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ABSTRACT: Nitrated guanine nucleotide 8-nitroguanosine 3′,5′-cyclic mono-
phosphate (8-nitro-cGMP) generated by reactive oxygen/nitrogen species causes
protein S-guanylation. However, the mechanism of 8-nitro-cGMP formation and its
protein targets in the normal brain have not been identified. Here, we investigated 8-
nitro-cGMP generation and protein S-guanylation in the rodent brain. Immunohis-
tochemistry indicated that 8-nitro-cGMP was produced by neurons, such as pyramidal
cells and interneurons. Using liquid chromatography-tandem mass spectrometry, we
determined endogenous 8-nitro-cGMP levels in the brain as 2.92 ± 0.10 pmol/mg
protein. Based on S-guanylation proteomics, we identified several S-guanylated
neuronal proteins, including SNAP25 which is a core member of the soluble N-ethylmaleimide sensitive factor attachment
protein receptor (SNARE) complex. SNAP25 post-translational modification including palmitoylation, phosphorylation, and
oxidation, are known to regulate neurotransmission. Our results demonstrate that S-guanylation of SNAP25 enhanced the
stability of the SNARE complex, which was further promoted by Ca2+-dependent activation of neuronal nitric oxide synthase.
Using site-directed mutagenesis, we identified SNAP25 cysteine 90 as the main target of S-guanylation which enhanced the
stability of the SNARE complex. The present study revealed a novel target of redox signaling via protein S-guanylation in the
nervous system and provided the first substantial evidence of 8-nitro-cGMP function in the nervous system.

KEYWORDS: 8-Nitroguanosine 3′,5′-cyclic monophosphate, protein S-guanylation, redox signaling, SNAP25, SNARE complex,
neuronal nitric oxide synthase

Reactive oxygen/nitrogen species (ROS/RNS) are noto-
rious toxic molecules that induce nonspecific damage of a

wide array of biomolecules. Intracellular accumulation of ROS/
RNS leads to oxidative stress, and, therefore, may be involved
in the development of neurodegenerative diseases.1,2 However,
recent evidence suggests new physiological functions for ROS/
RNS in the regulation of cell signal transduction. ROS/RNS-
dependent signaling mechanisms and biological functions are
tightly controlled by several endogenous moderate electrophiles
generated by ROS/RNS during diverse physiological con-
ditions or pathophysiological cellular responses.3 In the brain,
electrophile-induced redox modification of critical cysteine
residues regulates the activity of proteins involved in neuronal
function and is implicated in the development of neuro-
degenerative diseases such as Alzheimer’s disease and
Parkinson’s disease.1,2 Thus, recent studies have shown that
S-glutathionylation of p53 augments oxidative stress and may
be involved in Alzheimer’s disease,4 and that S-nitrosylation

inhibits the activity of parkin, and contributes to the
degeneration of dopamine neurons in Parkinson’s disease.5 S-
Nitrosylation of N-ethylmaleimide-sensitive factor aids in the
regulation of exocytosis,6 while oxidation of synaptosomal-
associated protein 25 (SNAP25) involved in synaptic trans-
mission, inhibits neurotransmitter release7 and synaptic
plasticity.8

Nitric oxide (NO) is an endogenous signaling molecule and
is involved in the regulation of diverse physiological processes.
In neurons, NO produced by neuronal nitric oxide synthase
(nNOS) acts as a modulator of neurotransmission9 regulating
neural development, neurotransmitter release, and synaptic
plasticity in the brain.8 Conversely, NO can promote neuronal
damage and induce pathological effects promoting neuro-
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degeneration.2 There are two mechanisms underlying NO
activity in the nervous system; cyclic guanosine mono-
phosphate (cGMP)-dependent pathway10,11 and chemical
modification, including nitrosylation and nitration of proteins
and lipids, which is induced by NO-derived RNS such as
peroxynitrite (ONOO−)12 shown to participate in inflamma-
tory response,13 SNARE complex stability,14 and neuro-
transmitter release.15

A novel nitrated cyclic nucleotide, 8-nitroguanosine 3′,5′-
cyclic monophosphate (8-nitro-cGMP), was discovered as an
endogenous second messenger of ROS/RNS redox signaling.16

8-Nitro-cGMP is generated via excessive endogenous produc-
tion of NO coupled with oxidative stress17−19 and is mainly
synthesized by soluble guanylate cyclase (sGC).20 8-Nitro-
cGMP has been characterized as a potent signaling molecule
involved in diverse molecular mechanisms such as the canonical
NO/cGMP pathway and noncanonical electrophilic signaling.16

Protein S-guanylation is a unique post-translational mod-
ification of protein thiol groups by electrophilic 8-nitro-cGMP
detected in a variety of proteins such as kelch-like ECH-
associated protein 1 (Keap1),16,17 H-Ras,21 and mitochondrial
proteins.22 Given that NO regulates multiple processes in
neuronal tissues, it is likely that NO-generated 8-nitro-cGMP
may play an important role in post-translational mechanisms
occurring in the nervous system through post-translational
protein S-guanylation.
Synaptic transmission via exocytotic neurotransmitter release

is fundamental to signal transduction in the nervous systems.
The process of neurotransmitter release depends on the
exocytosis of presynaptic vehicles regulated by a highly
conserved family of proteins, three SNARE proteins
[SNAP25, syntaxin-1, and vesicle-associated membrane protein
2 (VAMP2)].23 SNARE proteins have a conserved SNARE
motif, elongated 60−70 amino acids, and form the SNARE

complex consisting of four SNARE motif bundle.24 Proteins
assembled on the core complex, such as complexin and
synaptotagmin, regulate synaptic vesicle fusion.25

SNAP25 is mainly localized in the axons and nerve terminals
and is thought to be involved in neurotransmitter release,
elongation of neurites,26 and the regulation of ion channels.27

SNAP25 functional activity is modulated by distinct post-
translational modifications, including phosphorylation27,28 and
oxidation.7 SNAP25 phosphorylation regulates the activity of
Ca2+ channels,27 and residue substitutions of phosphorylation
sites resulted in the increase of anxiety-related behavior in
mice.29 Moreover, SNAP25 phosphorylation is upregulated in
normal mice subjected to physical stress.30 Previous findings
suggest that changes in SNAP25 activity are involved in the
modulation of synaptic plasticity31 and memory,32−34 and are
implicated in various pathological conditions such as attention-
deficit hyperactivity disorder35 and Alzheimer’s disease.36

