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cAMP-dependent protein kinase A (PKA) can modulate synaptic transmission by acting directly on unknown targets
in the neurotransmitter secretory machinery. Here we identify Snapin, a protein of relative molecular mass 15,000
that is implicated in neurotransmission by binding to SNAP-25, as a possible target. Deletion mutation and site-
directed mutagenetic experiments pinpoint the phosphorylation site to serine 50. PKA-phosphorylation of Snapin sig-
nificantly increases its binding to synaptosomal-associated protein-25 (SNAP-25). Mutation of Snapin serine 50 to
aspartic acid (S50D) mimics this effect of PKA phosphorylation and enhances the association of synaptotagmin with
the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex. Furthermore, treat-
ment of rat hippocampal slices with nonhydrolysable cAMP analogue induces in vivo phosphorylation of Snapin and
enhances the interaction of both Snapin and synaptotagmin with the SNARE complex. In adrenal chromaffin cells,
overexpression of the Snapin S50D mutant leads to an increase in the number of release-competent vesicles. Our
results indicate that Snapin may be a PKA target for modulating transmitter release through the cAMP-dependent
signal-transduction pathway.

Docking and fusion of synaptic vesicles at release sites
requires the association of proteins on both vesicle and
plasma membranes1–4. The synaptic-vesicle-associated pro-

tein synaptobrevin/VAMP interacts with the plasma membrane
associated proteins SNAP-25 and syntaxin, constituting the
SNARE complex, a biochemical intermediate that is essential for
vesicular transport and fusion processes5–10. Formation of the
SNARE complex is the minimum molecular requirement for
membrane fusion in vitro11,12. Synaptotagmin, which is present in
synaptic-vesicle membranes, binds to Ca2+ at nerve terminals and
presumably triggers neurotransmitter release by interacting with
the SNARE complex13–15.

Synaptic transmission is modulated by pre- and postsynaptic
mechanisms, some of which are involved in synaptic plasticity and
memory16–19. Second-messenger regulation of protein interactions
within the exocytotic apparatus is potentially important in synaptic
plasticity3. Second-messenger-activated protein kinases expressed in
presynaptic terminals include PKA, calcium/phospholipid-dependent
protein kinase (PKC), calcium- and calmodulin-dependent protein
kinase II (CaM KII), and cGMP-dependent protein kinase (PKG). At
many synapses, presynaptic activation of PKA can increase the
amount of neurotransmitter released per action potential20–23. The
cAMP/PKA cascade augments vesicular release at synapses between
cerebellar granule cells in primary culture24. Long-term potentia-
tion (LTP) in the mossy-fibre pathway in the hippocampal CA3
region seems to be a presynaptic mechanism that is mediated by
cAMP–PKA signalling25,26. In hippocampal neurons, activation of
PKA increases neurotransmitter release by acting directly on the
exocytotic apparatus, rather than by enhancing docking of mor-
phologically recognizable vesicles or by increasing the number of
functional terminals27. In addition, PKA modulation either increas-
es the cooperativity of Ca2+ for release or enhances the interaction
between the Ca2+-sensing module and the exocytotic apparatus28.
Together, this evidence indicates that one or more regulatory pro-
teins in the synaptic vesicle fusion complex can be phosphorylated

by PKA, and that this phosphorylation may regulate the exocytotic
process. Thus, identifying the PKA target(s) that regulate(s) assem-
bly/disassembly of the fusion machinery is critical to elucidate the
molecular mechanisms that underlie synaptic facilitation.

Recent electrophysiological studies of the effect of Botulinum A
(BontA) toxin on hippocampal neurons have led to the dual pre-
dictions that PKA modulates an early, calcium-sensing step in the
secretory process that facilitates synaptic transmission, and that
either SNAP-25 or a protein (or proteins) with which it interacts is
required for this PKA-dependent modulation28. Here we show that
Snapin is one such PKA target. Snapin is a newly discovered protein
that is present in the membranes of synaptic vesicles and is impli-
cated in neurotransmission by directly binding to SNAP-25 (ref.
29). Here we show that both recombinant and native Snapin
derived from rat-brain synaptosomes can be phosphorylated by
PKA. PKA phosphorylation of Snapin significantly increases its
binding to SNAP-25, and consequently enhances the association of
synaptotagmin with the SNARE complex, a key step during Ca2+-
dependent exocytosis. In adrenal chromaffin cells, overexpression
of the Snapin S50D mutant, which mimics a state of complete
phosphorylation of the native protein, leads to an increase in both
the number of release-competent vesicles and the kinetics of the
priming reaction. Our results indicate that Snapin is a physiologi-
cally significant PKA target in synapses.

Results
In vitro phosphorylation of recombinant and native Snapin. As it
has been predicted that either SNAP-25 or a protein with which it
interacts is a target of PKA28, and as Snapin is known to bind to
SNAP-25 and increase the association of synaptotagmin with the
SNARE complex29, we wondered whether the Snapin–SNAP-25
interaction could be regulated by PKA. First, we examined the abil-
ity of recombinant Snapin to serve as a substrate for PKA. We incu-
bated 100 pmol of purified full-length Snapin, tagged with histidine
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(His), with [γ-32P]ATP and the catalytic subunit of PKA. We termi-
nated reactions by adding SDS sample buffer and heating, and sep-
arated the products on 10–20% Tricine SDS–polyacrylamide gel,
which we stained with Coomassie blue to verify equal amounts of
protein loaded on each lane. We then dried the gel and exposed it
to X-rays to detect 32P incorporation. As shown in Fig. 1a, Snapin
functions as a substrate for PKA, and its phosphorylation is blocked
by the pseudosubstrate peptide inhibitor PKI. As controls, we also
incubated Snapin with PKC or CaM KII, together with their cog-
nate activators. Under our reaction conditions, weak PKC-depend-
ent incorporation of 32P into Snapin was detected after prolonged
autoradiography, whereas CaM KII-dependent 32P incorporation
was not detectable (data not shown).

