, reticulocyte extract, and [*>S]methionine. 1 ul of the
products were incubated with 0—1 ug of purified His-tagged botulinum
toxin E light chain (see “Experimental Procedures”) for 1 h at 37 °C in
10 pl of 115 mm potassium acetate, 25 mMm Hepes-KOH, pH 7.4, 2.5 mm
magnesium acetate. The reaction was stopped by the addition of SDS-
PAGE sample buffer and boiling for 5 min. The proteins were separated
by standard SDS-PAGE (15% acrylamide) and visualized by Phosphor-
Imager analysis (Molecular Dynamics, Sunnyvale, CA).

For the analysis of endogenous canine SNAP-23, cultured MDCK
cells or MDCK cells stably expressing SNAP-25 or syntaxin 3 (18) were
washed with ice-cold phosphate-buffered saline, scraped off, and ho-
mogenized by passing through a 23-gauge needle in 1 ml of 20 mm
Tris-HC1, pH 7.5, including protease inhibitors. Membranes were pel-
leted and solubilized in 115 mM potassium acetate, 25 mm Hepes-KOH,
pH 7.4, 2.5 mM magnesium acetate, 0.75% Triton X-100, and protease
inhibitors for 25 min at 4 °C. Insoluble material was removed by cen-
trifugation, and the supernatant was used for cleavage experiments. To
15 ul of this lysate, 0—1 pg of purified His-tagged botulinum toxin E
light chain was added and incubated for 2 h at 37 °C. The samples were
processed for Western blot analysis using antibodies against SNAP-23
(R.SNAP-23C), SNAP-25, and syntaxin 3.

RESULTS

SNAP-23 Is Expressed in Epithelial Cell Lines—SNAP-23
has been previously shown to be expressed in many different
human tissues including tissues that are rich in epithelial cells
like lung, liver, kidney, and pancreas (27). To study the local-
ization of SNAP-23 in epithelial cells, a polyclonal antibody was
raised against a peptide of the N-terminal 17 amino acids of the
human SNAP-23 sequence. Total cellular protein extracts of
different cultured human cell lines were prepared and exam-
ined by Western blot analysis (Fig. 1). A single band with an
apparent molecular mass of 28 kDa could be detected in the
three human epithelial cell lines examined: HepG2 (hepato-
cyte-derived) and Caco-2 and HT-29 (both colon carcinoma-
derived). No band was detectable in the dog kidney cell line
MDCK due to the inability of the antibody to cross-react with
the canine protein as determined by Western blot analysis of
different dog tissues (data not shown). However, using an an-
tibody directed against a C-terminal peptide of human SNAP-
23, which cross-reacts with the canine isoform (see “Experi-
mental Procedures”), we could confirm that MDCK cells also
express SNAP-23 endogenously (data not shown). The observed
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apparent molecular weight of SNAP-23 is higher than the
calculated molecular weight, which may be due to the post-
translational palmitoylation of several cysteine residues in
analogy to SNAP-25 (32, 33). The results are in agreement with
the previously observed wide tissue distribution of SNAP-23
and show that the protein is expressed in several pure epithe-
lial cell lines.