Notably, SNAP25 has high sensitivity to oxidative stress, as
demonstrated by the existence of several modified forms
generated through interactions with electrophiles such as ROS
and RNS, affecting the tuning of neuronal functions.7,15

Therefore, the elucidation of SNAP25-dependent regulatory
pathways and their diverse roles in the nervous system would
further understanding of the mechanisms underlying synaptic
neurotransmission in health and disease.
The expression of neuronal proteins with distinct roles such

as structural axonal support or neurotransmission is tightly
regulated by post-translational mechanisms. However, there
have been few studies of protein S-guanylation occurring
downstream of ROS/RNS signaling in the nervous system. Our
group has recently developed a proteomic approach, S-
guanylation proteomics, to identify S-guanylation targets
using liquid chromatography-tandem mass spectrometry (LC-
MS/MS).22 In this study, we investigated the endogenous

Figure 1. Detection of endogenous 8-nitro-cGMP generation in brain. (A) Brain tissues were stained with monoclonal anti-8-nitro-cGMP and
polyclonal anti-S-guanylated protein (8-RS-cGMP) antibodies. Scale bars, 100 μm. (B) Brain tissues were immunostained with polyclonal anti-8-RS-
cGMP and monoclonal anti-GFAP antibodies to detect astrocytes, and with Nissl stain to detect neurons. (C) Endogenous 8-nitro-cGMP in the
mouse brain was analyzed by LC-MS/MS. Representative LC-MS/MS chromatograms of spiked 13C-labeled authentic 8-NO2-c[

13C10]GMP and
endogenous 8-nitro-cGMP are shown. (D) 8-Nitro-cGMP, cGMP, and 8-SH-cGMP from mouse brain tissues were quantified by methanol
extraction and LC-MS/MS using a stable-isotope dilution method. Data represent the mean ± SE (n = 3).
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generation of 8-nitro-cGMP and S-guanylated proteins in the
normal rodent brain and demonstrated that endogenous 8-
nitro-cGMP causes S-guanylation of target proteins in the
brain, including SNAP25, and enhances the stability of the
SNARE complex.

■ RESULTS AND DISCUSSION
Although ROS/RNS are known for their involvement in
pathological mechanisms, such as oxidative stress, they are now
believed to play a role in regulating normal physiological
processes. 8-Nitro-cGMP, recently discovered to be a second
messenger of ROS/RNS signaling with a unique role in the
formation of protein Cys-cGMP adducts, that is, S-guanylated
proteins,17,21,22 has been the focus of intense research. The
formation of S-guanylated proteins depends on electrophilic 8-
nitro-cGMP which thus mediates redox signal transduction.
However, the information about 8-nitro-cGMP activity in the
nervous system is limited. Therefore, we investigated the
generation of endogenous 8-nitro-cGMP and S-guanylated
proteins in normal rodent brain tissue.
Generation of Endogenous 8-Nitro-cGMP in the Brain.

First, we examined the expression of S-guanylated proteins in
the rat brain by immunohistochemistry using antibodies specific
for 8-nitro-cGMP and S-guanylated protein (8-thioalkoxy-
cGMP adducts; 8-RS-cGMP)16 (Figure 1A). Strong immunos-
taining for 8-nitro-cGMP and 8-RS-cGMP was observed in the
cerebral cortex, and the hippocampal CA1 and CA3 regions
where both pyramidal cells and interneurons were strongly
stained. In each region, the immunoreactivity for 8-nitro-cGMP
and 8-RS-cGMP overlapped.

In order to determine which cell types generated 8-nitro-
cGMP, we identified astrocytes by immunostaining with an
antibody against astrocyte-specific glial fibrillary acidic protein
(GFAP) and neurons by fluorescent Nissl staining (Figure 1B).
8-RS-cGMP immunostaining colocalized with neurons (Nissl
staining) but not with astrocytes (GFAP staining) (Figure 1B),
suggesting that, in the normal rat brain, 8-nitro-cGMP is
generated mainly by neurons and may be involved in neuronal
functions.
To further investigate 8-nitro-cGMP generation in the brain,

we analyzed 8-nitro-cGMP content in the mouse brain tissue by
LC-MS/MS using a stable-isotope dilution method.17,18 Figure
1C shows a representative MS/MS chromatogram of 8-nitro-
cGMP. Endogenous 8-nitro-cGMP was detected at the same
retention time as isotope-labeled 8-NO2-c[

13C10]GMP; similar
results were obtained from three mice (data not shown). The
concentration of 8-nitro-cGMP was determined as 2.92 ± 0.10
pmol/mg protein which is similar to the levels of both cGMP
and 8-SH-cGMP, an 8-nitro-cGMP thiol adduct (Figure 1D),
and is consistent with our previous findings.37 Overall,
immunohistochemistry and LC-MS/MS analyses indicate that
8-nitro-cGMP was generated in the rodent brain under
physiological conditions, supporting the notion that 8-nitro-
cGMP is involved in neuronal activity.

Analysis of Protein S-Guanylation in Synaptosomes
from the Rat Brain. Recently, we have developed a proteomic
approach to investigate S-guanylation using a combination of
two-dimensional polyacrylamide gel electrophoresis (2D-
PAGE) and LC-MS/MS, which allowed the discovery of
several 8-nitro-cGMP protein targets, including cytoskeletal

Figure 2. Identification of endogenously S-guanylated proteins in synaptosomes. (A) Rat synaptosomes were incubated with 8-nitro-cGMP (0, 10,
100 μM) for 1 h at room temperature. To assess S-guanylation, synaptosomal proteins were analyzed by Western blotting using anti-8-RS-cGMP
antibody. To confirm antibody specificity, a competitive inhibitor (5 mM cGMP) of interaction between the antibody and S-guanylated protein was
coincubated along with the antibody. (B) Nontreated synaptosomes were analyzed by Western blotting using anti-8-RS-cGMP antibody, in the
presence and absence of a competitive inhibitor (5 mM cGMP). The membranes were overexposed to detect any weak signal, compared with the
experiment (A). (C) Rat synaptosomes were treated with 8-nitro-cGMP (100 μM) for 1 h at room temperature. Synaptosomal proteins were
analyzed by 2D-PAGE. S-Guanylated proteins were detected by Western blotting using anti-8-RS-cGMP antibody. Synaptosomal proteins were
visualized by silver staining. Protein spots in the silver-stained gels were excised and subjected to in-gel digestion, followed by LC-MS/MS. Ten S-
guanylated proteins were identified (red circle).

