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Abstract

Reversible phosphorylation of neuronal proteins plays an important role in the regulation

of neurotransmitter release. Myosin phosphatase holoenzyme (MP) consists of a protein
phosphatase-1 (PP1) catalytic subunit (PP1c) and a regulatory subunit, termed myosin
phosphatase targeting subunit (MYPT1). The primary function of MP is to regulate the phos-
phorylation level of contractile proteins; however, recent studies have shown that MP is
localized to neurons, and is also involved in the mediation of neuronal processes. Our goal
was to investigate the effect of RhoA-activated kinase (ROK) and MP on the phosphoryla-
tion of one potential neuronal substrate, the synaptosomal-associated protein of 25 kDa
(SNAP-25). SNAP-25 is a member of the SNARE (soluble N-ethylmaleimide sensitive factor
attachment protein receptor) complex, along with synaptobrevin and syntaxin, and the pri-
mary role of SNAP25 is to mediate vesicle fusion. We showed that MYPT1 interacts with
SNAP-25, as revealed by immunoprecipitation and surface plasmon resonance based bind-
ing studies. Mass spectrometry analysis and in vitro phosphorylation/dephosphorylation
assays demonstrated that ROK phosphorylates, while MP dephosphorylates, SNAP-25 at
Thr138. Silencing MYPT1 in B50 neuroblastoma cells increased phosphorylation of SNAP-
25 at Thr138. Inhibition of PP1 with tautomycetin increased, whereas inhibition of ROK by
H1152, decreased the phosphorylation of SNAP-25 at Thr138 in B50 cells, in cortical synap-
tosomes, and in brain slices. In response to the transduction of the MP inhibitor, kinase-
enhanced PP1 inhibitor (KEPI), into synaptosomes, an increase in phosphorylation of
SNAP-25 and a decrease in the extent of neurotransmitter release were detected. The inter-
action between SNAP-25 and syntaxin increased with decreasing phosphorylation of
SNAP-25 at Thr138, upon inhibition of ROK. Our data suggest that ROK/MP play a crucial
role in vesicle trafficking, fusion, and neurotransmitter release by oppositely regulating the
phosphorylation of SNAP-25 at Thr138.
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MYPT1, myosin phosphatase target subunit-1;
ROK, RhoA-activated kinase; TMC, tautomycetin;
SNARE, soluble N-ethylmaleimide sensitive factor
attachment receptor; SNAP-25, 25 kDa
synaptosomal associated protein; PKA, protein
kinase A; PKC, protein kinase C; CPI-17, C-kinase
activated phosphatase inhibitor protein of 17 kDa;
KEPI, kinase-enhanced PP1 inhibitor; H1152, (S)-
(+)-2-methyl-1-[(4-methyl-5-isoquinolinyl)sulfonyl]
homopiperazine-2HCI; Y27632, trans-4-[(1R)-
1-aminoethyl]-N-4-pyridinylcyclohexane-
carboxiamide dihydrochloride; SDS-PAGE, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis;
PBS, phosphate buffered saline; TBS, Tris-buffered
saline solution; TBST, Tris-buffered saline solution
containing 0.1% Tween-20; aCSF, artificial
cerebrospinal fluid; FBS, fetal bovine serum; BSA,
bovine serum albumin; PAS, protein-A Sepharose;
MC-LR, microcystin-LR; IP, immunoprecipitation;
PEI, polyethylenimine; DMEM, Dulbecco’s modified
Eagle’s medium; RIPA, radioimmunoprecipitation
assay; TCA, trichloroacetic acid; SPR, surface
plasmon resonance.

Introduction

Exocytosis is an essential component of cell signaling throughout the body and underpins a
diverse array of essential physiological pathways, even though exocytosis varies considerably
between cell types and can require adaptations [1]. Neurotransmitter release is a specialized
mechanism of exocytosis, which includes Ca®*"dependent release of neurotransmitters from
synaptic vesicles [2]. The elevated calcium level is the key regulator of the process, but other
regulatory elements have also been identified. In a nerve terminal, synaptic vesicle docking
and release are restricted to an active zone. A pool of already docked vesicles resides at the pre-
synaptic target membrane called the readily releasable pool of vesicles. A single calcium spike
results in only a partial release of this pool, suggesting an additional level of regulation of neu-
rotransmission [3]. The recycling pool contains 5-20% of all vesicles and is refilled continu-
ously by newly synthetized vesicles depending on the physiological frequency of stimulation
[4]. However, the majority of vesicles belong to the third pool type, the reserve pool, which
provides a depot of synaptic vesicles from which release is triggered by intense stimulation [5].

The SNARE (soluble N-ethylmaleimide sensitive factor attachment protein receptor) com-
plex is one of the highly conserved targets of regulated exocytosis. SNAREs are members of a
family of proteins which form a complex and regulate neuronal exocytosis. The t-SNARES,
such as syntaxin and synaptosomal-associated protein of 25 KDa (SNAP-25), are attached
to the target membrane of the vesicles. Other components, such as synaptobrevin (VAMP),
are located on the vesicle membrane (v-SNARES) and binds to its cognate t-SNARE [6, 7].
SNARE is believed to form a highly stable trimeric exocytotic complex [8] that generates a
twisted bundle of four parallel o helices to bring the two membranes into close proximity and
allow fusion [9]. The real number of releasable vesicles are modulated by the rate of priming
and depriming of vesicles, and is related to the preassembling or the dissociation of SNARE
complex, respectively [10].

Regulation of the SNARE complex, which is dependent on protein phosphorylation at ser-
ine/threonine (Ser/Thr) residues, is necessary for proper neuronal functions [11]. SNARE acti-
vation takes place in a step-wise fashion to enhance or to block its interactions. T-SNAREs
must join and be delivered to the site of action before creating a complex with v-SNARE.
Synaptotagmin is responsible for preventing vesicles from fusing to the membrane, even after
they are docked, by interacting with SNAREs [7]. Phosphorylation of SNAREs by protein
kinases also prevents the formation of the SNARE complex, when SNARE:s are targeted to
their site of action [12]. SNAP-25, which has multiple phosphorylation sites, is a major regula-
tory target of protein kinases and phosphatases [13]. SNAP-25 was found to be differentially
phosphorylated by protein kinase A (PKA) and C (PKC) in neuroendocrine PC12 cell. PKC
regulates refilling of the vesicle pools and recycling of SNAP-25. After the readily releasable
pool has been depleted, SNAP25 phosphorylation by PKC makes elements of the complex
more available to form SNARE complexes and dock more vesicles [14]. PKA phosphorylates
the Thr138 residue of SNAP-25 specifically [15], and regulates the size of the readily releasable
pool of vesicles, supposedly by modulating the protein binding properties of SNAP-25 [14].

Compared to the phosphorylation by protein kinases, dephosphorylation mechanisms cata-
lyzed by protein phosphatases are poorly understood. The effects of phosphatase inhibitors on
neuronal exocytosis have been investigated. Tautomycetin, a PP1-specific inhibitor, decreases
depolarization-induced exocytosis, while Y27632, a ROK-specific inhibitor, has the opposite
effect [16]. Myosin phosphatase (MP) first identified in smooth muscles, is a Ser/Thr specific
protein phosphatase 1 (PP1) consisting of a 38 kDa catalytic subunit (PP1c) of the B/ isoform,
a 130/133 kDa myosin phosphatase target subunit-1 (MYPT1) and a 20 kDa subunit of largely
unknown function [17]. MP (also termed PP1M) is involved in exocytotic processes; MYPT1
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interacts and affects the dephosphorylation of several neuronal proteins [16]. Phosphorylation
of Thr696 and/or Thr853 in MYPT1 by ROK results in the inhibition of MP [18, 19], and
these regulatory events have also been identified in cortical synaptosomes [16]. MP is present
in cortical synaptosomes in association with ROK [20], suggesting that MP is involved in syn-
aptic signaling. ROK and MP regulate neurotransmission via phosphorylation/dephosphoryla-
tion of several presynaptic proteins (e.g., myosin-II, synapsin-I, syntaxin-1) that are involved
in neurotransmitter release [16].

In the present study we tested the hypothesis that ROK and MP regulate SNAP-25 through
reversible phosphorylation. Our results suggest that SNAP25 interacts with MP via binding to
MYPT1. ROK phosphorylates SNAP-25 at the Thr138 and the dephosphorylation is catalyzed
by MP. Phosphorylation of SNAP-25 by ROK results in a decrease in KCl-induced synapto-
somal exocytosis, while dephosphorylation by MP accelerates the process. Our data suggest
that ROK/MP enzymes play a crucial role in vesicle trafficking, fusion and neurotransmitter
release through the regulation of the assembly of the SNARE complex.

Materials and methods
Materials

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise indi-
cated. Microcystin-LR was produced and purified as described previously [21].

Antibodies

Anti-SNAP-25, anti-actin, anti-Flag, anti-GST, anti-syntaxin, peroxidase conjugated anti-rab-
bit IgG and anti-chicken IgG were purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-
SNAP-25P™138 (Abgent, San Diego, CA, USA), anti-MYPT1' 2% [20], anti-PP1c8 (Millipore,
Billerica, MA, USA), anti-GAPDH (Santa Cruz, CA, USA), anti-CPI17°™""® [22], horseradish
peroxidase-linked anti-mouse IgG (Cell Signalling, Danvers, MA, USA), Clean-Blot IP Detec-
tion Reagent (Thermo Scientific, Waltham, MA, USA) and Texas Red-X phalloidin (Life Tech-
nologies, Carlsbad, CA, USA) were purchased as indicated. Alexa Fluor 488-conjugated anti-
rabbit IgG, Alexa Fluor 546-conjugated anti-mouse IgG, Alexa Fluor 546-conjugated anti-goat
IgG and To-Pro-3 iodide were obtained from Molecular Probes (Eugene, OR, USA).

