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ABSTRACT: Themonoclonal antibody SMI81 binds SNAP-25, amajor player in neurotransmitter release, with
high affinity and has previously been used to follow changes in the levels of this protein in neuropsychiatric
disorders. We report here that the SMI81 epitope is present at the extreme N-terminus of SNAP-25 and,
unusually, cannot be recognized when present as an internal sequence. Although it is known that SNAP-25
can be palmitoylated and phosphorylated in brain, we now reveal the existence of a third modification,
acetylation of the N-terminus. This acetylation event greatly increases the efficiency of SMI81 antibody
binding.We show that this highly specific antibody can be used for studying brain function inmany vertebrate
organisms.

The synaptosomal-associated protein of 25 kDa (SNAP-25)1 is
a highly conserved synaptic protein and a key component of the
synaptic vesicle fusion machinery (1, 2). It was initially identified
as the most abundant methionine-rich protein to be rapidly
transported along axons, accumulating at synaptic termini (3, 4).
Levels of SNAP-25 increase during development, and SNAP-25
expression coincides with the onset of synaptogenesis and
neuronal maturation (5, 6). SNAP-25 is a hydrophilic protein
but is tightly associated with synaptic membranes because of the
attachment of hydrophobic palmitate lipids to four clustered
cysteines in the center of the molecule; indeed, SNAP-25 is the
major palmitoylation target in brain (3, 4, 7, 8).

Key to our understanding of SNAP-25 protein function was
the finding that it forms a stoichiometric complex with syntaxin
and synaptobrevin in brain (9, 10). The central role of these three
soluble NSF-attachment protein receptor (SNARE) proteins,
including SNAP-25, in synaptic vesicle release was confirmed
upon their identification as the targets of clostridial neurotoxin
action (11). Botulinum neurotoxins A and E cleave SNAP-25 at
specific points in the amino acid sequence of the C-terminus,
rendering the cleaved protein unable to form the SNARE
complex which in turn leads to neuromuscular paralysis and
death (12, 13).

In light of the importance of SNAP-25 for neurotransmission,
several antibodies have been developed for recognition of this
protein. One such commonly used antibody ismousemonoclonal
SMI81, initially generated by Sternberger Monoclonals among a
wide panel of antibodies raised against human brain extract
(hence the abbreviation SMI81 for Sternberger Monoclonals
Inc., clone 81). The SMI81 antibody was later shown to

specifically recognize a single 25 kDa protein band by Western
immunoblotting in wild-type neurons, but not in neurons from a
SNAP-25 null mutant background (14). It recognizes botulinum
toxin-truncated protein (15-17) and both alternatively spliced
SNAP-25A and -B isoforms, which differ by only nine amino
acids. It has been used to detect SNAP-25 in hippocampal slices
from mice at various stages of embryonic and postnatal devel-
opment (18). SMI81 immunoblotting of brain regions of mice
suffering from hyperkinesis showed changes in the SNAP-25
expression pattern, reflecting presynaptic dysfunction and hyper-
activity (19). Importantly, SMI81 immunoblotting allowed de-
tection of alterations in brain SNAP-25 levels in schizo-
phrenia (20). The SMI81 antibody has also been used to probe
calcium-dependent release of glutamate from isolated synaptic
termini (21). Finally, SMI81 has been used to detect SNAP-25
protein in non-neuronal contexts, including mast cells, neutro-
phils, and chromaffin cells (16, 22, 23).