Our previous study29 showed that Snapin is associated with the
SNARE complex in synaptosome preparations. To determine
whether native Snapin associated with the SNARE complex is a
substrate for PKA, we co-immunoprecipiatated Snapin–SNARE

complexes with an anti-SNAP-25 antibody from detergent extracts
of rat-brain synaptosomes and analysed the precipitates for in vitro
PKA phosphorylation. As shown in Fig. 1b, native Snapin can be
phosphorylated. We further confirmed the specificity of Snapin for
the 32P-containing band by immunoblotting co-precipitates with
an anti-Snapin antibody. These data indicate that the phosphoryla-
tion site on native Snapin is accessible to PKA while it is associated
with SNAP-25, and that Snapin is a potential PKA target in the vesi-
cle exocytotic apparatus of synapses.
Mapping the PKA phosphorylation site. To map potential PKA
phosphorylation sites, we first examined the capacity of Snapin dele-
tion mutants to serve as PKA substrates. We incubated ~50 pmol of
full-length wild-type or deletion-mutant Snapin proteins, tagged
with His, with the catalytic subunit of PKA. We separated the prod-
ucts using 10–20% Tricine SDS–polyacrylamide gel, which we then
either dried and then exposed to X-ray film for autoradiography, or
immunoblotted with an anti-His antibody. As shown in Fig. 2a, the
amino-terminal fragment comprising residues 22–78 was efficiently
phosphorylated in vitro by PKA. In contrast, the carboxy-terminal
fragment of residues 79–136 was not a PKA substrate. The sequence
of residues 22–78 contains three serine/threonine residues. To iden-
tify the amino-acid residue(s) phosphorylated by PKA, we used site-
directed mutagenesis to generate three Snapin mutants in which the
serine at position 42 or 50 or the threonine at position 63 was sub-
stituted with alanine. Whereas both S42A and T63A mutants were
efficient substrates of PKA (data not shown), the S50A mutation
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Figure 2 Serine 50 is the site of PKA phosphorylation in Snapin. a,
Phosphorylation of Snapin deletion mutants by PKA. Roughly 50 pmol of wild-type
(WT) and the indicated deletion-mutant (M) His-tagged recombinant Snapin proteins
were phosphorylated by PKA (see Methods). Reaction products were separated by
10–20% Tricine SDS–PAGE; gels were then dried and exposed to X-ray film for
autoradiography (upper panel). Mutant Snapin proteins were further confirmed by
immunoblotting with anti-His antibody (lower panel). Relative molecular masses (Mr)
are shown on the left. b, Phosphorylation of wild-type and S50A Snapin by PKA.
Proteins (50 pmol each) were incubated with PKA-phosphorylation reagents and
products were separated by 10–20% SDS–PAGE; gels were then stained with
Coomassie blue (upper panel), dried, and exposed to X-ray film for autoradiography
(lower panel).
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Figure 1 PKA-dependent phosphorylation of Snapin in vitro. a,
Phosphorylation of recombinant Snapin by PKA. Full-length Snapin (100 pmol)
tagged with histidine was incubated with [γ-32P]ATP in a 35-µl reaction in the pres-
ence (+) or absence (–) of the catalytic subunit of PKA or PKA-inhibitor peptide
(PKI). Phosphorylation products were separated by 10–20% Tricine SDS–PAGE;
gels were then stained with Coomassie blue, dried, and exposed to X-ray film.
Relative molecular masses (Mr) are indicated on the left. b, Phosphorylation by PKA
of native Snapin from solubilized synaptosomes. Native Snapin was recovered from
solubilized rat-brain synaptosomes by immunoprecipitation with an anti-SNAP-25
antibody. Immunoprecipitates were subjected to phosphorylation in the presence of
the catalytic subunit of PKA. Phosphorylation products were then separated by 16%
SDS–PAGE and processed by autoradiography (left panel). To confirm the identity
of the 32P-containing band as Snapin, co-precipitates were analysed by immunoblot-
ting with an anti-Snapin antibody (right panel).
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effectively eliminated 32P incorporation (Fig.2b), indicating that
serine 50 is the primary site of PKA phosphorylation. The sequence
of the surrounding residues (VRES-50) matches one of the consen-
sus sequences for PKA (RRXS/T, RXS/T, and RX2S/T; ref. 30).