Western blotting

Solubilized proteins from cells or synaptosomes were boiled with 5x SDS-PAGE (sodium
dodecyl sulphate-polyacrylamide gel electrophoresis) sample buffer (50% glycerol, 10% SDS,
0.31 M Tris, 100 mM dithiothreitol, 0.01% bromophenol blue) at 100°C for 5 min and proteins
were separated by SDS-PAGE on 12% (w/V) polyacrylamide gel [23]. After gel electrophoresis,
proteins were transferred to nitrocellulose membrane (Bio-Rad, Hemel Hempstead, UK).
Membranes were incubated with blocking solution (5% bovine serum albumin (BSA) in Tris
buffered saline (TBS: 136 mM NaCl, 2.7 mM KCl, 25 mM Tris-HCI pH 7.4) containing 0.1%
Tween-20 (TBST) for 1 h at room temperature, and then with the primary antibodies over-
night at 4°C. Membranes were washed with TBST and incubated with the secondary antibod-
ies for 1-2 h at room temperature. Primary and secondary antibodies were diluted in TBST
containing 0.5% BSA. Immunoreactions were developed by enhanced chemiluminescence and
visualized using FluorChem FC2 Imager (Alpha Innotech, San Leandro, CA, USA). Densitom-
etry analysis of immunoreactive bands was carried out using Image J software (.NIH Bethesda,
USA).
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Immunoprecipitation

Anti-SNAP-25, anti-MYPT1'?*® and anti-PP1c§ antibodies were bound to protein-A Sephar-
ose (PAS) resin (GE Healthcare, Little Chalfont, UK) in the presence of immunoprecipitation
(IP) buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) by incu-
bation for 1 h at 4°C. Precleared (previously incubated with PAS) B50 neuroblastoma cell
lysate was added to PAS-antibody complexes and incubated for 90 min at 4°C. After centrifu-
gation (4°C, 900 g, 3 min) the supernatant was removed, and PAS-antibody-proteins com-
plexes were washed with IP buffer twice, then once with phosphate buffered saline (PBS).

The supernatant was removed and PAS-antibody-protein complexes were boiled at 100°C

for 5 min with SDS-PAGE sample buffer, then the samples were subjected to Western blot
analysis.

Surface plasmon resonance

Interactions of MYPT1 and its mutants with SNAP-25 were analysed by surface plasmon reso-
nance (SPR) using a Biacore 3000 instrument (GE Healthcare, Little Chalfont, UK). Anti-GST
was coupled on the surface of a CM5 chip by amine-coupling, then full-length GST-MYPT1"?®
or its C-terminal fragment (GST-MYPT1°77'%°*) was captured on the surface. His-tagged
MYPT1 proteins (His-MYPT1'>*® or His-MYPT1' %) were immobilized directly on CM5
sensor chips by amine-coupling. Determination of the binding of Flag-SNAP-25 on these sur-
faces was performed as described previously [24]. Kinetic parameters and the dissociation con-
stant (Kp) values were extracted from the sensorgrams with BIAevaluation 3.1 software using
a 1:1 interaction model.

In vitro kinase assay

Phosphorylation of purified Flag-SNAP-25 by RhoA-activated protein kinase (ROK) was per-
formed in an in vitro kinase assay using radioactive phosphoryl donor substrate. Flag-SNAP-
25 (5 uM) was incubated with or without (control) 20 ng/pl ROK (Millipore, Billerica, MA,
USA) in the presence of 1 mM y-[**P]ATP (Institute of Isotopes Co., Budapest, Hungary) and
1 pM microcystin-LR (MC-LR, a protein phosphatase inhibitor) for 120 min at 30°C in a ROK
assay buffer containing 25 mM B-glycerophosphate, 0.5 mM EGTA, 0.5 mM dithiothreitol
(DTT), 5 mM MgCl,, and 20 mM MOPS (pH 7.2). The reactions were terminated by the addi-
tion of hot SDS-PAGE sample buffer. After SDS-PAGE, the phosphorylation of proteins was
verified by autoradiography of the gels.

Protein phosphorylation/dephosphorylation assay

The lysate of tsA201 cells expressing Flag-SNAP-25 was incubated with Anti-Flag M2 affinity
gel to pull down Flag-SNAP-25. Beads were washed with TBS, and incubated with ROK (final
concentration: 20 ng/pl) and ATP (final concentration: 0.5 mM) for 30 min at 30°C in the
presence 1 uM of microcystin-LR in ROK assay buffer. Control samples were handled in the
same way without addition of ROK. After phosphorylation, the beads were washed twice with
TBS and incubated in the presence or absence of the subunits of myosin phosphatase (purified
Flag-MYPT1 and recombinant PP1c§ at a final concentration of 25 nM and 5 nM, respec-
tively) for 15 min at 30°C. After washing with TBS, beads were incubated with SDS-PAGE
sample buffer at 100°C for 5 min. Phosphorylation and dephosphorylation of SNAP-25 were
analysed by Western blot using SNAP-25P""1%% phospho-specific antibody and anti-SNAP-25
for a loading control.
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Mass spectrometry analysis

Bands of interest were subjected to in-gel digestion using side-chain protected porcine trypsin
(37°C, 4h). Approximately 80% of the peptide mixtures were subjected to phosphopeptide-
enrichment using TiO, [25]. The phosphopeptide fractions, as well as the remaining 20% of
the original samples, were analyzed by data-dependent LC-MS/MS using an Orbitrap Elite
mass spectrometer (MS spectra acquired in the Orbitrap, MS/MS spectra in the linear ion
trap). Peak lists generated from the MS/MS data by the PAVA software [26] were searched
against the human subset of the Swissprot database (downloaded 06/10/2014; 20265 target
sequences concatenated with a randomized sequence for each entry) using the ProteinPros-
pector search engine (v.5.10.9.). Search parameters: enzyme: trypsin with maximum 1 missed
cleavage; fixed modification: carbamidomethyl (Cys); variable modifications: acetylation (pro-
tein N-terminus), oxidation (Met), pyroglutamic acid formation (N-terminal Gln) allowing 2
variable modifications per peptide; mass accuracy: 5 ppm and 0.8 Da for precursor and frag-
ment ions (both monoisotopic), respectively. Subsequently another search was conducted on
the subset of confidently identified proteins using the same search parameters except that 2
missed cleavages were allowed, and phosphorylation on Ser/Thr was added as variable modifi-
cation allowing 3 variable modifications/peptide. For all searches the following acceptance
criteria were applied: score>22 and 15, and E-value<0.01 and 0.05 for protein and peptide
identifications, respectively. For phosphopeptide site assignments, SLIP score threshold [27]
was set to 6 (indicating 95% confidence in site localization). All phosphopeptide assignments
were inspected manually.

Site-directed mutagenesis

Bacterial expression vector pReceiver-M13, which encodes wild type SNAP-25, was purchased
from GeneCopoeia (Rockville, MD, USA). Point mutation of Thr138 of SNAP-25 to alanine
was performed using QuickChange II XL Site-Directed Mutagenesis Kit (Qiagen, Hilden, Ger-
many) and primers described in S1 Table. Newly synthetized mutant DNA was transformed
into XL10-Blue supercompetent cells (Agilent, Santa Clara, CA, USA) and mutant plasmids
were purified using EZ-10 Spin Column Plasmid DNA Minipreps Kit (Bio Basic, Markham,
Canada). The sequence of the mutant was analysed and verified by DNA sequencing.

Protein production and purification

Flag-SNAP-25 or Flag-KEPI plasmids (GeneCopoeia, Rockville, MD, USA) were transfected
into tsA201 cells using polyethylenimine (PEI) transfection reagent. The plasmids (15 pg) and
PEI (30 pl) were diluted in 150 mM sterile NaCl solution and incubated for 30 minutes. One
ml transfection mixture was added to 4 ml serum-free Dulbecco’s modified Eagle’s medium
(DMEM) and pipetted onto the adherent tsA201 cells (50-60% confluency). Six hours later 5
ml of 20% fetal bovine serum (FBS) containing DMEM was added to the cells, which were
grown for an additional 18 hours before collecting for analysis

Cell culture and treatment

B50 neuroblastoma cells (purchased from Sigma, St. Louis, MO, USA) were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% (V/V) FBS and 2 mM L-gluta-
mine in a 5% CO,-humidified atmosphere at 37°C. Cells were plated into 6-well culture plates,
the medium was removed after reaching a confluent state, and cells were synchronized via
incubation in serum-free media for 24 h. To inhibit PP1 and ROK activity, tautomycetin
(TMC) and H1152 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were added to the
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medium at concentrations of 5 uM and 10 uM for 1 h and 30 min, respectively. Cells were har-
vested in radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris-HCl pH 7.6, 150 mM
NaCl, 0.25% sodium deoxycholate, 1% NP-40, 0.1% sodium dodecyl sulphate) containing pro-
tease inhibitors (Roche, Basel, Switzerland) and 1 uM of microcystin-LR. Proteins were solubi-
lized by sonication and protein concentrations were determined with Pierce BCA Protein
Assay Kit (Thermo Scientific, Waltham, MA, USA).

Gene silencing

The siRNA delivery was carried out with a reverse transfection protocol. Cells at 80% con-
fluency were washed with sterile 1x PBS, trypsinized, and transfected with 100 nM double
stranded siRNA (Thermo Scientific Inc., see S2 Table) consisting of a pool of 4 different siR-
NAs (S3 Table) targeting the endogenous MYPT1 subunit of MP. For the transfections, Dhar-
maFECT 2 (Dharmacon, Lafayette, CO, USA) transfection reagent was used according to the
manufacturer’s instructions. After 48 hours, cells were either subjected to MTT or phosphatase
activity assays, or lysed and prepared for Western blot analysis. Gene knock down experiments
were carried out in 6-well plates (1x10° cells/well) for Western-blot and phosphatase activity
assays and in a 96-well format for MTT assays (~3x10° cells/well).

Assay of protein phosphatase activity

B50 neuroblastoma cells were treated with TMC (5 uM) or H1152 (10 pM) inhibitors for 1
hour and 30 mins respectively and then lysed. Protein phosphatase activity in the lysates were
measured using >*P-labelled 20 kDa myosin light chain (**P-MLC20) substrate in TM buffer
(20 mM Tris-HCI, 0.1% B-mercaptoethanol, pH 7.4). The reaction was initiated by the addi-
tion of >*P-MLC20 at a final concentration of 1 uM. After 5 min of incubation at 30°C the reac-
tion was terminated by the addition of 200 pl 10% trichloroacetic acid (TCA) and 200 ul 6 mg/
ml BSA. After centrifugation, the **P; content of the supernatant was measured in a Tri-Carb
2800TR scintillation counter (PerkinElmer, Waltham, MA, USA).

