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Abstract

Parkinson’s disease (PD) is a common neurodegenerative disorder which is mostly sporadic
but familial-linked PD (FPD) cases have also been found. The first reported gene mutation
that linked to PD is a-synuclein (a-syn). Studies have shown that mutations, increased
expression or abnormal processing of a-syn can contribute to PD, but it is believed that mul-
tiple mechanisms are involved. One of the contributing factors is post-translational modifica-
tion (PTM), such as phosphorylation of a-syn at serine 129 by G-protein-coupled receptor
kinases (GRKs) and casein kinase 2a (CK2a). Another known important contributing factor
to PD pathogenesis is oxidative and nitrosative stress. In this study, we found that GRK6
and CK2a can be S-nitrosylated by nitric oxide (NO) both in vitro and in vivo. S-nitrosylation
of GRK6 and CK2a enhanced their kinase activity towards the phosphorylation of a-syn at
S$129. In an A53T a-syn transgenic mouse model of PD, we found that increased GRK6 and
CK2a S-nitrosylation were observed in an age dependent manner and it was associated
with an increased level of pSer129 a-syn. Treatment of A53T a-syn transgenic mice with
Nw-Nitro-L-arginine (L-NNA) significantly reduced the S-nitrosylation of GRK6 and CK2a in
the brain. Finally, deletion of neuronal nitric oxide synthase (hNOS) in A53T a-syn trans-
genic mice reduced the levels of pSer129 a-syn and a-syn in an age dependent manner.
Our results provide a novel mechanism of how NO through S-nitrosylation of GRK6 and
CK2a can enhance the phosphorylation of pSer129 a-syn in an animal model of PD.

Introduction

Parkinson’s disease (PD) is a common neurodegenerative disorder marked by impaired move-
ment in association with a selective loss of dopaminergic neurons in the midbrain [1-3]. PD is
largely sporadic but familial cases are also found [1-3]. For instance, mutation in o.-synuclein
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(o-syn) was first mapped in an Italian family with history of familial form of PD (FPD) [4].
This soon has led to the finding that o.-syn is a major component of Lewy bodies (LBs), which
is a classical pathological hallmark of PD [5, 6]. The exact mechanism of how a-syn contributes
to the formation of LBs and pathogenesis of PD has since become the focus of PD research [7-
11]. Studies have suggested that formation of oligomeric species, fibrils and aggregated form of
o-syn are the prime suspects in causing the degeneration of dopaminergic neurons in PD [12,
13]. However, the mechanism of the formation of these toxic a-syn species still remains
unclear [14, 15]. Studies have shown that post-translational modification (PTM) such as nitra-
tion, phosphorylation or dopamine adduct can increase o-syn’s propensity to form toxic oligo-
meric species [16-18]. One of the most studied a-syn PTM is phosphorylation and the major
phosphorylation residue of o-syn is ser129 (S129) [17-21]. Several kinases have been shown to
phosphorylate o-syn which includes G-protein-coupled receptor kinases (GRKs), polo-like
kinases (PLKs) and casein kinases (CKs) [22-27]. For instance, studies have shown that both
GRK6 and CK2 targets o-syn for S129 phosphorylation [21, 27-29] and large proportion of
the o-syn in PD brain samples are found to be phosphorylated at S129 whereas in control,
most a-syn is not phosphorylated [19, 30]. These results suggested that the level of phosphory-
lated a-syn is playing an important role in the neurodegeneration in PD. Another major con-
tributor for PD is believed to be nitrosative stress as studies have shown that increased
oxidative stress is one of the common pathogenic features observed in PD patients [31, 32]. In
particular, previous studies have shown that increased nitrosative stress is prominent in PD
pathogenesis and has been shown to impair a number of pathways that protect dopaminergic
neurons against toxic insults [33-36]. For example, nitric oxide (NO) mediating modifications
of Parkin, XIAP and CDK5 through S-nitrosylation have been shown to affect their role in
neuronal survival [33-38]. In this study, we found that GRK6 and CK2a. can be S-nitrosylated
both in vitro and in vivo. S-nitrosylation of GRK6 and CK2a enhanced their kinase activity
towards the phosphorylation of a-syn at S129. In an A53T o-syn transgenic mouse model of
PD, we found that increased GRK6 and CK2a. S-nitrosylation was observed in an age depen-
dent manner and it was associated with increased levels of pSer129 o.-syn. Treatment of A53T
o-syn transgenic mice with Nw-Nitro-L-arginine (L-NNA) significantly reduced the S-nitrosy-
lation of GRK6 and CK2o. in the brain. Finally, deletion of neuronal nitric oxide synthase
(nNOS) in A53T transgenic mice reduced the levels of pSer129 o.-syn and o.-syn in an age
dependent manner. Our results provide a novel mechanism of how NO through S-nitrosyla-
tion of GRK6 and CK2a can enhance the phosphorylation of pSer129 o-syn in a mouse model
of PD.

Materials and methods

Chemicals, plasmids and antibodies

All chemicals were purchased from (Sigma-Aldrich St. Louis, MO) unless otherwise stated.
GRKG6 was cloned from Super Script human brain cDNA library (Invitrogen, Carlsbad, CA).
Full-length GRK6 was then cloned into FLAG-tagged pCMV-Tag-2B using EcoRI and Sall for
cellular expression of GRK6. GRK6 mutants were generated by site-directed mutagenesis
using fusion PCR method and cloned into the same vector and verified by DNA sequencing.
Plasmids containing the coding sequence of CK2a and CK2p were kind gifts from Prof Robert
Qi, The Hong Kong University of Science and Technology. CK2a. and CK2f were sub-cloned
into myc-tagged and HA-tagged pRKS5 vector for cell culture studies and pET28c vector for
recombinant protein purification. Site-directed mutagenesis of Cys147 and Cys220 to serine of
CK2a was performed by two-steps fusion PCR. WT o-synuclein (o-syn) was cloned into
pRK5 and pET28c¢ vectors. Sequence integrity and all mutations were verified by sequencing.
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Antibodies used for Western blot analysis included the followings: rabbit anti-o-syn (SC-
7011-R, Santa Cruz Biotechnology, Dallas, TX), mouse anti-B-actin (A5316, Sigma, St. Louis,
MO), mouse anti-myc (11667203001, Roche, Indianapolis, IN), mouse anti-HA
(11666606001, Roche, Indianapolis, IN), rabbit anti-phospho-specific ser129 a-syn antibody
(ab168381, Abcam, Cambridge, UK), mouse anti-GAPDH (PA1-987, Invitrogen, Thermo
Fisher Scientific, Waltham, MA), rabbit anti-CK2 alpha (ab236664, Abcam, Cambridge, UK),
mouse anti-GRK6 (05-466, EMD Millipore, Billerica, MA).