ACS Chemical Neuroscience Research Article

DOI: 10.1021/acschemneuro.5b00196
ACS Chem. Neurosci. 2015, 6, 1715−1725

1717

http://dx.doi.org/10.1021/acschemneuro.5b00196


proteins tubulin and actin, in the mitochondria of rat C6 glioma
cells.22 As 8-nitro-cGMP exerts its pathophysiological effects by
targeting proteins for S-guanylation,17,21 we analyzed S-
guanylation levels in rat synaptosomes, the canonical nerve
terminal model.
Rat synaptosomes were treated or not with 8-nitro-cGMP,

and protein S-guanylation was examined by Western blotting
using the 8-RS-cGMP-specific antibody (Figure 2A). Similar to
our previous findings, a variety of S-guanylated proteins were
identified, and the intensity of 8-RS-cGMP-specific bands
depended on 8-nitro-cGMP concentration (Figure 2A).
However, the 8-RS-cGMP signals were reduced in the presence
of cGMP, a competitive inhibitor of antibody binding,
indicating that the signals were specific for protein S-guanylated
residues (Figure 2A). Furthermore, S-guanylation could be
detected without 8-nitro-cGMP treatment (Figure 2B), which
is consistent with immunochemistry results (Figure 1A) and
suggests that several proteins were S-guanylated by endogenous
8-nitro-cGMP.
To identify the proteins targeted by 8-nitro-cGMP, we

performed S-guanylation proteomic analysis of 8-nitro-cGMP-
treated synaptosomes. As shown in Figure 2C, multiple spots
were detected with the anti-8-RS-cGMP antibody. A total of 24
spots were analyzed and 10 proteins, including cytoskeletal
proteins, glycolic enzymes, ion channels, and neuronal proteins,
were identified (Table 1); two of them have been already

detected in our recent study22 (Table 1, italicized), while the
others were novel. Among the latter, a neuron-specific protein
SNAP25 is known to regulate synaptic exocytosis of neuro-
transmitters via formation of the SNARE complex.38,39

S-Guanylation of SNAP25. SNAP25 is one of the three
core SNARE proteins, including syntaxin-1 and VAMP2, which
play an essential role in neuronal functions39−41 also regulated
via post-translational modifications such as phosphorylation27,29

and oxidation.7 SNAP25 is known to have high sensitivity to
oxidative stress, and its modification by electrophiles affects its
activity in neural tissues.7,15

To evaluate S-guanylation of SNAP25, we performed
immunoprecipitation of synaptosome lysates using the anti-8-
RS-cGMP antibody, and analyzed the results by Western
blotting with antibodies against SNARE proteins syntaxin-1,
SNAP25, and VAMP2. Immunoprecipitation showed that only
SNAP25 was S-guanylated, whereas syntaxin-1 and VAMP2
were not (Figure 3A, upper panel). Conversely, S-guanylation
of SNAP25 immunoprecipitated with the anti-SNAP25 anti-

body was detected in synaptosomes both with and without 8-
nitro-cGMP treatment, indicating that some endogenous S-
guanylation occurred (Figure 3A, lower panel).
As illustrated in Figure 3B, SNAP25 has a cysteine-rich

domain containing four cysteine residues in the linker region
between coiled-coil forming SNARE motifs.42 In order to
identify S-guanylated residues, recombinant SNAP25 mutants
containing cysteine-to-alanine mutations were generated by
site-directed mutagenesis and analyzed for S-guanylation
(Figure 3C). Compared to the wild-type SNAP25, the signal
of the C90A SNAP25 mutant was significantly reduced (Figure
3D). In contrast, the reduction of other three mutants was
smaller and significant difference was undefined (Figure 3D).
This result indicates that cysteine 90 is the main target of 8-
nitro-cGMP. To our knowledge, this is the first report of a
functional S-guanylation in SNAP25.

nNOS-Dependent S-Guanylation of SNAP25 in Cul-
tured Cells. 8-Nitro-cGMP is produced endogenously in
various cells in an NO- and ROS-dependent manner, mainly by
soluble guanylate cyclase.20 In the nervous system, NO is
synthesized by nNOS43 which can also generate ROS when not
coupled with a cofactor or substrate, that is, via uncoupling
reactions.16,17 Therefore, we examined whether SNAP25 was S-
guanylated in a nNOS-dependent manner. In order to simplify
the analysis of nNOS-dependent S-guanylation in SNAP25, we
used nNOS-transfected HEK-293 cells (HEK-nNOS) as a
model.44 Soluble guanylate cyclase which is necessary to
produce 8-nitro-cGMP was expressed both in HEK-293 and
HEK-nNOS cells, whereas nNOS was expressed only in HEK-
nNOS cells (Figure S1A). nNOS activity in HEK-nNOS cells
was induced by a calcium ionophore A23187 (Figure S1B),
indicating that it was calcium-dependent. An increase in 8-
nitro-cGMP generation was detected by immunochemistry in
A23187-treated HEK-nNOS cells (Figure 4A), which was
further confirmed by Western blotting showing the upregula-
tion of S-guanylated (8-RS-cGMP antibody-reactive) proteins
(Figure 4B). To analyze the nNOS-dependent S-guanylation of
SNAP25, FLAG-tagged SNAP25 was overexpressed in HEK-
nNOS cells which were then treated with A23187 and
examined for S-guanylation of immunoprecipitated SNAP25.
As shown in Figure 4C, SNAP25 S-guanylation was increased
in HEK-nNOS cells treated by calcium ionophore indicating
that SNAP25 S-guanylation is regulated by nNOS activity.

