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Synaptosome-associated protein of 25 kDa (SNAP-25)
is a presynaptic membrane protein that has been clearly
implicated in membrane fusion in both developing and
mature neurons, although its mechanisms of action are
unclear. We have now identified a novel SNAP-25-inter-
acting protein named SNIP. SNIP is a hydrophilic, 145-
kDa protein that comprises two predicted coiled-coil
domains, two highly charged regions, and two proline-
rich domains with multiple PPXY and PXXP motifs.
SNIP is selectively expressed in brain where it co-
distributes with SNAP-25 in most brain regions. Bio-
chemical studies have revealed that SNIP is tightly
associated with the brain cytoskeleton. Subcellular
fractionation and immunofluorescence localization
studies have demonstrated that SNIP co-localizes with
SNAP-25 as well as the cortical actin cytoskeleton, sug-
gesting that SNIP serves as a linker protein connecting
SNAP-25 to the submembranous cytoskeleton. By using
deletion analysis, we have mapped the binding domains
of SNIP and SNAP-25, and we have demonstrated that
the SNIP-SNAP-25 association is mediated via coiled-
coil interactions. Moreover, we have shown that overex-
pression of SNIP or its SNAP-25-interacting domain in-
hibits Ca?*-dependent exocytosis from PC12 cells.
These results indicate that SNIP is involved in regula-
tion of neurosecretion, perhaps via its interaction with
SNAP-25 and the cytoskeleton.

Membrane fusion is a fundamental process that is essential
to cellular organization and function of all eukaryotic cells (1).
In developing neurons, fusion of plasmalemmal precursor ves-
icles with the plasma membrane is thought to mediate mem-
brane expansion at the growth cone (2). At mature nerve ter-
minals, exocytotic fusion of synaptic vesicles with the plasma
membrane releases neurotransmitters and initiates synaptic
transmission (3, 4). Activity-dependent modulation of neuro-
transmitter release is an important mechanism underlying the
processes of learning and memory, whereas dysregulated neu-
rotransmitter release has been linked to several disorders of
the nervous system such as depression and schizophrenia.

* This work was supported by National Institutes of Health Grant
NS37939, University of North Carolina Junior Faculty Development
award, and grants from the University of North Carolina Research
Council and the Foundation of Hope (to L. L.). The costs of publication
of this article were defrayed in part by the payment of page charges.
This article must therefore be hereby marked “advertisement” in ac-
cordance with 18 U.S.C. Section 1734 solely to indicate this fact.

The nucleotide sequence(s) reported in this paper has been submitted
to the GenBank™ / EBI Data Bank with accession number(s) AF156981
and AF156982.

+ To whom correspondence should be addressed: Dept. of Pharmacol-
ogy, Rm. 1025A Thurston-Bowles, University of North Carolina, Chapel
Hill, NC 27599-7178. Tel.: 919-966-0503; Fax: 919-966-5679; E-mail:
LianLi@med.unc.edu.

This paper is available on line at http://www.jbc.org

This is an Open Access article under the CC BY license.

Thus, elucidation of the molecular mechanisms that mediate
and regulate neuronal exocytosis is crucial to our understand-
ing of neuronal function and dysfunction as well as to the
understanding of membrane trafficking in general.

Synaptosome-associated protein of 25 kDa (SNAP-25)! was
identified 10 years ago as a brain-specific protein that is local-
ized in the plasma membrane of nerve terminal (5). SNAP-25
has been implicated in neurotransmitter release as well as
neurite outgrowth by the following studies. Specific proteolysis
of SNAP-25 by botulinum neurotoxins A and E inhibits neuro-
transmitter release (6-9). The blockade of neurotransmitter
release by botulinum neurotoxin E can be reversed using a
C-terminal fragment of SNAP-25 (10). Furthermore, introduc-
tion of antibodies or synthetic peptides specific to SNAP-25 into
synaptosomes or PC12 cells blocks Ca?"-dependent exocytosis
(11, 12). In Drosophila, SNAP-25 null mutation results in a
complete loss of the evoked release, whereas the spontaneous
release is unaffected, implicating a role for SNAP-25 in the
stimulation-secretion coupling (13). In mice, coloboma (Cm/ +)
mutation that deletes a fragment of chromosome 2 encompass-
ing the SNAP-25 gene leads to impaired neurotransmitter re-
lease, profound spontaneous hyperactivity, and learning defi-
cits (14-18). These functional impairments can be rescued by
introducing the SNAP-25 transgene into the coloboma mutant
mice (15, 17). During development, interfering with SNAP-25
expression using antisense oligonucleotides or botulinum neu-
rotoxins prevents neurite elongation (19, 20).

Despite the overwhelming evidence linking SNAP-25 to
membrane fusion in both developing and mature neurons, it is
not understood how SNAP-25 actually facilitates the fusion
process. SNAP-25 (a t-SNARE) interacts with syntaxin (anoth-
er t-SNARE) and synaptobrevin/VAMP (a v-SNARE) to form a
ternary complex referred to as the core complex or the SNARE
complex (21, 22). According to the SNARE hypothesis, the core
complex formation between cognate v- and t-SNAREs underlies
the specificity of membrane fusion (21-23). However, this view
has been challenged by the localization studies demonstrating
that the t-SNAREs SNAP-25 and syntaxin are not localized
exclusively at the release sites of target membranes (24-27).
Rather, they are distributed along the entire plasma mem-
brane of axons (24, 25), and some of them are even localized on
synaptic vesicles (26, 27). Furthermore, it has been shown that
various v- and t-SNAREs can form stable ternary complexes
rather promiscuously (28-30). Recent structural studies re-
vealed that the core complex consists of a parallel four-

! The abbreviations used are: SNAP-25, synaptosome-associated pro-
tein of 25 kDa; SNIP, SNAP-25-interacting protein; SNAP, soluble
N-ethylmaleimide-sensitive fusion attachment protein; SNARE, SNAP
receptor; GST, glutathione S-transferase; GH, growth hormone; HA,
hemagglutinin; NGF, nerve growth factor; PAGE, polyacrylamide gel
electrophoresis; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonic acid.
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stranded helical bundle formed by one helix each from syntaxin
and synaptobrevin and two helices from SNAP-25 (31-34). The
core complex is extremely stable and resistant to denaturation
by SDS and high temperature (35, 36). It has been proposed
that the energy released upon formation of such an unusually
stable complex provides a driving force for membrane fusion
(31, 37). Consistent with this view, in vitro studies have shown
that assembly of the core complex from recombinant synapto-
brevin, SNAP-25, and syntaxin reconstituted in liposomes
leads to spontaneous mixing of lipid bilayer membranes (38).
Most recently, it was reported that the core complex formation
is triggered by Ca®" and coupled directly to the membrane
fusion process in PC12 cells (10). However, evidence from stud-
ies in other fusion systems, namely the yeast vacuole fusion
and the cortical vesicle fusion in sea urchin eggs, argues
against such a direct association of the core complex with the
fusion step (39—41). Despite these controversies, it is generally
agreed that additional proteins and events are required to
regulate and catalyze the fusion reaction (38—40).

To identify regulatory proteins that control the activity of
SNAP-25 and to determine the molecular mechanisms by
which SNAP-25 mediates membrane fusion, we performed a
search in rat brain for proteins that interact with SNAP-25
using a yeast two-hybrid screen. We report here the isolation
and characterization of a novel protein called SNIP (SNAP-25-
interacting protein). SNIP is a brain-specific protein of about
145 kDa that specifically interacts with the N-terminal
t-SNARE coiled-coil domain of SNAP-25. Our data suggest that
SNIP may be involved in anchoring SNAP-25 to the membrane
cytoskeleton and have a role in regulating neurotransmitter
release.

EXPERIMENTAL PROCEDURES

Yeast Two-hybrid Screens and Interaction Assays—The bait plasmid,
pPC97-SNAP25, was constructed by subcloning the entire open reading
frame of mouse SNAP-25b (5) into the pPC97 vector (42, 43). For the
two-hybrid screen, the yeast strain CG-1945 (CLONTECH) was trans-
formed sequentially with pPC97-SNAP25 and a rat hippocampal/corti-
cal two-hybrid ¢cDNA library (43), using the lithium acetate method
(44). Positive clones were selected on 3-aminotriazole (5 mMm, Sigma)-
containing medium lacking leucine, tryptophan, and histidine and con-
firmed by a filter assay for B-galactosidase activity (45). Prey plasmids
from positive clones were rescued and re-transformed into fresh yeast
cells with the SNAP-25 bait or various control baits to confirm the
specificity of the interaction. For analysis of SNIP-SNAP-25 interac-
tion, deletion constructs of SNAP-25 were made by polymerase chain
reaction and were subcloned into the pPC97 vector. The interactions of
SNAP-25 deletion mutants with SNIP were tested in the yeast two-
hybrid assay by using the HIS3 and B-galactosidase as the reporter
genes. Quantitative B-galactosidase assay was performed on the yeast
extracts by using the substrate chlorophenol red p-p-galactopyranoside
as described previously (46).