Expression and purification of recombinant proteins

Recombinant his-tagged CK2a and o-syn in pET-28¢ were transformed into Rosetta (DE3)
pLys Escherichia coli (Novagen, Billerica, MA). Bacterial culture with expression plasmid was
grown until linear phase (0.6 OD) and then induced to express the protein by 0.2 mM IPTG at
18°C overnight for 20 hours. The his-tagged recombinant proteins were purified using Ni-
NTA Sepharose (GE Healthcare, Piscataway, NJ) according to manufacturer’s instructions.

Preparation of S-nitrosoglutathione

S-nitrosoglutathione (GSNO) was prepared according to Cook [39]. Briefly, 100 mM glutathi-
one (GSH) were reacted with an equal molar of NaNO, in an acidic environment for 10 min-
utes at room temperature in darkness. NaOH was then added to neutralize the solution and
GSNO was precipitated with pre-chilled acetone at -20°C. After precipitation, GSNO pellet
was wash and dissolved in MilliQ H,O. The concentration of GSNO was determined by spec-
troscopy at the wavelength of 334 nm with extinction coefficients of £33, = 900 M cm™ as
described [39]. For all the experiments using GSNO, GSNO was prepared freshly at the day of
experiment.

Biotin-switch assay

Biotin-switch assay was performed as described previously [40]. Cell transfected with desired
expression plasmids were lysed in HENT buffer (250 mM HEPES, 1 mM EDTA, 0.1 mM Neo-
cuproine, 1% Triton X-100, 1 mM Aprotinin, 1 mM Leupeptin, ] mM Benzamidine, 10 mM
PMSF) at 4°C. The cell lysate was treated with GSH or NO donor GSNO (250 uM) at room
temperature for 15 min. Samples were then passed through the G25 Sephadex spin column
(GE Healthcare, Piscataway, NJ) to remove excess GSNO or GSH. Cell lysate was then incu-
bated with 10 mM methanethiosulfonate (MMTS) (Thermo-Fisher, Waltham, MA) at 50°C
for 25 minutes and passed through G25 Sephadex spin column to remove excess MMTS. Sam-
ples were then incubated with 10 mM ascorbate and 0.4 mM biotin-HPDP (Thermo-Fisher,
Waltham, MA) for 1 hour at room temperature with rotation. Excessive biotin-HPDP was
removed by acetone precipitation. The protein pellet was then washed 3 times with 75% ace-
tone and re-suspended in 400 ul of HENs buffer (250 mM HEPES, 1 mM EDTA, 0.1 mM
Necuproine, 1% SDS). The biotinylated samples were incubated with 50 ul Neutravidin-aga-
rose (Thermo-Fisher, Waltham, MA) for 1 hour at room temperature. The agarose was then
pelleted by centrifugation and washed five times with neutralization buffer (20 mM HEPES
pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100) with 0.6 M NaCl. Samples were then
eluted by reducing SDS-PAGE sample buffer and subjected to Western blot analysis. For in
vivo brain sample biotin switch assay, brain tissues were weighed and homogenized in lysis
buffer (HEN buffer with 1% Triton, 1 mM Aprotinin, 1 mM Leupetin, 1 mM Benzamidine, 10
mM PMSF, 20 mM PNPP, 20 mM B-glycerophosphate, 100 mM sodium fluoride; 1 ml lysis
buffer per 100 mg tissue). Samples were then centrifuged at 14,800 g for 15 min to separate
supernatant and pellet. Protein concentrations were determined by BCA protein assay kit
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(Thermo-Fisher, Waltham, MA) and samples were subjected to standard biotin-switch assay
as described.

Cell-based in vitro GRK6 and CK2a kinase assay

Human wild type a-syn (pRK5 a-syn) together with different amount of either N-terminal
FLAG-tagged GRK6 (pCMV-Tag2B-GRK6) or N-terminal myc-tagged CK2o. (pRK5-myc-
CK20) was transfected to HEK293T cells in a 6-well plate. Empty vectors (pCMV-Tag2B or
PRKS5) were added to equalize the amount of plasmid to a final of 1 ug per well. 48 hours after
transfection, the cells were lysed in PBS supplied with 1% Triton X-100, 1 mM EDTA, protease
inhibitors (1 mM Leupeptin, 1 mM Aprotinin, 1 mM Benzamidine and 10 mM PMSF) and
phosphatase inhibitors (50 mM NaF and 1 mM NaVOQ,). After centrifuged in 4°C for 15 min-
utes at 14,800 g to pellet down the nuclei and debris, the supernatant was subjected to Western
blot analysis. Antibodies used for Western blot analysis included the followings: rabbit anti-o-
syn (SC-7011-R, Santa Cruz Biotechnology, Dallas, TX), rabbit anti-phospho-specific ser129
o-syn antibody (ab168381, Abcam, Cambridge, UK), rabbit anti-CK2 alpha (ab236664,
Abcam, Cambridge, UK), mouse anti-GRK6 (05-466, EMD Millipore, Billerica, MA), mouse
anti-B-actin (A5316, Sigma, St. Louis, MO).