Modulation of SNARE Complex Formation by 8-Nitro-
cGMP. The core SNARE proteins produce a relatively stable
complex which displays temperature-dependent resistance to
sodium dodecyl sulfate (SDS) and is completely dissociated
after boiling.14,15 Therefore, we tested the ability of the three
SNARE proteins to produce the complex in 8-nitro-cGMP-
treated synaptosomes. SDS-resistant SNARE complexes were
detected in unheated synaptosomes and completely dissociated
after boiling (Figure 5A), while 8-nitro-cGMP improved the
formation of the SNARE complex in a dose-dependent manner.
Densitometry analysis revealed that 100 μM 8-nitro-cGMP
significantly increased complex formation up to 123%
compared with untreated synaptosomes (Figure 5B).
Next, we investigated the effect of SNAP25 S-guanylation on

the assembly of the SNARE complex in pull-down assays using
recombinant glutathione S-transferase (GST)-VAMP2, syntax-
in-1, and S-guanylated SNAP25 proteins (Figure 5C) in order
to selectively quantify the ternary SNARE complex. SNAP25
was pulled down with GST-VAMP2 (Figure 5C) and the
amount of GST-VAMP2-bound SNAP25 was increased by 8-

Table 1. S-Guanylated Proteins Identified in 8-Nitro-cGMP-
Treated Rat Synaptosomes by 2D-PAGE and LC-MS/MSa

spot No. protein name

1 tubulin beta chains
2 stress-70 protein, mitochondrial
3 aconitate hydratase
4 actin, cytoplasmic 1
5 creatine kinase B-type
6 malate dehydrogenase, cytoplasmic
7 voltage-dependent anion-selective channel protein 2
8 glyceraldehyde-3-phosphate dehydrogenase
9 voltage-dependent anion-selective channel protein 1
10 synaptosomal-associated protein 25

aItalicized proteins have also been identified as 8-nitro-cGMP targets
in a recent study of mitochondria from rat C6 glioma cells.22
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nitro-cGMP pretreatment to 120% of that in untreated
SNAP25 as revealed by densitometry analysis (Figure 5D).
These results suggest that S-guanylation of SNAP25 improved
the stability of the ternary complex with VAMP2 and syntaxin-
1.
Modulation of SNARE Complex Formation by SNAP25

S-Guanylation. SNAP25 cysteine residues are known to be
modified with palmitate, forming palmitate-adducts which
provide anchorage to the plasma membrane important for
the function of the SNARE complex.42

Here, we investigated whether SNAP25 cysteine residues are
targeted by 8-nitro-cGMP and whether SNAP25 S-guanylation
increased the stability of the SNARE complex. For this,
neuroblastoma SH-SY5Y cells were transfected with the wild-
type and C90A mutant SNAP25 and analyzed for SNARE
complex assembly. In cells overexpressing the wild-type
SNAP25, the SNARE complex was detected in unheated cell
lysates (Figure 6A), consistent with the data obtained in rat
synaptosomes (Figure 5). Densitometry analysis revealed a
180% increase in complex assembly in cells treated with 10 μM
8-nitro-cGMP compared to the untreated control (Figure 6B);
however, in cells overexpressing the C90A SNAP25 mutant,
substituted for main target cysteine of protein S-guanylation,
the effect of 8-nitro-cGMP was not observed (Figure 6C, D).
Under the experimental conditions employed in this study, the
bands belonging to monomeric SNAP25 were not saturated
(data not shown). These results suggest that the improved
stability of the SNARE complex was a result of SNAP25 S-

guanylation at cysteine 90. Thus, SNAP25 function may be
regulated by the modification of thiol groups in the cysteine-
rich domain by S-guanylation as well as palmitoylation. A
recent study has reported that cysteines 85 and 88 are S-
palmitoylation sites essential for the anchorage of SNAP25 to
the plasma membrane.42 These and our results suggest that
SNAP25 may be simultaneously modified at different cysteine
residues by S-palmitoylation and S-guanylation which occur
independently. SNARE complexes are existed in multiple
conformations before the triggering of exocytosis,23−25 which is
consistent with the multiple bands of SNARE complexes in
Figures 5A and 6A. In this study, we could not determine
whether SNAP25 S-guanylation affects only the fully assembled
SNARE complex formation. Further work is in progress to
clarify the function of S-guanylated SNAP25.
In conclusion, we detected 8-nitro-cGMP generation in the

rodent brain and identified several synaptosomal proteins,
including SNAP25, as targets of S-guanylation. Moreover, we
determined that 8-nitro-cGMP affected SNARE complex
formation by S-guanylation of SNAP25. To date, there are
limited data on ROS/RNS signaling mediated via 8-nitro-
cGMP in the nervous system. This is the first study to
demonstrate that ROS/RNS signaling in the brain at individual-
level is coupled to 8-nitro-cGMP generation and S-guanylation
of SNAP25 (Figure 7). S-Guanylation proteomics enables
identification of proteins potentially targeted by this post-
translational modification. Further research is needed to

Figure 3. Identification of SNAP25 as a target for S-guanylation in synaptosomes. (A) Synaptosomes were treated with 100 μM 8-nitro-cGMP for 1
h at room temperature. The synaptosomal proteins were immunoprecipitated (IP) with anti-8-RS-cGMP or anti-SNAP25 antibodies. The
precipitated proteins were identified by Western blotting using anti-syntaxin-1, anti-SNAP25, anti-VAMP2, or anti-8-RS-cGMP antibodies. (B)
Schematic illustration of SNAP25 and amino acid sequence for the rat SNAP25B cysteine-rich domain. Residue numbers correspond to those in the
amino acid sequence of rat SNAP25B. Cysteine residues are underlined. (C, D) In vitro S-guanylation of SNAP25 mutants. Recombinant SNAP25
wild-type and mutant proteins carrying C85A, C88A, C90A, and C92A substitutions were treated with 100 μM 8-nitro-cGMP for 3 h at room
temperature, and analyzed for protein S-guanylation by Western blotting using anti-8-RS-cGMP or anti-SNAP25 antibodies (C). SNAP25 S-
guanylation was quantified by densitometry as the ratio of 8-RS-cGMP to total SNAP25, shown as its percentage relative to the wild-type SNAP25.
Data are presented as the mean ± SE (n = 3). One-way ANOVA with Dunnett’s multiple comparison posthoc test was used for statistical analysis. *p
< 0.01 was considered significant, where the values were compared with the wild-type values (D).
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identify other S-guanylated proteins and to reveal the
mechanisms regulated by 8-nitro-cGMP in the nervous system.

