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Abstract. cDNA clones of a neuronal-specific mRNA
encoding a novel 25-kD synaptosomal protein, SNAP-
25, that is widely, but differentially expressed by di-
verse neuronal subpopulations of the mammalian ner-
vous system have been isolated and characterized. The
sequence of the SNAP-25 cDNA revealed a single
open reading frame that encodes a primary translation
product of 206 amino acids. Antisera elicited against a
12-amino acid peptide, corresponding to the carboxy-
terminal residues of the predicted polypeptide se-
quence, recognized a single 25-kD protein that is as-
sociated with synaptosomal fractions of hippocampal
preparations. The SNAP-25 polypeptide remains as-
sociated with synaptosomal membrane components af-
ter hypoosmotic lysis and is released by nonionic de-
tergent but not high salt extraction. Although the
SNAP-25 polypeptide lacks a hydrophobic stretch of
residues compatible with a transmembrane region, the
amino terminus may form an amphiphilic helix that

may facilitate alignment with membranes. The
predicted amino acid sequence also includes a cluster
of four closely spaced cysteine residues, similar to the
metal binding domains of some metalloproteins, sug-
gesting that the SNAP-25 polypeptide may have the
potential to coordinately bind metal ions. Consistent
with the protein fractionation, light and electron mi-
croscopic immunocytochemistry indicated that SNAP-
25 is located within the presynaptic terminals of hip-
pocampal mossy fibers and the inner molecular layer
of the dentate gyrus. The mRNA was found to be en-
riched within neurons of the neocortex, hippocampus,
piriform cortex, anterior thalamic nuclei, pontine
nuclei, and granule cells of the cerebellum. The distri-
bution of the SNAP-25 mRNA and the association of
the protein with presynaptic elements suggest that
SNAP-25 may play an important role in the synaptic
function of specific neuronal systems.

processes crucial to neuronal function. Presynaptic

specializations include calcium channels that mediate
the calcium signal for synaptic vesicle release, proteins in-
volved in the storage and synthesis of neurotransmitters, and
molecules that allow the movement and docking of synaptic
vesicles with the presynaptic plasma membrane (see Reich-
ardt and Kelly, 1983 for review). At the ultrastructural level,
a variety of electronmicroscopic techniques have also re-
vealed the specialized cytoarchitecture of the presynaptic ter-
minal. The axoplasma in the region of the presynaptic termi-
nal is differentiated from the other portions of the neuron by the
presence of electron-dense thickenings on the inner surface
of the presynaptic membrane (Gray, 1961), the concentration
of synaptic vesicles (Palay, 1956), and the electronmicro-
scopic appearance of the cytoplasmic matrix (Landis et al.,
1988). The region of the axonal terminal possessing these
features, the active zone, is responsible for neurotransmitter
release. The molecular composition that enables the active
zone to fulfill these unique functions is only beginning to be

THE presynaptic terminal is a site of many specialized
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characterized. For example, the phosphoprotein synapsin I
is believed to mediate the anchorage of synaptic vesicles to
elements of the active zone matrix (DeCamilli et al., 1983;
Huttner et al., 1983). Other proteins that are components of
mammalian synaptic vesicles have been identified, including
synaptophysin (Weidenmann and Franke, 1985; Jahn et al.,
1985), a 65-kD calmodulin binding protein (Matthew et al.,
1981; Fournier and Trifaro, 1988), the 95-kD transmem-
brane glycoprotein SV2 (Buckley and Kelley, 1985), integral
membrane proteins p30 and p36 (Obata et al., 1987) and syn-
aptobrevin/vesicle-associated membrane protein (VAMP)!
(Sudhof et al., 1989; Elferink et al., 1989). With the excep-
tion of the differential expression of two species of VAMP
proteins (Trimble, W. S., T. S. Gray, L. A. Elferink, M. C.
Wilson and R. H. Scheller, manuscript in preparation), these

1. Abbreviations used in this paper: CRF, corticotropin-releasing factor;
OREF, open reading frame; PB, phosphate buffer; SNAP-25, synaptosomal-
associated protein; TE, 10 uM Tris/l mM EDTA, pH 8.0; VAMP, vesicle-
associated membrane protein.
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proteins are likely to be general to all neurons and related
specifically to synaptic vesicle function.