Localization of Endogenous SNAP-23 in HepG2 Cells—The
human hepatoma-derived HepG2 cells can be grown in culture
so that they become polarized. After the initiation of cell-cell
contact, neighboring cells form a structure that resembles the
bile canaliculi (BC) of liver tissue (30). The plasma membrane
surrounding the BC contains numerous microvilli and is equiv-
alent to the apical plasma membrane domain of other epithelial
cells. It is separated by tight junctional complexes from the
basolateral domain. Polarized HepG2 cells were analyzed by
confocal immunofluorescence microscopy after co-labeling with
the affinity-purified SNAP-23 antibody and an antibody
against villin, a microvillar protein (Fig. 2). Both the basolat-
eral and the apical (BC) plasma membrane domains were
clearly stained with the SNAP-23 antibody. The staining was
specific, since the addition of the N-terminal SNAP-23 peptide
completely eliminated all staining (not shown). The concentra-
tion of SNAP-23 appears higher in the apical than in the
basolateral plasma membrane domain. However, if the high
degree of folding in the apical surface due to the densely packed
microvilli is taken into account, the SNAP-23 concentrations
are probably similar in both domains. Some SNAP-23 staining
was often observed intracellularly in HepG2 cells, but no dis-
tinct pattern was apparent for this staining. Some of the “in-
tracellular” staining is attributable to basolateral plasma
membranes reaching into the optical confocal section from the
top or the bottom of the cells, but a fraction might also result
from newly synthesized or endocytosed SNAP-23. The apical
plasma membrane domains were in most cases positive for both
SNAP-23 and villin. Occasionally, however, BC-like structures
were observed that were stained for SNAP-23 but not for villin
(open arrowheads in Fig. 2, A and B), suggesting that these are
newly formed apical domains that have not yet developed fully
mature microvilli.

Transfected SNAP-23 Is Targeted to the Basolateral and
Apical Plasma Membrane Domains in MDCK Cells—MDCK
cells are the one epithelial cell line in which membrane traf-
ficking pathways have been most extensively characterized (14,
19). In contrast to hepatocytes, they are capable of direct bio-
synthetic membrane protein transport to the apical surface (34,
35). Since we had previously found that different syntaxin
isoforms are differentially localized in MDCK cells (18), it was
of great interest to also determine the localization of SNAP-23,
the member of the second family of t-SNAREs, in this cell line.
Because our SNAP-23-specific antibody did not cross-react
with the canine protein (see “Experimental Procedures”), hu-
man SNAP-23 was expressed in MDCK cells by transfection.
The transfected cells were grown as a polarized monolayer on a
permeable filter support and investigated by confocal immuno-
fluorescence microscopy. Figs. 3 and 4A show that the majority
of SNAP-23 is transported to both the basolateral and apical
domains of the plasma membrane. Both surfaces are stained to
a similar extent, indicating that SNAP-23 is not preferentially
targeted to either domain. Only transfected cells are labeled for
SNAP-23, whereas neighboring nontransfected cells are unla-
beled, demonstrating the specificity of the antibody. Again,
some minor, undefined intracellular staining was observed.
The average level of exogenous SNAP-23 expression in MDCK
cells was comparable with the endogenous level in HepG2 cells
as judged by the relative intensities of the immunofluorescence
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Fic. 2. Endogenous SNAP-23 is expressed at the apical and
basolateral plasma membrane domains of HepG2 cells. HepG2
cells were double-labeled with antibodies directed against SNAP-23 and
villin, a microvillar protein, and investigated by confocal fluorescence
microscopy. Panel A shows the localization of SNAP-23. Bile canaliculi-
like structures, which correspond to the apical plasma membrane, are
highlighted by arrowheads. Some basolateral plasma membranes are
marked by arrows. Panel B shows the staining for villin of the same
field as in panel A. Villin is present almost exclusively at the apical
membranes. Occasionally, SNAP-23-positive bile canaliculi-like struc-
tures can be seen that do not contain villin (open arrowheads). Panel C
shows a higher magnification of a different field. The SNAP-23 channel
(green) and the villin channel (red) are merged, resulting in yellow
where they colocalize. Bars, 5 pm.

signals and by Western blot analysis (Fig. 1). Furthermore, the
localization pattern did not change over a wide range of expres-
sion levels.

Together, these results suggest that SNAP-23 does not func-
tion in fusion events at intracellular organelles but only at the
basolateral and apical plasma membrane domains in epithelial
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cells. This is in agreement with the observed ability of
SNAP-23 to bind to all plasma membrane syntaxin isoforms in
vitro (27).

