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The neuron-specific proteins SNAP-25 (synaptosome-associated protein 25 kDa), synaptobrevin and
syntaxin,are localized to presynaptic terminals in
mammals and have been found to associate with proteins involved in vesicle docking and membrane fusion.
We describe here SNAP-25cDNA clones from the fruit
fly Drosophilamelanogaster and the ray Torpedo
marmorata. In situhybridization showed that SNAP25 mRNA is exclusively found in brain and ganglia in
Drosophila with a pattern suggesting expression in
most neurons. The Drosophila and Torpedo proteins
show 61 and 81%amino acid identity to mouse SNAP25, a degree of conservation similar to that previously
reported for synaptobrevin. None of the SNAP-25 sequences has a membrane-spanning region, but all contain a cluster of cysteine residues that can be palmitoylated for membrane attachment. SNAP-25 displays sequence similarity to syntaxin A and B. These data show
that SNAP-25 and synaptobrevin, which are both implicated in vesicle docking and/or membrane fusion,
have both been highly conserved during evolution.
This supports the existence of a basic molecular machinery for synaptic vesicle docking in vertebrate and
invertebrate synapses.

Synapses are highly specialized structures for inter-cellular
communication. To understand the developmental, structural,
and functional features of synapses, it is essential to define
their molecular components. Several proteins have been described during the last several years that are uniquely expressed by neurons and localized to synapses (Sudhof and
Jahn, 1991). One additional synapse protein named SNAP* This work was supported by Swedish Natural Science Research
Council Grant B-BU 8524-317 (to D. L.) and Swedish Medical
Research Council Grant 10378 (to L. B.). The costs of publication of
this article were defrayed in part by the payment of page charges.
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accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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25’ (synaptosome-associated protein 25 kDa) was originally
predicted from a brain-specific cDNA clonein mouse (Branks
and Wilson, 1986) and subsequently localized to presynaptic
nerve terminals (Oyler et al., 1989). SNAP-25 hasbeen shown
to be identical to a previously identified neuronal protein
called “superprotein” (Hew et al., 1992; Loewy et al., 1991;
Willard et al., 1974).
Recently, SNAP-25 was found to be a component of the
intracellular membrane fusion apparatus, as itcould be affinity-purified from bovine brain extracts on columns with complexes of NSF and a- and y-SNAPS (Sollner et al., 1993).
NSF is the N-ethylmaleimide-sensitivefusion protein, which
is necessary for vesicle fusion at all steps in the secretory
pathway (Graham and Emr, 1991). NSF requires additional
cytoplasmic factors, which, coincidentally, are abbreviated
a-, p-, and r-SNAP (for soluble NSF attachment proteins).
Two other synaptic proteins, synaptobrevin-2/VAMP-2 and
syntaxin (A and B) were also found to bind the NSF/a-, ySNAP complex. Synaptobrevin has been found to be highly
conserved with an amino acid identity of 57% between mouse
and Drosophila (Sudhof et al., 1989), while syntaxin shows
similarity to two yeast proteins involved in vesicle docking
called Pepl2p and Sed5p (see Bennett and Scheller, 1993;
Warren, 1993).
The evolutionary relationships of SNAP-25 are as yet unclear. SNAP-25 cDNA clones have previously been isolated
from chicken (Catsicas et al., 1991) and thepredicted protein
was identical to the mouse protein throughout the 206 amino
acids (Catsicas et al., 1991).Cloning of the chicken gene (Bark,
1993) has revealed a complex exon organization with eight
exons distributed over at least 65 kb.Furthermore, two similar
but distinct variants of exon 5 were discovered in chicken as
well as in mouse and human. The alternate use of these two
exon 5variantsappearsto
be developmentally regulated
(Bark, 1993). Studies of SNAP-25 expression showed developmental regulation in rat, mouse, and chicken (Catsicas et
al., 1991, 1992; Oyler et al., 1991). Expression begins shortly
before synaptogenesis and persists throughoutadulthood.
We have recently reported that the goldfish has two forms
of SNAP-25, termed SNAP-A and SNAP-B,
due to an ancient
gene duplication in bony fish (Risinger andLarhammar,
1993). The two goldfish SNAP-25 forms are 91% identical to
each other. Furthermore, the recent tetraploidization (15-20
The abbreviations used are: SNAP-25; synaptosome-associated
protein 25 kDa. NSF; N-ethylmaleimide-sensitivefusion protein. CY-,
0-,?-SNAP; soluble NSFattachment protein. t-SNARE;target
SNAP receptor; kb, kilobase(s).
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million years ago) of the goldfish* resulted in two distinct
SNAP-B loci (and presumably also two SNAP-A loci). The
complexity of SNAP-25 loci in the goldfish, however, makes
this animal less appropriate for functional studies.
In order to extend the evolutionary perspective further, we
decided to isolate SNAP-25 clones from the ray Torpedo
marmorata and the fruit fly Drosophila melanogaster, which
are commonly used for studies of synapse function.Our results
reveal extensive sequence conservation also in these species.
Furthermore, we show that SNAP-25 is distantly related to
other proteins involved in vesicle docking, namely syntaxin,
Sed5p and Pepl2p.
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EXPERIMENTALPROCEDURES