In vitro GRKG6 kinase assay

N-terminal FLAG-tagged GRKG6 or its mutant was expressed in HEK293T cell. 48 hours after
transfection, the cells were lysed in lysis buffer containing 50 mM Tris, 150 mM NaCl, 1 mM
EDTA, 1 mM DTT, 1% Triton plus protease inhibitors (1 mM Leupeptin, 1 mM Aprotinin, 1
mM Benzamidine and 10 mM PMSF). After centrifuged in 4°C for 5 minutes at 14,800 g to
pellet down the nuclei and debris, the supernatant was subjected to immunoprecipitation
using protein-A agarose (GE Healthcare, Piscataway, NJ) conjugated anti-FLAG M2 monoclo-
nal antibody (Sigma-Aldrich) with rotation in the cold room for 2 hours. The beads were then
washed two times with lysis buffer plus 0.5 mM NaCl and three times with kinase buffer (20
mM Tris, 10 mM NaCl, 10 mM MgCl, and 1 mM EDTA). Equal amount of beads were ali-
quoted to 1.5 ml Eppendorf tubes before treated with different concentrations of GSNO for 20
minutes at room temperature with rotation in darkness. Excess GSNO was removed by passing
the samples through Sephadex G25 desalting column. The GRK kinase assay was then per-
formed in the kinase buffer containing 100 uM ATP, 1-2 uCi of gamma >*P ATP (Perkin
Elmer, Waltham, MI) and 1 g of purified his-tagged human o-syn at 30°C for 20 min with
vortex on a Thermomixer R shaker (Eppendorf, NY). The reaction was stopped by adding an
equal amount of 2X SDS sample buffer and heated at 95°C for 5 min. The samples were then
separated using 12% SDS-PAGE, dried on a Bio-Rad Model 583 gel drier and visualized by
autoradiography. The band intensity was quantified with Image J (National Institutes of
Health). For the in vitro GRK6 kinase activity using pSer129 a-syn phosphor-specific antibody,
similar procedures were followed as above except non-radioactive ATP was used in the incu-
bation and pSer129 o.-syn phosphor-specific antibody was used to detect phosphorylated o.-
SyI.

In vitro CK2 kinase assay using pSer129 a-syn specific antibody

His-tagged CK2a and its cysteine mutant were purified as described above. Recombinant pro-
tein kinases were first incubated with different concentrations of GSNO for 20 minutes at
room temperature with rotation in darkness. Excess GSNO was removed by passing the sam-
ples through Sephadex G25 desalting column. The kinase assay was then performed in the
kinase buffer (20 mM Tris pH 7.5, 10 mM NaCl, 10 mM MgCl, and 1 mM EDTA) containing
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Fig 1. GRK6 S-nitrosylation enhances its kinase activity toward a-syn phosphorylation. (A) GRK6 was subject to biotin-switch assay after the treatment of

250 uM of GSH or GSNO. GRK6 was S-nitrosylated after treatment with GSNO. (B) Mouse brain lysate was subjected to in vivo biotin-switch assay in the presence
or absence of ascorbate or HPDP-biotin as controls. GRK6 was S-nitrosylated in vivo in the mouse brain. (C) GRK6 was S-nitrosylated at C474. WT, C201A, C420A
and C474A GRK6 were subjected to biotin-switch assay. Mutation of C474 of GRK6 reduced the level of GRK6 S-nitrosylation. (D) GRK6 was subjected to in vitro
kinase activity assay toward o-syn. After treatment with GSNO, a dose-dependent activation of GRK6 kinase activity toward o-syn was observed. (E) GRK6-C474A
was subjected to in vitro kinase activity assay toward o-syn. After treatment with GSNO, no changes in its kinase activity were observed after treatment with different
dosages of GSNO. (F) Quantification of GRK6 kinase activity as in (D), (* p < 0.05; *** p < 0.001; # of independent experiments = 3 per each group; one-way
ANOVA with Bonferroni post-hoc test). (G) Quantification of GRK6-C474A kinase activity as in (E), (# of independent experiments = 3 per each group). (H) GRK6
was subjected to in vitro kinase assay toward pSer129 o-syn phosphorylation using phospho-specific antibody. Dose-dependent activation of GRK6 kinase activity
toward S129 phosphorylation of o.-syn was observed after GSNO treatment. (I) GRK6-C474A was subjected to in vitro kinase activity assay toward pSer129 a.-syn
phosphorylation after treatment with GSNO. Treatment of GSNO did not affect the kinase activity of GRK6-C474A.

https://doi.org/10.1371/journal.pone.0232019.9001

100 uM ATP and 1 pg of recombinant his-tagged human o-syn at 30°C for 20 minutes with vor-
tex. The reaction was stopped by adding equal amount of 2X SDS sample buffer. The samples
were then subjected to Western blot analysis and phosphorylated o-syn at ser 129 (pSer129 o~
syn) was detected by phospho-specific antibody to pSer129 a-syn (Abcam, Cambridge, UK).
The band intensity was quantified with Image J software (National Institutes of Health).

Generation of mice for aging and A53T a-syn transgenic expression study

All animal experiments were conducted according to relevant national and international guide-
lines. The animal protocols used have been reviewed and approved by the Animal Ethics Com-
mittee of The Hong Kong University of Science and Technology University. C57BL/6 wild type
(WT), A53T o.-syn transgenic line M83 (JAX stock #004479) [41], and nNOS knockout mice
(JAX stock #002986) [42] were obtained from the Jackson Laboratory (Bar Harbor, ME). Hemi-
zygous A53T a-syn transgenic mice (A53T -/+) were crossed with hemizygous A53T o.-syn
transgenic mice to obtain control, hemizygous (A53T -/+) and homozygous (A53T +/+) A53T
o-syn transgenic mice. The offspring were then genotyped by quantitative PCR according to
the protocol provided by The Jackson Laboratory. Hemizygous A53T a-syn transgenic mice
(A53T -/+) were crossed with nNOS heterozygous (nNOS -/+) mice to obtain hemizygous
A53T a-syn and double transgenic (hemizygous in A53T a-syn; heterozygous in nNOS (A53T
-/+; nNOS -/+)) mice. Only male mice were used in the experiments as from our previous study
experience, male mice showed a more consistent phenotype in compared to the female mice
[43]. For the aging study, 3 hemizygous A53T o-syn transgenic mice (A53T -/+) in each age
groups (6, 9 and 12 months) were randomly selected and sacrificed by cervical dislocation, and
the brain tissues were harvested for biochemical analysis. For A53T o-syn transgenic expression
study, 3 mice of each genotypes (control, hemizygous (A53T -/+) and homozygous (A53T +/+)
A53T a-syn transgenic mice) were generated in the way as in the aging study. At 9 months of
age, littermates were randomly selected to receive either Nw-Nitro-L-arginine (L-NNA) (15
mg/kg) or PBS as vehicle control. The dosage used for L-NNA was based on previous studies
[44-46]. Both groups of the mice received intraperitoneal injection once a day for a total of four
weeks. After four weeks, mice were sacrificed by cervical dislocation and the brain tissues were
harvested for biochemical analysis. For the nNOS deletion study, littermates of hemizygous
A53T a-syn (A53T -/+), and double transgenic mice (A53T -/+; nNOS -/+) were aged to 6, 9
and 12 months. 3 mice from each genotypes of each age groups were sacrificed by cervical dislo-
cation and the brain tissues were harvested for biochemical analysis.