Canine but Not Human SNAP-23 Is a Substrate for Botuli-
num Neurotoxin E—The neuronal SNAP-25 is a target of the
botulinum toxins type A and E, zinc-dependent proteases that
cleave SNAP-25 at two different sites close to its C terminus
(29, 36). This action of the toxins inhibits neurotransmitter
secretion efficiently in vivo and in vitro (37). Botulinum E-toxin
has also been shown recently to specifically inhibit the fusion of
transcytotic vesicles with the apical plasma membrane as well
as recycling vesicles with the basolateral plasma membrane in
streptolysin O-permeabilized MDCK cells (38). In that study,
the substrate of the toxin remained unknown, but it was sug-
gested to be a non-neuronal isoform of SNAP-25 that was not
known at the time. The fact that the E-toxin cleavage site in
SNAP-25 (Arg'®°-Tle'®!) is conserved in human SNAP-23 (27)
and our finding that SNAP-23 is localized at both plasma
membrane domains of MDCK cells suggest that it might be the
botulinum E-toxin-sensitive SNARE involved in transcytosis
and recycling. To investigate this possibility, we first treated in
vitro translated human SNAP-23 (and SNAP-25 as a control)
with recombinant, bacterially expressed botulinum E-toxin
light chain. As shown in Fig. 5A, SNAP-25 was efficiently
cleaved by the toxin, whereas no cleavage of SNAP-23 could be
detected even with a large excess of the toxin, 100-fold more
than needed to cleave >90% of the SNAP-25. Under similar
conditions, human SNAP-23 was also not cleaved by botulinum
toxin A (data not shown).

This result suggests that either SNAP-23 is not the botuli-
num E-toxin-sensitive factor involved in transcytosis and that
therefore another SNAP-25 homologue might be expressed in
MDCK cells or that the endogenous canine SNAP-23 of MDCK
cells might differ in the toxin-binding and/or -cleavage sites
from the human protein that might render it sensitive to the
toxin. To distinguish between these possibilities, a second an-
tibody was raised against a C-terminal peptide of human
SNAP-23. This antibody cross-reacts well with the canine ho-
mologue in immunoblot analysis. It specifically recognizes a
band of 28 kDa, and this signal completely disappears by com-
petition with the C-terminal peptide (Fig. 5B and data not
shown). Total membrane extracts of MDCK cells and MDCK
cells stably expressing SNAP-25 or syntaxin 3 were treated
with botulinum E-toxin. As shown in Fig. 5B, both the endog-
enous canine SNAP-23 and the positive control SNAP-25 are
efficiently cleaved by the toxin, whereas syntaxin 3, as a neg-
ative control, is not affected. In contrast to SNAP-25, the cleav-
age of canine SNAP-23 is observed as a disappearance of the
protein band, since the C-terminal domain recognized by the
antibody is removed by the toxin.

This result shows that canine SNAP-23 is susceptible to
botulinum toxin E and strongly suggests that SNAP-23 is the
E-toxin-sensitive protein shown to be involved in vesicle fusion
at the apical and basolateral plasma membrane domains in
MDCK cells (38).

Transfected SNAP-25 Is Targeted to both the Basolateral and
Apical Plasma Membrane Domains as Well as to the Cilium in
MDCK Cells—For comparison with SNAP-23, the neuron-spe-
cific isoform SNAP-25 was also expressed by transfection in
MDCK cells. Its steady state localization was very similar to
that of SNAP-23. SNAP-25 was found mostly at the basolateral
and apical plasma membrane domains with little intracellular
staining (Figs. 4B and 6). One apparent difference, however,
was that SNAP-25 could be consistently detected at the pri-
mary cilia that protrude from the apical surface of MDCK cells
(Figs. 4B and 6A). Neither SNAP-23 (see Fig. 3 and 4A) nor the



3426

Fic. 3. SNAP-23 is localized at the
apical and basolateral plasma mem-
brane domains in transfected MDCK
cells. MDCK cells transfected for human
SNAP-23 were grown on a permeable fil-
ter support. Cells were labeled for
SNAP-23 (green), for ZO-1 (red) (a tight
junction protein), and for DNA with pro-
pidium iodide (red). Consecutive optical
sections through the cell monolayer were
recorded by confocal fluorescence micros-
copy at 1-um intervals, and sections at
the levels of the apical surface (A-C) and
of the nuclei (D) are shown. Both the ap-
ical and the basolateral surfaces are
clearly labeled for SNAP-23 in trans-
fected cells, whereas neighboring non-
transfected cells are unlabeled. Bar, 5
pm.