¢DNA Cloning—For cloning of the full-length SNIP, a rat hippocam-
pal ¢cDNA library in AZAPII (Stratagene) was screened using a partial
c¢DNA probe of SNIP from the prey clone C53, according to standard
procedures (47). The ¢cDNA inserts from positive SNIP clones were
sequenced multiple times on both strands, using an Applied Biosystems
373A DNA sequencer.

Antibodies—An anti-SNIP antibody was raised in chicken against
the synthetic peptide CPSRGSPVRQSFRKD, corresponding to amino
acids 533-546 of SNIP. The N-terminal cysteine residue was added for
the coupling purposes. The antibody was affinity purified using the
immunogen peptide coupled to a SulfoLink column (Pierce). Other
antibodies that were used in this study are as follows: anti-SNAP-25
(SMI 81, Sternberger Monoclonals, Inc.); anti-synaptophysin (clone
SVP-38, Sigma) and anti-syntaxin 1 (HPC-1, Sigma); anti-actin (clone
C4, Roche Molecular Biochemicals); anti-HA (HA.11, Berkeley Anti-
body Co.); and anti-FLAG (M5, Eastman Kodak Co.). The anti-synapsin
antibody (G304) was a generous gift from A. Czernik (Rockefeller
University).

Northern and Western Blot Analyses—Total RNAs were extracted
from various rat tissues using the TRIzol reagent (Life Technologies,
Inc.) according to the manufacturer’s instructions. Poly(A)* mRNAs
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were isolated using the Oligotex mRNA purification system (Qiagen).
Northern blot analysis was performed according to standard procedures
(47), using a partial SNIP ¢cDNA probe from the prey clone C53. For
Western blot analysis, rat tissues were homogenized in 1% SDS and
subjected to SDS-PAGE. The proteins were transferred onto nitrocel-
lulose membranes and probed with the anti-SNIP and other antibodies.
Antibody binding was detected by using the enhanced chemilumines-
cence system (Amersham Pharmacia Biotech).

Interaction of SNIP Proteins with Endogenous SNAP-25—The full-
length SNIP-a and its fragments were subcloned in frame into the
expression vector pGEX-5X-2 (Amersham Pharmacia Biotech). After
transformation of these fusion constructs into Escherichia coli BL21
cells, synthesis of fusion proteins was induced with isopropyl B-D-
thiogalactopyranoside (0.1 mM) during the mid-logarithmic phase of
bacteria growth (Agy, of 0.6). After 4 h of induction, bacteria were
harvested and lysed. GST-SNAP-25 fusion protein was purified by
affinity chromatography using the glutathione-agarose beads (Sigma).
For binding experiments, rat brain homogenates were prepared by
homogenizing the brains in 4 mm HEPES-NaOH, pH 7.4, and 1 mMm
phenylmethylsulfonyl fluoride followed by addition of an equal volume
of 2X solubilization buffer (0.2 m NaCl, 4 mm HEPES-NaOH, pH 7.4, 1
mM phenylmethylsulfonyl fluoride, 1% Triton X-100). After 4 h incuba-
tion at 4 °C under gentle rocking, insoluble material was removed by 30
min centrifugation at 120,000 X g. The brain homogenates were then
incubated for 2 h at 4 °C under gentle rocking with various GST-SNIP
fusion proteins immobilized on glutathione-agarose beads. After exten-
sive washes with 1X solubilization buffer, the bound proteins were
eluted by boiling in the Laemmli sample buffer and analyzed by SDS-
PAGE and immunoblotting.

Expression Constructs and Transfections—Conventional molecular
biological techniques (47) were used to generate the following expres-
sion constructs: pcDNA3.1-SNIP-a and pcDNA3.1-SNIP-b, which con-
tain the full-length (including the 5’- and 3’-untranslated regions)
SNIP-a and SNIP-b in the pcDNAS3.1 vector, respectively; pCHA-
SNIP-a, pCHA-SNIP-b, and pCHA-SNIP (C53), which direct the ex-
pression of N-terminal HA epitope-tagged, full-length SNIP-a, SNIP-b,
and a SNIP fragment (residues 337-779), respectively; and pFLAG-
SNIP-a and pFLAG-SNIP-b, which direct the expression of N-terminal
FLAG epitope-tagged, full-length SNIP-a and SNIP-b, respectively. All
recombinant sequences were determined to be free of polymerase chain
reaction errors by DNA sequencing analysis. Transfections of HEK293
cells with various expression constructs were carried out using Lipo-
fect AMINE (Life Technologies, Inc.). Transfected cells were either har-
vested at 48 h post-transfection for Western blot analysis or selected
with 0.5 mg/ml G418 (Geneticin, Life Technologies, Inc.) and grown
until sufficient cells were obtained for subsequent subcellular fraction-
ation experiments.

Immunofluorescence Microscopy—PC12 cells were grown on poly-L-
lysine-coated glass coverslips and differentiated for 1-2 days with nerve
growth factor (50 ng/ml). The cells were fixed with 4% paraformalde-
hyde and processed for indirect immunofluorescence microscopy as
described previously (48, 49). The following antibodies were used: the
chicken anti-SNIP antibody, a mouse anti-SNAP-25 antibody (SMI 81,
Sternberger Monoclonals, Inc.), and secondary antibodies coupled with
fluorescein or Texas Red (Jackson ImmunoResearch Labs, Inc.). Cells
were stained simultaneously for F-actin with Texas Red-labeled phal-
loidin (Molecular Probes). Stained cells were analyzed by using a Leica
TCS-NT confocal microscope, and the images were processed using
Adobe Photoshop 5.0 (Adobe Systems, Inc.).

Subcellular Fractionations—Subcellular fractionations of rat brain
or SNIP-transfected HEK293 cells into membrane and cytosol fractions
were performed as described (50). Brain membranes were subjected to
extraction studies as described (50, 51). The following extraction solu-
tions were used: 1.5 M NaCl, 3 m KSCN, 1% CHAPS, 1% CHAPS with 1
M NaCl, 4% Triton X-100, 2% SDS, 2% N-lauroylsarcosine (Sarkosyl), 4
M urea, 8 M urea, or 0.1 M Na,CO, at pH 11.5. For sucrose gradient
flotation analysis, brain membranes were resuspended in 55% sucrose
in gradient buffer (20 mm HEPES, pH 7.4, 150 mM NaCl and 1 mMm
dithiothreitol) in a volume of 0.4 ml. The resuspended membranes were
placed at the bottom of an ultracentrifuge tube and overlaid with 4.8 ml
of a linear 25-52.5% sucrose gradient. Flotation was carried out for 16 h
at 165,000 X g in a Beckman SW50.1 rotor. Following centrifugation,
the gradient was divided into 18 fractions and analyzed by Western blot
analysis. For cytoskeleton association studies, rat brains or SNIP-
transfected HEK293 cells were lysed in a cytoskeleton stabilizing buffer
and separated into a low speed cytoskeleton fraction, a high speed
cytoskeleton fraction, and a soluble fraction, according to the procedure
of Stam et al. (52). The cytoskeleton fractions were further analyzed by
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extraction studies using 1.5 M NaCl, 4% Triton X-100, 4 M urea, or 0.1
M Na,CO, at pH 11.5 as described (52). For synaptosomal localization
studies, rat brain homogenates were fractionated into crude synapto-
some fractions according to the procedure of Huttner et al. (53). The
washed crude synaptosome (P2’) pellet fraction was then subfraction-
ated on a three-step Percoll gradient into myelin, mitochondria, and
purified synaptosome fractions as described previously (54, 55). The
purified synaptosome fraction (PG3) was further fractionated into the
synaptosomal membranes (LP1), synaptic vesicle (LP2), and cytosol
(LS2) fractions as described (53). All protein samples were subjected to
SDS-PAGE and Western blot analysis.