Isolation and Sequencing of cDNA Clones-A D. melanogaster
(rosy) head cDNA library in X g t l O (kindly provided by C. Zuker,
University of California at San Diego) and a T.rnarrnorata electric
lobe cDNA library in X g t l O (kindly provided by S. Birman, Centre
National de la Recherche Scientifique, Gif-sur-Yvette, France) (Bir450 base-pair
man et al., 1990) were screenedwitha32P-labeled
chicken SNAP-25 EcoRI-Hind111 cDNA-fragment (Catsicas et al.,
1991) comprising the 5’ half of the coding region. Screening hybridizations, and washes were donewith low stringency as described
previously for goldfish neuropeptide Y (Blomqvist et al., 1992). Phage
inserts were transferred to Bluescript I1 KS+ and sequenced, after
alkali denaturation, by the dideoxynucleotide chaintermination
method (Sanger et al., 1977) (Sequenase version 2.0 DNA polymerase
kit, U. S. Biochemical Corp.).
Southern Hybridization Analyses-Genomic D. melanogaster DNA
was kindly provided by Stefan Andersson (UmeH University, Umei,
Sweden). The Southernfilter was probed with an 850-base pair StyIEcoRI fragment correspondingto the 3’-untranslated
region of DS291B (see Fig. L4). Hybridization was done at 42 “C in25% formamide,
10% dextran sulfate, 6 X SSC, 0.1% SDS, 5 X Denhardt’s solution,
and 0.1 mg/ml sonicated and denatured salmon sperm DNA. Washes
were done under high stringency using 0.2 X SSC and 0.1% SDS at
65 “C.
Northern Hybridization Analyses-Drosophila mRNA was extracted from adult flies and from larvae by magnetic poly(A+) selection (Dynal) (Jakobsen etal., 1990), run on a polyacrylamide gel and
transferred to a nitrocellulose filter. The 3ZP-labeled2.1-kb insert of
the cDNA clone DS29-1B (see Fig. L4)was used as probe. Hybridization was done overnight at 60 “C in 10% dextran sulfate,1M NaC1,
1% SDS, and 20 pg/ml sonicated and denatured salmon sperm DNA.
Washes were done twice in 2 X SSC at room temperature for 5-10
min, twice in 2 X SSC at 60 “C for 30 min, and, finally, twice in 1 X
SSC at room temperature for 30 min. A fragment encoding RPS3
(ribosomal protein small subunit 3)3 was used as control probe to
monitor the relative amount of mRNA in each lane. The SNAP-25
and RPS3 autoradiograms are superimposed (see Fig. 4B).
I n Situ Hybridization-12-pm cryostat sections of unfixed Drosophila tissue were processed for in situ hybridization as previously
described (Pieribone et al., 1992) using a %labeled 48-mer DNA
probe (see Fig. l ) , which is complementary to the part encoding the
cysteine cluster of Drosophila SNAP-25. Stringency conditions were
identical to those previously used (Pieriboneet al., 1992). After
emulsion dipping in Kodak NTB-2, the sections were exposed for 6
weeks. Sections were counterstained with toluidin blue (head sections) or cresyl violet (body sections).
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FIG. 1. Outline of SNAP-25 cDNA clones. Boxes show coding

parts.The fragment used as probe for Southern hybridization is
shown in A.