Fic. 4. Comparison of SNAP-23 and SNAP-25 localization in
transfected MDCK cells. Filter-grown MDCK cells expressing either
SNAP-23 (A) or SNAP-25 (B) were double-labeled for SNAP-23/25
(green) and the tight junction protein ZO-1 (red) and investigated by
confocal fluorescence microscopy. Vertical optical sections are shown
with the apical surface on top. A primary cilium that emerges from the
apical surface and stains for SNAP-25 can be seen in panel B. Bar, 5
um.

apical syntaxin isoforms 2 and 3 (18) were detected on the cilia.
Again, the observed localization was independent of the expres-
sion level. The possibility that SNAP-25 expression altered the
occurrence of cilia in MDCK cells was excluded by co-labeling
studies with an antibody directed against detyrosinated tubu-
lin, which labeled primary cilia of indistinguishable morphol-
ogy in SNAP-23- and SNAP-25-expressing as well as nontrans-
fected cells (see below and data not shown). These results
demonstrate that the neuron-specific SNAP-25 is efficiently
targeted to the plasma membrane of MDCK cells in contrast to
the neuron-specific syntaxin 1A, which we previously found to
be localized to lysosomes when expressed in MDCK cells (18).
The finding that SNAP-25 but not SNAP-23 is targeted to the
primary cilia suggests that subtle differences in their targeting
signals exist.

cAMP Causes Growth of Primary Cilia but No Preferential
Translocation of SNAP-25—The subcellular localization of
SNAP-25 in rat brain has been reported to shift during devel-
opment from cell bodies and axons to presynaptic terminals

Targeting of SNAP-23 and SNAP-25

A Human
SNAP-23 SNAP-25
LY
L) L3
o~ n‘ogq@q ~ "Qg'ee

ananes
B E-Tx(ug): 0 0.01 0.1 1
Canine ..
SNAP-23 '
-_—
SNAP-25

——

Syntaxin 3 |«am——————

Fic. 5. Canine but not human SNAP-23 is a substrate of botu-
linum neurotoxin E. A, in vitro translated, [**S]methionine-labeled
human SNAP-23 or murine SNAP-25 were incubated with 0, 0.001,
0.01, 0.1, or 1 pg of purified, recombinant botulinum E-toxin light chain
as indicated. The samples were separated on a 15% SDS-polyacryl-
amide gel and detected with a PhosphorImager screen. More than 90%
of SNAP-25 is cleaved by 0.01 pg of toxin, but SNAP-23 is resistant to
even a 100-fold higher amount under the same conditions. B, detergent
extracts of total membranes from MDCK cells (top panel) or MDCK cells
stably expressing SNAP-25 (middle panel) or syntaxin 3 (bottom panel)
were incubated with 0, 0.01, 0.1, or 1 pg of botulinum E-toxin light
chain as indicated. Samples were analyzed by immuno blot using anti-
bodies against SNAP-23 (R.SNAP-23C), SNAP-25, and syntaxin 3, re-
spectively. Both SNAP-23 and -25 are cleaved by the toxin, while the
negative control syntaxin 3 is unaffected. Note that the cleavage prod-
uct of SNAP-23 cannot be detected because the C terminus, which is
recognized by the antibody, is removed by the toxin.