Given that SMI81 is used to follow SNAP-25 protein in brain
development and pathology, we decided to precisely map the
antibody epitope. Our data show that the antibody recognizes a
sequence at the extreme N-terminus of SNAP-25 in brain with
high efficiency, and this sequence must be present at a free
N-terminal end for recognition. Mass spectrometric characteri-
zation of the N-terminus of brain-purified SNAP-25 reveals a
novel acetylation modification, with removal of the initiator
methionine residue and acetylation of the following alanine. This
cotranslational acetylation event, occurring only in eukary-
otes (24), dramatically strengthens SMI81 binding, thus defining
the antibody as a useful tool for studying N-terminal acetylation
events. Finally, we show that the SMI81 epitope is conserved in
vertebrates, first appearing in bony fish, and that the antibody
can recognize SNAP-25 protein in the zebrafish model organism.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies. Full-length human SNAP-25A
(amino acids 1-206) was inserted into the pGEX-KG vector (25)
using BamHI and NcoI restriction sites, for expression of
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glutathione S-transferase (GST)-tagged protein in Escherichia
coli. The same sequence was inserted into pEGFP-C1 (BD
Biosciences) via XhoI and KpnI sites, for HeLa cell expression
of green fluorescent protein (GFP)-tagged SNAP-25. For HeLa
expression of untagged protein, the same sequence was inserted
into pcDNA3.1(-) (Invitrogen) via XhoI and KpnI sites. All
nucleotide sequences were verified by DNA sequencing. Mouse
monoclonal antibody SMI81 against SNAP-25 was purchased
from Covance; rabbit polyclonal antibody against GST-tagged
SNAP-25 has been described previously (26), and the rabbit
polyclonal anti-SNAP-23 antibody was from Synaptic Systems.
Preparation of Tissue Extracts. Extracts were prepared by

homogenizing 2 gof adult tissue from rat,mouse, cow, zebrafish, or
electric ray in 12 mL of 200 mM NaCl, 20 mM HEPES
(pH 7.3), 1 mM EDTA, and 2% Triton X-100, with complete
protease inhibitor cocktail (Roche) added according to the manu-
facturer’s instructions. After solubilization of membrane proteins
(1 h at 4 �C), the homogenate was centrifuged to remove insoluble
debris (100000g for 1 h at 4 �C). The protein concentration of the
supernatant was measured using the bicinchoninic acid (BCA)
assay (27). Immunoprecipitations of SMI81 from brain extract
were conducted as described previously (28).
Cell Culture, Transfection, and Immunostaining. HeLa

cells (European Collection of Cell Cultures) were transfected with
SNAP-25 when they were approximately 70% confluent, using
Lipofectamine/Plus reagent (Invitrogen), according to the manu-
facturer’s instructions. Theywere harvested 24 hpost-transfection.
For immunostaining, cells were washed twice with PBS to remove
medium and fixed with 4% paraformaldehyde (30 min at 25 �C).
They were then washed three times with PBS, and the parafor-
maldehyde was quenched with 10 mM NH4Cl (5 min at 25 �C).
After three further PBS washes, cells were treated with 0.1%
Triton X-100 in PBS for 2 min, washed twice, and then incubated
for 30 min in blocking buffer (PBS with 2% bovine serum
albumin). Cells were then incubated with primary antibody
(SMI81 at a 1:400 dilution and anti-SNAP-23 at a 1:50 dilution;
90 min at 25 �C), washed 2 � 5 min with blocking buffer, and
incubated with Alexa fluor-conjugated secondary antibody at a
dilution of 1:1000 (Invitrogen; 30 min at 25 �C). After 3 � 5 min
washes with PBS, the immunostained cell coverslips were briefly
dipped in water and mounted in Mowiol 4-88 (Calbiochem).
Bound immunofluorescence was observed on a Radiance 2100
Confocal system (Zeiss/Bio-Rad) linked to a Nikon Eclipse
E800 fluorescence microscope equipped with an oil-immersion
objective (100�, 1.4 numerical aperture). Culture and immunos-
taining of rat pheochromocytoma cells (PC12s) were as described
previously (29).
Preparation of HeLa Cell Extracts. We prepared extracts