present in the 3”untranslated region (Fig. 2C). No polyadenylation signal appears at the end of the insert, suggesting
thatthe clone is notentirely complete andthat reverse
priming occurred at an internal
poly(A) stretch. However, the
clone must be nearly complete as its size agrees with the
observed mRNA size assuming apoly(A) tail of approximately
200 bases (see below and Fig. 4B).
Approximately 600,000 T. marmorataoptic lobecDNA
clones were screened using the same probe as above. Several
clones were isolated, three of which were subcloned. Sequencing showed that one of these clones called TSll encodes
Torpedo SNAP-25. The restrictionmap of clone TSll is
shown in Fig. lB, and thenucleotide and deduced amino acid
sequences are shown in Fig. 2. (The other two sequenced
clones showed no discernible similarity to chicken SNAP-25
and probably represent false positive clones.)
Fig. 3 shows a comparison of the SNAP-25protein sequences of Drosophila and Torpedo with mouse SNAP-25, the
two chicken splicing variants, SNAP-25aand SNAP-25b, and
the two distinct goldfish gene products, SNAP-A and SNAPB1. The Drosophila SNAP-25 protein consists of 212 amino
acids, and Torpedo SNAP-25 has 210 amino acids. Both are
extended in the amino terminus (by seven and four amino
acids, respectively) and truncated in the carboxyl terminus
(by two and threeamino acids, respectively) as compared with
mouse SNAP-25. Furthermore, Drosophila has an additional
amino acid inserted between positions 111 and 112, whereas
Torpedo has an insertion of three amino acids between positions 100 and 101. The predicted molecular mass for the
unmodified protein is 23.7 kDa for both Drosophila and Torpedo SNAP-25. The mouse protein has a predicted mass of
23.3 kDa and migrates as 25 kDa on SDS-polyacrylamide gels
(Oyler et al., 1989).
Comparison of the Drosophila and mouse proteins reveals
61% identity and 79% similarity. Comparison of Torpedo and
RESULTS
mouse SNAP-25 shows 81%identity and 91% similarity. The
cDNA and Protein Sequences-Screening of a D. melano- sequence identity between Torpedo and Drosophila is 60%
gaster head cDNA library of approximately 300,000 clones and thesimilarity is 77%. One extraordinarily well-conserved
stretch of56 amino acids (positions 23-78)is identical beusing a chicken SNAP-25 probe underconditions oflow
stringency yielded three positive clones. Two of these were tween Torpedo and mouse and shows 86% identity and 95%
subcloned and characterized further; DS29-1B and DS29-2B. similarity between Drosophila and mouse.
Genomic Hybridization-A Drosophila SNAP-25 fragment
The two clones are almost equal in length, and both contain
5”untranslated as well as 3”untranslated sequences. The comprising most of the 3’-untranslated region (-850 base
restriction map of clone DS29-1B is shown in Fig. L4, and pairs, see Fig. 1 A ) was hybridized tototal genomicDNA
its nucleotide sequence and deduced amino acid sequence are digested with either SalI or HindIII. A single SalI band and
shown in Fig. 2. Seven possible polyadenylation signals are two HindIII bandswere observed (Fig. 44) in agreement with
the restriction map of the cloned Drosophila SNAP-25 gene:

* D. Larhammar and C. Risinger, unpublished results.