Statistical analysis

Data were expressed as SEM, statistical significances were determined by Student’s t-test, one-
way or two-way ANOVA with Bonferroni post-hoc test. Data were considered significant dif-
ferent when p-value was less than 0.05.
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Fig 2. CK2a S-nitrosylation enhances its kinase activity toward a-syn phosphorylation. (A) CK20o was subjected to biotin-switch assay after
the treatment with 250 uM of GSH or GSNO. CK2o. was S-nitrosylated after treatment with GSNO. (B) CK2p was subjected to biotin-switch
assay after the treatment of 250 pM of GSH or GSNO. CK2p was not S-nitrosylated after the treatment with GSNO. (C) Mouse brain lysate was
subjected to in vivo biotin-switch assay in the presence or absence of ascorbate as control. CK2a: was S-nitrosylated in vivo in the mouse brain
while CK2p was not. (D) Mouse brain lysate was subjected to in vivo biotin-switch assay in the presence or absence of HPDP-biotin as control.
CK2o. was S-nitrosylated in vivo in the mouse brain while CK2p was not. (E) CK2o. was S-nitrosylated at C147. WT, C147S and C220S CK2a
were subjected to biotin-switch assay. Mutation of C147 of CK20: completely abrogated CK2o. S-nitrosylation. (F) CK2a was subjected to in vitro
kinase activity assay toward Ser129 a-syn phosphorylation after treatment with GSNO. Treatment of GSNO led to a dose-dependent activation of
CK2o toward a-syn. (G) Quantification of CK2a kinase activity as in (F), (* p < 0.05; *** p < 0.001; # of independent experiments = 3 per each
group; one-way ANOVA with Bonferroni post-hoc test). (H) C147- CK2a was subjected to in vitro kinase activity assay toward pSer129 o.-syn
phosphorylation after treatment with GSNO. Treatment of GSNO did not affect the kinase activity of C147S-CK2o..

https://doi.org/10.1371/journal.pone.0232019.9002

Results

GRKG6 S-nitrosylation enhances its kinase activity toward a-syn
phosphorylation

Previous studies have shown that GRK6 can phosphorylate o-syn at S129 [47, 48]. We there-
fore first tested if GRK6 could enhance the phosphorylation of a-syn at S129 in a dose-depen-
dent manner with a cell-based in vitro kinase assay. We transfected HEK293T cells with o-syn
and different amounts of GRK6 and performed Western Blot with pSer129 o.-syn. Consistent
with previous findings, GRK6 enhanced the phosphorylation of a-syn at S129 in a dose-depen-
dent manner (S1 Fig). To determine if GRK6 could be S-nitrosylated in vitro, we treated
HEK?293T cells expressing FLAG-GRK6 with S-nitrosoglutathione (GSNO) or glutathione
(GSH) as control. Samples were then subjected to biotin-switch assay and we found that GRK6
was readily S-nitrosylated after treatment with GSNO, but GRK6 S-nitrosylation was not
observed in the control (Fig 1A). To determine if GRK6 S-nitrosylation could be detected in
vivo in mouse brain, we performed in vivo biotin-switch assay in the presence or absence of
ascorbate and HPDP-biotin in mouse brain lysates. We found that in the absence of ascorbate
or HPDP-biotin, GRK6 S-nitrosylation was not observed (Fig 1B), suggesting that GRK6 was
S-nitrosylated in vivo in the mouse brain. To determine which cys residue of GRK6 was S-
nitrosylated, we generated a number of GRK6 mutants that converted cys residue to ala and
determined if these mutations would affect the GRK6 S-nitrosylation. From the screening, we
found that mutation of cys 474 of GRK6 reduced its S-nitrosylation (Fig 1C). As in previous
studies, S-nitrosylation was shown to able to modulate kinase activity [37, 38], we decided to
determine if GRK6 S-nitrosylation could affect its kinase activity towards o-syn. We set up in
vitro GRK6 kinase activity assay toward o.-syn. In this experiment, we first treated GRK6 with
different dosages of GSNO and then incubated GRK6 with a-syn for the kinase assay. We
found that treatment of GRK6 with GSNO resulted in a dose-dependent increase in GRK6
kinase activity toward the phosphorylation of o.-syn (Fig 1D & 1F). This NO induced kinase
activity enhancement of GRK6 was depending on cys 474, as mutation of GRK6 cys 474 abro-
gated the effect of NO treatment in the in vitro kinase assay (Fig 1E & 1G). GRK6 is known to
phosphorylate a-syn at S129, to determine if the S-nitrosylation enhanced kinase activity of
GRKG6 was acting on o-syn $129, we set up GRKG6 in vitro kinase activity to assess the GRK6
kinase activity towards a-syn S129 using a well-established pSer129 o.-syn phospho-specific
antibody [19, 20]. In consistence with the radioactive labelled in vitro GRK6 kinase activity
assay (Fig 1D-1G), S-nitrosylation enhanced the GRK6 kinase activity toward the phosphory-
lation of a-syn (Fig 1H). Mutation of GRK® at cys 474 abrogated this NO induced enhance-
ment of kinase activity (Fig 1I). These results suggested that S-nitrosylation of GRK6 at cys 474
enhanced its kinase activity toward phosphorylation of o-syn at $129.
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Fig 3. Aging increases GRK6 and CK2a S-nitrosylation in an A53T a-syn transgenic mouse model of PD. (A) Hemizygous A53T o.-syn
transgenic mouse brain samples of 6, 9 and 12 months old were analyzed with in vivo biotin-switch assay for GRK6, CK20. and GAPDH. The
samples were also subject to Western blot analysis of GRK6, CK2a, GAPDH, pSer129 a-syn and a-syn. (—: GRK6 band) (B) Quantification of
hemizygous A53T o-syn transgenic mouse brain samples for in vivo CK20o S-nitrosylation as in (A) (* p < 0.05, ** p < 0.01; # of animals = 3 for
each time point; one-way ANOVA with Bonferroni post-hoc test). (C) Quantification of hemizygous A53T a-syn transgenic mouse brain samples
for in vivo GRK6 S-nitrosylation as in (A) (* p < 0.05; # of animals = 3 for each time point; one-way ANOVA with Bonferroni post-hoc test). (D)
Quantification of hemizygous A53T a-syn transgenic mouse brain samples for in vivo GAPDH S-nitrosylation as in (A) (* p < 0.05; # of

animals = 3 for each time point; one-way ANOVA with Bonferroni post-hoc test). (E) Quantification of hemizygous A53T o-syn transgenic mouse
brain samples for protein levels of pSer129 o-syn as in (A) (# of animals = 3 for each time point). (F) Quantification of hemizygous A53T o.-syn
transgenic mouse brain samples for protein levels of at-syn as in (A) (# of animals = 3 for each time point).