To confirm further that PKA phosphorylates only one residue in
Snapin, we carried out a stoichiometric analysis of phosphorylation
for purified recombinant Snapin protein. The reactions included
equal amounts (15 pmol) of Snapin and excess PKA and [γ-
32P]ATP, and were terminated at various time points by addition of
SDS sample buffer and boiling. We separated the products using
SDS–polyacrylamide gel, which we stained with Coomassie blue to
verify equal amounts of protein loaded on each lane. We then dried
the gel and sbjected it to autoradiography for 1 h (Fig. 3a). To
quantify 32P incorporation, we excised gel slices corresponding to
phosphorylated Snapin bands and subjeted them to scintillation
counting. The results are shown in Fig. 3b; stoichiometry values are
expressed as the ratio of mol 32P incorporated per mol Snapin and
are plotted against reaction time. The maximal stoichiometries of
~1 are consistent with the identification of a single site of PKA
phosphorylation in the mutagenesis experiments.
Functional consequences of Snapin phosphorylation by PKA. It has
been reported that SNAP-25 is PKA-phosphorylated at threonine
138, and that the phosphorylated state of SNAP-25 does not regulate
the assembly or stability of the ternary SNARE complex31,32.
However, one contradictory report argues that SNAP-25 is not a sub-
strate for PKA in vitro33. To investigate whether phosphorylated
SNAP-25 has any effect on binding to Snapin, we first repeated the
PKA-phosphorylation studies using recombinant SNAP-25. We
incubated ~50 pmol of purified SNAP-25 or Snapin together with
the catalytic subunit of PKA. SNAP-25 was phosphorylated by PKA
to a similar extent as was Snapin (data not shown).

We next investigated the effects of PKA phosphorylation of
Snapin or SNAP-25 on their interactions. We incubated glutathione-
S-transferase (GST) beads with immobilized PKA-phosphorylated
or unphosphorylated SNAP-25, together with 25 pmol of PKA-
phosphorylated or unphosphorylated Snapin. After incubation for 5
h at 4 °C, we washed the beads, separated the resulting protein com-
plexes by SDS–polyacrylamide-gel electrophoresis (PAGE), and
sequentially probed them with anti-Snapin and anti-GST antibodies.
Whereas PKA phosphorylation of SNAP-25 did not affect its bind-
ing, phosphorylated Snapin exhibited significantly increased binding
to SNAP-25 relative to the unphosphorylated control (Fig. 4a).

Our mutagenetic studies showed serine 50 to be the primary
site for PKA phosphorylation of Snapin. To determine whether

introduction of a negatively charged residue at this site is sufficient
to account for the increased binding of phosphorylated Snapin to
SNAP-25, we attempted to mimic complete phosphorylation of ser-
ine 50 by mutating it to negatively charged aspartic acid (S50D) and
analysing the resultant binding properties of the protein. We incu-
bated ~37 pmol of full-length wild-type or S50D Snapin with equal
amounts of GST–SNAP-25 immobilized on sepharose beads for 5 h
at 4 °C. As a control, we included GST–SNAP-23, which does not
interact with Snapin29, in these in vitro binding assays. We separated
protein complexes by SDS–PAGE, and sequentially probed the cog-
nate membrane with anti-Snapin and anti-GST antibodies. The
S50D mutation mimicked the effect of PKA phosphorylation of
Snapin on its binding to SNAP-25 (Fig. 4b). Semi-quantitative
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Figure 3 Stoichiometry of PKA phosphorylation of Snapin. Snapin was phos-
phorylated by PKA for the indicated time periods. Reactions were terminated by
addition of SDS sample buffer and boiling; products were separated by SDS–PAGE
and the gel was stained with Coomassie blue and exposed to X-ray film for 1 h (a).
Gel slices containing labelled Snapin were excised and scintillation-counted, and the
molar amount of 32P incorporated per mol Snapin were calculated and plotted as a
function of time (b).
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Figure 4 Functional consequences of phosphorylation of Snapin by PKA. a,
Phosphorylation of Snapin by PKA increases its binding to SNAP-25. GST beads
with immobilized SNAP-25 were incubated with phosphorylation buffer in the pres-
ence (+P) or absence (–P) of the catalytic subunit of PKA. After extensive washing,
~25 pmol of PKA-phosphorylated (+P) or unphosphorylated (–P) Snapin were added
to GST beads. After incubation for 5 h at 4 °C, beads were washed, and the
GST–SNAP-25–Snapin complex was separated by SDS–PAGE, blotted on nitrocellu-
lose, and probed with an anti-Snapin antibody (upper panel). Membranes were then
stripped and reprobed with an anti-GST antibody (lower panel). Bound antibodies
were detected by enhanced chemiluminescence. Results are representative of
three independent experiments. b, Replacing serine 50 with aspartic acid mimics
the effect of the PKA phosphorylation of Snapin on its binding to SNAP-25. Roughly
37 pmol of full-length wild-type (WT) or S50D Snapin were incubated with an equal
amount of GST–SNAP-25 or SNAP-23 immobilized on sepharose beads for 5 h at 4
°C. The resulting complexes were separated by SDS–PAGE, transferred to nitrocel-
lulose, and probed with anti-Snapin antibody (upper panel). Membranes were then
stripped and reprobed with anti-GST antibody (lower panel). Binding intensities were
quantified using NIH Image scanning. The relative levels of binding of wild-type and
S50D Snapin to GST–SNAP-25 were calculated using a linear standard curve of
Snapin aliquots. Semi-quantitative analysis revealed that the S50D mutant elicited a
3.5-fold increase in binding to SNAP-25 relative to that of wild-type Snapin.
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analysis revealed that this mutation elicited a 3.5-fold increase in
binding to SNAP-25 (347 ± 32%, n = 6, P < 0.01) relative to wild-
type Snapin.