S. Andersson and A. Lambertsson, unpublished results.

C. Risinger, unpublished results.
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FIG. 2. Drosophila and Torpedo SNAP-25 nucleotide and protein sequences. A , 5"untranslated region; B , coding region; and c,
3"untranslated region. The sequences in B are aligned with the mouse SNAP-25 sequence. Numbering refers to themouse sequence (Oyleret
al., 1989). Nucleotides that differ from the mouse sequence are marked with dots. Only amino acids that differ from the mouse sequence are
shown. Dashes correspond to gaps introduced to optimize alignment. The Drosophila sequence is from clone DS29-1B, and the Torpedo
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of two different developmental stages detected one band at
at
approximately 2.3 kb in both larvae and adults, albeit lower
level in larvae (Fig. 4B).The Northern filter was hybridized
with a probe encoding the ribosomal protein RPS3? as an
internalstandard assumed to reflect thetotalamount
of
mRNA.
I n situ hybridizations toDrosophila head and body sections
revealed specific hybridization over regions rich in neuronal
cell bodies throughout thenervous system. Fig. 5 shows labeling over midbrain, optic lobes, and the subesophageal ganglion. In the body sections, hybridization was observed over
perikarya of the thoracic and abdominalganglia as shown in
Fig. 6. At this resolution, thepresence of SNAP-25 mRNA in
glia interspersed among neuronal cell bodies cannot be excluded. NO hybridization occurred over muscles, proventriculus or midgut (Fig. 6). The hybridization over the cuticular
structures is unspecific.

2.4 k b
2.1 k b

DISCUSSION

A high degree of protein sequence conservation is usually
taken asevidence for conserved and important functions (Nei,
1987). Two synapse proteins have previously been characterized in both mammals and Drosophila, and both were found
to display extensive sequence conservation; the integral synFIG. 4. Southern and Northern hybridizations. A, Southern
blot of Drosophila genomic DNA under conditionsof high stringency aptic vesicle proteins synaptotagmin (Perin et al., 1991) and
using a probe corresponding to the 3'-untranslated region (Fig. 1A ). synaptobrevin/VAMP (Sudhof et al., 1989) both display 57%
Each lane contains1 pg of genomic DNA digested with the indicated overall identity between Drosophila and mammals. We demenzyme. B, Northern blot of Drosophila larvae and adultflies probed onstrate here that the synapse protein SNAP-25also shows
Lanes a remarkably high degree of sequence conservation with 61%
with a fragment corresponding to the full-length cDNA insert.
1-3 contain mRNA from 15,40, and 80 adultflies, respectively. Lane
overall identity and, like the other synapse proteins, consid4 contains mRNA from 20 larvae (4-8 h before pupal stage). The
erably higher identity in parts of the protein. The overall
lower band in each lane was superimposed from a control hybridizadegree of amino acid sequence similarity between Drosophila
tion with a probe encoding theribosomal protein RPS3.
and mouse SNAP-25 is 79%.
Although SNAP-25 is strongly associated with membrane
indicating that a single SNAP-25 gene is present in the D.
fractions (Oyler et al., 1989) and appears to be involved in
melanogaster genome.
Northern and in Situ Hybridizations-Hybridization with vesicle docking or fusion, it is not itself a membrane-spanning
the completecDNA insert as probe to mRNA
from Drosophila protein. The membrane association is probably due to palsequence is from clone TS11. The 48-mer oligonucleotide use for Drosophila in situ hybridizations is complementary to the
underlined region.
In C , seven possible polyadenylation signals are underlined in the 3"untranslated region of the Drosophila sequence.
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FIG.5. In situ hybridization to D. melanogaster head section. Autoradiogram of transverse (frontal) section hybridized with
a 48-mer oligonucleotide as probe (see Fig. 2 B ) . a, dark-field micrograph.Labelingisseen
over neuronalperikarya of themidbrain
( M R ) ,optic lobes (OL),
and subesophageal ganglion (SG). Cuticular
elements of the head capsule and the mouthparts (drawn into the
head capsule) are indicated by arrows. b, the same section counterstained with toluidinblue seen in brightfield illumination. Scale bar,
50 um.

-MG
I..

3

FIG.6. In situhybridization to D. melanogaster thorax section. Autoradiograms of sagittal section through the ventral part of
the thorax hybridizedwitha
48-mer oligonucleotide as probe are
shown. a, dark-field micrograph showing labeling (large arrows)over
neuronalperikarya of thethoracic ganglion (TG)and abdominal
ganglion (AG). Cuticular elements that appear bright are marked
with smallarrows.b, bright field micrograph of the same section
(counterstained with cresyl violet) to show other structures in the
thorax. Labeling is seen over neuronal perikarya (large arrows) but
not muscles or the proventriculus( P V )and midgut (MG).
Scale bar,
50 pm.