Co-transfection of PC12 Cells and Assays of GH Secretion—Exponen-
tially growing PC12 cells were harvested and resuspended at a density
of 2 X 107 cells/ml in the Opti-MEM medium (Life Technologies, Inc.).
The cell suspension (0.4 ml) was then co-transfected with 10 ug of
pXGHS5 (56) encoding human growth hormone and 30 ug of test plasmid
by electroporation using a Bio-Rad Gene Pulser at 250 V and 960
microfarads in a 0.4-cm cuvette. Following electroporation, the cells
were placed into the growth medium (46) and transferred to the colla-
gen-coated 12-well dishes at a density of 0.8 X 10° cells/well. Release
experiments were performed 48 h after electroporation. PC12 cells were
washed with a physiological salt solution (PSS (in mm): 145 NaCl, 5.6
KCl, 2.2 CaCl,, 0.5 MgCl,, 10 glucose, 15 HEPES, pH 7.4). The cells
were then incubated for 15 min at 37 °C in PSS, PSS containing 56 mM
KCI and 95 mMm NaCl, or PSS containing 300 um ATP. The amounts of
GH released into the medium and retained in the cells were determined
by radioimmunoassay (Nichols Institute).

RESULTS

Identification and Cloning of SNIP—To identify proteins
that interact with SNAP-25, we screened a rat hippocampal/
cortical cDNA library by yeast two-hybrid selection, using the
full-length mouse SNAP-25b as bait. DNA sequencing analysis
revealed that some of the positive clones encode known SNAP-
25-interacting proteins such as syntaxin 1B and syntaxin 4
(data not shown), confirming the validity of the two-hybrid
screen. One of the positive clones, clone 53, was shown to
encode part of a new protein called SNIP (Fig. 1A). Re-trans-
formation experiments confirmed that SNIP interacts specifi-
cally with SNAP-25 but not with irrelevant baits (data not
shown). Since SNAP-25 shares similar structure and function
with a ubiquitously expressed protein named SNAP-23/syndet
(57-60), we tested in the yeast two-hybrid system whether
SNIP also interacts with SNAP-23/syndet. The results revealed
that, similar to other SNAP-25-binding proteins such as syn-
taxins and EHSH1/intersectin (57, 59, 61, 62), SNIP is able to
bind SNAP-23/syndet (data not shown). Furthermore, like
EHSH1/intersectin (62), SNIP is unable to bind a more dis-
tantly related t-SNARE, syntaxin 1 (data not shown). Deletion
studies revealed that SNIP specifically interacts with the N-
but not the C-terminal coiled-coil domain of SNAP-25 (Fig. 2).
The N- and C-terminal coiled-coil domains of SNAP-25 and the
most C-terminal coiled-coil domain of syntaxin 1, also referred
to as the t-SNARE domains, are homologous to each other (63).
The inability of SNIP to interact with syntaxin 1 as well as with
the C-terminal coiled-coil domain of SNAP-25 further confirms
the specificity of SNIP-SNAP-25 interaction.

c¢DNA cloning and sequencing analysis revealed that SNIP
has at least two alternatively spliced isoforms referred to as
SNIP-a and SNIP-b, which contain identical 5’ sequences and
diverge in their 3'-oding sequences and 3'-untranslated regions
(GenBank™ accession numbers AF156981 and AF156982).
The open reading frame of SNIP-a and SNIP-b encodes a pro-
tein of 1173 and 1197 amino acids in length, with a calculated
molecular mass of 127.1 and 129.7 kDa, respectively (Fig. 1).
The sequence surrounding the initiator methionine codon of
SNIP-a and SNIP-b conforms well to the translation initiation
consensus sequence (64) and is preceded by an in-frame stop
codon in the 5'-untranslated region. Furthermore, the coding
sequences of SNIP-a and SNIP-b starting with this methionine
initiator can be expressed in heterologous cells to yield recom-
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FiG. 1. Structures of SNIP-a and SNIP-b. A, domain structures of
SNIP-a and SNIP-b. The following domains are indicated: P1 and P2,
proline-rich domain 1 (residues 343—-676, 15% proline content in 334
amino acids) and proline-rich domain 2 (residues 869-1048, 18% pro-
line content in 180 amino acids); H1 and H2, predicted coiled-coil
domain 1 (residues 680-728) and coiled-coil domain 2 (residues 742—
783); Q1 and Q2, charged sequence 1 (residues 786-865, 35% charged
amino acids in 80 amino acids) and charged sequence 2 (residues
1057-1164, 33% charged amino acids in 108 amino acids). The location
of the SNAP-25-interacting clone isolated from the yeast two-hybrid
screen is indicated below the domain structures. B, sequences of SNIP-a
and SNIP-b. The nucleotide sequences of SNIP-a and SNIP-b (not
shown) were deposited in GenBank™ with accession numbers
AF156981 and AF156982. The deduced amino acid sequences of SNIP-a
and SNIP-b are shown in single-letter code and are numbered on the left.
In frame stop codons are denoted with asterisks. Indicated are the
predicated coiled-coil domains (underline), the proline-rich domains
(dashed underline), the charged sequence (dotted line), potential WW
domain interaction motif (double underline), and SH3 domain interac-
tion motifs (black boxes).

binant proteins with apparent molecular weight similar to that
of endogenous SNIP proteins in rat brain (Fig. 3A), confirming
that the cloned SNIP sequences contain the entire coding re-
gion. SNIP-a and SNIP-b are highly hydrophilic and contain
neither a signal sequence nor a potential transmembrane do-
main. Their calculated isoelectric point (pI value) is 9.39, with
a high percentage (25%) of charged amino acids over the entire
length, including two highly charged regions near the C termi-
nus (Fig. 1). Both proteins contain two proline-rich regions with
multiple PPXY and PXXP motifs, some of which overlap (Fig.
1). The proline-containing motifs PPXY and PXXP are involved
in protein-protein interactions with the WW domain (65) and
the SH3 domain (66), respectively. By using the algorithm of
Lupas et al. (67), we identified two regions with high probabil-
ity of forming a coiled-coil structure (Fig. 1). The coiled-coil
feature of these regions was supported by their sequence sim-
ilarity to the coiled-coil regions of various filamentous cytoskel-
eton-associated proteins such as myosin heavy chains and
tropomyosin.
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FiG. 2. Biochemical characterization of the SNIP-SNAP-25 in-
teraction. A, binding of endogenous SNAP-25 to immobilized GST-
SNIP fusion proteins. Schematic representation of SNIP proteins en-
coded by the GST-fusion cDNA constructs is shown on the ¢top. Rat brain
homogenate (Input) was incubated with GST or GST-SNIP fusion pro-
teins immobilized on glutathione-agarose beads. After extensive
washes, the bound proteins were eluted and analyzed by SDS-PAGE
and immunoblotting using a monoclonal antibody against SNAP-25. B,
identification of the SNIP-interacting domain of SNAP-25. A domain
structure of full-length SNAP-25 (residues 1-206) is illustrated, includ-
ing three predicted coiled-coil domains, H1 to H3 (69). The position of
the recently described t-SNARE domain (63) is indicated at the top of
the sequence representation. A series of SNAP-25 deletion mutants
that were generated and tested in this study is shown diagrammatically
on the left. The interactions of these SNAP-25 deletion mutants with
SNIP were tested using a yeast two-hybrid assay. The B-galactosidase
activity was determined using the substrate chlorophenol red B-pD-ga-
lactopyranoside, normalized to the protein content, and expressed as a
percentage of the activity of the full-length SNAP-25. Data are shown as
mean * S.E. of the results from triplicate determinations.

Data base searches revealed that SNIP-a and SNIP-b do not
share significant homology with known proteins. However,
they are homologous to an unpublished mouse sequence P140
(GenBank™ accession number AF040944). Mouse P140 ap-
pears to be a different isoform of rat SNIP-a and SNIP-b, with
a conserved central region and divergent N- and C-terminal
sequences as well as different 5'- and 3'-untranslated regions.
Furthermore, two putative Drosophila proteins (GenBank™
accession numbers AL030993 and AL031025) share significant
sequence homology with SNIP, suggesting that the SNIP pro-
teins are evolutionarily conserved. It is also interesting to note
that the residues 714-966 of SNIP that includes H2, C1, and
part of P2 exhibited weak homology (21% identity and 43%

Identification and Characterization of SNIP

A

2
o
© = @
: {5 E i
S 755cd 83
3 >c
563382 cocs88522
£¥qggZ30 ¢ 553552548
55220085 R I e 7
acococoaocolXon kDa
kDa 2
182 @ i —182
e . e ~<SNIP—>= -
115- = 3 . —115
u“ 5 ' -
e e = —62
62—
¥ —51
51—
Cortex
@ 3 % =1
! ; F-} g’ m'u-‘_"
sS85 38 5E3
DoEga 2oEgpESEC
S58 > E0552%¢¢
Ss2ESES=ET o2 SE
= 2 = 30= S ac
Qs o558 38 Ee=s .8
E'==:E':a°~_n:aw
g 0 ==E220 a>= Sc
<dCIOBI=OnTadE
EET L LT B B N