24 h post-transfection by resuspending the HeLa cells in 100 mM
NaCl, 20mMHEPES (pH 7.3), 2%TritonX-100, 1mMEDTA,
and complete protease inhibitor cocktail (Roche). After a 10 min
incubation on ice to allow cell lysis to proceed, insoluble material
was removed by centrifugation (20800g for 20 min at 4 �C), and
the protein concentration of the supernatant was determined
using the BCA assay.
Western Immunoblotting and Dot Blot. For Western

immunoblotting, samples were normalized by protein content
and loaded onto a 10%NuPAGEBis-TrisMini Gel (Invitrogen)
and then transferred to a PVDF membrane (Millipore). Mem-
branes were incubated in blocking buffer (5% nonfat dried milk
in PBS and 0.2%Tween 20) before addition of primary antibody
(1:4000) for 1 h. After 3 � 5 min washes (PBS and 0.2% Tween

20), horseradish peroxidase-conjugated secondary antibody
(Pierce) was added at a 1:6000 dilution in blocking buffer
(30 min). After further washes (3 � 5 min), bound antibody
was detected by enhanced chemiluminescence using the West
Dura kit (Thermo Scientific). For the dot blot, peptides were
spotted onto a PVDF membrane which had been prewetted in
methanol. The membrane was left to dry before being wetted
again in methanol and incubation in blocking buffer. Immuno-
blotting and detection of bound antibodywere then conducted as
described above.
Protein Preparation and Peptide Synthesis. Isolation of

recombinant SNAP-25 has been described previously (29). Briefly,
GST-tagged SNAP-25 was expressed in E. coli BL21 and purified
on glutathione Sepharose beads (GE Healthcare). Bead-bound
protein was washed with 100 mM NaCl and 20 mM HEPES (pH
7.3) and eluted via thrombin cleavage. SNAP-25 was further
purifiedby gel filtrationon aSuperdex 200 column (GEHealthcare)
equilibrated in 100mMNaCl and 20mMHEPES (pH 7.3). Brain-
purified SNAP-25 was prepared as described previously (30).
Peptides were synthesized by Peptide Protein Research.
Mass Spectrometry Analysis. A solution sample of brain-

purified SNAP-25 (5 μM) in 20 mMNH4HCO3 was digested with
trypsin overnight. A portion of this peptide mixture was separated
by nanoscale liquid chromatography (LC Packings) on a reversed-
phase C18 column (150 mm � 0.075 mm internal diameter, flow
rate of 0.25 μL/min). The eluate was introduced directly into a
Q-STAR pulsar i hybrid tandem mass spectrometer (MDS Sciex).
The spectra were searched against an “NCBInr” nonredundant
databasewithMASCOTMS/MS Ions Search (www.matrixscience.
com). A doubly charged ion with a mass-to-charge ratio of 940
matched the acetylatedN-terminal peptide. The acetylation site was
confirmed by manual inspection of the fragmentation series.
Surface Plasmon Resonance. Real-time binding of SMI81

to the 11-amino acid epitope peptides was performed using a
Biacore 2000 system. After an initial wash of the nitrilotriacetic
acid (NTA) chip surface (GE Healthcare) with 100 mM NaOH
and 1% SDS for 5 min and 100 mM phosphoric acid and 1%
SDS for 5 min, the chip was charged with Ni2þ. Two channels of
the chip were repeatedly washed and regenerated using 0.35 M
EDTA for 3 min, followed by a 3 min incubation with 3 mM
NiCl2, using a flow rate of 5 μL/min. Approximately 50 relative
units (RU) ofNi2þwas loaded on each channel at each cycle.His-
tagged peptides were then reversibly immobilized on different
channels of the Ni2þ chelate chip (31, 32). Approximately 300
RU of nonacetylated peptide and 500 RU of acetylated peptide
were loaded. For kinetic measurements, different concentrations
of SMI81 in 100 mM NaCl and 20 mM HEPES (pH 7.3) were
injected for 30 s at a flow rate of 30 μL/min using the
“KINJECT” function of the instrument. Binding of SMI81 to
both peptides was recorded simultaneously. For background
subtraction, all dilutions of SMI81 were also injected, as part of
the same program, but without peptides on the Ni2þ-NTA chip.
To control for background drifts, the chip loaded with peptides
was also incubated with buffer only (no SMI81), as part of the
same program and using the same flow rates. All measurements
were performed at 25 �C. Kinetic parameters were estimated
using linear regression analysis of initial binding rates (33).