■ METHODS
Materials. The mouse monoclonal anti-8-nitro-cGMP (clone 1G6)

and rabbit polyclonal anti-8-thioalkoxy-cGMP (8-RS-cGMP) antibod-
ies were obtained as described previously.16 Anti-syntaxin-1A, anti-
SNAP25, and anti-VAMP2 antibodies were generated as described
previously.45 HiLyte Fluor 555-conjugated goat antimouse IgG and
HiLyte Fluor 647-conjugated goat anti-rabbit IgG antibodies were
purchased from Ana Spec Inc. (Fremont, CA). NeuroTrace 435/455
Blue Fluorescent Nissl Stain was obtained from Thermo Fisher
Scientific (Waltham, MA), BlockAce was from Snow Brand Milk
Products Co., Ltd. (Tokyo, Japan), and Can Get Signal Immuno-
reaction Enhancer Solution was from TOYOBO (Osaka, Japan).
Blocking One, protease inhibitor cocktail, and N-ethylmaleimide
(NEM) were purchased from Nacalai Tesque (Kyoto, Japan),
peroxidase-conjugated anti-mouse and anti-rabbit secondary antibod-
ies were from GE Healthcare UK Ltd. (Buckinghamshire, U.K.), and
A23187 was from Cayman Chemical (Ann Arbor, MI). Anti-GFAP
and anti-FLAG antibodies, and penicillin-streptomycin were purchased
from Sigma-Aldrich Corporation (St. Louis, MO). Fetal bovine serum
(FBS) was obtained from Hyclone (Logan, UT), and Dulbecco’s
modified Eagle’s medium (DMEM) and anti-DYKDDDDK-tag
antibody beads were purchased from Wako Pure Chemical Industries
(Osaka, Japan). cGMP was purchased from ICN Biomedicals (Irvine,
CA), and 8-nitro-cGMP and 8-mercapto-cGMP (8-SH-cGMP) was
synthesized as previously described.16,20 All other reagents used in this
study were of the same purity as or higher purity than the guaranteed
reagent.
Animals. This study was performed in accordance with the

Guidelines for Animal Experimentation of Osaka Prefecture
University, Japan. Adult Wistar rats and C57BL/6 mice (Kiwa
Laboratory Animals Co., Ltd.; Wakayama, Japan) were reared at 24 ±
1 °C and with a 12 h light/12 h dark cycle. The animals were fed

commercial pellets CE-2, Clea Japan Inc.; Tokyo, Japan) and provided
water ad libitum.

Fluorescence Immunostaining. Immunostaining analysis was
performed as previously described.17,18,46 Briefly, for brain, the rat
brains were removed, embedded in OCT compound (Sakura Finetek
USA Inc.; Torrance, CA), and immediately stored at −80 °C. Brain
coronal sections (10 μm thick) were cut using a cryostat (Leica;
Wetzlar, Germany) and fixed in 4% paraformaldehyde at 4 °C for 15
min. For cells, cells were fixed in Zamboni solution (4%
paraformaldehyde and 10 mM picric acid in 0.1 M phosphate buffer,
pH 7.4) at 4 °C for 16 h. After washing with phosphate-buffered saline
(PBS), the preparations were permeabilized with 0.3% TritonX-100
for 5 min, washed, and incubated in BlockAce overnight at 4 °C to
block nonspecific antigenic sites. After washing with PBS, the sections
were incubated overnight at 4 °C with the primary anti-8-nitro-cGMP
monoclonal antibody (1 μg/mL), anti-8-RS-cGMP polyclonal anti-
body (1 μg/mL), or anti-GFAP antibody (1 μg/mL) diluted in Can
Get Signal Solution I. The preparations were then washed three times
with PBS, and incubated with HiLyte Fluor 555-conjugated antimouse
IgG antibody (1 μg/mL) or HiLyte Fluor 647-conjugated antirabbit
IgG (1 μg/mL) in Can Get Signal Solution II for 1 h at room
temperature; nuclei were stained with Hoechst 33258 (Dojindo
Laboratories; Kumamoto, Japan). The preparations were washed three
times with PBS and mounted on glass slides using fluorescent
mounting medium (KPL Inc.; Gaithersburg, MD). Images were
acquired using an ECLIPSE Ti-S inverted microscope (Nikon
Instruments Inc.; Tokyo, Japan) equipped with an ORCA-R2 camera
(Hamamatsu Photonics; Hamamatsu, Japan).

Quantification of cGMP Derivatives by LC-MS/MS. Endoge-
nous levels of 8-nitro-cGMP, 8-SH-cGMP, and cGMP were measured
by LC-MS/MS using a stable-isotope dilution method.17,18,37 The
mouse brains were removed, washed twice with ice-cold PBS, and
homogenized in a 10 volumes of methanol containing 5 mM NEM
and 1 μmol 13C-labeled authentic 8-NO2-c[

13C10]GMP16,17 for 8-
nitro-cGMP quantification, or methanol containing 2% acetic acid,
authentic 8-SH-c[13C10]GMP and c[15N5]GMP for 8-SH-cGMP and