00000080808 08 —SNAP2S
000080~ ==0 ~®® < Synaptophysin

Fic. 3. Expression and distribution of SNIP proteins. A, speci-
ficity of the anti-SNIP antibody. Lysates of transfected HEK293 cells
were analyzed along with homogenates from rat brain and crude syn-
aptosomes by immunoblotting with the affinity-purified anti-SNIP an-
tibody. A specific band of 145 kDa was detected in rat brain and crude
synaptosomes as well as in HEK293 cells transfected with SNIP ¢cDNAs
but not in cells transfected with vector alone. B, Western blot analysis
of SNIP expression in rat tissues. Equal amounts of homogenates (60 ug
protein per lane) from the indicated rat tissues were analyzed by im-
munoblotting using the anti-SNIP antibody. Sk., skeletal. C, regional
distribution of SNIP proteins in rat brain, compared with SNAP-25 and
synaptophysin. Equal amounts of homogenates (30 ug of protein per
lane) from the indicated rat tissues were analyzed by SDS-PAGE and
immunoblotting for SNIP, SNAP-25, and synaptophysin. Sup., supe-
rior; Inf., inferior.

similarity) with the cytoskeletal membrane linker protein ezrin
(68). Whether this homology has any functional relevance re-
mains to be determined.

Interaction of SNIP with SNAP-25—To obtain independent
evidence for the interaction between SNIP and SNAP-25, GST
fusion proteins containing various portions of SNIP were im-
mobilized on glutathione beads and used to affinity purify
(“pull down”) endogenous SNAP-25 from brain homogenates.
As shown in Fig. 2A, the GST fusion proteins bearing the
full-length SNIP-a or the SNIP fragment from the two-hybrid
prey clone (C53) were able to bind endogenous SNAP-25. In
contrast, control GST protein was unable to pull down
SNAP-25 (Fig. 2A), confirming the specificity of the interaction.
Moreover, control immunoblot with an anti-syntaxin 1 anti-
body revealed that the GST-SNIP fusion proteins could not pull
down syntaxin (data not shown), indicating that SNIP specifi-
cally binds to SNAP-25 but not syntaxin 1 nor syntaxin
1-SNAP-25 complexes. To delineate the region of SNIP in-
volved in binding SNAP-25, we generated the N- and C-termi-
nal deletions of C53, SNIPA1 to SNIPA5 (Fig. 24). SNAP-25
only bound to the fusion proteins that contain the predicted
coiled-coil domain H1 (GST-SNIPA1, GST-SNIPA3, and GST-
SNIPA5) but not to the fusion proteins lacking the H1 domain
(GST-SNIPA2 and GST-SNIPA4). These data indicate that the
SNAP-25-binding site of SNIP lies within the H1 domain, be-
tween amino acid residues 681 and 731.

To understand further the structural requirements that un-
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derlie the interaction between SNIP and SNAP-25, we used
deletion analysis to map the specific region of SNAP-25 respon-
sible for interaction with SNIP. Based on the analysis using the
algorithm of Lupas et al. (67), SNAP-25 contains three coiled-
coil domains (Fig. 2B) (69). According to a more recent study
using a very sensitive computer method called generalized
profile technique, SNAP-25 has two t-SNARE coiled-coil homol-
ogy domains (Fig. 2B) (63). The N- and C-terminal t-SNARE
domains of SNAP-25 are homologous to each other and are
thought to be derived from an internal duplication event during
evolution (63). To define the SNIP-binding domain of SNAP-25,
we made a series of SNAP-25 deletion mutants that were
expressed in yeast as fusion proteins to the GAL4 DNA binding
domain (Fig. 2B). The abilities of these SNAP-25 deletion mu-
tants to bind SNIP were tested by using the yeast two-hybrid
interaction assay (Fig. 2B). The results demonstrated that the
fusion proteins containing the N-terminal t-SNARE domain
(SNAP-25A1 to SNAP-25A3) were capable of interacting with
SNIP. In contrast, the fusion proteins containing the C-termi-
nal t-SANRE domain (SNAP-25A5 and SNAP-25A6) were un-
able to bind SNIP. Deletion of the N-terminal 41 amino acids
(SNAP-25A4) abolished the ability of SNAP-25 to interact with
SNIP, indicating that the N-terminal 41 amino acids of
SNAP-25 are necessary for binding SNIP. However, the N-
terminal 41 amino acids of SNAP-25 by itself (SNAP-25A7) is
not sufficient for binding SNIP. These data, together with the
results from deletion studies of SNIP, suggest that the associ-
ation of SNIP with SNAP-25 is mediated through a coiled-coil
interaction between the H1 domain of SNIP and the N-termi-
nal t-SNARE domain of SNAP-25.

To test further whether SNIP interacts with SNAP-25 in
vivo, we have attempted to co-immunoprecipitate the SNIP-
SNAP-25 complex. Unfortunately, SNIP is exclusively and
tightly associated with insoluble particulate fractions (data not
shown, see Figs. 4 and 5). Neither high salt conditions, alkaline
conditions, nonionic detergents, such as Triton X-100, nor zwit-
terionic detergents such as CHAPS (even in the combination
with high salts) were able to solubilize SNIP from the partic-
ulate fractions of brain or of transfected cells (data not shown).
Although SNIP could be partially solubilized by chaotropic
reagents such as potassium thiocyanate and urea, and com-
pletely solubilized by the ionic detergents such as SDS and
Sarkosyl, these denaturing conditions also dissociated the
SNIP-SNAP-25 complex (data not shown). Due to these diffi-
culties, we are currently unable to provide direct evidence for
an in vivo SNIP-SNAP-25 interaction. However, the co-local-
ization of SNIP and SNAP-25, as demonstrated by subcellular
fractionation and immunofluorescence localization studies
(Figs. 4—6), does suggest that a least a subset of these two
proteins are localized together and have the chance to interact
with each other in vivo.

Distribution of SNIP Expression in Rat Tissues and Brain
Region—To analyze the expression of SNIP protein, a chicken
anti-SNIP antibody was generated against a 14-amino acid
peptide of SNIP. To characterize this antibody, HEK293 cells
were transfected with the full-length SNIP ¢cDNAs, some of
which were tagged with a sequence encoding the HA or FLAG
epitope at the 5’ end (Fig. 3A). Western blot analysis of cell
lysates revealed that the chicken anti-SNIP antibody, but not
the preimmune chicken IgY fraction (data not shown), specifi-
cally recognized a protein of approximately 145 kDa in the cells
transfected with SNIP ¢cDNAs but not in the cells transfected
with the control vectors (Fig. 3A). The same 145-kDa band was
also detected using the anti-HA or anti-FLAG antibody (data
not shown). In rat brain as well as in crude synaptosomes, the
anti-SNIP antibody recognized a triplet of proteins at 145 kDa
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FiG. 4. Subcellular localization of SNIP in rat brain. A, co-
distribution of SNIP with SNAP-25 in synaptosomal fractions. Rat
brain homogenates were fractionated as described (53-55). The frac-
tions are as follows: H, homogenate; S1, 800 X g supernatant; P1, 800 X
g pellet; S2, 9,200 X g supernatant; P2 (crude synaptosome fraction),
9,200 X g pellet; S2’, 10,200 X g supernatant; P2’ (washed synaptosome
fraction), 10,200 X g pellet; C (cytosolic fraction), 165,000 X g super-
natant; P3 (light membrane fraction), 165,000 X g pellet; PG1, myelin
fraction; PG2, myelin-synaptosome fraction; PG3, purified synaptosome
fraction; PG4, mitochondria fraction; LS1, 25,000 X g supernatant of
lysed PG3 synaptosomes; LP1 (lysed synaptosomal membrane fraction),
25,000 X g pellet; LS2 (cytosolic synaptosomal fraction), 165,000 X g
supernatant; LP2 (crude synaptic vesicle fraction), 165,000 X g pellet.
Equal amounts of proteins from each fractions were analyzed by SDS-
PAGE and immunoblotting for SNIP, SNAP-25, and synaptophysin. B,
co-fractionation of SNIP with SNAP-25 and membrane skeletal actin on
a sucrose gradient. Brain membranes were placed at the bottom of a
sucrose gradient and subjected to a flotation analysis. The gradient was
divided into 18 fractions, with Fraction 1 corresponding to the bottom of
the gradient. Equal volumes of each fractions were analyzed by SDS-
PAGE and immunoblotting for SNIP, SNAP-25, synaptophysin, and
actin.

and a doublet of proteins at 70 kDa (Fig. 3A). The 145-kDa
triplet may represent alternatively spliced SNIP isoforms,
SNIP-a, SNIP-b, and P140, because it co-migrated with the
full-length recombinant SNIP proteins. The 70-kDa doublet
may result from proteolysis of the 145-kDa SNIP proteins since
the relative intensity of the doublet as compared with the
145-kDa triplet varied from preparation to preparation. Pre-
absorption of the anti-SNIP antibody with the peptide immuno-
gen or GST-SNIP (C53) fusion proteins completely eliminated
its immunoreactivity to the recombinant as well as endogenous
SNIP proteins (the 70- and 145-kDa bands) (data not shown),
confirming the specificity of the antibody.