https://doi.org/10.1371/journal.pone.0232019.9003

CK2a S-nitrosylation enhances its kinase activity toward a-syn
phosphorylation

Previous studies have shown that CK2a. can phosphorylate o-syn at S129 [47, 49]. We there-
fore first tested if CK20a could enhance the phosphorylation of a-syn at $129 in a dose-depen-
dent manner with a cell-based in vitro kinase assay. We transfected HEK293T cells with o-syn
and different amounts of CK20 and performed Western Blot with pSer129 a-syn. Consistent
with previous findings, CK2a enhanced the phosphorylation of o-syn at S129 in a dose-depen-
dent manner (S2 Fig).

To determine if CK20a could also be S-nitrosylated in vitro, we treated HEK293T cells
expressing myc-CK2a with S-nitrosoglutathione (GSNO) or glutathione (GSH) as control.
Samples were then subjected to biotin-switch assay and we found that CK2o was readily S-
nitrosylated after treatment with GSNO, but CK2a S-nitrosylation was not observed in the
control (Fig 2A). CK2 is known to exist as a tetramer which consists of two CK20 and two
CK2B, we would like to determine if CK2p could also be S-nitrosylated. We treated HEK293T
cells expressing HA-CK2p with GSNO and found that CK2B could not be S-nitrosylated (Fig
2B). To determine if CK20. and CK2f S-nitrosylation could be detected in vivo in the mouse
brain, we performed in vivo biotin-switch assay in the presence or absence of ascorbate and
HPDP-biotin in mouse brain lysate. We found that in the absence of ascorbate (Fig 2C) or
HPDP-biotin (Fig 2D), CK2a. S-nitrosylation was not observed (Fig 2C & 2D), suggesting that
CK20 was S-nitrosylated in vivo in the mouse brain while CK2f was not (Fig 2C & 2D). Since
the CK2a polypeptide sequence only consists of two cysteines (cys 147 and cys 220), we per-
formed mutagenesis and mutated cys 147 and cys 220 to serine to generate C147S and C220S
CK2a respectively. To identify which CK2o cys residue was being S-nitrosylated, we per-
formed biotin-switch assay on WT, C147S, and C220S CK20. We found that mutation of cys
147 to ser specifically abrogated CK2a. S-nitrosylation, but mutation of cys 220 to ser had no
effect on CK2a S-nitrosylation (Fig 2E). Taken together, these results show that CK2a: can be
S-nitrosylated both in vitro and in vivo. As in GRK6, we were interested in if CK20. S-nitrosyla-
tion could affect its kinase activity towards a-syn. CK2a has been shown to phosphorylate o.-
syn at ser129 (pSer129 o-syn) [21]. To determine if CK20 S-nitrosylation could modulate its
kinase activity toward o.-syn, we set up an in vitro CK2a kinase activity assay toward o-syn. In
this experiment, we first treated CK20o with different dosages of GSNO and then incubated
CK2a with o-syn for the in vitro kinase activity assay. We found that treatment of CK2a with
GSNO resulted in a dose-dependent increase in CK2a kinase activity toward phosphorylation
of a-syn at ser129 (Fig 2F & 2G). This NO-induced kinase activity enhancement of CK2o.
toward o-syn was dependent on cys 147, as mutation at CK20 cys 147 to ser completely abro-
gated the effect of NO treatment in the in vitro kinase assay (Fig 2H). These results suggested
that S-nitrosylation CK2a at cys 147 enhanced its kinase activity toward phosphorylation of o-
syn at $129.
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Fig 4. A53T a-syn transgenic expression increases S-nitrosylation of GRK6, CK2a and GAPDH in the mouse brain. (A) WT, and hemizygous
A53T a-syn transgenic mouse brain samples of 9 months old treated with or without L-NNA were analyzed with in vivo biotin-switch assay for CK2a.
and GAPDH. The samples were also subject to Western blot analysis of CK20, GAPDH, pSer129 a-syn and a-syn. (—: GRK6 band) (B) Quantification
of WT and hemizygous A53T o.-syn transgenic mouse brain samples for in vivo CK2a S-nitrosylation as in (A) (* p < 0.05; no. of animals = 3 in each
group; two-way ANOVA with Bonferroni post-hoc test). (C) Quantification of WT and hemizygous A53T o.-syn transgenic mouse brain samples for in
vivo GRK6 S-nitrosylation as in (A) (* p < 0.05; # of animals = 3 in each group; two-way ANOVA with Bonferroni post-hoc test). (D) Quantification of
WT and hemizygous A53T o-syn transgenic mouse brain samples for in vivo GAPDH S-nitrosylation as in (A). (E) Quantification of WT and
hemizygous A53T o-syn transgenic mouse brain samples for protein levels of pSer129 o-syn as in (A) (# of animals = 3 in each group). (F)
Quantification of WT and hemizygous A53T a-syn transgenic mouse brain samples for protein levels of o-syn as in (A) (# of animals = 3 in each
group).

https://doi.org/10.1371/journal.pone.0232019.9004

Aging increases GRK6 and CK2a. S-nitrosylation in an A53T a-syn
transgenic mouse model of PD