We previously reported that Snapin functions in the neuro-
transmitter-release process through modulation of the sequential
interactions between SNARE proteins and synaptotagmin29. To
understand further the role of Snapin in neurotransmitter release,
we investigated whether the S50D mutant, which mimics a com-
pletely phosphorylated state, can influence the association of the
SNARE complex with synaptotagmin. We incubated solubilized
proteins from rat-brain synaptosomes with anti-SNAP-25 antibody
in the presence or absence of wild-type or S50D Snapin (66 pmol
each). After capture using protein A–sepharose, we subjected the
resulting complexes to SDS–PAGE and detected proteins by sequen-
tially immunoblotting the same membrane for synaptotagmin, syn-
taxin-1 and SNAP-25. Whereas wild-type Snapin increased the
amount of association of synaptotagmin with the SNARE complex,
S50D Snapin potentiated this association to an even greater extent
(181 ± 23%, n = 3, P < 0.05; Fig.5a). No immunoprecipitation was
observed in the presence of a mouse immunoglobulin G control.

To exclude the possibility that the increased association of
synaptotagmin with SNAREs after PKA phosphorylation was due to
the presence of other proteins in synaptosomal preparations, we
extended our co-immunoprecipitation study by using purified
recombinant proteins. We incubated an anti-VAMP-2 antibody with
purified recombinant synaptotagmin, His–SNAP-25, His–syntaxin-
1A and His–VAMP-2 (100 pmol each) in the presence or absence of
110 pmol of wild-type or S50D Snapin. We analysed co-immuno-
precipitates by sequential immunoblotting with anti-synaptotagmin
and anti-His antibodies. Once again, whereas wild-type Snapin
increased the amount of association of synaptotagmin with recom-
binant SNARE complex (183 ± 12%, n = 4), S50D Snapin potentiat-
ed this association to a greater extent (277 ± 20%, n = 4, P < 0.05)
relative to control in the absence of Snapin (Fig. 5b, c). Neither wild-
type nor mutant Snapin affected the binding affinity of SNARE pro-
teins, as roughly equal amounts of syntaxin-1, VAMP-2 and SNAP-
25 were detected (Fig. 5b). Thus, our co-immunoprecipitation stud-
ies using native and recombinant proteins indicate that the interac-
tion of synaptotagmin with the SNARE complex is significantly
increased after addition of S50D Snapin.

To determine the cellular significance of phosphorylation of
Snapin by PKA in neurons, we first investigated whether Snapin
can be phosphorylated through a cAMP-dependent mechanism in
vivo. Although our biochemical experiments have shown that puri-
fied PKA incorporates 32P into both recombinant and native Snapin
(Fig. 1), in vitro phosphorylation conditions may not reflect the
native cell environment. In addition, solubilization and immuno-
precipitation may expose a site that is normally not available for
phosphorylation in vivo. Therefore, to investigate in vivo phospho-
rylation, we carried out back-phosphorylation assays. In this pro-
cedure, endogenous phosphate is incorporated in vivo into Snapin
after stimulation with PKA activator in rat hippocampal slices. Cell
lysates from stimulated and unstimulated hippocampal slices are in
vitro-phosphorylated (back-phosphorylation) with purified PKA
to incorporate 32P into Snapin that was left unphosphorylated after
stimulation. In this protocol, a reduction in back-phosphorylation
reflects an increase in in vivo phosphorylation of Snapin by
endogenous PKA. To activate PKA in hippocampal neurons, we
used a relatively new nonhydrolysable cAMP analogue, Sp-5,6-
DCl-cBIMPS (BIMPS), which is better than its parent compound,
Sp-cAMPS, in several respects, including higher metabolic stability,
greater lipophilicity and excellent membrane permeability34. We
incubated hippocampal slices with 50 µM BIMPS for 30 min at 37
°C, and solubilized them with 1.2% Triton X-100. As expected for
a direct phosphorylation mechanism on Snapin, the amount of 32P
incorporated during back-phosphorylation was significantly
reduced when hippocampal slices were stimulated in vivo with
BIMPS (Fig. 6a, upper panel). Immunoblots (Fig. 6a, lower panel)
using an antibody against Snapin confirmed the identity of the
phosphorylated band (relative molecular mass 15,000) as Snapin
and served to normalize back-phosphorylation to the amount of
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Figure 5 Effect of the S50D mutant on the association of synaptotagmin
with the SNARE complex. a, Immunoprecipitation (IP) of native SNARE proteins
with synaptotagmin I. An anti-SNAP-25 antibody immunoprecipitated synaptotagmin
with SNARE proteins from solubilized rat-brain synaptosomes in the presence or
absence of 66 pmol of wild-type or S50D Snapin. Co-immunoprecipitates were
analysed by sequential immunoblotting of the same membrane after stripping of
previous antibodies. The right-most lane was loaded with solubilized synaptosomes
as a detection control for antibodies. Note that the association of synaptotagmin
with the SNARE complex is significantly increased by co-incubation with the S50D
mutant (181 ± 23%, n = 3, P < 0.05) relative to wild-type Snapin, whereas the
amount of SNARE core proteins (syntaxin-1, SNAP-25) co-precipitated remains
unchanged. b, Immunoprecipitation of recombinant SNARE proteins with synapto-
tagmin I. An anti-VAMP-2 antibody was co-incubated with purified recombinant
synaptotagmin, His–SNAP-25, His–syntaxin-1A and His–VAMP-2 (100 pmol each) in
the presence or absence of 110 pmol of wild type or S50D Snapin. Co-immunopre-
cipitates were analysed by sequential immunoblotting with anti-synaptotagmin and
anti-His antibodies. c, Normalized amounts of recombinant synaptotagmin I that co-
immunoprecipitated as shown in b. Values are means ± s.e.m. from four experi-
ments; asterisk denotes P < 0.05.
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Snapin protein immunoprecipitated by anti-Snapin antibody.
Quantitative analysis of four experiments showed that BIMPS
stimulation significantly reduced back-phosphorylation of Snapin
to 67 ± 12% of the control value (n = 4, P < 0.05; Fig. 6b). These
results indicate that Snapin may be a direct target of cAMP-
dependent phosphorylation in vivo. We next invesigated the effect
of PKA phosphorylation of Snapin in vivo on its association with
synaptotagmin and the SNARE complex. We determined the extent
of association of native Snapin with the SNARE complex and
synaptotagmin by observing co-immunoprecipitation from hip-
pocampal-slice lysates with an anti-SNAP-25 antibody. Activation
by BIMPS of PKA in neurons significantly increased the interac-
tions of both Snapin (154 ± 16%, n = 7, P < 0.02) and synaptotag-
min (151 ± 9.8%, n = 7, P < 0.005) with the SNARE complex, rela-
tive to untreated hippocampal slices (Fig. 6c, d). This in vivo effect
was also observed in cultured hippocampal cells (data not shown).
Physiological relevance of Snapin phosphorylation by PKA.
Although our biochemical results indicate that Snapin phosphory-
lation may modulate the interaction of synaptotagmin with the
SNARE complex through a cAMP-dependent mechanism, it should
be noted that these studies only show the biochemical end points of