The matrix of the active zone may contain a separate set
of presynaptic proteins that mediate matrix functions such as
synaptic plasticity, which involves the formation of new syn-
apses and the removal of others. Additionally, to allow the
rapid mobilization of synaptic vesicles, the matrix of the ac-
tive zone must be able to assume a fluid state upon stimulus
and yet maintain the localization of synaptic vesicles in
quiescent periods. The identification of molecular compo-
nents of the active zone, therefore, will be critical to under-
standing vesicle mobilization and synaptic plasticity. The
diversity of neuronal cell subtypes, patterns of synaptic con-
nectivity, and neurotransmitter utilization indicates that the
components of the presynaptic terminal important to the func-
tion of specialized neuronal subgroups remain unidentified.

As an approach to understanding the molecular basis of
neuronal diversity, we, as other groups, have applied recom-
binant DNA strategies to identify and characterize novel
genes and their encoded proteins that are specifically ex-
pressed in the nervous system (Sutcliffe et al., 1983; Ander-
son and Axel, 1985; Branks and Wilson, 1986; Clayton et
al., 1988; Travis and Sutcliffe, 1988; Oberdick et al., 1988).
Our efforts have been directed towards identifying genes that
are expressed in limited subsets of neuroanatomical struc-
tures. The analysis and characterization of genes differen-
tially expressed among neuronal structures should identify
proteins that contribute to the specialized function of neu-
ronal subpopulations and provide new molecular probes for
the investigation of the cell biology of nervous system func-
tion and differentiation. We have focused our investigation of
expression and developmental regulation of differentially ex-
pressed neuronal specific genes on the hippocampal forma-
tion because of the structure’s physiological properties, syn-
aptic organization with laminar cellular distribution, and the
sensitivity of the hippocampus to many disease processes,
including Alzheimer’s disease and temporal lobe epilepsy.

In a previous study designed to identify cDNA clones to
genes operationally defined as “brain-specific” relative to
other differentiated tissues, we observed that a cDNA probe
designated pMuBr8 hybridized to a 2.2-kb mRNA present
in brain and not in liver or kidney (Branks and Wilson,
1986). Initial in situ hybridization studies indicated that this
mRNA is preferentially expressed in CA3 pyramidal neurons
of the mouse hippocampus at a three- to fourfold higher level
than in neurons of the CAl field and the dentate gyrus, as
well as within other specific structures of the brain. Because
this cDNA appeared to discriminate between neurons of the
hippocampal formation, and thus may represent a gene prod-
uct that contributes to the specialization of hippocampal neu-
ronal subtypes, we have isolated and sequenced cDNA
clones representing virtually the entire length of the mRNA
transcript and prepared antipeptide antisera to characterize
the encoded polypeptide. We find that the sequence of the
mRNA contains a single open reading frame encoding a 206-
residue polypeptide. Antipeptide antisera generated against
12 amino acids at the carboxy terminus of the predicted poly-
peptide sequence reacts with a 25-kD protein in hippocampal
protein preparations that is localized to the presynaptic
mossy fiber boutons. Because of the apparent association of
the protein with synaptic structures, we have designated the
protein SNAP-25 (synaptosomal associated protein of 25
kD). The enrichment of the SNAP-25 mRNA in subsets of
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neurons in the brain and the presynaptic localization of the
protein indicate that SNAP-25 may have an important role
in the synaptic function of circumscribed neuronal pathways
of the nervous system.