RESULTS

SMI81 Efficiently Recognizes Native SNAP-25.We first
confirmed that the SMI81 monoclonal antibody can specifically
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recognize SNAP-25 present in rat brain cortex Triton X-100
extract. Figure 1A shows an SMI81 Western immunoblot with a
single detected band of 25 kDa, corresponding to the correct
molecular mass for SNAP-25. As a further control for antibody
specificity, we also tested rat liver extract, which does not contain
SNAP-25. Indeed, no SMI81 immunoreactive band was ob-
served here. Next, SMI81 immunoprecipitations were conducted
in brain detergent extract from rat, mouse, and cow and the load
and unbound material probed with a polyclonal anti-SNAP-25
antibody. Figure 1B shows that virtually all brain SNAP-25 is
recognized by highly efficient SMI81. We then confirmed SMI81
recognition of endogenous SNAP-25 in neuroendocrine pheo-
chromocytoma (PC12) cells. Staining was observed at the plasma
membrane (Figure 1C), corresponding to the expected localiza-
tion of SNAP-25 (34).

Since SMI81 is a highly efficient antibody that is used to follow
neuronal changes in normal and pathological conditions, we
decided to map the antibody epitope. Full-length recombinant
SNAP-25 was expressed in E. coli from a plasmid containing the
entire human SNAP-25A sequence, preceded by an N-terminal
glutathione S-transferase tag for purification on glutathione
Sepharose beads. After removal of the tag with thrombin, a
protein of the expected molecular mass was produced
(Figure 1D, left). This protein was able to form the SNARE
complex and could be cleaved by botulinum neurotoxins A and
E, as expected (data not shown). Paradoxically, it was not
recognized by SMI81 (Figure 1D, right).Note that brain-purified
SNAP-25 appears at a slightly higher molecular mass than the
recombinant protein on SDS-PAGE; this is because it carries
post-translational modifications such as palmitoylation (4).

FIGURE 1: Specific recognition of all brain SNAP-25 by SMI81.
(A) Total protein load (left) and SMI81 immunoblot (right) of
Triton X-100 extracts from rat brain and liver. SMI81 specifically
recognizes SNAP-25, a single band of 25 kDa from brain. Liver
does not contain SNAP-25. (B) Samples of brain detergent
extract (load) and flow-through (FT) after SMI81 immunopreci-
pitation were immunoblotted with a rabbit polyclonal antibody
to detect the presence of all SNAP-25 protein. SMI81 recognizes
all SNAP-25 from rat, mouse, and cow brain. (C) SMI81
immunostaining of a neuroendocrine PC12 cell containing endo-
genous SNAP-25 at the plasmamembrane. The scale bar is 20 μm.
(D) Total protein load (left) and SMI81 immunoblot (60 s
exposure, right) of SNAP-25 purified from cow brain or recom-
binantly expressed in E. coli. Recombinant protein cannot be
recognized by SMI81.

FIGURE 2: GFP-SNAP-25 fusion protein expressed in eukaryotic
cells cannot be recognizedbySMI81. (A) Schematic representationof
the SNAP-25 construct fused with an N-terminal GFP, to follow
localization of transfected protein. Known post-translational modi-
fications are depicted as follows: palmitoylation sites with short black
vertical lines and phosphorylation with black encircled P. (B) Con-
focal microscopy of GFP-SNAP-25 fusion protein-transfected
HeLa cells. In the top panel, the GFP-SNAP-25 protein is localized
at the plasmamembrane. In the bottom panel, SMI81 immunostain-
ing cannot detect theGFP-SNAP-25 protein. The scale bar is 20μm.
(C)Western immunoblotting ofHeLa cell TritonX-100 extracts with
or without GFP-SNAP-25 protein transfection. In the left panel,
anti-SNAP-25 rabbit polyclonal antibody detects transfected
GFP-SNAP-25 protein. In the right panel, SMI81 cannot detect
GFP-SNAP-25 protein.
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TheGFP-SNAP-25 Fusion Protein Expressed inMam-
malian Cells Is Not Recognized by SMI81. The inability of
the SMI81 antibody to recognize bacterially expressed protein
with the correct primary amino acid sequence suggested that the
antibodymight recognize a region of SNAP-25 that is co- or post-
translationally modified, only when present in a eukaryotic
cellular context. SNAP-25 is the major palmitoylation target in
brain (4), with four palmitoylated cysteines in the center of the
molecule. In addition, it has been reported that both protein