Since we found that both GRK6 and CK2o. could be S-nitrosylated in vitro and in vivo, we
decided to determine if increased S-nitrosylation of them could be observed in a well-charac-
terized A53T a-syn transgenic mouse model of PD [41]. As age is the most significant contrib-
uting factor in PD, we design an age-dependent study to determine how GRK6 and CK2a. S-
nitrosylation would be changed in the A53T a-syn transgenic mouse model of PD. We first
generated hemizygous A53T o-syn transgenic mice and these mice were then sacrificed at the
age of 6,9 and 12 months. In this approach, we would be able to determine if aging would be
related to changes in GRK6 and CK2a. S-nitrosylation. We sacrificed and harvested the brain
tissues from these mice at the selected time points and performed in vivo biotin-switch assay
to analyze GRK6 and CK2a S-nitrosylation in these samples. To include a well-characterized
S-nitrosylated protein as a reference, we also analyzed GAPDH S-nitrosylation in these sam-
ples [50]. From the Western blot analysis, we did not observe changes in the protein level of
GRK6, CK20 and GAPDH in A53T o-syn transgenic mice at different ages (Fig 3A). However,
from the in vivo biotin-switch assay, we observed an age-dependent increase in the GRK®,
CK20 and GAPDH S-nitrosylation in the A53T a-syn transgenic mice (Fig 3A-3D). These
results suggested that nitrosative stress could increase during the process of aging and contrib-
ute to the pathogenesis of PD. Interestingly we also observed an age-dependent increased in
pSer129 a-syn (Fig 3A & 3E), but no change in total o-syn in these samples were observed (Fig
3A & 3F).

A53T a-syn transgenic expression in mice increases S-nitrosylation of
GRKG6 and CK2a in the mouse brain and it is dependent on the activity of
nitric oxide synthase (NOS)

Apart from aging, expression of mutant o.-syn like A53T o-syn is known to contribute to
PD. We decided to determine if overexpression of A53T o.-syn in the mouse transgenic
model of PD would enhance GRK6 and CK2a. S-nitrosylation. To study the effect of A53T
o-syn expression on GRK6 and CK2o,, we first generated wild type (WT) and hemizygous
A53T o-syn transgenic mice and aged them to 9 months before we performed the experi-
ment. We divided these mice randomly into two groups, for one group, we treated these
mice with control saline and for the other group we treated the mice with the NO synthase
(NOS) inhibitor Nw-Nitro-L-arginine (L-NNA) for one month. After one month, we sacri-
ficed these mice and harvested the brain tissues to perform in vivo biotin-switch assay to
analyze the level of GRK6 and CK2o. S-nitrosylation. We also analyzed GAPDH S-nitrosyla-
tion in these samples as in our previous experiment. In this way, we would be able to deter-
mine if transgenic expression of A53T a-syn in mouse brain would affect the S-
nitrosylation of GRK6, CK20. and GAPDH and also if NOS activity was involved.
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Fig 5. Deletion of neuronal NOS (nNOS) reduces the accumulation of pSer129 a-syn in 6-month-old A53T a-syn
transgenic mice. (A) Hemizygous A53T a-syn transgenic mouse brain (A53T -/+), and hemizygous A53T o.-syn
transgenic and nNOS heterozygous knockout (A53T -/+; nNOS -/+) double mutant mouse brain samples at 6-month-
old were analyzed with in vivo biotin-switch assay for CK20. and GAPDH. The samples were also subject to Western
blot analysis of CK20,, GAPDH, pSer129 o.-syn and a-syn. (—: GRK6 band) (B) Quantification of CK20,, GRK6 and
GAPDH S-nitrosylation and protein levels of pSer129 a-syn and o-syn as in (A) (* p<0.05; # of animals = 3 in each
group; Student’s t-test).

https://doi.org/10.1371/journal.pone.0232019.g005

Transgenic expression of A53T a-syn clearly increased the amount of pSer129 and total o-
syn (Fig 4A, 4E & 4F). Protein levels of GRK6, CK20. and GAPDH were similar in WT and
A53T o-syn transgenic mice (Fig 4A). To confirm if this observation was significant, we
quantified the results in the WT and hemizygous transgenic mice groups. Transgenic
expression of A53T o-syn significantly increased both total (F = 52.26; p < 0.001, two-way
ANOVA) and pSer129 o.-syn (F = 39.78; p < 0.001, two-way ANOVA) in the transgenic
mice (Fig 4A, 4E & 4F). Transgenic expression of A53T a.-syn also significantly increased
GRKG6 (F = 5.01; p < 0.05, two-way ANOVA), CK20. (F = 13.02; p<0.01, two-way ANOVA)
and GAPDH (F = 10.94; p < 0.05) S-nitrosylation (Fig 4A-4D). Treatment of the A53T o-
syn transgenic mice with L-NNA significantly reduced the A53T a-syn transgenic induced
increased in GRK6 and CK2a: S-nitrosylation (Fig 4A-4C). L-NNA treatment also reduced
GAPDH S-nitrosylation but it was not significant (Fig 4A & 4D). Taken together these
results showed that A53T o-syn transgenic expression could increase S-nitrosylation of
GRK6 and CK2a and this increase was dependent on the activity of NOS.

Deletion of neuronal NOS (nNOS) reduces the accumulation of a-syn and
pSer129 a-syn in the A53T a-syn transgenic mouse model of PD in an age-
dependent manner