multiple protein interactions in vitro under solubilized conditions.
Thus, the biochemical data alone do not allow us to examine pro-
tein interactions in the real-time scale of neurotransmitter release
in vivo. To investigate the physiological effect of Snapin phospho-
rylation on transmitter release in vivo, we overexpressed the Snapin
S50D mutant, which mimics a state of complete phosphorylation
of native Snapin, and the Snapin S50A mutant, which mimics an
unphosphorylated state of native Snapin, in bovine adrenal chro-
maffin cells. Chromaffin cells offer the unique opportunity to apply
high-temporal-resolution techniques such as measurement of
membrane capacitance and electrochemical detection of cate-
cholamine release, thus allowing exocytosis to be studied in the
millisecond range35. These measurements reveal the presence of dif-
ferent kinetic phases of secretion. A rapid increase in intracellular
Ca2+ leads to an exocytotic burst followed by a sustained phase of
secretion. Using flash photolysis of caged calcium as a fast stimulus,
we studied the effect of the Snapin mutants on the different com-
ponents of exocytosis. Overexpression of S50D Snapin resulted in a
marked increase in the magnitudes of both the exocytotic burst
(S50D Snapin, 468 ± 60 fF; control, 347 ± 33 fF) and the sustained
component (S50D Snapin, 189 ± 31 fF, n = 19; control, 99 ± 27 fF, n
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Figure 6 cAMP-dependent phosphorylation of Snapin potentiates interactions
of Snapin and synaptotagmin with the SNARE complex. a, In vivo cAMP-
dependent phosphorylation of Snapin. Rat hippocampal slices were incubated with
50 µM BIMPS at 37 °C for 30 min and then solubilized with Triton X-100. Total pro-
tein (150 µg) was incubated with an anti-Snapin antibody or normal immunoglobulin
G (IgG) control. Immunoprecipitates were then back-phosphorylated in vitro with puri-
fied PKA. Proteins were resolved by SDS–PAGE and were then autoradiographed
(upper panel), or immunoblotted (lower panel). b, Normalized amount of back-phos-
phorylation in unstimulated and stimulated (BIMPS) hippocampal slices. Error bar rep-
resents s.e.m. (n = 4). Back-phosphorylation was reduced to 67 ± 12% (P < 0.05) of
the control value, indicating that Snapin is phosphorylated by endogenous PKA in

vivo in its native conformation. c, Stimulation of hippocampal neurons with cAMP
analogue enhances the interactions of both Snapin and synaptotagmin with the
SNARE complex. Total protein (150 µg) extracted from stimulated (BIMPS) or unstim-
ulated hippocampal slices was incubated with anti-SNAP25 antibody or normal IgG
control. Co-precipitates were then analysed by sequential immunoblotting of the
same membrane with antibodies against synaptotagmin, syntaxin-1, SNAP-25,
VAMP2 and Snapin. Results are representative of seven experiments. d, Normalized
amounts of protein immunoprecipitated by anti-SNAP-25 antibody from unstimulated
(control) and stimulated (BIMPS) hippocampal-slice lysates. Values are means ±
s.e.m. from seven experiments. A two-tailed student’s t-test for paired data was
used; asterisk denotes P < 0.005, double asterisk denotes P < 0.02.
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= 18; P < 0.05) relative to control cells (Fig. 7a, c). In contrast, over-
expression of S50A Snapin led to a reduction in the magnitude of
the burst component (S50A Snapin, 296 ± 72 fF; control, 377 ± 52
fF), whereas that of the sustained component was increased to a
similar extent as in cells expressing S50D Snapin (S50A Snapin, 189
± 39 fF, n = 15; control, 88 ± 23 fF, n = 14; P < 0.05; Fig. 7b, c). As
both components of the exocytotic burst represent fusion-compe-
tent (primed) vesicles, these results demonstrate that phosphoryla-
tion of Snapin at serine 50 plays a positive role in the priming of
large dense-core vesicle exocytosis.