mitic acid covalently linked to a cluster of cysteine residues
in the central portion of the protein (Hess et al., 1992). An
lost Cys-84.
amphipathic helix at the amino terminus
may strengthen the trapod exon 5a lost Cys-88, whereasexon5b
4A),and
SNAP-25
occurs
as
a
single
gene
in
Drosophila
(Fig.
plasmamembrane association. Both of thesefeaturesare
our
tentative
characterization
of
this
gene
has
revealed
only
essentially conserved in Torpedo and Drosophila (Fig. 3),
of the
although some changes have occurred. The amphipathic a- one version of exon 5, and this is identical to that
helix has multiple amino acid differences between Torpedo, cDNA clone. Thus, alternate versions of exon 5 is probably a
Drosophila, and mouse, but the changes are generally of a more recent specialization in higher vertebrates. It should be
emphasized thatalso other amino acid replacements occur in
conservative nature,therebymaintainingtheamphipathic
character of the helix. Two differences appear more drastic, the 39 amino acids of exon 5. The 5a variant diverges most
but both of these are at the beginning of the helix and may from Torpedo with nine replacements, whereas 5b has only
therefore have only minor consequences.
three differences. Also notable is thatneither mouse nor
All species studied so far have a cysteine cluster of4-5
chickennor goldfish SNAP-25 has cysteineresidues addiresidues in the middle of the SNAP-25 protein. Nevertheless, tional to those found in the cluster, while both Torpedo and
a few interesting differences occur; Cys-90 in mouse is absent Drosophila do have anadditional cysteinein theaminoin Drosophila, which instead hasa cysteine a t position 84 that terminal portion of the protein (Fig. 3). The roles of these
is absent in the mouse(Fig. 3). Torpedo, incontrast,has
amino-terminal cysteines remain to
be determined.
cysteines at both positions 84 and 90. Thus, the ancestral
Hybridization toDrosophila mRNA revealed one transcript
arrangement probably was the five cysteines still present in
of approximately 2.3 kb both in larvae and adult flies. This
Torpedo, with loss of Cys-90 in Drosophila and loss of Cys-84
size is in agreement with the
cDNA clone assuming a poly(A)
in the bony fish-tetrapod lineage (Fig. 3).
tail of approximately 200 bases. Investigations in vertebrates
It has beenproposed that the cysteineresiduesare
of
importance for a role of SNAP-25 in synaptogenesis, as the have shown that SNAP-25 is developmentally regulated and
two alternatively spliced forms of tetrapod SNAP-25 (Bark, that theexpression begins around the timeof synaptogenesis
1993) useeither of two exon 5 variants, termed 5a and 5b (see(Catsicas et al., 1991, 1992;). Whether Drosophila SNAP-25
expression also has aprecisedevelopmentalregulation
reFig. 3), which differ with regard to their cysteine positions
(although bothhave 4 cysteine residues). The chicken SNAP- mains tobe investigated, but thelarge gene size, exceeding 65
25 form that uses exon5ahas
Cys-84 like Torpedo and kb in Drosophila4 as well as in chicken (Bark, 1993), may
Drosophila, but has lost Cys-88 (Fig. 3). The SNAP-25 form indicate an importantrole in thedevelopment of the nervous
that usesexon 5blacks Cys-84 as described above. This system. Other genes with large introns have been found to be
suggests that both exon 5a and 5b in tetrapods original
had the crucial for development in Drosophila, e.g. Ubx (O'Connor et
cysteine arrangement of the Torpedo sequence, and that te- al., 1988) and An t p (Schneuwly et al., 1986). Transcript size
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FIG. 7. A, comparison of SNAP-25 sequences with syntaxin B, Pepl2p and Sed5p. Numbering on top line refers to chicken SNAP-25.
Dashes correspond to gaps introduced to optimize alignment. Amino acids that are identical to any of the SNAP-25 sequences are marked
with a star, and amino acids with similar properties are marked with a vertical bar. B, comparison of syntaxin B with Pepl2p and Sed5p.
Identities to the syntaxin B sequence are marked with a star and similarities with a bur. Sequences were obtained as follows: Syntaxin B,
Bennett et al. (1992):
P e ~ 1 2 K.
~ . Becherer and E. Jones. GenBank database accession code M90395; and Sed5p, Hardwick and Pelham
.
(1992).
_