There are three isoforms of NOS in mammals which include inducible NOS (iNOS), endothe-
lial NOS (eNOS) and neuronal NOS (nNOS). nNOS is highly expressed in the brain and there-
fore we wanted to determine if nNOS was responsible for the increase in S-nitrosylation of
GRK6 and CK2a in the A53T a-syn transgenic mice. To test if heterozygous deletion of nNOS
would affect the S-nitrosylation of GRK6 and CK2a in the A53T a-syn transgenic mice, we
crossed the nNOS knockout mice with the A53T o-syn transgenic to establish mice with geno-
types of A53T -/+ and A53T -/+; nNOS-/+. After 6, 9 and 12 months of age, we sacrifice these
mice and harvested the brain tissues to perform in vivo biotin switch assay to analyze the level
of GRK6, CK2a and GAPDH S-nitrosylation. In this way, we would be able to determine if
increased S-nitrosylation of GRK6 and CK2a in A53T o-syn transgenic mice was dependent
on nNOS. We found that deletion of nNOS did not significantly affect the S-nitrosylation of
GRK6, CK20. and GAPDH in 6 and 9 months A53T o-syn transgenic mice (Figs 5A, 5B, 6A &
6B). In contrast, deletion of nNOS was found to significantly decrease the S-nitrosylation of
CK20.and GAPDH in the 12 month-old A53T o-syn transgenic mice (Fig 7A & 7B). Interest-
ingly, a significant reduction of pSer129 o.-syn was observed in 6-month-old A53T o.-syn
transgenic mice with the heterozygous deletion of nNOS (A53T -/+; nNOS-/+) (Fig 5A & 5B).
In 9-month-old A53T o-syn transgenic mice with the heterozygous deletion of nNOS (A53T
-/+; nNOS-/+), both pSer129 o-syn and total o-syn were significantly reduced (Fig 6A & 6B).
Similar to the 9-month-old A53T o-syn transgenic mice with the heterozygous deletion of
nNOS (A53T -/+; nNOS-/+), both pSer129 a-syn and total o-syn were significantly reduced in
the 12-month-old double transgenic mice (Fig 7A & 7B). These results suggest that both aging
and NO could modulate the levels of pSer129 a-syn and total o-syn in the mouse brain.
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Fig 6. Deletion of neuronal NOS (nNOS) reduces the accumulation of pSer129 a-syn and total a-syn in 9-month-
old A53T a-syn transgenic mice. (A) Hemizygous A53T o-syn transgenic mouse brain (A53T -/+), and hemizygous
A53T o-syn transgenic and nNOS heterozygous knockout (A53T -/+; nNOS -/+) double mutant mouse brain samples
at 9-month-old were analyzed with in vivo biotin-switch assay for CK2o. and GAPDH. The samples were also subject
to Western blot analysis of CK20, GAPDH, pSer129 a-syn and a-syn. (—: GRK6 band) (B) Quantification of CK20,
GRK6 and GAPDH S-nitrosylation and protein levels of pSer129 a-syn and o-syn as in (A) (*** p<0.001; ** P<0.01; #
of animals = 3 in each group; Student’s t-test).

https://doi.org/10.1371/journal.pone.0232019.g006

Discussion

Oxidative stress and o.-syn aggregation are known to be the important contributing factors to
the pathogenesis of PD. Early studies have shown that nitration of a-syn can enhance o.-syn
aggregation and formation of LBs [10, 51]. Other studies have also shown that nitrosative stress
through S-nitrosylation can contribute to the pathogenesis of PD [32, 52]. For instance, our
previous studies have shown that S-nitrosylation of parkin and XIAP can impair their neuro-
protection functions and contribute to PD [33-36]. In this study, we found that CK2o and
GRKE6 could be S-nitrosylated both in vitro and in vivo and this modification enhanced their
kinase activity towards phosphorylation of o-syn at ser129. To determine if S-nitrosylation of
CK20 and GRKGE is relevant to PD, we studied the level of S-nitrosylation of CK20: and GRK6
in a well-established A53T o-syn transgenic mouse model of PD [41]. In addition, we also
monitored the level of pSer129 o.-syn and total c-syn in these mouse brain samples. From our
results on aging study, we found that aging increased S-nitrosylation of CK2a,, GRK6 and
GAPDH in association with the increased in the amount of pSer129 a-syn (Fig 3). This result
provides a novel correlation among aging, nitrosative stress and increased accumulation of
pSer129 o.-syn in the development of PD. To further determine how nitrosative stress can con-
tribute to PD in the A53T o-syn transgenic mouse model, we treated 9 months old mice with
or without NOS inhibitor L-NNA for one month. We found that even one month L-NNA
treatment could significantly reduce the S-nitroyslation of CK2a: and GRKG6 (Fig 4). However,
we didn’t observe any changes in the level of o.-syn and pSer129 a-syn in these mice (Fig 4). It
is highly possible that such a short-term inhibition of NOS was not long enough to affect the
metabolism of a-syn and pSer129 a-syn through the reduction of CK20. and GRK6 S-nitrosy-
lation. This notion is supported by our aging and double mutant (A53T -/+; nNOS-/+) data in
which changes of o-syn and pSer129 a-syn level were not observed until mice were 9 or 12
months old (Figs 4, 6 & 7). Another important finding for our one month L-NNA treatment
study is that hemizygotic over-expression of A53T in mice was enough to significantly increase
the S-nitrosylation of CK2a: and GRK6 (Fig 4). These results suggest that both aging and trans-
genic expression of A53T a-syn could contribute to PD through increasing nitrosative stress
in the brain (Figs 3 & 4).

To determine if the age-dependent increased in S-nitrosylation of GRK6 and CK2a. was
dependent on nNOS and hence affected the accumulation of pSer129 a-syn (Fig 3), we gener-
ated A53T transgenic mice with or without deletion of one copy of nNOS (A53T -/+ and
A53T -/+; nNOS-/+). At 6, 9 and 12 months of age, we sacrificed these mice and then per-
formed in vivo biotin-switch assay to analyze the level of GRK6, CK20. and GAPDH S-nitrosy-
lation in these mouse brain samples. At the same time, we also measured the level of o-syn and
pSer129 o-syn in these samples. We found that reduction of o.-syn and pSer129 o-syn was
observed in an age-dependent manner in the A53T transgenic mice with the heterogenic dele-
tion of nNOS (A53T -/+; nNOS-/+). It was particular prominent in the 9 and 12 months old
double transgenic mice (Figs 6 & 7). We had also observed a significant age-dependent reduc-
tion in the S-nitrosylation of CK20. and GAPDH in the 12 month old A53T transgenic mice
with the heterogenic deletion of nNOS (A53T -/+; nNOS-/+) (Fig 7). These results further
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Fig 7. Deletion of neuronal NOS (nNOS) reduces the accumulation of pSer129 a-syn and total a-syn in 12-month-old
A53T a-syn transgenic mice. (A) Hemizygous A53T a-syn transgenic mouse brain (A53T -/+), and hemizygous A53T o~
syn transgenic and nNOS heterozygous knockout (A53T -/+; nNOS -/+) double mutant mouse brain samples at 12-month-
old were analyzed with in vivo biotin-switch assay for CK20: and GAPDH. The samples were also subject to Western blot
analysis of CK20, GAPDH, pSer129 o-syn and a-syn. (—: GRK6 band) (B) Quantification of CK2a, GRK6 and GAPDH S-
nitrosylation and protein levels of pSer129 o-syn and a-syn as in (A) (* p<0.05; ** p<0.01; # of animals = 4 in each group;
Student’s t-test).