kinases A and C phosphorylate SNAP-25 at residues in the
C-terminal SNARE helix (35-37).

To determine whether modifications to the primary amino
acid sequence might play a role in SMI81 antibody binding,
SNAP-25 with a GFP tag at the N-terminus (Figure 2A) was
expressed in HeLa cells, which do not contain SNAP-25 but do
contain eukaryotic palmitoylation and phosphorylation machin-
ery. The GFP tag allowed protein expression levels and localiza-
tion to be followed. The GFP-SNAP-25 fusion protein was
localized predominantly at the plasma membrane of HeLa cells
(Figure 2B, top). However, when cells were immunostained with
the SMI81 antibody, this protein also could not be recognized
(Figure 2B, bottom). To confirm that the expressed protein
contained the intact SNAP-25 amino acid sequence, we per-
formed Western immunoblotting of cell extracts using a poly-
clonal anti-SNAP-25 antibody (Figure 2C, left). This antibody
recognized a single 50 kDa band in the transfected cell lysate,
corresponding to the expected molecular mass of the
GFP-SNAP-25 fusion protein. Again, SMI81 could not recog-
nize this GFP fusion protein (Figure 2C, right).
SMI81 Recognizes the Free SNAP-25 N-Terminus.

Since SMI81 was capable of efficient recognition of SNAP-25
in rat brain extract but not of bacterially expressed SNAP-25 or
GFP-SNAP-25 fusion protein in HeLa cells, we sought an
explanation for this difference. It was noted that in both the
bacterial andGFP-SNAP-25 constructs the expressed SNAP-25
protein would not have a free N-terminus. In the bacterial case,
two additional residues forming part of the thrombin cleavage
site upstreamof the initiatormethionine remained attached at the
N-terminus of SNAP-25 (Figure 3A). In the GFP-SNAP-25
construct, the N-terminus was blocked by the presence of GFP
and a short linker sequence. We therefore cloned the SNAP-25
sequence into the pcDNA3.1(-) vector, for mammalian expres-
sion of the untagged protein. We expressed this construct in
HeLa cells and then fixed and immunostained it with SMI81 and
with an antibody against endogenous SNAP-23 protein. SMI81
was able to recognize the untagged transfected SNAP-25 protein,
which was correctly localized to the plasmamembrane of the cells
(Figure 3B). Western immunoblotting of Triton X-100 cell
extracts confirmed that SMI81 specifically recognizes a single

FIGURE 3: Free N-terminus of SNAP-25 recognized by SMI81.
(A) Amino acid sequences of the SNAP-25 N-terminal region in
the protein expression constructs used. (B) Confocal microscopy
images of HeLa cells transfected with untagged SNAP-25 in
pcDNA3.1(-) vector and immunostained with SMI81 (green) or
with an antibody against endogenous SNAP-23 (red), as a positive
staining control. SNAP-25 without an N-terminal tag can be recog-
nized by SMI81. The scale bar is 20 μm. (C) Western immunoblot of
HeLa cell TritonX-100 extracts. SMI81 detects transfected untagged
SNAP-25 protein.