MTT assay

Viability of B50 cells were studied by MTT assay as described before [28]. Shortly, cells were
synchronized in serum-free DMEM medium and were treated with TMC and H1152 as
detailed before. Ten ul of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
dissolved in PBS) solution (5 mg/ml) was added and the cells were incubated in a 5% CO,-
humidified atmosphere at 37°C for 1 hour. The formazan crystals were dissolved in dimethyl
sulfoxide (DMSO) and the absorbance was determined by a photometer (LabSystems Multis-
kan MS, Labsystems Diagnostics Oy, Vantaa, Finland) at 540 nm wavelength.

Synaptosome preparation and treatment

Synaptosomes were prepared from C3H mouse cerebral cortex using an established protocol
[16] with modifications detailed here. Mice (3-5/experiment) were euthanized by carbon diox-
ide inhalation. After decapitation, the cortex was removed and immersed in homogenization
buffer (0.32 M sucrose, 1.0 mM EDTA, 0.25 mM DTT, pH 7.4) in a ratio of 10 ml ice-cold
buffer to 1 g of cortex. Tissue was homogenized in a glass potter and the homogenate was cen-
trifuged at 1000 g for 10 min at 4°C using an Allegra X-12R centrifuge (Beckman Coulter,
Brea, CA, USA). The supernatant was collected into a new tube, the volume was increased to
12 ml with homogenization buffer, and two 2 ml volumes of the diluted supernatant were
added slowly to the top of a Percoll gradient (2-2 ml of 23; 15; 10; 3% Percoll/homogenization
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buffer) in polycarbonate tubes. Tubes were centrifuged at 32500 g for 5 min at 4°C using Beck-
man L7-55 ultracentrifuge (Beckman Instruments Inc., Fullerton, CA, USA). Fractions
between 10/15 and 15/23% phases were collected, diluted with four-times volume of Krebs
buffer (118 mM NaCl, 5 mM KCl, 25 mM NaHCO3, 1 mM MgCl,, 10 mM D-glucose, pH 7.4),
and centrifuged at 12600 g for 25 min at 4°C. The supernatant was removed and the pellet was
resuspended in Krebs buffer and centrifuged again at 12600 g for 20 min at 4°C. The synapto-
some pellet was resuspended in 3 ml of Krebs buffer and CaCl, was added at a final concentra-
tion of 1.2 mM, then were incubated at 30°C for 1 h in the presence or absence of inhibitors

(5 uM TMC or 10 pM H1152) and KCL.

The protocol for animal handling (5/2015/DEMAB; 6/2011/DEMAB) was authorized by
the Animal Care and Protection Committee of the University of Debrecen, and was in accor-
dance with the guidelines of the European Union Council, as well as the Hungarian regulations
on the use of laboratory animals. Mice were given ad libitum access to food and water and
were kept at 25°C temperature, applying a 12 hour light/12 hour dark cycle. The veterinarian
at the University of Debrecen examined the health status of the mice every month, and in case
of potential sickness, microbiological examinations are conducted and the appropriate inter-
ventions (therapy, quarantine) are applied. Mice were raised in the Experimental Animal
House of the University of Debrecen, Debrecen, Hungary (XV-KAT/2000) and supplied by
Dr. Balézs Pél (licence number: 6/2011/DEMAB). The Animal House is undergoing regular
authority supervision every 2 years.

Protein transduction into synaptosomes and determination of exocytosis

Purified Flag-KEPI protein [29] was introduced into synaptosomes according to a previously
described protocol [30] with slight modification. Flag-peptide or Flag-KEPI (0.3 pg/ul) was
added to the synaptosomes resuspended in HBS buffer (142 mM NaCl, 2.4 mM KCl, 1.2 mM
K,HPO,, 1 mM MgCl,, 5 mM D-glucose, 0.1 mM EGTA, 10 mM HEPES) containing 25% (V/
V) DMSO. No proteins or peptides were added to control samples. After freezing and thawing,
samples were centrifuged at 4000 g for 3 min at 4°C and pellets were washed twice with Krebs
buffer. Synaptosomes were resuspended in Krebs buffer at 1 mg protein/ml. After addition of
1.2 mM CaCl, and 30 mM KClI, samples were incubated at 30°C for 30 min, then a Western
blot or exocytosis assay was performed. The exocytosis assay was carried out as previously
described [16]. Briefly, a water-soluble styryl dye, FM 2-10, is reversibly inserted into the outer
leaflet of the cell membrane and becomes fluorescent. By endocytosis, the dye enters into the
synaptosome. During subsequent exocytosis, the dye is released into the medium, so the inten-
sity of the fluorescence decreases with neurotransmitter release ([1], [31]. Exocytosis was
induced by 30 mM KClI using an established protocol according to Cousin and Robinson [32]
which was modified for high-throughput as published by Lontay et al [16]. Synaptosomes sus-
pended in Krebs buffer were incubated at 37°C for 3 minutes, then FM 2-10 was added. After
a 1 minute incubation at 37°C, dye uptake was evoked by addition of 30 mM KCI. After incu-
bating for 2 min at 37°C, synaptosomes were washed twice with Krebs buffer, centrifuged at
1000 g for 1 min, and the pellet was resuspended in Krebs buffer containing 1.2 mM CaCl, and
added to 96-well black plates. Exocytosis and neurotransmitter release induced by 30 mM KCI
and the decrease of fluorescence was measured by Fluoroskan FL (excitation: 488 nm, emis-
sion: 540 nm).

Preparing brain slices and treatment

Experiments were performed in artificial cerebrospinal fluid (aCSF) of the following composi-
tion: 120 mM NaCl, 2.5 mM KCl, 26 mM NaHCO3, 10 mM glucose, 1.25 mM NaH,POy,, 2
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mM CaCl,, 1 mM MgCl,, 3 mM myo-inositol, 0.5 mM ascorbic acid, and 2 mM sodium pyru-
vate, pH 7.2. For the slice preparation, a modified aCSF (low sodium aCSF) was used where 95
mM NaCl was replaced by 130 mM sucrose and 60 mM glycerol. C3H mice (8 to 30 days old)
of both sexes were used. After decapitation of the animal and removal of the brain, 200 um
thick coronal brain slices were prepared in ice-cold low sodium aCSF using a Microm HM 650
V vibratome (Microm International GmbH, Walldorf, Germany). After preparation, the slices
were transferred into a Millicell CM culture plate insert (PICM01250; Millipore, Billerica, MA,
USA) filled with aCSF. The culture plate inserts were placed in an incubating chamber which
was designed for fluorescent dye loading [33]. Following the transfer, the incubating solution
was slowly replaced with aCSF containing 10 uM H1152 or 5 uM tautomycetin with or without
8 mM KCI. The slices incubated for 60 min at room temperature under moderately pressurised
carbogen (95% O, 5% CO,) conditions. After incubation, the slices were either frozen in liquid
nitrogen for Western blot analysis or mounted in Mounting Medium for cryotomy (VWR,
Radnor, PA, USA). The mounted samples were sliced with Leica CM 1860 Cryotom (Leica,
Nussloch, Germany) and the 6 um thick slices were prepared for immunohistochemical
experiments.

Immunofluorescence staining and confocal microscopy

B50 neuroblastoma cells were grown on BioCoat Collagen Type I Cellware coverslips (Corning
Inc., Corning, NY, USA). Confluent cells were washed with TBS, fixed with ascending alcohol
series (70%-80%-96% ethanol for 10-10 min at -20°C) and permeabilized in TBS containing
0.2% Triton X-100. After washing with TBS, cells were incubated in 1% horse serum/TBS
(blocking solution) for 1 hour at 4°C and with primary antibodies (diluted in blocking solution
at a ratio of 1:100) overnight at 4°C. Coverslips were washed with TBS and incubated with sec-
ondary antibodies at 1:200 dilution (Alexa Fluor 488-conjugated anti-rabbit IgG, Alexa Fluor
546-conjugated anti-mouse and anti-goat IgG). Coverslips were mounted in ProLong Gold
antifade reagent (Life Technologies, Carlsbad, CA, USA). Cells were examined with a Leica X8
confocal microscope (Leica Microsystems, Wetzlar, Germany). Brain slices were also prepared
for immunohistochemistry. Slices were dried, then incubated in blocking buffer consisting of
10% horse serum and 0.2% Triton X-100 in TBS for 1 hour at room temperature and the stain-
ing procedure was applied as described above using primary antibodies against SNAP25P™r138
and syntaxin.

Statistical analysis

Normalized data were analysed by either student t-test or by ANOVA using GraphPad Prism
6 program and Dunnett’s ¢ test as post hoc test All data shown in this article represent mean
+SEM, and n means the number of independent experiments. The applied analysis is indicated
in the figure legend.

Results

Interaction of SNAP-25 and myosin phosphatase regulatory subunit
(MYPT1)

SNAP-25 was reported as an interacting protein of GST-MYPT1 identified by mass spectrom-
etry [16]. To further study the interaction between SNAP-25 and the subunits of myosin phos-
phatase, we carried out reciprocal immunoprecipitations (Fig 1A) from B50 neuroblastoma
cell lysates using specific anti-SNAP-25, anti-PP1c8 and anti-MYPT1'**® antibodies. The sub-
units of myosin phosphatase—MYPT1 and PP1cd—as well as MYPT1 and SNAP-25 were
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Fig 1. Interaction between SNAP-25 and the MYPT1 subunit of myosin phosphatase. (A) Inmunoprecipitation was performed from B50 neuroblastoma
cell lysates with antibodies specific for MYPT1, PP1cd and SNAP-25 coupled to Protein-A Sepharose, and the precipitates were analyzed by Western blots
using the indicated antibodies. In control, rabbit non-immune serum was coupled to Protein-A Sepharose. (B) Confocal microscopy of MYPT1 (green) and
SNAP-25 (red). Images show the co-localization of SNAP-25 and MYPT1 in a merged image. (C-G) SPR-based binding assays of the interaction between
MYPT1 and SNAP-25. Full-length GST-MYPT1'1%%4 (C) and a C-terminal GST-MYPT16¢7-1%%4 fragment (D) were immobilized on sensor chips coupled with
anti-GST. N-terminal fragments of His-MYPT1'2% (E) and His-MYPT1"%%3 (F) were immobilized on CM5 sensor chips by direct amine-coupling. Flag-SNAP-
25 was injected over the surfaces at the concentrations indicated on the sensorgrams. Dissociation constants (Kp) derived by the BlAevaluation 3.1 software
from the sensorgrams assuming a 1:1 binding model are indicated in the figures. The unit of dissociation constant values is M (n = 3). Schematic structure of
the full-length, as well as the N-terminal and C-terminal fragments of MYPT1 used as ligands in the SPR measurements are shown (G).

https://doi.org/10.1371/journal.pone.0177046.g001
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reciprocally co-precipitated, however SNAP-25 and PP1c¢d did not show interaction. These
data verify the interaction between MYPT1 and SNAP-25, and suggest that the SNAP-25 pro-
tein interacts with MP through MYPT1, but not PP1c. Co-localization of SNAP-25 and MYPT
in the cytoplasm and neuronal projections of B50 neuroblastoma cells was detected using con-
focal microscopy (Fig 1B). The Pearson coefficient for MYPT1 and SNAP25 and for GAPDH
and MYPT1 (as negative controls of non-interacting proteins) were 0.66 and 0.31, respectively.
Similar values were measured in three separate experiments (n = 3), indicating partial but defi-
nite co-localization of SNAP-25 with MP in neuronal cells.