(39). Moreover, it has been shown that SNAP-25 is preferen-
tially transported to the endings of neurites of differentiated
PC12 cells only when the cells were treated with dibutyryl-
cAMP (40). Together, these results suggest that the intracellu-
lar targeting of SNAP-25 is altered during neuron maturation
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Fic. 6. SNAP-25 is localized at the
apical and basolateral plasma mem-
brane domains and at the primary
cilia in transfected MDCK cells. Fil-
ter-grown MDCK cells transfected for
SNAP-25 were double-labeled for
SNAP-25 (green) and the tight junction
protein ZO-1 (red) and investigated by
confocal fluorescence microscopy. Consec-
utive optical sections through the cell
monolayer were recorded at 1-um inter-
vals. The six uppermost sections above
the apical surface were projected into one
image and are shown in panel A. SNAP-
25-positive primary cilia can clearly be
seen. Panels B and C show sections at the
level of the apical membrane, and panel D
shows a section at the level of the nuclei.
Bar, 5 pm.

by a process that is perhaps regulated by a cAMP-dependent
signaling pathway. We investigated whether raising the intra-
cellular cAMP concentration would alter the steady-state local-
ization of SNAP-25 in transfected MDCK cells. Cells express-
ing SNAP-25 were treated for 16 h or 3 days with the
membrane-permeable analog dibutyryl-cAMP or with the ad-
enylyl cyclase activator forskolin and investigated by immuno-
fluorescence confocal microscopy (Fig. 7). No changes in the
plasma membrane localization of SNAP-25 were observed, and
the relative labeling between the basolateral and the apical
domains was unaltered. However, strikingly, the length of the
primary cilia was increased significantly, and the average
length had approximately doubled as compared with the con-
trol (Table I). The cilia were co-labeled using an antibody
directed against detyrosinated tubulin. SNAP-25 was distrib-
uted evenly along the entire length of the cilia. No concentra-
tion at the endings was observed. Note that for these experi-
ments mixed clones of stably transfected cells were used
consisting of cells with a wide range of expression levels, which
allowed us to control for a correlation between SNAP-25-ex-
pression and cilia length. No such correlation was found. The
increase in cilia length was also identical for transfected and
nontransfected MDCK cells (not shown).

SNAP-25 and Syntaxin 1A Are Targeted Independently of
Each Other—SNAP-25 and syntaxin 1A bind tightly to each
other to form the heterodimeric t-SNARE at the presynaptic
nerve terminal. It is not known at which stage in their biosyn-
thetic trafficking these two t-SNARE subunits bind to each
other for the first time. We investigated whether SNAP-25 and
syntaxin 1A, when co-expressed in the same MDCK cell, would
mutually alter their targeting. If they could form a stable
complex, we would expect to find them co-localized most likely
either at the plasma membrane or in lysosomes. MDCK cells
stably expressing syntaxin 1A (18) were transfected with
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SNAP-25, and the localization of both proteins was investi-
gated by double labeling immunofluorescence microscopy. As
shown in Fig. 8, the overall localization of syntaxin 1A and
SNAP-25 was unchanged in cells expressing both proteins. The
majority of SNAP-25 was still found at the plasma membrane,
and syntaxin 1A remained localized to lysosomes. Only occa-
sionally, intracellular regions were observed in which a frac-
tion of the SNAP-25 was located in proximity but not perfectly
overlapping with syntaxin 1A. No syntaxin 1A could be de-
tected in the primary cilia despite the presence of SNAP-25 (not
shown). The same result was obtained when syntaxin 1A and
SNAP-23 were expressed together in MDCK cells, indicating
that SNAP-23 also does not interact stably with syntaxin 1A
under these conditions (data not shown).

This result suggests that syntaxin 1A and SNAP-25 are not
stably associated when exogenously expressed in MDCK cells
and do not form a complex en route to their final destination.