Western blot analysis of various rat tissues demonstrated
that the 145-kDa SNIP is expressed exclusively in brain (Fig.
3B), which is consistent with the result of Northern blot anal-
ysis demonstrating the presence of a brain-specific SNIP tran-
script of 9.5 kilobase pairs (data not shown). In testis, the
anti-SNIP antibody detected a 95-kDa protein (Fig. 3B), which
is probably the product of the 4.5-kilobase pair testis-specific
SNIP transcript (data not shown). In addition, the antibody
also cross-reacted with a 160-kDa protein in skeletal muscle
and a 72-kDa protein in pancreas (Fig. 3B). However, unlike
the specific protein bands in brain and testis, the immunore-
activity to these protein bands in skeletal muscle and pancreas
could not be completely eliminated using the antibody preab-
sorbed with the antigen (data not shown). This result suggests
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Fic. 5. Co-fractionation of SNIP and SNAP-25 in cytoskeleton
fractions. A, total lysates (7)) from rat brain or SNIP-a-transfected
HEK293 cells were separated into a low speed cytoskeleton fraction (L),
a high speed cytoskeleton fraction (H), and a soluble fraction (S). Ali-
quots representing an equal percentage of each fractions were analyzed
by SDS-PAGE and immunoblotting for SNIP, SNAP-25, synaptophysin,
syntaxin, synapsins, and actin. B, the high speed cytoskeleton fractions
were extracted with 1.5 M NaCl, 4% Triton X-100 (TX-100), 4 M urea, or
0.1 M Na,CO, at pH 11.5, and then separated into soluble (S) and pellet
(P) fractions. Aliquots representing an equal percentage of each frac-
tions were immunoblotted for SNIP.

that the 72- and 160-kDa immunoreactive bands are either
nonspecific or they may represent the products of genes that
share limited sequence homology with SNIP.

To characterize further the expression of SNIP in brain,
various brain regions were dissected from adult rats and sub-
jected to Western blot analysis using the anti-SNIP antibody
(Fig. 3C). The results show that SNIP is relatively abundant in
the telencephalon, including cerebral cortex, hippocampus,
amygdaloid area, and striatum, and is expressed moderately in
cerebellum, hypothalamus, thalamus, superior and inferior col-
liculi, and olfactory bulb. No SNIP proteins could be detected in
medulla oblongata, spinal cord, and pituitary gland. Compari-
son of SNIP distribution pattern with that of SNAP-25 reveals
that SNIP is co-expressed with SNAP-25 in most brain regions
(Fig. 3C). The co-enrichment of SNIP and SNAP-25 proteins in
the telencephalon suggests that these proteins and their inter-
action may have a role in the neuronal function and synaptic
plasticity characteristic of this important brain structure.

Co-distribution of SNIP and SNAP-25 in Synaptosomal
Fractions—To determine the subcellular localization of SNIP
in brain, subcellular fractionation of rat brain homogenates
was performed using the standard procedures (53-55) and
analyzed by SDS-PAGE and Western blot analysis (Fig. 44).
No SNIP immunoreactivity was detected in the cytosolic frac-
tion (fraction C), indicating that SNIP is not a soluble protein.
SNIP was co-purified with synaptophysin and SNAP-25 in
crude synaptosomes (fraction P2 or P2’) as well as in the light
membrane fraction (P3) that contained considerable percent-
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age of synaptic vesicles and plasma membranes (24). Subse-
quent fractionation of the washed crude synaptosome (P2’)
pellet revealed an enrichment of SNIP proteins in synaptosome
(fractions PG2 and PG3) relative to myelin (fraction PG1) and
mitochondria (fraction PG4) fractions. To investigate the pos-
sible presence of SNIP proteins on synaptic vesicles, the puri-
fied synaptosome fraction (PG3) was further fractionated into
the synaptic plasma membrane (LLP1), synaptic vesicle (LP2),
and cytosol (LS2) fractions. SNIP was detected only in the
synaptosomal membrane fractions but not in the cytosolic syn-
aptosomal fraction. Furthermore, SNIP was significantly de-
enriched in the synaptic vesicle fraction, in contrast to the
enrichment of synaptic vesicle protein synaptophysin in this
fraction. The distribution profile of SNIP was similar to that of
SNAP-25 although SNAP-25 was more enriched in synaptic
vesicle fraction due to the presence of a pool of this protein on
synaptic vesicles (26, 27). Together, these data suggest that
SNIP co-localizes with SNAP-25 on plasma membrane but not
on synaptic vesicles. This view was further supported by the
co-fractionation of SNIP and SNAP-25 in a sucrose gradient
flotation analysis (Fig. 4B). A majority of SNIP floated up to the
same region of the sucrose gradient as SNAP-25 and mem-
brane skeletal actin, indicating that a large pool of SNIP is
associated with either plasma membrane or membrane-associ-
ated cytoskeleton. The remaining SNIP stayed at the bottom of
the gradient as a component of insoluble protein complexes,
which may also contain cytoskeletal elements such as actin
(Fig. 4B).

Association of SNIP and SNAP-25 with the Cytoskeleton—
The insolubility of SNIP in various nondenaturing detergents
such as Triton X-100 (data not shown) as well as the co-frac-
tionation of SNIP with actin on sucrose gradient (Fig. 4B)
suggested an association of SNIP with cytoskeletal elements.
To confirm this association, rat brain was homogenized in a
Triton X-100-containing cytoskeletion stabilizing buffer (52).
The homogenates were then separated by differential centrif-
ugation into a low speed cytoskeleton (15,000 X g pellet) frac-
tion, a high speed cytoskeleton (200,000 X g pellet) fraction,
and a soluble (200,000 X g supernatant) fraction (52). The low
speed cytoskeleton fraction is known to contain large cytoskel-
etal structures, whereas the high speed cytoskeleton fraction
contains submembranous cytoskeleton complexes (52). West-
ern blot analysis (Fig. 54) demonstrated that the integral mem-
brane protein syntaxin 1 and synaptic vesicle membrane pro-
tein synaptophysin were predominantly localized to the soluble
fraction, indicating that both membranes of synaptic vesicles
and of the plasmalemma were adequately disrupted by Triton
X-100. As expected, actin was distributed almost equally
among the low speed cytoskeleton fraction, the high speed
cytoskeleton fraction, and the soluble fraction, confirming the
integrity of these fractions (70). Furthermore, the cytoskeleton
fractions contained a substantial amount of synapsins, a family
of presynaptic proteins known to interact with cytoskeletal
elements (71). The association of synapsins with the cytoskel-
eton fractions confirmed that the fractionation procedure is
capable of preserving cytoskeletal interactions. Western blot
analysis using the anti-SNIP antibody revealed that SNIP is
present in both the low speed and high speed cytoskeleton
fractions and absent in the soluble fraction. Moreover, The
SNIP in cytoskeleton fractions was resistant to extraction by
1.5 M NaCl, 4% Triton X-100, 4 M urea, or 0.1 m NaHCO4 at pH
11.5 (Fig. 5B), indicating that SNIP is tightly associated with
the cytoskeleton. Analysis of recombinant SNIP-a or SNIP-b
expressed in transfected HEK293 cells using the same fraction
and extraction protocols gave an identical result (Fig. 5; data
not shown). These data suggest that SNIP is either a cytoskel-
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FiG. 6. Co-localization of SNIP with
SNAP-25 and F-actin in NGF-differ-
entiated PC12 cells. Distribution of en-
dogenous SNIP (A, D, and G), SNAP-25 (B
and /), and F-actin (E, H, and K) in dif-
ferentiated PC12 cells is shown by double
labeling in confocal images. Superim-
posed images (C, F, I, and L) demonstrate
the overlapping distribution of these pro-
teins. Scale bar = 20 um.

etal protein or a membrane-cytoskeleton linker protein capable
of interacting with the cytoskeletal elements in heterologous
cells.