To determine the SNAP-25-interacting region of MYPT], surface plasmon resonance
(SPR) experiments were performed with full-length and truncated MYPT1 mutants and Flag-
SNAP-25. Full-length wild type MYPT1 (GST-MYPT1''%**) (Fig 1C) and the C-terminal
(GST-MYPT1%67-100%) (Fig 1D) or N-terminal fragments, MYPT1'#° (Fig 1E) and MYPT1"%%
(Fig 1F), were immobilized on sensor chip surfaces to assay interaction with SNAP-25 using
SPR based binding technique. The schemes of these MYPT1 mutants are shown in Fig 1G.
Based on the sensorgrams obtained by injection of SNAP-25 over these MYPT1 surfaces a rel-
atively strong interaction with the full-length MYPT1 (Kp, = 2.16+0.86x10”7) was detected
(Fig 1C). It was also apparent that SNAP-25 binds to both the C-terminal (Kp = 4.25+3.13x
107) and N-terminal (MYPT1'?*%: Kp, = 3.89+1.98x10°% MYPT1'**: K, = 2.85+1.67x10°°)
regions of MYPT1 with preference for the C-terminal region, based on the derived dissocia-
tion constants.

Phosphorylation/dephosphorylation of SNAP-25 by ROK/MP

Previous results have shown that RhoA-activated kinase (ROK) and MP have some common
neuronal substrates, e. g. synapsin-I, syntaxin-1, and the 20 kDa light chain of myosin-II [16].
This fact motivated us to study not just the role of MP, but also the role of ROK, in the regula-
tion of SNAP-25 by phosphorylation. To identify the potential ROK-specific phosphorylation
sites, Flag-SNAP25 was phosphorylated by ROK and was subjected to LC-MS/MS analysis
after tryptic digestion (Fig 2A). The following SNAP-25 Thr138 related phosphopeptides were
identified in the samples: ' >°RVT (phospho) NDAR"*?, "**RVT (phospho) NDARENEMD
ENLEQVSGIIGNLR'®!, and "*°RVT (phospho) NDARENEM (oxidation) DENLEQVS
GIIGNLR'®'. All of these peptides were identified in the ROK treated sample, while only the
latter one was identified in the control sample (52 Table). The phosphorylation of Thr138
residue of SNAP-25 was highly elevated in the sample in the presence of ROK. Comparison of
the ion intensities of m/z 1023.4749, representing the most abundant Thr138 related phospho-
peptide indicated an approximately 100-fold increase compared to the control sample. ROK
phosphorylation was also verified by >*P-phosphate incorporation into SNAP-25 detected by
autoradiography (Fig 2B.). Flag-SNAP-25 protein was also phosphorylated by ROK and the
ROK-phosphorylated Flag-SNAP25 was subjected to dephosphorylation by myosin phospha-
tase using in vitro assays (Fig 2C). The phosphorylation state of SNAP-25 on Thr138 was ana-
lyzed by Western blot using anti-SNAP25P™3® antibody. Increased phosphorylation of
Thr138 was observed in response to ROK treatment compared to control samples. The addi-
tion of MP followed by ROK eliminated the phosphorylation of SNAP-25 at Thr138 residue.
To verify the specificity of the phosphorylation by ROK, Thr138Ala mutant SNAP-25 (SNAP-
2571384) was generated by site-directed mutagenesis and the wild type (SNAP-25"") and mu-
tant SNAP-25 were incubated with ROK. Phosphorylation was analyzed by Western blots
using anti-SNAP-25P™138 antibody (Fig 2D). It was apparent that only the Flag-SNAP-25"!
but not the Flag-SNAP-25""?** was phosphorylated by ROK. These experimental data suggest
that ROK phosphorylates and MP dephosphorylates SNAP-25 on the Thr138 residue in vitro.
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Fig 2. Phosphorylation and dephosphorylation of purified Flag-SNAP-25. (A) Mass spectrometry analysis of ROK-phosphorylated SNAP-25. Collision
induced dissociation (CID) spectra representing SNAP-25 [136—161] peptides. Upper panel: m/z: 991.4868 (3+), "**RVTNDARENEMDENLEQVSGI
GNLR'®". Lower panel: m/z: 1018.1437 (3+), "*®RVT(Phospho)NDARENEMDENLEQVSGIIGNLR'®". Site of phosphorylation is Thr-138 as proven by
unmodified yg and phosphorylated bs fragment ions. Peptide fragments are labeled according to the nomenclature [34]. -P stands for the 98-Da neutral loss
of phosphoric acid characteristic to Ser/Thr phosphorylation, pr stands for the precursor ion and ° denotes water loss of the respective fragment ions. (B)
Phosphorylation of SNAP-25 by RhoA-activated kinase (ROK) in the presence of y-*P-ATP and Mg?* as detailed in Materials and Methods. No ROK was
introduced to control samples. Phosphorylation was detected by autoradiography. (C) Examination of SNAP-25 phosphorylation/dephosphorylation on
Thr138 by in vitro kinase and phosphatase assays. Flag-SNAP-25 was incubated in the absence (control) or presence of ROK and then with or without MP.
Phosphorylation level of Thr138 was investigated by Western blot using anti-SNAP25PT"38 phosphorylation site-specific antibody. The loading of Flag-
SNAP-25 was verified by anti-Flag antibody. (D) In vitro protein kinase assay of wild type (SNAP-25"") and Thr138Ala mutant (SNAP-25""384) of SNAP-25
by ROK. The level of SNAP-25PT""38 was assessed by anti-SNAP-25PT""1%8 antibody by Western blot.

https://doi.org/10.1371/journal.pone.0177046.9002
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Inhibition of ROK and MP influences the phosphorylation level of SNAP-
25 at Thr138 in B50 neuroblastoma cells

To prove the in vivo regulatory effect of ROK and MP on SNAP-25, B50 neuroblastoma cells
were treated with 10 uM H1152, a ROK-specific inhibitor, or 5 pM tautomycetin (TMC), a
PP1-specific inhibitor. The inhibitors had no significant effect on the viability of B50 cells mea-
sured by MTT assay (Fig 3A). The protein phosphatase activity was determined using >*P-
labelled 20 kDa myosin light chain (**P-MLC20) as substrate. Upon inhibition of PP1 with
TMC the protein phosphatase activity dramatically decreased compared to the control
untreated samples, suggesting that PP1 is responsible for approximately 70% of the total pro-
tein phosphatase activity in B50 cells. H1152 treatment had no significant effect on the phos-
phatase activity (Fig 3B). The changes in SNAP-25 Thr138 phosphorylation levels in response
to inhibitory treatments were examined by Western blot using anti-SNAP-25P™"38 Inhibi-
tion of ROK by H1152 decreased the phosphorylation at SNAP-25PT""138 by 579 compared to
control, while PP1 inhibition resulted in an increase in SNAP-25P"""138 Jevel to 147% (Fig 3C).

Silencing MYPT1 increases the phosphorylation level at Thr138 of
SNAP-25

The fact that PP1 inhibitors influence the phosphorylation of SNAP-25 at Thr138 was proven;
however, the contribution of MP inhibition to this effect remained unclear. To assess the
regulatory role of MP on the dephosphorylation of SNAP-25, gene silencing of the MYPT1
regulatory subunit in B50 cells was carried out. The extent of MYPT1 silencing was verified by
Western blot analysis and 43% decrease in the protein expression level of MYPT1 was detected
compared to non-target controls (Fig 4A). Knocking down MYPT1 showed a 42% decrease in
the viability of B50 cells compared to control as examined by MTT assay (Fig 4B). Silencing

of MYPT1 showed a 50% decrease in overall phosphatase activity (Fig 4C) suggesting that MP
is a predominant PP1 enzyme in B50 neuroblastoma cells. In response to knocking down
MYPT1, the SNAP-25 phosphorylation on Thr138 significantly increased by 30% compared to
control (Fig 4D) as assessed by semi-quantitative Western blots. This suggests that MP dephos-
phorylates SNAP-25 on Thr138 in B50 neuroblastoma cells and this dephosphorylation can be
diminished by silencing of MYPT1, the targeting subunit of the dephosphorylation process.