Figure 4. Induction of SNAP25 S-guanylation in HEK-nNOS cells by Ca2+-dependent nNOS activation. HEK-293 and HEK-nNOS cells were
stimulated with 5 μM A23187 for 12 h. (A) Cells were immunostained with an anti-8-nitro-cGMP antibody. Scale bars, 100 μm. (B) Cell lysates (50
μg protein) were analyzed by Western blotting using the anti-8-RS-cGMP antibody. β-actin was used as a loading control. (C) Cell lysates were
immunoprecipitated with an anti-FLAG antibody and analyzed by Western blotting using anti-FLAG and anti-8-RS-cGMP antibodies.
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cGMP quantification, respectively. The homogenate was centrifuged at
5,000g at 4 °C, and the resultant supernatant was dried in vacuo, and
redissolved in distilled water for 8-nitro-cGMP analyze. On the other
hand, for 8-SH-cGMP and cGMP analyze, the supernatant was
collected and subjected to anion-exchange purification with Oasis
WAX cartridge (Waters; Milford, MA). After the cartridge was washed
with methanol, cGMP derivatives were collected into the elution with
1 mL of methanol containing 15% aqueous ammonia. Eluted sample
was dried in vacuo and then redissolved in distilled water. LC-MS/MS
was performed using a TSQ Vantage electrospray ionization triple-
quadrupole (Q) mass spectrometer (Thermo Fisher Scientific) after
reverse-phase high-performance liquid chromatography (HPLC). The
observed ion masses (parent → daughter ions) were m/z 391 → 197
and m/z 401→ 202 for endogenous 8-nitro-cGMP and spiked 8-nitro-
c[13C10]GMP, m/z 378→ 184 and m/z 388→ 189 for endogenous 8-
SH-cGMP and spiked 8-SH-c[13C10]GMP, and m/z 346 → 152 and
m/z 351 → 157 for endogenous cGMP and spiked c[15N5]GMP,
respectively; collision energies of 17, 19, and 23 V were applied for 8-
nitro-cGMP, 8-SH-cGMP, and cGMP, respectively. The signals of
endogenous cGMP derivatives were identified simultaneously with
respective 13C or 15N-derivative.
Isolation of Synaptosomes and 8-Nitro-cGMP Treatment.

Synaptosomes were isolated from adult Wistar rats as described
previously.47 Rats were decapitated under anesthesia; the brain was
removed and transferred immediately into ice-cold buffer containing
0.32 M sucrose, 5 mM HEPES, and 1% Protease Inhibitor Cocktail
(Nacalai Tesque), pH 7.4. The tissue was homogenized by a rotor-
stator homogenizer (Tokyo Rikakikai Co., Ltd.; Tokyo, Japan) and
centrifuged at 800g for 10 min. The supernatant was recovered
obtained and centrifuged again at 10 000g for 30 min, and then the
pellet was resuspended in 0.32 M sucrose buffer and fractioned by

discontinuous sucrose density gradient centrifugation. The band
between 0.8 and 1.2 M sucrose assumed to be the synaptosome
fraction was collected. Synaptosomes were diluted in three volumes of
5 mM HEPES (pH 7.4) containing 150 mM NaCl and centrifuged at
10 000g for 30 min. The resulting pellet was resuspended in low-K+

solution (2.3 mM CaCl2, 154 mM NaCl, 5.6 mM KCl, 5 mM HEPES,
5.6 mM D-glucose, and 5 mM NaHCO3, pH 7.4), and was referred to
as the synaptosome fraction.

The synaptosome fraction was treated with 8-nitro-cGMP (10 or
100 μM) for 1 h and centrifuged at 10 000g for 30 min. The pellet was
solubilized in PBS containing 1% TritonX-100 and protease inhibitors,
and centrifuged at 10 000g for 10 min. The supernatant was referred to
as the solubilized synaptosomes.

Western Blotting. For Western blotting analysis, proteins were
separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to a nitrocellulose membrane
(GE Healthcare UK Ltd.). The membrane were washed with TTBS
(20 mM Tris-HCl, 150 mM NaCl, 0.1% Tween 20, pH 7.6), blocked
with Blocking One at room temperature for 30 min, rinsed, and
incubated with primary antibodies diluted in TTBS containing 20%
Blocking One at room temperature for 1 h. After washing three times
in TTBS, the membranes were incubated with a peroxidase-conjugated
secondary antibody at room temperature for 1 h, rinsed three times in
TTBS, and immunoreactive bands were detected by enhanced
chemiluminescence (Millipore; Bedford, MA, and Thermo Fisher
Scientific) using a luminescent image analyzer (LAS-1000; Fuji Film;
Tokyo, Japan).

Two-Dimensional PAGE. Two-dimensional PAGE (2D-PAGE)
was performed as described previously.22 Solubilized synaptosomal
proteins (100 μg) were treated using the 2-D Clean-Up Kit (GE
Healthcare UK Ltd.) according to the manufacturer’s instructions and

Figure 5. Modulation of SNARE complex formation by 8-nitro-cGMP. (A, B) Synaptosomes were treated with 8-nitro-cGMP (0, 10, 100 μM) for 1
h at room temperature and analyzed by Western blotting using anti-SNAP25 antibody. Samples were boiled for 3 min (heat treatment, +) or
incubated at room temperature (heat treatment, −). The arrow indicates monomeric SNAP25, which was the only SNAP25 form present in the
boiled sample (total SNAP25) (A). The change in the SDS-resistant SNARE complex was assessed based on the ratio of SNAP25 in the SNARE
complex to the total SNAP25, quantified by densitometry and shown as the percentage of 8-nitro-cGMP-untreated synaptosomes (control). Data are
presented as the mean ± SE (n = 7) One-way ANOVA with the Tukey’s multiple comparison posthoc test was used for statistical analysis (B). (C,
D) Binding of SNAP25 to other SNAREs was evaluated in an in vitro pull-down assay. Recombinant rat SNAP25 was S-guanylated with 8-nitro-
cGMP (500 μM) for 3 h at room temperature, and preincubated with syntaxin-1A for 3 h at room temperature to form a dimeric complex. GST-
VAMP2 bound to Glutathione Sepharose was then added to the mixture to form a ternary complex. The coprecipitated SNAP25 was detected by
Western blotting using anti-SNAP25 antibody (C). The graph shows the band intensity of GST-VAMP2-precipitated SNAP25, calculated as a
percentage of the nontreated SNAP25. Data are presented as the mean ± SE (n = 5). Student’s t test was used for statistical analysis. *p < 0.05 was
considered statistically significant when compared with values for the control (D).
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dissolved in rehydration buffer containing 2 M urea, 2% 3-[(3-
cholamidopropyl) dimethylammonio]-1-propanesulfonate, and 0.5%
immobilized pH gradient (IPG) buffer, pH 3−10 NL (GE Healthcare
UK Ltd.). IPG strips (7 cm, pH 3−10 NL; GE Healthcare UK Ltd.)
were loaded with protein samples for 10 h at 10 °C using the Ettan
IPGphor 3 apparatus (GE Healthcare UK Ltd.), and isoelectric
focusing was performed at 300 V for 4 h; 1000 V (gradient) for 30
min; 5000 V (gradient) for 1.5 h; and 5000 V for another 3 h. The IPG
strips were then incubated in equilibration buffer containing 50 mM
Tris-HCl (pH 8.8), 6 M urea, 30% glycerol, 1% SDS, and 0.25%