Materials and Methods

Library Construction and Screening

Poly A* RNA was selected by oligo(dT) cellulose chromotography of total
RNA prepared from adult BALB/c mouse brain hippocampal tissue as pre-
viously described (Branks and Wilson, 1986). The gtl0 recombinant phage
library was constructed by oligo(dT)-primed synthesis of cDNA from the
hippocampal poly A* RNA template with avian myeloblastosis virus (AMV)
reverse transcriptase and second strand synthesis with Escherichia coli Pol 1
Klenow fragment (Branks and Wilson, 1986). Internal Eco RI sites were
protected by Eco RI methylase and the double-stranded cDNA was treated
with S nuclease to provide blunt ends before the addition of Eco RI linkers
and ligation into the Eco Rl sites of the vector lambda gt1l0 DNA. The com-
plexity of the packaged library before amplification was 1 X 10° indepen-
dent clones with an average ¢cDNA insert size of ~1,000 bp. Duplicate
plaque lifts of ~20,000 plaques, plated at a density of 5,000 plaques per 150-
mm petri dish were screened with the 800-nucleotide insert of pMuBr8
(Branks and Wilson, 1986) labeled by random oligonucleotide-primed syn-
thesis (Feinberg and Vogelstein, 1983) with 32P-a-dCTP (3,000 Ci/mmol;
New England Nuclear, Boston, MA) to a specific activity of 5 x 108
cpm/ug, essentially as described by Maniatis et al. (1982). The filters were
washed in 2X SSC, 1x SSC, and 0.2x SSC (1x SSC is 150 mM NaCl,
15 mM sodium citrate) with 0.2% SDS at 67°C and autoradiographed.
From 20 positives, one clone, lambda 8.1, was plaque purified and the 1.8-kb
insert was subcloned into the Eco RI site of pBS KS(~) (Stratagene Corp.,
La Jolla, CA). To isolate cDNAs containing further 5’ sequence, a 20-mer
oligonucleotide probe Al (5-TCTGGCATCTCCTCCAGGTC-3) comple-
mentary to the sequence 14 bp from the 5' end of p8.1 was synthesized and
labeled by T4 polynucleotide kinase reaction with *2P-gamma ATP (3,000Ci/
mmol; New England Nuclear) (Maniatis et al., 1982). Nitrocellulose filter
lifts of 50,000 plaques of the gt10 hippocampal cDNA library were prehy-
bridized overnight with 6xX SSPE (1x SSPE is 180 mM NaCl, 10 mM
NaH:POQ,, pH 7.4, 1 mM EDTA), 0.2% SDS, 100 ug/ml denatured salmon
sperm DNA at 42°C and hybridized for 24 h with 5 X 10° cpm/mi of la-
beled Al oligonucleotide probe. Filters were washed in 2x SSC and 0.2%
SDS at 37°C before autoradiography. Of the positives on this screen, four
clones, lambda 8.23, 8.52, 8.53, and 871 were plaque purified and sub-
cloned in pBS KS(-). To isolate clones containing the 3’ end of the SNAP-
25 mRNA, the cDNA insert of p8.1 was excised the Eco Rl and labeled with
32P-q-ATP (3,000 Ci/mmol; New England Nuclear) by filling in the re-
cessed 3' termini of the Eco RI sites with DNA polymerase I Klenow frag-
ment (Maniatis et al., 1982). The end-labeled p8.1 insert was digested with
Hae III and the 3’ end-labeled fragment was used to probe the filters. Of
the positives obtained with this 3’ probe, one clone lambda 8.51 was plaque
purified and subcloned into.pBS KS(-) to yield p8.51.

Sequencing

Double-stranded plasmid containing cDNA SNAP-25 inserts were used as
template after alkali denaturation for dideoxy chain termination sequencing
(Sanger et al., 1977). The clone p8.1 was completely sequenced from the
3’ end with a series of progressive 3’ deletion subclones prepared by exonu-
clease III and Mung bean nuclease digestion (Stratagene Corp.) with a
modified T7 DNA polymerase (Sequenase; United States Biochemical
Corp., Cleveland, OH). Both the 3' and 5’ ends of the clones p8.1, p8.23,
p8.51, p8.52, p8.53, and p8.71 were sequenced using M13(+) and M13(-—)
primers (Stratagene Corp.).

Sequence Analysis

The amino acid sequence of the SNAP-25 ORF was compared to the NBRF
protein sequence data base using the SEARCH (Dayhoff et al., 1983) and
FASTP programs (Lipman and Pearson, 1985). The significance of similari-
ties was assessed using the ALIGN program (Dayhoff et al., 1983). The
hydrophobicity analysis of the SNAP-25 polypeptide was exccuted with the
program of Rose and Roy (1980) using an averaging of five residues. The
alpha helical potential, beta extend chain (averaging over five residues) and
beta turn potential (averaging over four residues) were predicted with the
programs of Chou and Fasman (1974) and Osguthorpe and Robson (1978).
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