MP increases the exocytosis of mouse cortical synaptosomes through
the dephosphorylation of SNAP-25

Previous experiments have shown that treatment with the PP1 inhibitor, TMC, suppressed,
whereas the ROK inhibitor, Y27632, increased, the level of Ca**-dependent exocytosis from
rat cortical synaptosomes [16]. To determine the physiological role of SNAP-25 regulation by
MP and ROK in neurotransmitter release, functional synaptosomes were prepared from
mouse cortex and used as models in a high-throughput exocytosis assay. The MP-dependent
physiological responses were assayed by protein transduction of a Flag-tagged kinase enhanced
phosphatase inhibitor (Flag-KEPI) which specifically inhibits MP among the PP1 holoenzymes
[33]. The transduction of Flag-KEPI into synaptosomes was verified by Western blot analysis
using anti-Flag antibody (Fig 5A). Since the phosphorylation of KEPI at Thr73 is required for
its inhibitory activity [35] the phosphorylation status was determined by using an antibody
specific for the phosphorylated Thr38 of C-kinase activated phosphatase inhibitory protein of
17 kDa (CPI-17) which also recognizes the phosphorylation of KEPI™7? [29]. The transduc-
tion of Flag-KEPI into intact synaptosomes increased the phosphorylation level of KEPI com-
pared to both the intact control and the Flag-peptide transduced samples (Fig 5A) suggesting
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Fig 3. Treatment of B50 neuroblastoma cells with PP1 and ROK inhibitors. B50 cells were incubated
with tautomycetin (TMC), a PP1 specific inhibitor, or H1152, a ROK inhibitor, for 1 hour and 30 minutes
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respectively. Untreated cells served as controls. (A) Viability of B50 cells were examined using MTT assay.
Values are meantSEM (n = 6), p = 0.4645. (B) Effect of inhibitors on protein phosphatase activity. Values are
meanSEM (n = 3), p<0.0001. (C) The effect of the inhibitory treatment on the phosphorylation level of Thr138
in SNAP-25 was assessed by Western blots using anti-SNAP25°T"38_values are mean+SEM (n = 3),

p =0.0027. Amounts of SNAP-25 and actin were also determined as loading controls. Relative changes in the
phosphorylation levels were determined by densitometry of the bands. Means +SEM (n =5), ANOVA and
Dunnett’s post hoc analysis, *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

https://doi.org/10.1371/journal.pone.0177046.9003
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Fig 4. Silencing of MYPT1 by siRNA in B50 neuroblastoma cell line. (A) Western blot images of cell lysates after treatments
with 100 nM of siRNA targeting the endogenous MYPT1 subunit. The relative amount of MYPT1 was detected and determined
with anti-MYPT1'2% antibody. (B) MTT cell viability assays were carried out 48 hours after transfecting cells with MYPT1
specific siRNA. (C) Assay of phosphatase activity in control and siRNA transfected cell lysates with *2P-MLC20 substrate. (D)
The phosphorylation of SNAP-25 on Thr138 was detected by anti-SNAP25P ™38 and the levels of SNAP-25 as well as actin
from control and transfected cells was also determined. The changes in the level of the phosphorylated SNAP-25 was
determined comparing the relative density of the bands normalized for the loading controls. Means +SEM (n = 5), student t test,

*p<0.05; **p<0.01;; ****p<0.0001.
https://doi.org/10.1371/journal.pone.0177046.9004
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Fig 5. Effect of PP1 and ROK inhibitors on the phosphorylation level of SNAP-25 at Thr-138 and on
exocytosis in mouse cortical synaptosomes. (A) Flag-KEPI, a myosin phosphatase specific inhibitor protein, was
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introduced into the synaptosomes by the freeze-thaw method. To distinguish the effect of Flag-tag from Flag-KEPI,
Flag-peptide was also introduced. Control synaptosomes underwent the freeze-thaw process, but no protein or
peptide was added. Transduction of Flag-KEPI into synaptosomes was verified by western blot analysis using anti-
Flag antibody. Relative phosphorylation levels were detected by anti-CP117°T""8 antibody. C-kinase activated
phosphatase inhibitor protein of 17 kDa (CPI17) and KEPI are homologous MP inhibitor proteins; both need
phosphorylation to become active. As the surroundings of the phosphorylation sites of CPI117 and KEPI are similar,
anti-CP117°T"8 antibody can recognize the phosphorylated, active KEPI protein. ANOVA: p = 0.0389. (B) Changes
in the extent of exocytosis in response to Flag-peptide or Flag-KEPI transduction was measured by incorporating FM
2-10 fluorescent dye into the synaptosomes, and determining the release of dye. Each point represents the mean
+SEM of three parallel experiments (n = 3). Symbols: a: significant (p<0.05) compared to control; b: significant
compared to Flag-peptide; t-test was used. By ANOVA, we detected significant differences among treated groups
(p=0.006). (C) Effects of Flag-peptide and Flag-KEPI transduction on the phosphorylation of SNAP-25 at Thr138.
ANOVA: p = 0.0050. (D) Effect of KCI depolarisation, in the absence and presence of TMC or H1152 treatments, on
the phosphorylation level of Thr138 in SNAP-25 analysed by western blots using anti-SNAP25PT"38_ The duration
of treatment was 1 hour. Actin was assessed as loading control. ANOVA: p <0.0001. (E) Effect of TMC and H1152
treatment of synaptosomes on the interaction of SNAP-25 and syntaxin. Synaptosomes were treated with the
inhibitors as mentioned above then lysed. Immunoprecipitations from synaptosome lysates were performed using
anti-syntaxin antibody. The amount of Protein-A Sepharose was the same in each tube. The amounts of precipitated
syntaxin and SNAP-25 were detected by Western blots. ANOVA: p<0.0001. Statistical analyses were performed
using the data of n = 3-5 parallel experiments and representative blots are shown here. Means +SEM (n = 5),
ANOVA and Dunnett’s post hoc analysis, *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

https://doi.org/10.1371/journal.pone.0177046.9005

the inhibitory potential of KEPI on MP. The basal phosphorylation in control and Flag-intro-
duced synaptosomes is suspected to be derived from the endogenous KEPI (Fig 5A). KCl-
induced exocytosis was investigated in Flag-KEPI transduced synaptosomes. The synapto-
somes were loaded with FM 2-10 fluorescent dye and the reduction of fluorescence intensity
was recorded every 30 seconds for 3 minutes. While transduction of Flag-peptide had no sig-
nificant effect on exocytosis at any time point, Flag-KEPI transduction decreased the exocyto-
sis by 28-39% compared to untreated controls (Fig 5B) suggesting an activating role of MP in
neurotransmitter release. The most significant changes were observed after the first 30 sec of
the measurement. To clarify the molecular mechanism behind the physiological processes
regulated by MP, the phosphorylation status of SNAP-25 on Thr138 in response to Flag or
Flag-KEPI transduction was investigated by Western blot analysis. The basal level of SNAP-
25P™7138 yvas not altered by the transduction of the Flag peptide, but it was significantly in-
creased (by 34%) upon the inhibition of MP by Flag-KEPI transduction (Fig 5C). The effect of
depolarization on SNAP-25P™"138 Jevel was assessed in synaptosomes by Western blots (Fig
5D). The relative phosphorylation at Thr138 of SNAP-25 upon addition of KCl was lower than
in the untreated controls suggesting that depolarization itself has an influence on the phos-
phorylation status of SNAP-25. After depolarization with KCI, the basal level of phosphoryla-
tion on Thr138 was increased in the presence of TMC, and significantly decreased by addition
of H1152. Based on our previous results, we attempted to verify the effect of SNAP-25 phos-
phorylation at Thr138 on the SNARE complex formation by immunoprecipitation assay using
an antibody specific for syntaxin, a member of the SNARE complex, in TMC or H1152-treated
synaptosome lysates (Fig 5E). The relative amount of SNAP-25 in the anti-syntaxin pulled
down fractions decreased upon PP1 inhibition, whereas it increased following ROK inhibition
suggesting that decreasing phosphorylation level of SNAP-25 in Thr138 favors interaction
between SNAP-25 and syntaxin.

ROK and MP mediate the phosphorylation level of SNAP-25™"138 jn
brain slices
To confirm the previously described results obtained with synaptosomes on an ex vivo physio-

logical model, we performed experiments using brain slices prepared from murine cortex
maintained in low-Na" artificial cerebrospinal fluid and depolarized by KCl in a solution
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containing TMC (5 uM) or H1152 (10 uM). First, the expression and phosphorylation level of
SNAP-25 at Thr138 were examined. Supporting our previous observations with synaptosomes,
the results in brain slices show that inhibition of PP1 by TMC increased, whereas inhibition

of ROK by H1152 decreased, the level of SNAP-25PT™138 Moreover, KCl-induced depolariza-
tion also caused a significant decrease in the level of SNAP-25PThr138 (Fig 6A). We visualized
the changes of SNAP-25P"™"1%% (green) by confocal microscopy, and syntaxin (red) was also
labeled as a presynaptic marker. As seen in Fig 6B, stimulation by 8 mM KCIl decreased the
overall SNAP-25 phosphorylation at Thr138 without influencing the expression of syntaxin.
Inhibition of PP1 with TMC increased, whereas the application of H1152 almost completely
eliminated phosphorylation, at Thr138 of SNAP-25 upon KCl-depolarization (Fig 6B).

Discussion

Several lines of evidences suggest that the neuronal exocytosis is regulated by the phosphoryla-
tion of the membrane fusion machinery of the SNARE complex [36, 37]. However, the precise
roles of individual phosphorylation events of specific proteins are still contradictory. The
SNARE-complex protein, SNAP-25 has been previously reported to be modulated by phos-
phorylation on multiple sites upon physiological responses [38, 39]. In this study, we identified
SNAP-25 as a novel substrate of the ROK and MP enzymes and its phosphorylation at Thr138
correlates with changes in neuronal exocytosis of murine cortical synaptosomes. This work
extends our previous reports showing that MP and ROK are present in both cortical synapto-
somes and in giant synapses of rat auditory brain stem, and that they influence synaptosomal
exocytosis and neurotransmitter release in an opposing manner: PP1 inhibition suppresses,
whereas ROK inhibition stimulates exocytosis [16].

In search for the common targets of ROK/MP, mass spectrometry analysis identified several
synaptosomal MYPT1-interacting proteins such as synapsin-I, calcineurin-A subunit, Ca*
*-calmodulin dependent kinase 11, as well as syntaxin-1 and SNAP-25 of the SNARE complex
[16]. Here we confirm by co-immunoprecipitation that SNAP-25 interacts with the MYPT1
regulatory subunit of MP (Fig 1A). An SPR-based in vitro binding assay identified a stable
interaction between MYPT1 and SNAP-25 which verified that SNAP-25 binds to both the N-
terminal and C-terminal regions of MYPT1 (Fig 1C-1F).