Interestingly, a substantial amount of SNAP-25 was found in
the cytoskeleton fractions, indicating that a large pool of
SNAP-25 is associated with the cytoskeleton (Fig. 5A). To our
knowledge, such an association of SNAP-25 with the cytoskel-
eton has not been reported before, although the reports of
SNAP-23 association with the cytoskeleton have recently ap-
peared (60, 72). To investigate the nature of SNAP-25 associ-
ation with cytoskeleton, brain cytoskeleton fractions were ex-
tracted with 1.5 m NaCl, 4% Triton X-100, 4 M urea, or 0.1 m
Na,CO4 at pH 11.5 (Fig. 5B). In contrast to the membrane
association of SNAP-25 that could not be dissociated by treat-
ment with 0.1 Mm NaHCOj at pH 11.5 (data not shown) (73), the
association of SNAP-25 with cytoskeleton could be disrupted by
the high pH treatment (Fig. 5B). These results implicated an
involvement of a hydrophilic protein-protein interaction in me-
diating the association of SNAP-25 with the cytoskeleton.

Co-localization of SNIP with SNAP-25 and Actin Cytoskele-
ton in PC12 Cells—To confirm further that the subcellular
localization of SNIP is consistent with an in vivo association
with SNAP-25, we used indirect immunofluorescence and con-
focal microscopy to analyze the distribution of SNIP in rat
pheochromocytoma PC12 cells. PC12 is a well characterized
neuroendocrine cell line that shares many characteristics of
sympathetic neurons, such as secretion of neurotransmitters
and the response to nerve growth factor (74). For immunoflu-
orescence studies, PC12 cells were treated with NGF to induce
the formation of neurites (49). Immunostaining of NGF-differ-
entiated PC12 cells using the chicken anti-SNIP antibody re-
vealed that SNIP immunoreactivity is enriched in filopodia,
lamellipodia, neuritic processes, and the periphery of cell soma
(Fig. 6, A, D, and G). In addition, some intracellular punctate

staining was also observed. No staining was observed when the
preimmune chicken IgY fraction was used or the anti-SNIP
antibody was omitted (data not shown), confirming that the
SNIP staining is specific. Double immunofluorescence analysis
with an anti-SNAP-25 antibody demonstrated that the staining
pattern of SNIP overlaps significantly with that of SNAP-25
(Fig. 6, A-C), which is consistent with the results of subcellular
fractionation studies (Figs. 4 and 5). Since biochemical studies
suggest SNIP and SNAP-25 are associated with cytoskeletal
structure (Fig. 5), we sought to determine if these proteins are
co-localized with the actin cytoskeleton. Double staining stud-
ies using phalloidin to label F-actin revealed that both SNIP
and SNAP-25 appear to co-localize partially with the actin
cytoskeleton, particularly in the filopodia, lamellipodia, and
the neuritic extensions including the tips (Fig. 6, D-L).

Role of SNIP in Regulated Secretion—To determine whether
SNIP is involved in Ca2?"-dependent exocytosis, we investi-
gated the effect of overexpression of SNIP on regulated secre-
tion from PC12 cells using a GH co-transfection secretion assay
(75). This assay uses human GH expressed from the co-trans-
fected vector as a reporter for regulated exocytosis and has
been widely used for functional studies of presynaptic proteins
(76-78). The expressed GH is stored in dense core vesicles of
the transfected cells and undergoes Ca®*-dependent exocytosis
in response to a variety of stimuli including high K™ and ATP
(75, 79, 80). As shown in Fig. 7, overexpression of full-length
SNIP-a resulted in a large decrease in the high K*-induced GH
release, whereas it had no effect on basal GH release. Similar
extent of reduction in stimulated GH secretion was also ob-
served when cells were treated with ATP (Fig. 7). These results
suggest that SNIP is a negative regulator of Ca?"-dependent
exocytosis. Furthermore, overexpression of a SNIP fragment
(amino acids 337-779) containing the SNAP-25-interacting do-
main (Fig. 2A) also led to a decrease in the high K*-induced GH
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Fic. 7. Effect of overexpression of
SNIP and its fragments on Ca**-de-
pendent secretion from PC12 cells.
PC12 cells were co-transfected with
pXGH5 encoding human GH and a test
plasmid as indicated below. Bar 1, pCHA;
bar 2, pCHA-SNIP-a; bar 3, pCHA-SNIP
(C53); and bar 4, pCHA-SNIPA4. GH se-
cretion was induced with the low K* so-
lution (5.6 mm KC1), the high K* solution
(56 mm KCl), or ATP (300 um), in the
presence of extracellular Ca?* (2.2 mm).
The extent of GH secretion is expressed as
a percentage of total GH content. Data
are mean * S.E. (error bar) of the results
from six independent determinations.

GH Secretion (% of Total)

release as well as in the ATP-induced release without affecting
the basal GH release (Fig. 7). In contrast, overexpression of
SNIPA4, a SNIP fragment (amino acids 337-681) that cannot
interact with SNAP-25 (Fig. 2A), did not have any significant
effect on basal GH release nor on stimulated GH release in-
duced either by high K" or ATP (Fig. 7). Together, these data
suggest that SNIP interactions with SNAP-25 are involved in
regulation of exocytosis.

DISCUSSION

In this study, we have identified and characterized SNIP, a
novel protein that interacts with SNAP-25. SNIP is a 145-kDa
hydrophilic protein with an unusually high percentage of
charged residues over the entire length, including two highly
charged regions near the C terminus. In addition, SNIP con-
tains two putative coiled-coil domains and two proline-rich
regions with multiple PPXY and PXXP motifs. Thus, SNIP
could potentially interact with multiple proteins or be involved
in the formation of multiprotein complexes via charge-charge
interactions, coiled-coil interactions, and/or the interaction of
its proline-rich motifs with the SH3 domain- or WW domain-
containing proteins. The interaction of SNIP with SNAP-25
was demonstrated in the yeast two-hybrid system and con-
firmed by the GST fusion protein pull-down assays. Further-
more, we have mapped the minimal binding regions of SNIP
and SNAP-25 and demonstrated that their interaction is likely
to be mediated through a coiled-coil mechanism. Although due
to the insolubility of SNIP in various nondenaturing deter-
gents, we are presently unable to co-immunoprecipitate a
SNIP-SNAP-25 complex, the following evidence supports a
physiological significance of the observed interaction between
SNIP and SNAP-25. 1) SNIP is specifically expressed in brain,
with a regional distribution pattern similar to that of SNAP-25.
2) SNIP co-purified with SNAP-25 in synaptosomes, where it
co-localized with SNAP-25 on synaptosomal membranes other
than synaptic vesicles. 3) SNIP co-fractionated with SNAP-25
on sucrose gradient as well as in the cytoskeleton fractions. 4)
Double immunofluorescence analysis demonstrated that the
localization of SNIP and SNAP-25 overlaps in NGF-differenti-
ated PC12 cells. 5) Overexpression of a SNAP-25-interacting
domain of SNIP, but not a non-interacting SNIP fragment, had
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an inhibitory effect on regulated secretion from PC12 cells.

An interesting characteristic of SNIP is its extremely tight
association with the brain cytoskeleton, as demonstrated by
the following studies. SNIP was found to be exclusively asso-
ciated with brain-insoluble particulate fractions and resistant
to extraction by various nondenaturing detergents, high salt,
and high pH solutions. Moreover, a majority of SNIP co-frac-
tionated with membrane skeletal actin on sucrose gradient,
suggesting that a large pool of SNIP is associated with mem-
brane-associated cytoskeleton. Consistent with this notion, im-
munofluorescence studies of NGF-differentiated PC12 cells re-
vealed that the localization of SNIP overlaps with the actin
cytoskeleton in filopodia, lamellipodia, neuritic processes, and
the cortex of cell soma. Furthermore, direct isolation of brain
cytoskeleton demonstrated that SNIP is tightly associated with
submembranous cytoskeleton complexes as well as with large
cytoskeletal network structures. The strong association of
SNIP with the brain cytoskeleton and the resistance to extrac-
tion by nondenaturing detergents and high salts are reminis-
cent of the presynaptic cytoskeleton-associated proteins Piccolo
and Bassoon (51, 81). However, unlike these proteins, SNIP
expression is not restricted to presynaptic terminals, but
rather it exhibits a wider distribution pattern similar to
SNAP-25 and syntaxin. SNIP is present both in synapses and
outside of synapses, suggesting that it is a component of axonal
membrane-associated cortical cytoskeleton instead of active
zone-associated cytoskeleton (82).