Discussion
Our previous results provided biochemical and physiological evi-
dence that Snapin is an important component of the neurotransmit-
ter-release machinery, as it binds to SNAP-25 and consequently
potentiates the interactions between the SNARE complex and synap-
totagmin29. Introduction of excess Snapin peptide fragments con-
taining the SNAP-25-binding sequence into presynaptic superior

cervical ganglion neurons (SCGNs) in culture effectively inhibited
synaptic transmission. We interpreted this inhibitory effect as a
competitive block of endogenous Snapin binding to SNAP-25 and
a consequent reduction in association of the SNARE–synaptotag-
min complex.

The results presented here indicate that Snapin can serve as a
target for PKA at the synapse to modulate transmitter release and
neuronal plasticity through a second-messenger pathway.
Phosphorylation of Snapin at serine 50, both in vitro and in vivo,
leads to an increase in binding of Snapin to SNAP-25. Furthermore,
this phosphorylation apparently strengthens the association of
synaptotagmin, a proposed Ca2+ sensor for exocytosis, with the
assembled SNARE complex. In physiological experiments, overex-
pression of constitutively phosphorylated Snapin (S50D Snapin)
leads to an increase in the number of release-ready vesicles in adre-
nal chromaffin cells, whereas overexpression of the unphosphory-
lated form (S50A Snapin) reduces this number. In the context of
the current model of exocytosis in chromaffin cells36, our findings
lead to the following conclusions: first, both the S50D and S50A
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Figure 7 Physiological effects of overexpression of S50D and S50A Snapin
on large dense-core vesicle (LDCV) exocytosis. a, b, Averaged high-temporal-
resolution recordings of membrane capacitance (Cm; middle traces in a and b) and
amperometric current (IAmp; lower traces in a and b) in response to flash photolysis
of caged calcium (indicated by arrow) from control cells (black; n = 18 in a and n =
14 in b) and from cells overexpressing S50D Snapin (red in a; n = 19) or S50A
Snapin (red in b; n = 15). For all cells, the intracellular calcium concentration was
maintained at ~15 µM for 5 s (upper traces in a and b). In comparison to control
cells, cells overexpressing S50D Snapin exhibit increases in the magnitudes of both

the exocytotic burst (up to 1 s after the flash) and the sustained component (1–5 s
after the flash). Cells expressing S50A Snapin also exhibit a sustained component
of increased magnitude, whereas that of the exocytotic burst is markedly reduced.
c, Summary of the mean capacitance amplitude of the exocytotic burst (left) and of
the sustained component of LDCV secretion for control cells and cells overexpress-
ing S50A and S50D Snapin. To account for any putative variability in cell prepara-
tion, values for each overexpressed mutant are normalized to an independent batch
of control cells.
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mutations increase the magnitude of the sustained component of
exocytosis, indicating that Snapin acts as a positive modulator of the
priming step by increasing the forward rate constant of priming36.
Second, S50D Snapin increases the size of the exocytotic burst, where-
sa S50A Snapin reduces it. Thus, phosphorylation of Snapin leads to
stabilization of release-ready vesicles, most probably by reducing the
backward rate constant for the priming–unpriming reaction36.

Our current hypothesis regarding the molecular mechanism
that underlies the priming step is that it represents the formation of
a SNARE complex consisting of SNAP-25, syntaxin and synapto-
brevin37. Our physiological data seem to indicate that Snapin facil-
itates formation of the SNARE complex, and that PKA phosphory-
lation of Snapin stabilizes the formed complexes. However, as
primed vesicles in chromaffin cells are ready to fuse upon elevation
of Ca2+ concentration, it remains possible that the priming step also
involves association of a Ca2+ sensor, such as synaptotagmin, with
the SNARE complex. Further experiments are needed to evaluate
the exact molecular mechanism that underpins the stimulatory role
of Snapin in exocytosis.