Our findings show that ROK and MP counteract each other at the Thr138 phosphorylation
site of SNAP-25 in vivo and in vitro (Figs 2-4). Previous experiments showed that SNAP-25
is phosphorylated by both PKA and PKC at residues Ser28, Thr29, Thr138, and Ser187, but
PKC showed higher preference toward the latter two over Ser28 and Thr29 [15, 38, 40, 41]. A
recently published study showed that Thr138 of SNAP-25 is phosphorylated selectively by
PKA upon ATP treatment of PC12 cells, whereas Ser187 of SNAP-25 is phosphorylated prefer-
entially by PKC, suggesting different roles of PKA and PKC in SNAP-25 phosphorylation [42].
Here we report that ROK is a novel regulator of SNAP-25. ROK phosphorylates SNAP-25 at
the Thr138 residue, but not at Ser28, Thr29, or Ser187, as revealed by mass spectrometry analy-
sis. These data suggest a RhoA-dependent regulation of the SNARE complex through the
Thr138 site of SNAP-25.

The inhibition of PP1 by TMC increased the phosphorylation of SNAP-25 at Thr138 in
B50 neuroblastoma cells (Fig 3), in KCl-depolarized cortical synaptosomes (Fig 5), and in
cortical thin brain slices (Fig 6). These findings also support the already well-described role of
PP1 enzymes in the regulation of SNARE complex formation [43, 44]. SNAP-25 phosphory-
lated by PKA and PKC was dephosphorylated more efficiently by PP1 and to a lesser extent by
PP2A but not by PP2B in vitro [42]. PP1 enzymes act equally efficiently at the Ser28, Thr 29,
Thr138, and Ser187 residues of SNAP-25, and PP1 is the major phosphatase responsible for
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Fig 6. Effect of PP1 and ROK inhibitors on the phosphorylation of SNAP-25 at Thr138 in brain
slices. (A) Mouse cortical brain slices were prepared and treated with TMC or H1152 for 1 hour. To trigger
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depolarization, 8 mM KClI was added. Phosphorylation of SNAP-25 was investigated by Western blot using an
anti-SNAP-25PT""38 antibody. Amounts of SNAP-25 protein were also determined by anti-SNAP-25 antibody.
Density of bands wase determined and normalized relative phosphorylation is illustrated. Means +SEM (n = 5),
ANOVA and Dunnett’s post hoc analysis, *p<0.05; **p<0.01; ***p<0.001. (B) Changes in SNAP-Thr138
phosphorylation in response to treatments as detailed in (A) were also imaged by confocal microscopy. The
four sets of brain slices (control, KCl-treated, KCI + TMC treated, KCI + H1152 treated) were analysed with
anti-SNAP-25PT""38 antibody to assess differences in phosphorylation level, and also with anti-syntaxin
antibody to identify syntaxin, a typical pre-synaptic protein. Co-localizations of syntaxin and phospho-SNAP-25
are also shown on merged images. Scale bar: 10 um.

https://doi.org/10.1371/journal.pone.0177046.9006

dephosphorylating SNAP-25 [45]. Furthermore, SNAP-25 was dephosphorylated at Thr138 by
MP (the holoenzyme of PP1c and MYPT1) (Fig 2) and the selective inhibition of MP by KEPI
enhanced the Thr138 phosphorylation (Fig 5C). The above data are in accordance with our
previous findings that MP is the predominant PP1 holoenzyme in synaptosomes and presyn-
aptic cells suggesting that MP is a major determinant of PP1-dependent dephosphorylation
processes [20].

The final step of exocytosis, membrane fusion, is regulated by the phosphorylation of
SNARE and accessory proteins. A large body of evidence show that SNAP-25 phosphorylation
by PKA or PKC contributes differentially and selectively to the control of exocytosis in PC12
cells by regulating the SNARE complex formation [13, 45, 46]. Phosphorylation of SNAP-25
at The Ser187 was suggested to upregulate the binding of synaptobrevin to a pre-existing
t-SNARE to increase the stability of the SNARE complex. Indeed, it was reported that PKC
activation initiated an enhanced K*-induced noradrenaline release in PC12 cells. [42]. More-
over, the phosphorylation of SNAP-25 at Ser187 by PKC was necessary for the enhancement
of Ca**-triggered exocytosis by phorbol ester in an insulinoma cell line [47], and the inhibition
of SNAP-25 phosphorylation at Ser187 down-regulated morphine-induced SNARE complex
formation in neurons [48].

In contrast to Ser187 phosphorylation, phosphorylation of SNAP25 at Thr138 may contrib-
ute to the suppression of the SNARE complex formation [38]. Thr138 is part of the peptide
region in SNAP-25 that influences SNARE complex assembly and the binding of SNAP-25 to
syntaxin-1. Thus, the formation of SNARE complex was suppressed both by PKA-treatment
of the purified SNAP-25 and forskolin treatment of PC12 cells [42]. Moreover, forskolin stim-
ulation of PKA resulted in a dramatic phosphorylation of SNAPP™ %8 without appreciable
changes in neurotransmitter release [15]. On the contrary, the activation of PKA indirectly
enhanced the Ca**-dependent exocytosis by maintaining the large number of vesicles in the
ready-to-release pool in chromaffin cells. However, the overexpression of the T138D phospho-
mimic form of SNAP-25 did not modify the secretion significantly [14, 49]. It was also clarified
that the phosphorylation of SNAP-25 at Thr138 inhibits noradrenaline secretion of differenti-
ated PC12 pheochromocytoma cells [42].

Several bodies of evidence indicate the importance of ROK-dependent phosphorylation in
regulated exocytosis via interference with SNARE functions. In chromaffin cells and neurons,
the RhoA/ROK pathway governs the secretory response by phosphorylating syntaxin 1 and
facilitating the binding of syntaxin 1 to tomosyn, thereby impairing SNARE complex forma-
tion and contributing to reduced exocytosis [50, 51]. Our results clearly confirm that the bind-
ing of SNAP-25 to syntaxin-1 and the formation of the SNARE complex were inhibited by
TMC- and elevated by H1152-treatment of synaptosomes. The increase in syntaxin-SNAP25
complex formation was accompanied by the decrease of the phosphorylation of SNAP-25 at
Thr138 (Fig 5E). We also observed that the modulation of the Thr138 site, as a result of the
inhibition of ROK by H1152 [16] and the inhibition of MP by KEPI protein, positively and
negatively regulates synaptosomal exocytosis (Fig 5), respectively. These data indicate that
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ROK and MP may modulate exocytosis by directly modifying the SNARE and docking com-
plex functions. Since the most dramatic change in KCl-induced exocytosis in control and Flag-
KEPI transduced synaptosomes was observed in the first 30 seconds after depolarization, we
suggest that the inhibition of myosin phosphatase predominantly impacts the formation of the
SNARE complex and the process of priming rather than the fusion itself. In this study, we also
clarified that selective inhibition of MP by KEPI protein suppresses KCl-induced synapto-
somal exocytosis (Fig 5B). These data are reminiscent of our previous data showing that PP1
and ROK inhibition affected synaptic transmission in giant synapse in the rat auditory system;
PP1 inhibition decreased, whereas ROK-inhibition increased, the release probability. More-
over, the inhibition of PP1 changed the paired-pulse ratio and it caused a significant reduction
in the frequency of the relative amplitudes of the third and subsequent evoked miniature excit-
atory post-synaptic currents [16]. These results may be explained by the fact that several pro-
teins related to exocytosis in intact synaptosomes are substrates of ROK and MP, including
MYPT1™"%, myosin-II light chain®""?, synapsin-15 and syntaxin-1""%, and the overall
effect of MP and ROK on the phosphorylation status of these presynaptic proteins regulates
neurotransmission. The other possible explanation is that under our experimental conditions
with PP1 and ROK inhibitors, the applied [Ca®*] was already high (1.2 mM, 1.8 mM and 2
mM in synaptosomal buffer, DMEM and in aCSF, respectively) which may prevent the action
of PKA on SNAP-25 and on other presynaptic targets as described on chromaffin cells [14].
The RhoA signaling pathway and MP may also play a role in the regulation of SNAP-25 at
Thr138 and other potential synaptosomal targets in a Ca** independent way.

In conclusion, we have shown that ROK phosphorylates and MP dephosphorylates SNAP-
25 at Thr138 in synaptosomes, cortical thin slices and B50 neuroblastoma cells to regulate the
assembly of the SNARE complex and neuronal exocytosis. Our findings provide an important
insight into the fine-tuned balance of the action of protein kinases and phosphatases regulating
neurotransmitter release in response to changes in physiological conditions.

Supporting information

S1 Table. Site-directed mutagenesis of SNAP25 primer pair.
(DOCX)

$2 Table. siRNA sequences for MYPT1 silencing.
(DOCX)

S3 Table. Thr-138 related phosphopeptides identified from LC-MS/MS data of the tryptic
digest of control and ROK-treated SNAP-25.
(DOCX)

S$4 Table. NC3Rs ARRIVE guidelines checklist horvath.
(PDF)

Acknowledgments

The authors are indebted to Dr. Katalin Medzihradszky (Hungarian Academy of Sciences,
Proteomics Research Group), Dr Balazs Pal and Aron Készeghy (UD, Department of Physiol-
ogy) for their support, to Dr. Karen Uray to revise the manuscript and to Agnes Németh,
Andrea Docsa and Agota Kelemenné Szént6 for their excellent technical assistance.

Author Contributions

Conceptualization: BL FE.

PLOS ONE | https://doi.org/10.1371/journal.pone.0177046 May 9, 2017 20/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177046.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177046.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177046.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177046.s004
https://doi.org/10.1371/journal.pone.0177046

@° PLOS | ONE

Regulation of neurotransmitter release through SNAP-25 phosphorylation

Formal analysis: DH IT.

Funding acquisition: BL FE.

Investigation: DH ZD AS BB IT BL DN.

Methodology: DH ZD AS BB IT BL DN.

Project administration: BL.

Resources: FE KM BL.

Software: BL KM.

Supervision: BL KM.

Validation: BL DH.

Visualization: ]I DH BL.

Writing - original draft: BL DH ZD.

Writing - review & editing: DH ZD AS BB IT BL DN.

References

1.

10.

11.

12

13.

14.