In the course of characterization of the SNIP association
with the cytoskeleton, we found that a large pool of SNAP-25 is
associated with the cytoskeleton. In contrast, syntaxin 1, an-
other neuronal t-SNARE, was present only in the detergent-
soluble membrane fraction but not in the cytoskeleton frac-
tions. These observations indicate that the SNAP-25
association with the cytoskeleton is a unique property of this
t-SNARE. Although cytoskeletally associated SNAP-25 has not
previously been reported, it has been recently shown that a
substantial portion of SNAP-23, a ubiquitously expressed
SNAP-25 homolog, is associated with the cytoskeleton in non-
neuronal cells such as mast cells and 3T3-L1 adipocytes (60,
72). The association with the cytoskeleton is thought to func-
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tion in sequestration of SNAP-23 in a reserve pool, and the
relocation from this pool has been shown to regulate compound
exocytosis in mast cells (60). By analogy, the SNAP-25 associ-
ation with the cytoskeleton may play a similar role in neuronal
exocytosis. The molecular mechanism that mediates the asso-
ciation of SNAP-25 or SNAP-23 with the cytoskeleton is not
understood. Our results of the extraction studies have impli-
cated an involvement of a hydrophilic protein-protein interac-
tion in mediating the SNAP-25 association with the cytoskele-
ton. Since we have shown that SNIP is a cytoskeleton-
associated hydrophilic protein that interacts and co-localizes
with SNAP-25, it is likely that SNIP serves as a linker protein
connecting SNAP-25 to the neuronal submembranous
cytoskeleton.

The SNIP-SNAP-25 interaction may not only have a struc-
ture role to anchor SNAP-25 but may also have a functional
role in regulated secretion. Consistent with this possibility,
overexpression of full-length SNIP or its SNAP-25-interacting
domain in PC12 cells leads to an inhibition of the Ca2"-depend-
ent exocytosis. Furthermore, we have demonstrated that the
SNIP specifically interacts with the N-terminal coiled-coil do-
main of SNAP-25, a domain that also interacts with other key
components of docking and fusion machinery, such as syntaxin,
synaptobrevin, and «-SNAP (35, 69, 83). Thus, the binding of
SNIP to SNAP-25 is likely to interfere with the assembly as
well as the disassembly of the SNARE complex. The molecular
mechanism by which SNIP regulates Ca2"-dependent exocyto-
sis is unclear. One possible model is that SNIP keeps SNAP-25
in an inactive, cytoskeleton-associated state via its interaction
with the N-terminal coiled-coil domain of SNAP-25. Phospho-
rylation or palmitoylation of SNAP-25 and/or of SNIP leads to
a disruption of the SNIP-SNAP-25 interaction and thus disso-
ciates SNAP-25 from the cytoskeleton. The dissociated
SNAP-25 is in an active state, available to interact with other
components of docking and fusion machinery to facilitate exo-
cytosis. Future studies will test this model and determine at
which stage of synaptic vesicle exocytosis the formation and/or
dissociation of SNIP-SNAP-25 complex has a functional
impact.

Acknowledgments—We are grateful to Drs. Paul Worley (The Johns
Hopkins University), Michael Wilson (Scripps Research Institute),
Guilia Baldini (Columbia University), and Andy Czernik (Rockefeller
University) for providing the rat hippocampal/cortical cDNA library,
SNAP-25b ¢cDNA, syndet ¢cDNA, and anti-synapsin antibody, respec-
tively. We thank Xue-Ying Xiong, Lee Johnson, and Charlotte Weigel
for their assistance in performing Western blot analysis and yeast
two-hybrid experiments.

REFERENCES

. Rothman, J. E. (1994) Nature 372, 55—-63
2. Pfenninger, K. H., and Friedman, L. B. (1993) Brain Res. Dev. Brain Res. 71,
181-192
. Sudhof, T. C. (1995) Nature 375, 645—-653
. Bennett, M. K. (1997) Curr. Opin. Neurobiol. 7, 316-322
. Oyler, G. A, Higgins, G. A., Hart, R. A, Battenberg, E., Billingsley, M., Bloom,
F. E., and Wilson, M. C. (1989) J. Cell Biol. 109, 3039-3052
6. Schiavo, G., Rosetto, O., Catsicas, S., Polverino de Laureto, P., DasGupta,
B. R., Benfenati, F., and Montecucco, C. (1993) J. Biol. Chem. 268,
2378423787
7. Binz, T., Blasi, J., Yamasaki, S., Baumeister, A., Link, E., Stidhof, T. C., Jahn,
R., and Niemann, H. (1994) J. Biol. Chem. 269, 1617-1620
8. Williamson, L. C., Halpern, J. L., Montecucco, C., Brown, J. E., and Neale,
E. A. (1996) J. Biol. Chem. 271, 7694-7699
9. Xu, T., Binz, T., Niemann, H., and Neher, E. (1998) Nat. Neurosci. 1, 192-200
10. Chen, Y, A,, Scales, S. J., Patel, S. M., Doung, Y.-C., and Scheller, R. H. (1999)
Cell 97, 165-174
11. Banerjee, A., Kowalchyk, J. A., DasGupta, B. R., and Martin, T. F. J. (1996)
J. Biol. Chem. 271, 20227-20230
12. Mehta, P. P., Battenberg, E., and Wilson, M. C. (1996) Proc. Natl. Acad. Sci.
U. S. A. 93, 10471-10476
13. Deitcher, D. L., Stewart, B. A, Burgess, R. W., and Schwarz, T. L. (1997) Soc.
Neurosci. Abstr. 23, 1170
14. Hess, E. J., Jinnah, H. A., Kozak, C. A., and Wilson, M. C. (1992) J. Neurosci.
12, 28652874
15. Hess, E. J., Collins, K. A., and Wilson, M. C. (1996) J. Neurosci. 16,3104-3111

—

(SR L)

1199

16. Steffensen, S. C., Wilson, M. C., and Henriksen, S. J. (1996) Synapse 22,
281-289

17. Wilson, M. C., Mehta, P. P., and Hess, E. J. (1996) Biochem. Soc. Trans. 24,
670-676

18. Raber, J., Mehta, P. P., Kreifeldt, M., Parsons, L. H., Weiss, F., Bloom, F. E.,
and Wilson, M. C. (1997) J. Neurochem. 68, 176-186

19. Osen-Sand, A., Catsicas, M., Staple, J. K., Jones, K. A., Ayala, G., Knowles, J.,
Grenningloh, G., and Catsicas, S. (1993) Nature 364, 445448

20. Osen-Sand, A., Staple, J. K., Naldi, E., Schiavo, G., Rossetto, O., Petitpierre,
S., Malgaroli, A., Montecucco, C., and Catsicas, S. (1996) J. Comp. Neurol.
367, 222-234

21. Séllner, T., Bennett, M. K., Whiteheart, S. W., Scheller, R. H., and Rothman,
J. E. (1993) Cell 75, 409-418

22. Sollner, T., Whiteheart, S. W., Brunner, M., Erdjument-Bromage, H.,
Geromanos, S., Tempest, P., and Rothman, J. (1993) Nature 362, 318—-324

23. Rothman, J. E., and Wieland, F. T. (1996) Science 272, 227-234

24. Garcia, E. P., McPherson, P. S., Chilcote, T. J., Takai, K., and De Camilli, P.
(1995) . Cell Biol. 129, 105-120

25. Galli, T., Garcia, E. P., Mundigl, O., Chilcote, T. J., and De Camilli, P. (1995)
Neuropharmacology 34, 1351-1360

26. Walch-Solimena, C., Blasi, J., Edelmann, L., Chapman, E. R., von Mollard,
G. F., and Jahn, R. (1995) J. Cell Biol. 128, 637645

27. Otto, H., Hanson, P. I, and Jahn, R. (1997) Proc. Natl. Acad. Sci. U. S. A. 94,
6197-6201

28. Gotte, M., and von Mollard, G. F. (1998) Trends Cell Biol. 8, 215-218

29. Pelham, H. R. (1999) Exp. Cell Res. 247, 1-8

30. Yang, B., Gonzalez, L., Jr., Prekeris, R., Steegmaier, M., Advani, R. J., and
Scheller, R. H. (1999) J. Biol. Chem. 274, 5649-5653

31. Hanson, P. I, Roth, R., Morisaki, H., Jahn, R., and Heuser, J. E. (1997) Cell 90,
523-535

32. Lin, R. C., and Scheller, R. H. (1997) Neuron 19, 1087-1094

33. Poirier, M. A., Xiao, W., Macosko, J. C., Chan, C., Shin, Y. K., and Bennett,
M. K. (1998) Nat. Struct. Biol. 5, 765-769