DISCUSSION

SNAP-23 Functions at the Plasma Membrane—Our finding
that the majority of SNAP-23 localizes to the plasma mem-
brane of different cell lines suggests that it functions as a
t-SNARE in the docking and/or fusion of transport vesicles with
this membrane compartment. Since very little SNAP-23 could
be detected intracellularly, it is unlikely that it has a specific
function in any compartment other than the plasma mem-
brane. Therefore, the characterized t-SNAREs of the SNAP-25
family (SNAP-25, SNAP-23, and the yeast Sec9p) appear to
function exclusively at the plasma membrane. However, since
most of the other membrane fusion events in eukaryotic cells
also seem to involve the SNARE machinery, the question arises
as to whether these intracellular fusion events may either not
require a SNAP-25-like t-SNARE or whether they may involve
as yet unknown SNAP-25 homologues. We have recently iden-
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Fic. 7. Elevated cAMP concentra-
tion causes an increase in cilia length
but no redistribution of SNAP-25.
Pooled clones of MDCK cells stably ex-
pressing SNAP-25 were treated for 16 h
without (A) or with (B) 1 mm Bt,cAMP.
Cells were then double-labeled for
SNAP-25 (green) and detyrosinated tubu-
lin (red) and investigated by confocal flu-
orescence microscopy. Representative
fields are shown. Consecutive optical sec-
tions were recorded at 1-um intervals.
Ten images, above and partially including
the level of the apical membranes, were
projected into one image. The effect on
cilia morphology of treatment with fors-
kolin or Bt,cAMP was nearly indistin-
guishable (see Table I). Bar, 5 um.

TABLE I
cAMP stimulation results in increased length of primary cilia

Confluent MDCK monolayers on polycarbonate filters were treated
for 16 or 72 h with either 1 mm Bt,cAMP, 50 uMm forskolin (FSK) or
without drug (control). Cells were fixed and permeabilized, and the
primary cilia were labeled with an antibody against detyrosinated
tubulin. The apparent lengths of the primary cilia, which differ slightly
from the real lengths, were measured as described under “Experimental
Procedures” from randomly selected micrograph fields.

Average apparent Sample size

Treatment cilia length S.E. (number of cilia
Median Mean measured)
wm
Control 2.3 2.8 0.1 380
Bt,cAMP, 16 h 4.2 5.7 0.4 162
FSK, 16 h 3.6 54 0.2 471
FSK, 72 h 5.3 7.0 0.2 503

tified two new distantly related members of the SNAP-25 fam-
ily by profile-based data base searches (12) that are possible
candidates for t-SNARESs involved in intracellular membrane
fusion events.

Our finding that canine SNAP-23 can be efficiently cleaved
by botulinum neurotoxin E links the previously reported func-
tional effects of this toxin on membrane fusion events in MDCK
cells to SNAP-23. Treatment of streptolysin-O-permeabilized
MDCK cells with the E-toxin inhibits the fusion of transcytotic
vesicles with the apical plasma membrane and of recycling
vesicles with the basolateral membrane in an in vitro reconsti-
tuted transport assay (38). Our findings that canine SNAP-23
is a substrate of this toxin and that SNAP-23 is localized on
both the basolateral and apical surfaces strongly suggest that it
is involved at least in these two membrane traffic pathways.

The finding that human SNAP-23 can not be cleaved by the
E-toxin suggests that it differs from the canine homologue in a
critical amino acid(s) in the toxin binding or cleavage sites.

SNAP-23 and the Specificity of Vesicular Traffic—The
SNARE hypothesis predicts that different membrane compart-
ments should contain different t-SNAREs, which would provide
a mechanism to allow only the fusion of correctly targeted
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Fic. 8. SNAP-25 and syntaxin 1A do not co-localize signifi-
cantly when co-expressed in MDCK cells. MDCK cells stably ex-
pressing syntaxin 1A (18) were transfected for SNAP-25 and grown on
permeable filters. The cells were double-labeled for SNAP-25 (green)
and syntaxin 1A (red) and investigated by confocal fluorescence micros-
copy. The figure shows a representative horizontal optical section at the
level of the nuclei. Two SNAP-25-expressing cells are shown that are
surrounded by cells only expressing syntaxin 1A. Neither the localiza-
tion of syntaxin 1A nor of SNAP-25 (compare with Fig. 6) was affected
by the co-expression of the other, and no significant co-localization was
observed. Bar, 5 pm.
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transport vesicles possessing matching v-SNAREs. Since
SNAP-23 localizes to both the basolateral and the apical
plasma membrane domains of polarized epithelial cells, it can-
not contribute directly to the specificity of the fusion of vesicles
to either domain. Although it is possible that additional SNAP-
23-homologues exist that might be localized specifically to ei-
ther plasma membrane domain, we find it more likely that the
specificity in the v-SNARE/t-SNARE interaction is based on
the second t-SNARE subunit, the syntaxins. This is supported
by our previous findings that the syntaxin isoforms 2, 3, and 4
are indeed differentially localized at the plasma membrane
domains of MDCK cells (18) and that SNAP-23 binds equally
well to these syntaxin isoforms in vitro (27). It is therefore
likely that SNAP-23 is a general binding partner for all plasma
membrane syntaxins in non-neuronal cells.