Sim AT, Baldwin ML, Rostas JA, Holst J, Ludowyke RI. The role of serine/threonine protein phospha-
tases in exocytosis. Biochem J. 2003; 373(Pt 3):641-59. PubMed Central PMCID: PMC1223558.
https://doi.org/10.1042/BJ20030484 PMID: 12749763

Sudhof TC. The synaptic vesicle cycle. Annual review of neuroscience. 2004; 27:509—47. https://doi.
org/10.1146/annurev.neuro.26.041002.131412 PMID: 15217342

Tian JH, Das S, Sheng ZH. Ca2+-dependent phosphorylation of syntaxin-1A by the death-associated
protein (DAP) kinase regulates its interaction with Munc18. J Biol Chem. 2003; 278(28):26265—74.
https://doi.org/10.1074/jbc.M300492200 PMID: 12730201

Richards DA, Guatimosim C, Rizzoli SO, Betz WJ. Synaptic vesicle pools at the frog neuromuscular
junction. Neuron. 2003; 39(3):529-41. PMID: 12895425

Rizzoli SO, Betz WJ. Synaptic vesicle pools. Nature reviews Neuroscience. 2005; 6(1):57-69. https://
doi.org/10.1038/nrn1583 PMID: 15611727

Pfeffer SR. Transport-vesicle targeting: tethers before SNAREs. Nature cell biology. 1999; 1(1):E17—
22. https://doi.org/10.1038/8967 PMID: 10559876

Gerst JE. SNARE regulators: matchmakers and matchbreakers. Biochim Biophys Acta. 2003; 1641(2—
3):99-110. PMID: 12914951

Schiavo G, Stenbeck G, Rothman JE, Sollner TH. Binding of the synaptic vesicle v-SNARE, synapto-
tagmin, to the plasma membrane t-SNARE, SNAP-25, can explain docked vesicles at neurotoxin-
treated synapses. Proc Natl Acad Sci U S A. 1997; 94(3):997-1001. PubMed Central PMCID:
PMC19628. PMID: 9023371

Hanson PI, Roth R, Morisaki H, Jahn R, Heuser JE. Structure and conformational changes in NSF and
its membrane receptor complexes visualized by quick-freeze/deep-etch electron microscopy. Cell.
1997; 90(3):523-35. PMID: 9267032

Chen YA, Scales SJ, Scheller RH. Sequential SNARE assembly underlies priming and triggering of
exocytosis. Neuron. 2001; 30(1):161-70. PMID: 11343652

Lee HK. Synaptic plasticity and phosphorylation. Pharmacology & therapeutics. 2006; 112(3):810-32.
PubMed Central PMCID: PMC2748765.

Klenchin VA, Martin TF. Priming in exocytosis: attaining fusion-competence after vesicle docking. Bio-
chimie. 2000; 82(5):399-407. PMID: 10865127

Snyder DA, Kelly ML, Woodbury DJ. SNARE complex regulation by phosphorylation. Cell biochemistry
and biophysics. 2006; 45(1):111-23. https://doi.org/10.1385/CBB:45:1:111 PMID: 16679567

Nagy G, Reim K, Matti U, Brose N, Binz T, Rettig J, et al. Regulation of releasable vesicle pool sizes by
protein kinase A-dependent phosphorylation of SNAP-25. Neuron. 2004; 41(3):417-29. PMID:
14766180

PLOS ONE | https://doi.org/10.1371/journal.pone.0177046 May 9, 2017 21/23


https://doi.org/10.1042/BJ20030484
http://www.ncbi.nlm.nih.gov/pubmed/12749763
https://doi.org/10.1146/annurev.neuro.26.041002.131412
https://doi.org/10.1146/annurev.neuro.26.041002.131412
http://www.ncbi.nlm.nih.gov/pubmed/15217342
https://doi.org/10.1074/jbc.M300492200
http://www.ncbi.nlm.nih.gov/pubmed/12730201
http://www.ncbi.nlm.nih.gov/pubmed/12895425
https://doi.org/10.1038/nrn1583
https://doi.org/10.1038/nrn1583
http://www.ncbi.nlm.nih.gov/pubmed/15611727
https://doi.org/10.1038/8967
http://www.ncbi.nlm.nih.gov/pubmed/10559876
http://www.ncbi.nlm.nih.gov/pubmed/12914951
http://www.ncbi.nlm.nih.gov/pubmed/9023371
http://www.ncbi.nlm.nih.gov/pubmed/9267032
http://www.ncbi.nlm.nih.gov/pubmed/11343652
http://www.ncbi.nlm.nih.gov/pubmed/10865127
https://doi.org/10.1385/CBB:45:1:111
http://www.ncbi.nlm.nih.gov/pubmed/16679567
http://www.ncbi.nlm.nih.gov/pubmed/14766180
https://doi.org/10.1371/journal.pone.0177046

@° PLOS | ONE

Regulation of neurotransmitter release through SNAP-25 phosphorylation

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Hepp R, Cabaniols JP, Roche PA. Differential phosphorylation of SNAP-25 in vivo by protein kinase C
and protein kinase A. FEBS Lett. 2002; 532(1-2):52—6. PMID: 12459461

Lontay B, Pal B, Serfozo Z, Koszeghy A, Szucs G, Rusznak Z, et al. Protein phosphatase-1M and Rho-
kinase affect exocytosis from cortical synaptosomes and influence neurotransmission at a glutamater-
gic giant synapse of the rat auditory system. J Neurochem. 2012; 123(1):84-99. https://doi.org/10.
1111/j.1471-4159.2012.07882.x PMID: 22817114

Hartshorne DJ, Ito M, Erdodi F. Role of protein phosphatase type 1 in contractile functions: myosin
phosphatase. J Biol Chem. 2004; 279(36):37211—4. https://doi.org/10.1074/jbc.R400018200 PMID:
15136561

Feng J, Ito M, Ichikawa K, Isaka N, Nishikawa M, Hartshorne DJ, et al. Inhibitory phosphorylation site
for Rho-associated kinase on smooth muscle myosin phosphatase. J Biol Chem. 1999; 274
(52):37385-90. PMID: 10601309

Muranyi A, Derkach D, Erdodi F, Kiss A, lto M, Hartshorne DJ. Phosphorylation of Thr695 and Thr850
on the myosin phosphatase target subunit: inhibitory effects and occurrence in A7r5 cells. FEBS Lett.
2005; 579(29):6611-5. https://doi.org/10.1016/j.febslet.2005.10.055 PMID: 16297917

Lontay B, Serfozo Z, Gergely P, Ito M, Hartshorne DJ, Erdodi F. Localization of myosin phosphatase
target subunit 1 in rat brain and in primary cultures of neuronal cells. J Comp Neurol. 2004; 478(1):72—
87. https://doi.org/10.1002/cne.20273 PMID: 15334650

Mathe C, Beyer D, Erdodi F, Serfozo Z, Szekvolgyi L, Vasas G, et al. Microcystin-LR induces abnormal
root development by altering microtubule organization in tissue-cultured common reed (Phragmites
australis) plantlets. Aquatic toxicology. 2009; 92(3):122-30. https://doi.org/10.1016/j.aquatox.2009.02.
005 PMID: 19269700

Eto M, Kirkbride JA, Chugh R, Karikari NK, Kim JI. Nuclear localization of CPI-17, a protein phospha-
tase-1 inhibitor protein, affects histone H3 phosphorylation and corresponds to proliferation of cancer
and smooth muscle cells. Biochemical and biophysical research communications. 2013; 434(1):137—
42. PubMed Central PMCID: PMC3644852. https://doi.org/10.1016/j.bbrc.2013.03.055 PMID:
23541585

Laemmli UK. Cleavage of structural proteins during the assembly of the head of bacteriophage T4.
Nature. 1970; 227(5259):680-5. PMID: 5432063

Kiss A, Lontay B, Becsi B, Markasz L, Olah E, Gergely P, et al. Myosin phosphatase interacts with and
dephosphorylates the retinoblastoma protein in THP-1 leukemic cells: its inhibition is involved in the
attenuation of daunorubicin-induced cell death by calyculin-A. Cell Signal. 2008; 20(11):2059-70.
https://doi.org/10.1016/j.cellsig.2008.07.018 PMID: 18755268

Larsen MR, Thingholm TE, Jensen ON, Roepstorff P, Jorgensen TJ. Highly selective enrichment of
phosphorylated peptides from peptide mixtures using titanium dioxide microcolumns. Molecular & cellu-
lar proteomics: MCP. 2005; 4(7):873—-86.

Guan S, Price JC, Prusiner SB, Ghaemmaghami S, Burlingame AL. A data processing pipeline for
mammalian proteome dynamics studies using stable isotope metabolic labeling. Molecular & cellular
proteomics: MCP. 2011; 10(12):M111 010728. PubMed Central PMCID: PMC3237081.

Baker PR, Trinidad JC, Chalkley RJ. Modification site localization scoring integrated into a search
engine. Molecular & cellular proteomics: MCP. 2011; 10(7):M111 008078. PubMed Central PMCID:
PMC3134073.