It has previously been shown that other synaptic proteins are
substrates for PKA. PKA phosphorylation of α-SNAP markedly
reduces its ability to bind to the 7S core complex, consequently
resulting in a reduction in N-ethylmaleimide-sensitive factor (NSF)
function32. A reduction in NSF function would result in lower lev-
els of vesicle fusion and neurotransmitter release. Therefore, on the
basis of the current SNARE hypothesis, α-SNAP is probably not a
primary target for PKA modulation in facilitating synaptic trans-
mission. We and others have shown that SNAP-25 is an efficient
substrate for PKA and that the site of PKA phosphorylation in this
protein is threonine 138, which lies in the core of the SNARE com-
plex and is therefore not accessible in native SNARE complexes31.
This phosphorylation event does not influence the interactions of
SNAP-25 with syntaxin-1A, VAMP-2, synaptotagmin or Snapin,
and therefore does not directly regulate the assembly of functional
SNARE complexes. Rabphilin-3A, a synaptic-vesicle protein that
interacts with rab3A in a GTP-dependent manner, is an efficient
substrate for PKA in vitro38. Forskolin increases the phosphoryla-
tion of rabphilin in CA3/mossy-fibre synaptosomes, but not in
CA1 synaptosomes39, indicating that it may be a PKA target for
inducing mossy-fibre long-term potentiation in the hippocampus.
However, it has been shown that forskolin can facilitate synaptic
transmission in the hippocampus of Rab3A-deficient mice40, which
exhibit a significant reduction in rabphilin-3A levels in most
synapses41,42. Thus, it is still unclear whether phosphorylation of
rabphilin-3A by PKA has a direct influence on synaptic transmis-
sion. Recent studies have shown that forskolin has several effects on
release of glutamate from hippocampal neurons by augmenting the
size of the readily releasable pool of vesicles, increasing the ability
of membrane depolarization to evoke release, and potentiating
Ca2+ activity in exocytosis43. Our physiological results, in which we
observed an increase in the number of release-competent vesicles
upon overexpression of S50D Snapin, are consistent with the find-
ings in these studies. Our data demonstrate for the first time that
phosphorylation of a single protein — Snapin — can influence a
particular step — priming — in the presynaptic vesicle cycle.
However, it remains possible that PKA acts on other synaptic regu-
latory proteins, either directly or indirectly, by activating down-
stream protein kinases and thereby further modifies the physiology
of synaptic transmission.

We have highlighted the potential importance of phosphoryla-
tion of Snapin by PKA for regulation of synaptic vesicle exocytosis.
We have provided the foundation for further studies aimed at
understanding the structural and functional aspects of these events.
Using phosphopeptide-specific antisera raised against the serine 50
phosphorylation site and examining spatial and temporal signal
activation of this regulatory pathway in vivo will allow us to gain a
better understanding of the molecular mechanisms that underlie
PKA-dependent synaptic plasticity.

Methods
Preparation of fusion proteins.
Full-length and truncated mutants of Snapin were subcloned into the hexahistidine-tagged fusion-

protein vector (pET28C or A, Novagen, Madison, Wisconsin). Wild-type and substitution mutants of

full-length Snapin, SNAP-25 and SNAP-23 were subcloned into the pGEX-4T vector (Pharmacia,

Piscataway, New Jersey). Fusion proteins were prepared and further purified as described44. His–Snapin

proteins were purified by binding to Ni2+-charged nitrilotriacetic acid–agarose columns (Qiagen), and

were eluted with 500 mM imidazole in PBS. GST-fusion proteins were purified by binding to glu-

tathione–sepharose beads (Pharmacia) in TBS buffer (50 mM Tris–HCl pH 7.5, 140 mM NaCl, 0.1%

Triton X-100 and protease inhibitors) and were cleaved from the GST tag by incubation with biotiny-

lated thrombin (Novagen) at a final concentration of 0.1 units per µl at room temperature for 6 h, or

were eluted from beads in elution buffer (15 mM reduced glutathione, 50 mM Tris–HCl, pH 8).

Biotinylated thrombin was removed from the resulting cleavage reactions using streptiavidin–agarose

beads (Novagen).

Phosphorylation reactions.
The 35-µl reaction mixture for in vitro PKA phosphorylation contained 50–100 pmol of purified

Snapin or SNAP-25, PKA-activation buffer (40 mM Tris–HCl pH 7.4 and 20 mM magnesium oxyac-

etate) and 80 µM ATP in the presence or absence of 100 µg pseudosubstrate peptide inhibitor PKI

(Promega). To detect 32P incorporation, 0.125 µM [γ-32P]ATP (3,000 Ci mmol–1; Amersham) was

added. Samples to be phosphorylated were pre-incubated for 10 min at 30 °C before addition of the

catalytic subunit of PKA (Promega) to a final concentration of 0.6 units per µl. Reactions were incu-

bated for 30 min at 30 °C. For gel analysis, reactions were terminated by adding 30 µl SDS–PAGE sam-

ple buffer; samples were then heated at 95 °C for 3–5 min. Aliquots of phosphorylated products were

analysed by 10–20% Tricine SDS–PAGE. Gels were stained with Coomassie blue and were then dried

and exposed to X-ray film for autoradiography.

Stoichiometric measurements.
For phosphorylation time-course experiments, 15 pmol of purified recombinant Snapin was cleaved

from the GST tag in phosphorylation buffer (see above), supplemented with 0.352 µM [γ-32P]ATP,

0.352 mM cold ATP and 1.5 µg PKA, and incubated at 32 °C for between 5 and 240 min. Reactions

were terminated by addition of SDS sample buffer and boiling. After SDS–PAGE, staining with

Coomassie blue, gel drying and autoradiography, relevant gel slices were excised and scintillation-

counted to determine total 32P incorporation. Specific radioactivity per mol [γ-32P]ATP was deter-

mined by counting diluted aliquots of the stock, and this conversion value was used to calculate the

molar amount of 32P incorporated and the molar ratio of 32P to Snapin protein.

Site-directed mutagenesis.
Snapin mutants were generated in a standard two-step megaprimer polymerase chain reaction (PCR)

using Taq polymerase with mutated oligonucleotides as primers and full-length Snapin complementa-

ry DNA as a template. The first step included two PCR reactions that span the mutation site. Final

PCR products were cloned into the pGEX-4T vector (Pharmacia), and mutations were verified by

DNA sequencing.