The presence of SNAP-23, in addition to the syntaxins 2 and
3 (18), on the apical plasma membrane of polarized epithelial
cells, including MDCK cells, further demonstrates that this
membrane possesses components of the SNARE machinery and
makes it unlikely that vesicular fusion with the apical domain
is generally independent of this machinery as previously
proposed (21, 22).

Our finding that SNAP-23 is abundantly present at the
apical plasma membrane of HepG2 cells is the first demonstra-
tion that a t-SNARE is present at this membrane domain of
hepatocytes. Hepatocytes lack a direct biosynthetic pathway to
the apical surface, and most proteins reach this surface by
transcytosis. It is therefore likely that SNAP-23 is involved in
the apical fusion of transcytotic vesicles in hepatocytes.

SNAP-25 in Primary Cilia—When expressed in MDCK cells,
SNAP-25 but not SNAP-23 was targeted to the primary cilia
that protrude from the apical plasma membrane. MDCK cells
possess a single primary cilium as do most cells in mammalian
tissues (41-45). These cilia are of the 9 + 0 nonmotile type, and
their function is still unknown, although a sensory role as
mechano- or chemoreceptors has been suggested. In our expe-
rience with various endogenously or exogenously expressed
apical membrane proteins in MDCK cells, we have never ob-
served a protein that was associated with the primary cilia; nor
are we aware of any report by others demonstrating that an
apical plasma membrane protein was targeted to the cilia
membrane in MDCK cells. It therefore appears as if the mem-
brane surrounding the cilia excludes most membrane proteins.
This membrane could therefore be regarded as a distinct sub-
domain of the apical plasma membrane with a different protein
and perhaps lipid composition.

Three possible mechanisms could account for the observed
localization of SNAP-25 in the cilia membrane: (i) SNAP-25
cannot be efficiently excluded from this domain, (ii) it possesses
an intrinsic targeting signal, or (iii) it binds to another protein
with such a signal, which in turn would target it to this domain.
Cilia are in some ways similar to neuronal axons; both are long,
narrow membrane protrusions with a core of microtubules
whose (+)-ends are directed toward the distal end. Since
SNAP-25 is efficiently targeted to the axonal membrane of
neurons and enriched in the nerve terminals, it is conceivable
that, when expressed in MDCK cells, it is mistakenly trans-
ported to the apical cilia, perhaps by vesicular transport. Small
vesicles of approximately 50 nm have been observed within
primary cilia (46). Interestingly, the outer segment of photore-
ceptor cells, which contains the membranous disks, is regarded
as a highly modified cilium. SNAP-25 is expressed in photore-
ceptor cells (47, 48), and an attractive hypothesis is that
SNAP-25 is involved in membrane traffic into the outer seg-
ment and must therefore itself be targeted into this segment or
to the connecting cilia, possibly by a mechanism that is similar
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between the modified cilium of the photoreceptor cell and the
primary cilium of MDCK cells.

In contrast to its behavior in undifferentiated and neural
growth factor-differentiated PC12 cells, in which SNAP-25
translocates to the endings of neurites after treatment with
Bt,cAMP (40), we observed no shift in localization toward the
basolateral or apical plasma membrane nor to the endings of
the primary cilia of transfected MDCK cells after treatment
with Bt,cAMP or forskolin. The applied concentrations of
Bt,cAMP and forskolin were in the same range as previously
used to stimulate apical membrane transport pathways (49,
50). Our results indicate that the proposed developmental
changes in the targeting of SNAP-25 (39, 40) cannot be mim-
icked in this epithelial cell system.