I

_

I

25 and syntaxin are ancient metazoangenes, they may have
may be important for the timing of developmental events
divergedbefore the major spread of introns(Palmerand
(Shermoen et al., 1991).
It has recently been shown that SNAP-25 as well as syn- Logsdon, 1991) and may display different exon-intron organization in spite of a shared ancestry.
aptobrevin and syntaxin (A and B) can associate with the
Thus, both affinity binding (Sollner et al., 1993) and the
NSF/a-, 7-SNAP complex (Sollner et al., 1993), indicating
that these proteins participate in the docking
of synaptic sequence comparisons shown here (Fig. 7A) provide evidence
vesicles. Synaptobrevinisanintegralprotein
of synaptic that SNAP-25 isinvolved in synaptic vesicle docking and/or
vesicles and was therefore called a V-SNARE (vesicle a-, /3-, fusion. The high sequence conservation between Drosophila
7-SNAP receptor). Syntaxin, in contrast, is localized to the and vertebrates strongly supports that SNAP-25 is important
presynaptic membrane and likely
is
to functionas a t-SNARE for synaptic function.
An intriguing question is whether the different putativet(t for target). This conclusion is supported by the sequence
SNARES alloccur in the same neurons,or if each one shows
similarity between syntaxinand two t-SNARESinyeast,
Pepl2p and Sed5p, which are involved in vacuolar andGolgi specific expression in subsets of neurons. The cellular distribution of syntaxin expression has not been studied. Previous
complex targeting, respectively(see Bennett and Scheller,
studies of SNAP-25 mRNA distribution inmouse and rat
1993; Warren, 1993).
Previous studies have indicated that SNAP-25 is also as- brain (Oyler et al., 1991, 1992) as well as in mouse, rat, and
et al., 1992) andchickenretina
sociated with the presynaptic membrane(Oyler et al., 1989), monkeyretina(Catsicas
et
al.,
1991),
however,
suggested thatSNAP-25
(Catsicas
possibly the active zone, suggesting that it too can function
as a t-SNARE. Further supportfor such a function isprovided expression has certainspecificity to subtypes of neurons. For
instance,rat olfactory neurons showedamuchdecreased
by the sequence similarity between SNAP-25 and the other
(Oyler et al., 1992).
three t-SNARES (Fig. 7A). Note that nogaps are required to SNAP-25 expression upon maturation
The Drosophila SNAP-25mRNA was detected by in situ
align SNAP-25 positions 157-181 with the other proteins.
The SNAP-25 similarity is greatest to syntaxin
B, which hybridization over regions with neuronal perikarya throughout the nervous system,with an intense labeling (Figs. 5 and
appears reasonable in viewof the fact that both SNAP-25
and syntaxin B are exclusively neuronal and probably di- 6), suggesting that SNAP-25 may be expressed in most neurons in adultflies.
vergedfrom each other after the appearance
of a nervous
Our preliminary studies of a cyclostome (Lampetra fluuiasystem in metazoan evolution. (Syntaxin B is 84% identical
tilis) have shown a widely distributed neuronal expression of
to syntaxinA (Bennett et al., 1992).) Syntaxin B, Pepl2p and
SNAP-25 mRNA in central neu~ons.~ Taken
together, the
Sed5p, aremore similar to each other than either is to SNAPavailable data thus indicate that SNAP-25 is
a widely ex25 (Fig. 7 B ) .
pressed t-SNARE in vertebrate and invertebrate
neurons.
Alignment isambiguous on bothsides of the segment shown
in Fig. 7A. EvensyntaxinB,Pepl2pand
Sed5p, become
Acknowledgments-We are grateful to Ulf Pettersson for providing
difficult to align in the part that is amino-terminal to the
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well as SNAP-25, are rich in the amino acidsGlu, Gln, Asp, of data prior to publication, Charles Zuker and Serge Birman for
and Asn in their central parts. SNAP-25 is the only protein cDNA libraries, and Stefan Andersson for Drosophila genomic DNA.
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