In vitro binding studies.
GST-fusion proteins (1 µg) immobilized on glutathione–sepharose beads were incubated with Snapin

or phosphorylated Snapin in TBS buffer with 0.1% Triton X-100 for 5 h at 4 °C. Beads were washed

three times with incubation buffer, and bound proteins were eluted in 30 µl SDS–PAGE sample buffer

and processed for 10–20% Tricine SDS–polyacrylamide gradient gel electrophoresis. Separated pro-

teins were sequentially detected using a polyclonal anti-Snapin antibody and a monoclonal anti-GST

antibody (Pharmacia) on the same blot. Horseradish-peroxidase-conjugated secondary antibodies

and enhanced chemiluminescence (ECL, Amersham) were used to visualize bands. For quantitative

analysis, binding intensities were scanned into NIH Image 1.61. Care was taken during exposure of

the ECL film to ensure that all readings were in the linear range of a standard. The percentage of

binding relative to that of unphosphorylated or wild-type Snapin was calculated using standard

curves. Student t-tests were carried out and results are expressed as means ± s.e.m. from three or six

independent experiments.

Preparation of synaptosomes and immunoprecipitation.
Rat-brain synaptosomes were prepared by differential and discontinuous percoll-gradient centrifuga-

tion and were solubilized as described45,46. Briefly, rat-brain cortices or whole brains were homogenized

in cold 21.9% sucrose buffer (pH 7.4) with protease inhibitors. Homogenates were centrifuged in a

Beckman GSR-6RHT centrifuge at 3,000 r.p.m. for 10 min. The supernatant was placed on top of per-

coll gradients (23%, 15%, 10% and 3% in sucrose buffer), and spun in an SS34 rotor at 17,250 r.p.m.

for 5 min. The synaptosome band between the 15% and 23% gradients was collected, mixed with TBS,

and then spun in an SS34 rotor at 11,000 r.p.m. for 15 min. The resulting synaptosome pellet was

resuspended in solubilization buffer (150 mM NaCl, 10 mM HEPES pH 7.2, 1.2% Triton X-100 and

protease inhibitors) and stirred at 4 °C for 1 h. The solution was centrifuged at 13,000 r.p.m. in a

Beckman F2402H rotor for 1 h. The supernatant that was enriched for solubilized synaptic proteins

was collected. Solubilized proteins (100–300 µg) from synaptosome preparations were incubated with

either 1 µg anti-SNAP-25 (BR05) monoclonal antibody or mouse control immunoglobulin G in 250 µl

TBS with 0.1% Triton X-100, 0.1% BSA, 200 µM CaCl2 and protease inhibitors at 4 °C for 1 h, in the

presence or absence of the indicated amounts of wild-type or mutant Snapin. Protein A–sepharose CL-

4B resin (2.5 mg; Pharmacia) was added to each sample, and incubation was continued for a further 3

h, after which samples were washed three times with TBS/0.1% Triton X-100. Subsequent interaction

assays of immunoprecipitated and immobilized protein complexes are described under ‘In vitro bind-

ing studies’. For multiple detection with different antibodies, blots were first stripped in a solution of

62.5 mM Tris–HCl pH 7.5, 20 mM dithiothreitol and 1% SDS for 20–30 min at 50 °C, and were then

washed with TBS/0.1% Tween-20 for 2 × 15 min.
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Preparation and treatment of hippocampal slices.
Hippocampal slices (400 µm) were prepared from 4-week-old male Sprague–Rawley rats as

described47,48. Slices were prepared in ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM):

119 NaCl, 2.5 KCl, 1.3 MgCl2, 26.2 NaHCO3, 11 glucose and 2.5 CaCl2, bubbled with 95% O2 and 5%

CO2. Slices were then transferred to identical solution at 37 °C for 30 min and were then maintained at

room temperature for a further 30 min. Paired slices were then incubated at 37 °C in the presence or

absence of 50 µM of the cAMP analogue Sp-5,6-DCl-cBIMPS (BIMPS), and were then lysed in lysis

buffer (1.2% Triton X-100, 5 mM EDTA, 10 mM Tris, 50 mM NaCl, the following phosphatase

inhibitors (in mM): 20 β-glycerol phosphate, 50 NaF, 50 sodium pyrophosphate and 1 p-nitrophenyl

phosphate, and 0.2 µM microcystin-LR) on ice for 30 min. Cell lysates were centrifuged (15,000g, 20

min) and then ultracentrifuged (40,000g, 1 h) to remove insoluble material.

Electrophysiological measurements.
Chromaffin cells were prepared and infected with pSFV1-Snapin S50A and S50D IRES mutants as

described49. Experiments were carried out 18–36 h after infection at 30–32 °C. The external bathing

solution contained (in mM): 140 NaCl, 2.8 KCl, 2 CaCl2, 1 MgCl2 and 10 HEPES, and 2 mg ml–1 glu-

cose (pH 7.2, 310–320 mOsm). The internal pipette solution contained (in mM): 105 caesium gluta-

mate, 2 MgATP, 0.3 GTP, 33 HEPES and 0.33 Fura2-FF, adjusted to pH 7.2 with HCl or caesium

hydroxide (300–310 mOsm). The basal [Ca2+]i was buffered using a combination of 4 mM CaCl2 and 5

mM nitrophenyl–EGTA to give a free [Ca2+]i of 200–300 nM (ref. 36). Amperometric measurements

and flash photolysis of caged calcium were carried out as described49; data are espressed as means ±
s.e.m.
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