FIGURE 4: Mass spectrometric analysis of the N-terminus of brain-purified SNAP-25. The N-terminal 15-amino acid tryptic peptide (Peptide N)
was fragmented, and b and y peptides, corresponding to ions fragmented from the N- and C-termini, respectively, were identified (colored black
and red). All identified b peptides carry acetylation of anN-terminal alanine residue. Themolecularmasses of the fragments are shown above the
bars. m/z is the mass-to-charge ratio (in atomic mass units). All fragments shown are singly protonated (z= 1), unless otherwise indicated.� 3
indicates a 3-fold zoom of the intensity signal.
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protein band of 25 kDa, present only upon transfection of
untagged SNAP-25 (Figure 3C).
Brain SNAP-25 Undergoes N-TerminalMethionine Ex-

cision and Acetylation of the Following Alanine. Having
determined that the free N-terminus of SNAP-25 is critical for
SMI81 binding, we analyzed the N-terminus of brain-purified
SNAP-25 bymass spectrometry, to check formodifications of the
amino acid sequence here that could affect antibody association.

Brain-purified protein was digested with trypsin, producing
several peptides, including one containing the 15 N-terminal
amino acids. Following fragmentation of this peptide in a tandem
mass spectrometer, we found that the initiator methionine was
not present and that theN-terminal alanine residuewas acetylated
(Figure 4). This result is in accordance with the known preference
of methionine aminopeptidase enzymes, which remove N-termi-
nal methionines if the next residue is a small amino acid such as
alanine (38, 39). In eukaryotes, the newly exposed N-terminal
alanine is usually cotranslationally acetylated by an N-acetyl-
transferase (38, 40), as is the case for SNAP-25.
Acetylation of the SNAP-25 N-Terminus Promotes

Antibody Binding. Since the free N-terminus of SNAP-25
forms the epitope for SMI81, and this region is acetylated in
brain-purified protein, it was important to measure the effect of
acetylation on SMI81 binding. Linear monoclonal antibody
epitopes are usually 10-15 amino acids long, so we designed
two peptides within this length range, corresponding to the
N-terminus of native SNAP-25 in brain with and without
N-terminal acetylation (Figure 5A). To characterize the kinetics
of SMI81 binding to these peptides, real-time binding experi-
ments were performed using the Biacore surface plasmon reso-
nance technique. The peptides were immobilized on Ni2þ chelate
affinity surfaces of an NTA chip via their C-terminal hexahisti-
dine tags. The SMI81 antibody was then injected onto each chip,
and bindingwas observed over 3min. Figure 5B shows binding of
various concentrations of the SMI81 antibody to acetylated and
nonacetylated peptide. The curves have been normalized for the
amount of Ni2þ and peptide loading onto each chip. To
compensate for the background drift (because of the slow
leaching of Ni2þ from the chip surface), equivalent data obtained
in the absence of SMI81 antibody were subtracted from the
antibody traces. The acetylated peptide (peptide I) binds with a
faster association rate than the nonacetylated peptide (peptide
II). The apparent binding constants (kon) of both peptides were
estimated using an initial rate approach (33), yielding a value of
0.98 � 105 M-1 s-1 for the acetylated peptide and a value of
0.16 � 105 M-1 s-1 for the nonacetylated peptide. These results
show that acetylation of the N-terminal alanine of SNAP-25
results in 6-fold increase in the association rate of SMI81 anti-
body binding. Furthermore, the SMI81-acetylated peptide
interaction shows no apparent dissociation (even upon extension
of themeasurement period to 10min), whereas SMI81 dissociates
rapidly from the nonacetylated peptide.