dithiothreitol for 15 min, and then in the same buffer containing 4.5%
iodoacetamide for 15 min. The strips were then placed on a 12%
polyacrylamide, and proteins were separated by SDS-PAGE and
visualized by silver staining (Silver Stain MS Kit; Wako Pure Chemical
Industries) or analyzed for S-guanylation by Western blotting. To
identify spots containing S-guanylated proteins, the images of silver-
stained gels were overlain with those of S-guanylated proteins detected
by Western blotting22 using Microsoft Power Point (Microsoft
Corporation; Redmond, WA). The identified spots were subjected

Figure 6. Modulation of SNARE complex formation by SNAP25 S-guanylation. Intracellular modulation of SNARE complex formation by 8-nitro-
cGMP was evaluated by using SH-SY5Y neuroblastoma-transfected with FLAG-tagged SNAP25 [wild-type (A, B) and C90A (C, D)]. SH-SY5Y cells
were treated without or with 10 and 100 μM (wild-type) or 100 μM (C90A) 8-nitro-cGMP at 37 °C for 3 h. Cell lysates were boiled for 3 min (heat
treatment, +) or incubated at room temperature (heat treatment, −) and analyzed by Western blotting using the anti-FLAG antibody. The arrows
indicate complexes with other SNARE proteins (A, C). Graphs show the rate of SNARE complex formation, quantified by densitometry and
presented as a percentage of the control (mean ± SE). Data represent means ± SE (n = 4). Kruskal−Wallis test with the Dunn’s Multiple
Comparison test was used for statistical analysis. *p < 0.01 was considered statistically significant when compared with values for the control (B).
Data represent means ± SE (n = 6). Student’s t test was used for statistical analysis (D).

Figure 7. Schematic model for the regulation of redox signaling by SNAP25 S-guanylation in neurons. Elevation of intracellular Ca2+ levels activates
nNOS. NO generated by nNOS and ROS derived from nNOS uncoupling reactions and other sources, rapidly react to form peroxynitrite, which is
essential the production of 8-nitro-cGMP.16,17,19 8-Nitro-cGMP reacts with SNAP25, producing S-guanylated SNAP25, which stabilizes the SNARE
complex.
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to in-gel digestion as previously described and analyzed by LC-MS/
MS.22

Identification of S-Guanylated Proteins. S-Guanylated proteins
were identified as previously described.22 Briefly, peptide samples
obtained by 2D-PAGE were analyzed using an Agilent 6510
electrospray ionization quadrupole time-of-flight tandem mass
spectrometer (Agilent Technologies, Inc.; Santa Clara, CA). A
microfluidic reverse-phase HPLC chip (5 μm particle size, 75 mm
i.d., 43 mm length; Zorbax 300SB-C18, Agilent Technologies) was
used for peptide separation. Protonated molecular ions were
fragmented in the auto-MS/MS mode starting with the initial collision
energy voltage of 3 V which was then increased to 3.7 V per 100 Da.
The m/z range was 300−2400 Da in the MS mode and 59−3000 Da
in the MS/MS mode. Mass lists in the form of Mascot files were used
to perform Mascot MS/MS ion searches of the National Center for
Biotechnology Information nonredundant (NCBI nr) database.
Plasmids. Plasmids containing rat SNAP25B, syntaxin-1A, and

VAMP2 cDNA were constructed as described previously.48 The
SNAP25B and syntaxin-1A plasmids were used as a template for PCR
amplification of the respective genes. The following primers were used.
SNAP25B: forward, 5′-CACCATGGCCGAGGACGCAGAC-3′ and
reverse, 5′-TTAACCACTTCCCAGCATCT-3′. syntaxin-1A: forward,
5′-CACCATGAAGGACCGAACCCAG-3′ and reverse, 5′-TTAC-
TTCTTCCTGCGTGCCTT-3′. The VAMP2 gene was amplified
from rat cerebellar granule cell cDNA using primers: forward, 5′-
CACCATGTCGGCTACCGCTGC-3′ and reverse, 5′-TTACTTGA-
GGTTTTTCCACCAGT3′. The amplified SNAP25B gene was cloned
into the pENTR/D-TOPO vector using the directional TOPO cloning
system (Gateway Cloning Technology, Thermo Fisher Scientific),
yielding the wild-type SNAP25B entry clone and was used to generate
mutant SNAP25B clones in which cysteine residues were substituted
for alanine.49 For mutagenesis, the following forward and reverse
primers, respectively, were used. C85A: 5′-GCCGGGCTTTGT-
GTGTGTCC-3′ and 5′- GAATTTTCCTAGGTCCGTCA-3′;
C88A: 5′-GGCTTGCTGTGTGTCCCTGT-3′ and 5′-CGCAGAAT-
TTTCCTAGGTC-3′; C90A: 5′-AAGCTTAAATCCAGTGATGC-3′
and 5′-GTTACAGGGAGCCACACAAAGCC-3′; C92A: 5′- CGCTA-
ACAACCTTAAATCCAGTGATGC-3′ and 5′- GGACACACACAA-
AGCCCG-3′; mutated sites are underlined. All resulting clones were
confirmed by sequencing. The rat SNAP25B wild-type and cysteine
mutants, and syntaxin-1A into the pET30a-DEST (for His-tagged
protein) expression plasmid by the LR reaction (Thermo Fisher
Scientific). VAMP2 entry clones were subcloned into the pDEST15
(for GST-tagged protein) expression plasmid; SNAP25B clones were
also subcloned into pcDNA3.2/nFLAG-DEST.
Protein Expression and Purification. The expression plasmids