34. Sutton, R. B., Fasshauer, D., Jahn, R., and Briinger, A. T. (1998) Nature 395,
347-353

35. Hayashi, T., McMahon, H. T., Yamasaki, S., Binz, T., Hata, Y., Stidhof, T. C.,
and Niemann, H. (1994) EMBO J. 13, 5051-5061

36. Fasshauer, D., Otto, H., Eliason, W. K., Jahn, R., and Brunger, A. T. (1997)
J. Biol. Chem. 272, 28036-28041

37. Hanson, P. 1., Heuser, J. E., and Jahn, R. (1997) Curr. Opin. Neurobiol. 7,
310-315

38. Weber, T., Zemelman, B. V., McNew, J. A., Westermann, B., Gmachl, M.,
Parlati, F., Sollner, T., and Rothman, J. E. (1998) Cell 92, 759-772

39. Ungermann, C., Sato, K., and Wickner, W. (1998) Nature 396, 543-548

40. Coorssen, J. R., Blank, P. S., Tahara, M., Zimmerberg, J. (1998) «J. Cell Biol.
143, 1845-1857

41. Tahara, M., Coorssen, J. R., Timmers, K., Blank, P. S., Whalley, T., Scheller,
R., and Zimmerberg, J. (1998) J. Biol. Chem. 273, 33667—-33673

42. Chevray, P. M., and Nathans, D. (1992) Proc. Natl. Acad. Sci. U. S. A. 89,
5789-5793

43. Li, X.-J., Li, S.-H., Sharp, A. H., Nuclfora, F. C.. Jr., Schilling, G., Lanahan, A.,
Worley, P., Snyder, S. H., and Ross, C. A. (1995) Nature 378, 398—402

44. Gietz, R. D., and Schiestl, R. H. (1995) Methods Mol. Cell Biol. 5, 255-269

45. Hannon, G. J., Demetrick, D., and Beach, D. (1993) Genes Dev. 7, 23782391

46. Li, L., Suzuki, T., Mori, N., and Greengard, P. (1993) Proc. Natl. Acad. Sci.
U. S. A. 90, 1460-1464

47. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989) Molecular Cloning: A
Laboratory Manual, 2nd Ed., Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY

48. Cameron, P. L., Sudhof, T. C., Jahn, R., and De Camilli, P. (1991) «J. Cell Biol.
115, 151-164

49. Chilcote, T. J., Galli, T., Mundigl, O., Edelmann, L., McPherson, P. S., Takei,
K., and De Camilli, P. (1995) J. Cell Biol. 129, 219-231

50. Hsu, S. C., Ting, A. E., Hazuka, C. D., Davanger, S., Kenny, J. W., Kee, Y., and
Scheller, R. H. (1996) Neuron 17, 1209-1219

51. tom Dieck, S., Sanmarti-Vila, L., Langnaese, K., Richter, K., Kindler, S.,
Soyke, A., Wex, H., Smalla, K. H., Kampf, U., Franzer, J. T., Stumm, M.,
Garner, C. C., and Gundelfinger, E. D. (1998) J. Cell Biol. 142, 499-509

52. Stam, J. C., Sander, E. E., Michiels, F., van Leeuwen, F. N., Kain, H. E. T., van
der Kammen, R. A., and Collard, J. G. (1997) J. Biol. Chem. 272,
28447-28454

53. Huttner, W. B., Schiebler, W., Greengard, P., and De Camilli, P. (1983) ¢J. Cell
Biol. 96, 1374-1388

54. Dunkley, P. R., Jarvie, P. E., Heath, J. W., Kidd, G. J., and Rostas, J. A. (1986)
Brain Res. 372, 115-129

55. Wang, J. K., Walaas, S. I, Sihra, T. S., Aderem, A., and Greengard, P. (1989)
Proc. Natl. Acad. Sci. U. S. A. 86, 2253-2256

56. Selden, R. F., Howie, K. B., Rowe, M. E., Goodman, H. M., and Moore, D. D.
(1986) Mol. Cell. Biol. 6, 3173-3179

57. Ravichandran, V., Chawla, A., and Roche, P. A. (1996) <J. Biol. Chem. 271,
13300-13303

58. Wang, G., Witkin, J. W., Hao, G., Bankaitis, V. A, Scherer, P. E., and Baldini,
G. (1997) J. Cell Sci. 110, 505-513

59. Araki, S., Tamori, Y., Kawanishi, M., Shinoda, H., Masugi, J., Mori, H., Niki,
T., Okazawa, H., Kubota, T., and Kasuga, M. (1997) Biochem. Biophys. Res.
Commun. 234, 257-262

60. Guo, Z., Turner, C., and Castle, D. (1998) Cell 94, 537-548

61. Foster, L. J., Yeung, B., Mohtashami, M., Ross, K., Trimble, W. S., and Klip, A.
(1998) Biochemistry 37, 11089-11096

62. Okamoto, M., Schoch, S., and Sudhof, T. C. (1999) «J. Biol. Chem. 274,
18446-18454

63. Weimbs, T., Low, S. H., Chapin, S. J., Mostov, K. E., Bucher, P., and Hofmann,
K. (1997) Proc. Natl. Acad. Sci. U. S. A. 94, 3046-3051



1200

64.
65.
66.
67.
68.
69.

70.
71.
72.

73.
74.

75.

Kozak, M. (1987) Nucleic Acids Res. 15, 8125—-8149

Einbond, A., and Sudol, M. (1996) FEBS Lett. 384, 1-8

Cohen, G. B., Ren, R., and Baltimore, D. (1995) Cell 80, 237-248

Lupas, A., Van Dyke, M., and Stock, J. (1991) Science 252, 1162-1164

Bretscher, A., Reczek, D., and Berryman, M. (1997) J. Cell Sci. 110, 3011-3018

Chapman, E. R., An, S., Barton, N., and Jahn, R. (1994) J. Biol. Chem. 269,
27427-27432

Mains, R. E., Alam, M. R., Johnson, R. C., Darlington, D. N., Back, N., Hand,
T. A., and Eipper, B. A. (1999) J. Biol. Chem. 274, 2929-2937

Greengard, P., Valtorta, F., Czernik, A. J., and Benfenati, F. (1993) Science
259, 780-785

Foster, L. J., Yaworsky, K., Trimble, W. S., and Klip, A. (1999) Am. J. Physiol.
276, C1108-C1114

Veit, M., Sollner, T. H., and Rothman, J. E. (1996) FEBS Lett. 385, 119-123

Greene, L. A, and Tischler, A. S. (1976) Proc. Natl. Acad. Sci. U. S. A. 73,
2424-2428

Wick, P. F., Senter, R. A., Parsels, L. A., Uhler, M. D., and Holz, R. W. (1993)

76.

77.

78.

79.

80.

81.

82.
83.

Identification and Characterization of SNIP

oJ. Biol. Chem. 268, 10983-10989

Orita, S., Sasaki, T., Komuro, R., Sakaguchi, G., Maeda, M., Igarashi, H., and
Takai, Y. (1996) J. Biol. Chem. 271, 7257-7260

Wang, Y., Okamoto, M., Schmitz, F., Hofmann, K., and Sudhof, T. C. (1997)
Nature 388, 593-598

Fuyjita, Y., Shirataki, H., Sakisaka, T., Asakura, T., Ohya, T., Kotani, H.,
Yokoyama, S., Nishioka, H., Matsuura, Y., Mizoguchi, A., Scheller, R. H.,
and Takai, Y. (1998) Neuron 20, 905-915

Schweitzer, E. S., and Kelly, R. B. (1985) J. Cell Biol. 101, 667-676

McFerran, B. W., Graham, M. E., and Burgoyne, R. D. (1998) J. Biol. Chem.
273, 2276822772

Cases-Langhoff, C., Voss, B., Garner, A. M., Appeltauer, U., Takei, K., Kindler,
S., Veh, R. W., De Camilli, P., Gundelfinger, E. D., and Garner, C. C. (1996)
Eur. J. Cell Biol. 69, 214223

Burns, M. E., and Augustine, G. J. (1995) Cell 83, 187-194

Hayashi, T., Yamasaki, S., Nauenburg, S., Binz, T., and Niemann, H. (1995)
EMBO J. 14, 2317-2325



	SNIP, a Novel SNAP-25-interacting Protein Implicated in  Regulated Exocytosis*
	EXPERIMENTAL PROCEDURES
	RESULTS
	DISCUSSION
	ACKNOWLEDGEMENTS
	REFERENCES