Dedinszki D, Sipos A, Kiss A, Batori R, Konya Z, Virag L, et al. Protein phosphatase-1 is involved in the
maintenance of normal homeostasis and in UVA irradiation-induced pathological alterations in HaCaT
cells and in mouse skin. Biochim Biophys Acta. 2015; 1852(1):22—33. https://doi.org/10.1016/j.bbadis.
2014.11.005 PMID: 25446992

Dedinszki D, Kiss A, Markasz L, Marton A, Toth E, Szekely L, et al. Inhibition of protein phosphatase-1
and -2A decreases the chemosensitivity of leukemic cells to chemotherapeutic drugs. Cell Signal. 2015;
27(2):363-72. https://doi.org/10.1016/j.cellsig.2014.11.021 PMID: 25435424

Nichols RA, Wu WC, Haycock JW, Greengard P. Introduction of impermeant molecules into synapto-
somes using freeze/thaw permeabilization. J Neurochem. 1989; 52(2):521-9. PMID: 2536075

Cousin MA, Robinson PJ. Mechanisms of synaptic vesicle recycling illuminated by fluorescent dyes. J
Neurochem. 1999; 73(6):2227-39. PMID: 10582580

Cousin MA, Robinson PJ. Two mechanisms of synaptic vesicle recycling in rat brain nerve terminals. J
Neurochem. 2000; 75(4):1645-53. PMID: 10987846

Koszeghy A, Vincze J, Rusznak Z, Fu Y, Paxinos G, Csernoch L, et al. Activation of muscarinic recep-
tors increases the activity of the granule neurones of the rat dorsal cochlear nucleus—a calcium imaging
study. Pflugers Arch. 2012; 463(6):829—44. https://doi.org/10.1007/s00424-012-1103-1 PMID:
22547003

PLOS ONE | https://doi.org/10.1371/journal.pone.0177046 May 9, 2017 22/23


http://www.ncbi.nlm.nih.gov/pubmed/12459461
https://doi.org/10.1111/j.1471-4159.2012.07882.x
https://doi.org/10.1111/j.1471-4159.2012.07882.x
http://www.ncbi.nlm.nih.gov/pubmed/22817114
https://doi.org/10.1074/jbc.R400018200
http://www.ncbi.nlm.nih.gov/pubmed/15136561
http://www.ncbi.nlm.nih.gov/pubmed/10601309
https://doi.org/10.1016/j.febslet.2005.10.055
http://www.ncbi.nlm.nih.gov/pubmed/16297917
https://doi.org/10.1002/cne.20273
http://www.ncbi.nlm.nih.gov/pubmed/15334650
https://doi.org/10.1016/j.aquatox.2009.02.005
https://doi.org/10.1016/j.aquatox.2009.02.005
http://www.ncbi.nlm.nih.gov/pubmed/19269700
https://doi.org/10.1016/j.bbrc.2013.03.055
http://www.ncbi.nlm.nih.gov/pubmed/23541585
http://www.ncbi.nlm.nih.gov/pubmed/5432063
https://doi.org/10.1016/j.cellsig.2008.07.018
http://www.ncbi.nlm.nih.gov/pubmed/18755268
https://doi.org/10.1016/j.bbadis.2014.11.005
https://doi.org/10.1016/j.bbadis.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/25446992
https://doi.org/10.1016/j.cellsig.2014.11.021
http://www.ncbi.nlm.nih.gov/pubmed/25435424
http://www.ncbi.nlm.nih.gov/pubmed/2536075
http://www.ncbi.nlm.nih.gov/pubmed/10582580
http://www.ncbi.nlm.nih.gov/pubmed/10987846
https://doi.org/10.1007/s00424-012-1103-1
http://www.ncbi.nlm.nih.gov/pubmed/22547003
https://doi.org/10.1371/journal.pone.0177046

@° PLOS | ONE

Regulation of neurotransmitter release through SNAP-25 phosphorylation

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Biemann K. Appendix 5. Nomenclature for peptide fragment ions (positive ions). Methods in enzymol-
ogy. 1990; 193:886—7. PMID: 2074849

Erdodi F, Kiss E, Walsh MP, Stefansson B, Deng JT, Eto M, et al. Phosphorylation of protein phospha-
tase type-1 inhibitory proteins by integrin-linked kinase and cyclic nucleotide-dependent protein
kinases. Biochemical and biophysical research communications. 2003; 306(2):382—7. PMID: 12804574

Turner KM, Burgoyne RD, Morgan A. Protein phosphorylation and the regulation of synaptic membrane
traffic. Trends in neurosciences. 1999; 22(10):459-64. PMID: 10481193

Morgan A, Burgoyne RD, Barclay JW, Craig TJ, Prescott GR, Ciufo LF, et al. Regulation of exocytosis
by protein kinase C. Biochem Soc Trans. 2005; 33(Pt 6):1341—4. https://doi.org/10.1042/BST20051341
PMID: 16246114

Risinger C, Bennett MK. Differential phosphorylation of syntaxin and synaptosome-associated protein
of 25 kDa (SNAP-25) isoforms. J Neurochem. 1999; 72(2):614—24. PMID: 9930733

Tolar LA, Pallanck L. NSF function in neurotransmitter release involves rearrangement of the SNARE
complex downstream of synaptic vesicle docking. J Neurosci. 1998; 18(24):10250-6. PMID: 9852562

Shimazaki Y, Nishiki T, Omori A, Sekiguchi M, Kamata Y, Kozaki S, et al. Phosphorylation of 25-kDa
synaptosome-associated protein. Possible involvement in protein kinase C-mediated regulation of neu-
rotransmitter release. J Biol Chem. 1996; 271(24):14548-53. PMID: 8662851

Genoud S, Pralong W, Riederer BM, Eder L, Catsicas S, Muller D. Activity-dependent phosphorylation
of SNAP-25 in hippocampal organotypic cultures. J Neurochem. 1999; 72(4):1699-706. PMID:
10098880

Gao J, Hirata M, Mizokami A, Zhao J, Takahashi |, Takeuchi H, et al. Differential role of SNAP-25 phos-
phorylation by protein kinases A and C in the regulation of SNARE complex formation and exocytosis in
PC12 cells. Cell Signal. 2016; 28(5):425-37. https://doi.org/10.1016/j.cellsig.2015.12.014 PMID:
26721188

Baldwin ML, Rostas JA, Sim AT. Two modes of exocytosis from synaptosomes are differentially regu-
lated by protein phosphatase types 2A and 2B. J Neurochem. 2003; 85(5):1190-9. PMID: 12753078

Mansuy IM, Shenolikar S. Protein serine/threonine phosphatases in neuronal plasticity and disorders of
learning and memory. Trends in neurosciences. 2006; 29(12):679-86. https://doi.org/10.1016/j.tins.
2006.10.004 PMID: 17084465

Gao J, Takeuchi H, Zhang Z, Fukuda M, Hirata M. Phospholipase C-related but catalytically inactive
protein (PRIP) modulates synaptosomal-associated protein 25 (SNAP-25) phosphorylation and exocy-
tosis. J Biol Chem. 2012; 287(13):10565—78. PubMed Central PMCID: PMC3322965. https://doi.org/
10.1074/jbc.M111.294645 PMID: 22311984

Yang'Y, Craig TJ, Chen X, Ciufo LF, Takahashi M, Morgan A, et al. Phosphomimetic mutation of Ser-
187 of SNAP-25 increases both syntaxin binding and highly Ca2+-sensitive exocytosis. The Journal of
general physiology. 2007; 129(3):233—44. PubMed Central PMCID: PMC2151612. https://doi.org/10.
1085/jgp.200609685 PMID: 17325194

Nakata Y, Yasuda T, Fukaya M, Yamamori S, ltakura M, Nihira T, et al. Accumulation of alpha-synu-
clein triggered by presynaptic dysfunction. J Neurosci. 2012; 32(48):17186—96. https://doi.org/10.1523/
JNEUROSCI.2220-12.2012 PMID: 23197711

Shu'Y, Liu X, Yang Y, Takahashi M, Gillis KD. Phosphorylation of SNAP-25 at Ser187 mediates
enhancement of exocytosis by a phorbol ester in INS-1 cells. J Neurosci. 2008; 28(1):21-30. https://doi.
org/10.1523/JNEUROSCI.2352-07.2008 PMID: 18171919

Fu J, Naren AP, Gao X, Ahmmed GU, Malik AB. Protease-activated receptor-1 activation of endothelial
cells induces protein kinase Calpha-dependent phosphorylation of syntaxin 4 and Munc18c: role in sig-
naling p-selectin expression. J Biol Chem. 2005; 280(5):3178-84. https://doi.org/10.1074/jbc.
M410044200 PMID: 15576373

Sakisaka T, Baba T, Tanaka S, Izumi G, Yasumi M, Takai Y. Regulation of SNAREs by tomosyn and
ROCK: implication in extension and retraction of neurites. The Journal of cell biology. 2004; 166(1):17—
25. PubMed Central PMCID: PMC2172130. https://doi.org/10.1083/jcb.200405002 PMID: 15240567

Gladycheva SE, Lam AD, Liu J, D’Andrea-Merrins M, Yizhar O, Lentz Sl, et al. Receptor-mediated reg-
ulation of tomosyn-syntaxin 1A interactions in bovine adrenal chromaffin cells. J Biol Chem. 2007; 282
(31):22887-99. https://doi.org/10.1074/jbc.M701787200 PMID: 17545156

PLOS ONE | https://doi.org/10.1371/journal.pone.0177046 May 9, 2017 23/23


http://www.ncbi.nlm.nih.gov/pubmed/2074849
http://www.ncbi.nlm.nih.gov/pubmed/12804574
http://www.ncbi.nlm.nih.gov/pubmed/10481193
https://doi.org/10.1042/BST20051341
http://www.ncbi.nlm.nih.gov/pubmed/16246114
http://www.ncbi.nlm.nih.gov/pubmed/9930733
http://www.ncbi.nlm.nih.gov/pubmed/9852562
http://www.ncbi.nlm.nih.gov/pubmed/8662851
http://www.ncbi.nlm.nih.gov/pubmed/10098880
https://doi.org/10.1016/j.cellsig.2015.12.014
http://www.ncbi.nlm.nih.gov/pubmed/26721188
http://www.ncbi.nlm.nih.gov/pubmed/12753078
https://doi.org/10.1016/j.tins.2006.10.004
https://doi.org/10.1016/j.tins.2006.10.004
http://www.ncbi.nlm.nih.gov/pubmed/17084465
https://doi.org/10.1074/jbc.M111.294645
https://doi.org/10.1074/jbc.M111.294645
http://www.ncbi.nlm.nih.gov/pubmed/22311984
https://doi.org/10.1085/jgp.200609685
https://doi.org/10.1085/jgp.200609685
http://www.ncbi.nlm.nih.gov/pubmed/17325194
https://doi.org/10.1523/JNEUROSCI.2220-12.2012
https://doi.org/10.1523/JNEUROSCI.2220-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23197711
https://doi.org/10.1523/JNEUROSCI.2352-07.2008
https://doi.org/10.1523/JNEUROSCI.2352-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18171919
https://doi.org/10.1074/jbc.M410044200
https://doi.org/10.1074/jbc.M410044200
http://www.ncbi.nlm.nih.gov/pubmed/15576373
https://doi.org/10.1083/jcb.200405002
http://www.ncbi.nlm.nih.gov/pubmed/15240567
https://doi.org/10.1074/jbc.M701787200
http://www.ncbi.nlm.nih.gov/pubmed/17545156
https://doi.org/10.1371/journal.pone.0177046