To confirm that the interaction of SMI81 with acetylated
peptide is specific, we compared the ability of peptides I and II
(with and without acetylation, respectively) to compete with
native SNAP-25 for SMI81 binding. First, the SMI81 antibody
was blocked by preincubationwith an excess of either peptide I or
II. Brain detergent extract samples were then loaded onto a
SDS-PAGE gel and subsequently transferred to a PVDF
membrane. The membrane was cut into strips, and each lane
with the extract was incubated with SMI81 antibody, either free
or preblocked with excess peptide I or II. Blocking with the
acetylated peptide (I) was able to completely prevent SMI81
recognition of SNAP-25 from brain extract, whereas the non-
acetylated peptide (II) was ineffective (Figure 5C). This indicates
that interaction of SMI81 with acetylated peptide is specific,
occurring via the regions of the antibody that would otherwise
interact with native SNAP-25 on the membrane. In addition,
since this acetylated 11-amino acid peptide completely blocked

FIGURE 5: Acetylation of a peptide corresponding to the N-terminus
of SNAP-25 promotes SMI81 recognition. (A)Amino acid sequences
of the peptides used to investigate the effect of acetylation on SMI81
binding. Both peptides contained the 11N-terminal residues of brain
SNAP-25, and aHis tag for immobilizationpurposes.Ac is anacetate
group attached to the N-terminal amine. (B) Surface plasmon
resonance traces of the SMI81 antibody binding to His-tagged
peptides. Peptides were immobilized on individual channels of a
Ni2þ chelate affinity sensor chip. SMI81 binds faster to the acetylated
N-terminal peptide (Pep I), comparedwith the nonacetylated peptide
(Pep II) (6-fold difference in association rate). Dissociation of the
antibody from the acetylated peptide was not detected over the time
course of the experiment. In contrast, SMI81 rapidly dissociates from
the nonacetylated peptide. [Ab] is the concentration of SMI81 (in
micromolar). (C) Western immunoblot blocking experiment. SMI81
was blocked with addition of excess peptide, before incubation of
blocked antibody with brain extract on a PVDFmembrane. Only an
acetylated peptide can block binding of SMI81 to native SNAP-25.
(D)Dot blot ofN-terminal peptides. The top panel shows amino acid
sequences of peptides tested. The bottom panel shows an SMI81 dot
blot showing that the four acetylated N-terminal amino acids are
insufficient for SMI81 recognition, compared with the 11-amino acid
epitope peptide.
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recognition of brain-purified protein, it contains the full SMI81
epitope.

To date, our results show that acetylated alanine at the free
N-terminus of SNAP-25 is necessary for SMI81 binding. An
acetylated alanine residue is found at the N-terminus of many
abundant proteins with long half-lives (41, 42). In addition, a
Blast search of the human proteome indicated that there are 25
other proteins also beginning with the MAED amino acid
sequence (data not shown). However, since SMI81 recognizes
only one protein from brain (Figure 1A), and the MAEDA
N-terminal sequence is unique to SNAP-25, this could represent
theminimal epitope. To check whether this sequence is sufficient,
a third peptide was synthesized corresponding to these amino
acids, without methionine and with N-terminal alanine acetyl-
ation, as for native SNAP-25 [peptide III (Figure 5D, top)]. Dot
blot analysis of peptides I and III indicates that the four
N-terminal amino acids alone, even when acetylated, are insuffi-
cient for SMI81 recognition (Figure 5D, bottom).
The SMI81 Epitope Is Conserved in Most Vertebrates.

Having identified the SMI81 antibody N-terminal epitope, we
investigated the degree of conservation of this region by aligning
SNAP-25 amino acid sequences from several model organisms
(Figure 6A). The first 12 amino acids are almost identical from
human (Homo sapiens) to bony fish [e.g., zebrafish (Danio rerio)].
However, cartilaginous fish have divergent SNAP-25 N-terminal
sequence [e.g., electric ray (Torpedo marmorata)]. Accordingly,
Western immunoblotting of detergent extracts from zebrafish
brain and Torpedo electric organ (both containing many synaptic
junctions) indicated that zebrafish SNAP-25, but not Torpedo,
can be recognized by SMI81 (Figure 6B).