were transferred into Escherichia coli BL21 Codon Plus (Agilent
Technologies) grown in Luria−Bertani medium, and protein
expression was induced by the addition of 1 mM isopropyl-β-D-
thiogalactopyranoside at OD600 = 0.8. Bacteria were pelleted,
resuspended in PBS containing 1% TritonX-100 and protease inhibitor
cocktail (Nacalai tesque), sonicated and centrifuged at 10,000g for 10
min. The cleared lysate was loaded onto a Ni-Sepharose 6 Fast Flow
column (GE Healthcare UK Ltd.) for SNAP25B and syntaxin-1A
purification, or a Glutathione Sepharose 4B column (GE Healthcare
UK Ltd.) for VAMP2 purification. Ni2+ Sepharose columns were
washed with wash buffer (20 mM Na2HPO4, 500 mM NaCl, 20 mM
imidazole, pH 7.4) and eluted with elution buffer (20 mM Na2HPO4,
500 mM NaCl, 500 mM imidazole, pH 7.4). Glutathion Sepharose
columns were washed with 50 mM Tris-HCl, pH 8.0 and eluted with
50 mM Tris-HCl, 10 mM reduced GSH, pH 8.0. The purity of eluted
proteins was confirmed by SDS-PAGE.
Cell Culture, Transfection, and Stimulation. HEK-nNOS cells

were obtained as described previously.44 SH-SY5Y, HEK-293, and
HEK-nNOS cells were cultured in DMEM with 10% FBS in a 5% CO2
atmosphere at 37 °C. For immunoprecipitation, HEK-293 and HEK-
nNOS cells were seeded at the density of 3.0 × 106 cells/dish in 100
mm culture dishes. For immunocytochemistry, cells were seeded on
circular coverslips at the density of 1.0 × 105 cells/well in 24-well
plates (AGC Techno Glass Co.; Shizuoka, Japan). Cells were

transfected with SNAP25B/pcDNA3.2/nFLAG using polyethyleni-
mine (PEI) Max (Polysciences, Inc.; Warrington, PA) and examined
48 h after transfection. To determine protein S-guanylation under the
conditions of Ca2+-dependent NO generation, cells were stimulated
with 5 μM of a calcium ionophore A23187 for 12 h at 37 °C, washed
three times with PBS, and solubilized in PBS containing 1% TritonX-
100 and protease inhibitors. The lysate was cleared by centrifugation at
15 000g for 10 min, and the resulting supernatants were designated as
HEK-293 and HEK-nNOS solubilized cell extracts. SH-SY5Y cells
were seeded at the density of 6.0 × 105 cells/dish on 35 mm culture
dishes, transfected with SNAP25B/pcDNA3.2/nFLAG using PEI Max,
and examined 24 h after transfection. Cells were treated with 8-nitro-
cGMP (10 and 100 μM) for 3 h, washed three times with PBS, and
solubilized with PBS containing 1% TritonX-100 and protease
inhibitors. The lysate was cleared by centrifugation at 15 000g for 10
min, and was referred to as SH-SY5Y solubilized cell extract.

Immunoprecipitation. Solubilized synaptosomes (300 μg) were
incubated with the anti-8-RS-cGMP antibody bound to Protein A
beads (Bio-Rad; Hercules, CA) or the anti-SNAP25 antibody bound
to Protein G beads (Bio-Rad) at room temperature for 1 h.
Immunocomplexes were collected by centrifugation and washed
three times with 1% TritonX-100 in PBS. The bound proteins were
eluted with SDS-PAGE sample buffer (62.5 mM Tris-HCl, 2% SDS,
5% 2-mercaptoethanol, 10% glycerol, pH 6.8) separated in a 12% SDS-
PAGE gel, and analyzed by Western blotting with the respective
antibodies. HEK-293 and HEK-nNOS cell lysates were incubated with
anti-DYKDDDDK (FLAG) antibody bound to magnetic beads (Wako
Pure Chemical Industries) at 4 °C overnight. Immunocomplexes were
collected using a magnetic stand (Thermo Fisher Scientific), washed
three times with 1% TritonX-100 in PBS, and bound proteins were
eluted with 0.1 M glycine-HCl buffer, pH 3.0. The eluted samples were
immediately neutralized with 1.5 M Tris-HCl buffer, pH 8.8, separated
in a 12% SDS-PAGE gel, and analyzed by Western blotting with the
anti-FLAG and anti-8-RS-cGMP antibodies.

In Vitro S-Guanylation and Pull-Down Assays. The recombi-
nant wild-type and mutant SNAP25B proteins were S-guanylated with
100 μM 8-nitro-cGMP for 3h at room temperature; S-guanylation was
confirmed by Western blotting with the anti-8-RS-cGMP antibody.
Pull-down assays were performed as described previously.50

Recombinant rat SNAP25B was S-guanylated with 500 μM 8-nitro-
cGMP for 3 h at room temperature, and preincubated with syntaxin-
1A in binding buffer (10 mM HEPES-NaOH, pH 7.4, 150 mM NaCl,
1 mM EDTA, 0.5% Nonidet-P40, 0.5 mg/mL bovine serum albumin,
and 0.01% sodium azide) for 3 h at room temperature to form dimeric
complex. Purified GST-VAMP2 was bound to Glutathion Sepharose in
binding buffer for 3 h at room temperature, washed three times with
binding buffer. GST-VAMP2 bound to glutathione sepharose was then
added to the mixture to form a ternary complex, and incubated for 3 h
at room temperature. The beads were washed three times,
resuspended in SDS-PAGE sample buffer, and eluted proteins were
analyzed by Western blotting with anti-SNAP25 antibody.

SDS-Resistant Complexes. The detection of SDS-resistant
complexes was carried out as described previously.14,15 In brief,
solubilized synaptosomes and cell extracts were mixed with SDS-
PAGE sample buffer and aliquots were diluted in the same buffer.
Paired samples were either boiled to dissociate the SNARE complex or
incubated at room temperature for 3 min, and 3 μg of synaptosomal
proteins or 50 μg of total cell proteins per gel lane were resolved by
SDS-PAGE and analyzed by Western blotting with anti-SNAP25 or
anti-FLAG antibodies.

Statistical Analysis. The data presented as the mean ± SE of
individual experiments performed at least three times. Statistical
significance was determined by one-way analysis of variance
(ANOVA), Kruskal−Wallis test or the Student’s t test using the
GraphPad Prism Software (GraphPad Software, Inc.; La Jolla, CA).
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