Surprisingly, the average cilia length increased approxi-
mately 2-fold after stimulation with either Bt,cAMP or forsko-
lin. To our knowledge, such an effect of cAMP on primary cilia
has not been reported before. Further studies characterizing
this effect might prove valuable in elucidating the as yet elu-
sive function of primary cilia that are abundantly present in
most tissues. Interestingly, treatment of neurons in primary
culture or PC12 cells with drugs that cause an increase in the
intracellular cAMP concentration results in neurite outgrowth
(51-53).

How are SNAP-23 and -25 Targeted to the Plasma Mem-
brane?—SNAP-23 and -25 are hydrophilic proteins that do not
possess a hydrophobic proteinacious membrane anchor.
SNAP-25 (and by analogy presumably SNAP-23) is membrane-
anchored after several clustered cysteine residues become post-
translationally modified by palmitic acid groups (32, 33). It is
not known when this modification occurs during the biosynthe-
sis of SNAP-23 and -25. Consequently, newly synthesized
SNAP-23 and -25 do not necessarily have to be integrated into
the membrane of the endoplasmic reticulum and transported
through the entire secretory pathway. Thus, their intracellular
targeting could be independent of membrane transport. How-
ever, SNAP-25 appears to be membrane-bound during its rapid
axonal transport, and indirect evidence suggests that it is
palmitoylated before axonal transport (32). Also, syntaxins are
not classical integral membrane proteins with a signal se-
quence but instead belong to a class of “tail-anchored” proteins
that may be generally integrated into the endoplasmic reticu-
lum membrane posttranslationally and then transported along
the secretory pathway (54).

It is believed that the sorting mechanisms in neurons and
epithelial cells share common features and that the apical and
basolateral plasma membrane domains of epithelial cells are
equivalent to the axonal and somatodendritic membranes, re-
spectively, of neurons (55, 56). It is therefore surprising that we
found SNAP-25, which localizes to the axonal membrane of
mature neurons, being targeted to both domains of MDCK
cells. However, recently other examples of axonal membrane
proteins have been found that do not localize to the apical
domain when expressed in MDCK cells (57). Moreover, we have
found previously that the neuron-specific syntaxin 1A is tar-
geted to late endosomes and lysosomes when expressed in
MDCK cells (18). This was interpreted as a mistargeting due to
the lack of a necessary neuron-specific factor(s). It would have
been conceivable that syntaxin 1A could not be efficiently re-
tained at the plasma membrane in the absence of its t-SNARE
binding partner SNAP-25, leading to its destruction in lyso-
somes. In that case, SNAP-25 would be the missing factor.
Large fractions of syntaxin 1 and SNAP-25 have been found to
be stably bound to each other in a heterodimeric complex in
adrenal chromaffin cells (58). Our present study shows, how-
ever, that this is not the case in MDCK cells. Since we observed
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no significant co-localization of SNAP-25 and syntaxin 1A
when both were co-expressed in MDCK cells, both proteins
must be targeted independently of each other without stably
interacting. It is likely that this is also the case in neurons and
that both t-SNARE subunits interact only after they have
reached their final destination. t-SNAREs have to be “turned
off” efficiently during their biosynthetic transport to prevent
premature vesicle fusion. It is possible that both syntaxin 1 and
SNAP-25 are kept from binding to each other by binding to
n-Secl (25, 59) or the recently discovered Hrs-2 (60), respec-
tively, or non-neuronal homologues (61-63) of these proteins.
An additional, even more effective, security mechanism to pre-
vent premature binding between syntaxin and SNAP-25 might
be that both proteins are transported along different noninter-
secting pathways to the axonal plasma membrane.

In conclusion, our findings presented here establish
SNAP-23 as a general plasma membrane t-SNARE. If other
intracellular membrane fusion reactions involve members of
the SNAP-25 family, these remain to be discovered. We are
currently investigating the possible roles of new candidates of
intracellular SNAP-25-like t-SNAREs.
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