DISCUSSION

The major neuronal protein SNAP-25 is critical for action
potential-triggered neurotransmitter release (1), and its deregula-
tion has been implicated in the development of several neurop-
sychiatric disorders (43). Here we have characterized an unusual
epitope of the anti-SNAP-25 monoclonal antibody, SMI81. This
antibody is relatively inexpensive and is capable of binding all
SNAP-25 from brain. It has previously been extensively used to
detect SNAP-25 protein and can specifically bind both SNAP-
25A and -B isoforms, which have different abilities to facilitate

neurotransmitter release (44). In addition, it recognizes SNAP-25
truncated at the C-terminus by botulinum neurotoxins A and
E (15-17). This makes it a useful tool for investigating the mode
of action of these toxins and also indicates that the antibody
epitope does not lie in the C-terminal part of the protein. The
precise SMI81 epitope has not previously been elucidated.

We now present evidence that SMI81 binds the extreme
N-terminus of SNAP-25 (Figure 6C). For antibody association,
the epitope must be present at the N-terminal end of the protein,
and not as part of an internal sequence, implying that N-terminal
fusions to SNAP-25 must be avoided if SMI81 is to be used for
further analysis. We determine for the first time that the
N-terminus of SNAP-25 in brain is acetylated, after removal of
the initiator methionine residue. Acetylation of the N-terminus
strengthens SMI81 binding, with a dramatic effect on both
antibody association and dissociation rates. Efficient N-terminal
acetylation occurs only in eukaryotes (24); therefore, recombi-
nant bacterially expressed SNAP-25, even with a free N-termi-
nus,may not bewell recognized by SMI81. Since anN-terminally
acetylated peptide corresponding to the first 11 amino acids of
brain SNAP-25 is sufficient to block SMI81 recognition of native
protein, we conclude that this stretch of sequence contains the full
antibody epitope. Finally, we show that the SMI81 binding
epitope is conserved from bony fish through the vertebrate
lineage to humans. Indeed, SMI81 can recognize SNAP-25 in
zebrafish brain, providing a tool for researchers studying
SNAREproteins and synaptic function in bony fish, amphibians,
reptiles, birds, and mammals.

The finding that brain SNAP-25 is modified by methionine
excision and acetylation represents the first description of
alteration to this protein’s primary amino acid sequence at the
N-terminus. Excision of the initiator methionine occurs cotran-
slationally in both prokaryotes and eukaryotes only when the
second residue is small (e.g., alanine in SNAP-25), because of
steric constraints in the active site of the methionine aminopepti-
dase enzymes (38, 45). According to the “N-end” rule, proteins
with a small amino acid such as alanine exposed at the
N-terminus are predicted to have a long half-life (41). Further,
in the case of eukaryotes, a small exposed N-terminal amino acid
is likely to be cotranslationally acetylated at the R-amine func-
tional group (24, 46). Proteins such as SNAP-25 that undergo
N-terminal methionine excision and acetylation of the following

FIGURE 6: SMI81 can recognize zebrafish SNAP-25. (A) Sequence alignment of the 30 N-terminal amino acids of SNAP-25A homologues
throughout evolution. Sequences ofworm, fruit fly, electric ray fish, zebrafish, frog, rat, andhumanare shown (fromtop tobottom).Gray shading
indicates residues within the group of 11 N-terminal amino acids that are identical to the human SNAP-25 sequence. (B) Western immunoblot
showing SMI81 recognition of SNAP-25 in the Triton X-100 extract from zebrafish brain but not Torpedo electric organ. (C) Schematic of the
SNAP-25 protein showing SMI81 binding at the free acetylated N-terminus.
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residue are overrepresented among themost abundant proteins in
a cell (42), suggesting that either or both of these modifications
may be important for protein stability and/or function. Although
this report focuses on characterization of the SMI81 antibody
epitope, future studies might ascribe a functional role for the
N-terminal SNAP-25 modifications described herein. Indeed, it
will be worth investigating how the acetylated N-terminus of
SNAP-25 could be processed further in response to physiological
stimuli and whether cell types different from cortical neurons
could have alternative modifications of this protein. The identi-
fication of SMI81 as a tool for efficient recognition of
the acetylated SNAP-25 N-terminus may also help advance
our understanding of the role of N-acetyltransferase enzymes
in the cell.
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