https://doi.org/10.1371/journal.pone.0232019.g007

support our hypothesis that that both aging and NO could modulate the levels of pSer129 o
syn and total o-syn in the mouse brain. Another factor that might affect our results was that
other kinases might also contribute to the o-syn phosphorylation such as PLKs. In this study,
we just focused on CK2a and GRK6 because studies have shown that they are the primarily
kinases that phosphorylate a-syn at S129 [21, 27-29] Taken together, the mouse PD model
suggested that even heterogenic deletion of nNOS could have a significant effect on the metab-
olism of a-syn and pSer129 a-syn level in an age-dependent manner. These results also further
consolidate the importance of the interaction between nitrosative stress and aging in the path-
ogenesis of PD. In comparison to the L-NNA treatment, the double mutant (A53T -/+;
nNOS-/+) experiment supports the notion that the contribution of the nitrosative stress in the
PD is not just depending on nNOS, but also possibly involving the activity of eNOS and iNOS
as we know that different NOS activity can affect the pathogenesis of PD from previous studies
[53, 54]. One of the important and novel mechanisms finding in this study is that both aging
and overexpression of A53T o.-syn could increase nitrosative stress in an animal model of PD.
Finally, this study suggests that the modulation of nitrosative stress might be a potential thera-
peutic approach for PD treatment.

Supporting information

S1 Fig. GRK6 enhances the phosphorylation of a-syn phosphorylation at S129 in a dose-
dependent manner. pRK5-o.-syn and different amounts of pPCMV-Tag2B-GRK6 were trans-
fected to HEK293T cells. A dose-dependent enhanced phosphorylation of o.-syn phosphoryla-
tion at S129 was observed by GRK6.

(EPS)

$2 Fig. CK2a enhances the phosphorylation of a-syn phosphorylation at 129 in a dose-
dependent manner. pRK5-0-syn and different amounts of pRK5-myc-CK2a were transfected
to HEK293T cells. A dose-dependent enhanced phosphorylation of o-syn phosphorylation at
S129 was observed by CK20.

(EPS)

S1 Raw Images.
(PDF)

Acknowledgments

We would like to thank the generous provision of CK2o and CK2f plasmids from Prof. Robert
Qi, The Hong Kong University of Science and Technology, Hong Kong, China.

Author Contributions

Conceptualization: Weiwei Wu, Chun Chau Sung, Peichun Yu, Jiahua Li, Kenny K. K.
Chung.

Data curation: Weiwei Wu, Chun Chau Sung, Peichun Yu.

PLOS ONE | https://doi.org/10.1371/journal.pone.0232019  April 28, 2020 18/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232019.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232019.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232019.s003
https://doi.org/10.1371/journal.pone.0232019.g007
https://doi.org/10.1371/journal.pone.0232019

PLOS ONE

GRK®6 and CK2 S-nitrosylation in Parkinson’s disease

Formal analysis: Weiwei Wu, Chun Chau Sung, Peichun Yu, Kenny K. K. Chung.

Funding acquisition: Kenny K. K. Chung.

Investigation: Weiwei Wu, Chun Chau Sung, Peichun Yu, Kenny K. K. Chung.

Methodology: Weiwei Wu, Chun Chau Sung, Peichun Yu, Jiahua Li, Kenny K. K. Chung.

Supervision: Kenny K. K. Chung.

Validation: Weiwei Wu, Chun Chau Sung, Peichun Yu, Kenny K. K. Chung.

Visualization: Weiwei Wu, Chun Chau Sung, Peichun Yu.

Writing - original draft: Weiwei Wu, Chun Chau Sung, Peichun Yu, Kenny K. K. Chung.

Writing - review & editing: Kenny K. K. Chung.

References

1.

10.

11.

12

13.

14.

Bellou V, Belbasis L, Tzoulaki |, Evangelou E, loannidis JP. Environmental risk factors and Parkinson’s
disease: An umbrella review of meta-analyses. Parkinsonism & related disorders. 2016; 23:1-9. https://
doi.org/10.1016/j.parkreldis.2015.12.008 PMID: 26739246.

Dawson TM, Ko HS, Dawson VL. Genetic animal models of Parkinson’s disease. Neuron. 2010; 66
(5):646-61. https://doi.org/10.1016/j.neuron.2010.04.034 PMID: 20547124,

Kalia LV, Lang AE. Parkinson’s disease. Lancet. 2015; 386(9996):896—912. https://doi.org/10.1016/
S0140-6736(14)61393-3 PMID: 25904081.

Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra A, et al. Mutation in the alpha-synu-
clein gene identified in families with Parkinson’s disease. Science. 1997; 276(5321):2045-7. https://doi.
org/10.1126/science.276.5321.2045 PMID: 9197268.

Spillantini MG, Crowther RA, Jakes R, Hasegawa M, Goedert M. alpha-Synuclein in filamentous inclu-
sions of Lewy bodies from Parkinson’s disease and dementia with lewy bodies. Proc Natl Acad Sci U S
A. 1998; 95(11):6469-73. https://doi.org/10.1073/pnas.95.11.6469 PMID: 9600990.

Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes R, Goedert M. Alpha-synuclein in Lewy
bodies. Nature. 1997; 388(6645):839—40. https://doi.org/10.1038/42166 PMID: 9278044.

Breydo L, Wu JW, Uversky VN. alpha-Synuclein misfolding and Parkinson’s disease. Biochimica et bio-
physica acta. 2011. https://doi.org/10.1016/j.bbadis.2011.10.002 PMID: 22024 360.

Conway KA, Lee SJ, Rochet JC, Ding TT, Williamson RE, Lansbury PT, Jr. Acceleration of oligomeriza-
tion, not fibrillization, is a shared property of both alpha-synuclein mutations linked to early-onset Parkin-
son’s disease: implications for pathogenesis and therapy. Proc Natl Acad Sci U S A. 2000; 97(2):571-6.
https://doi.org/10.1073/pnas.97.2.571 PMID: 10639120.

Fauvet B, Mbefo MK, Fares MB, Desobry C, Michael S, Ardah MT, et al. Alpha-synuclein in the central
nervous system and from erythrocytes, mammalian cells and E. coli exists predominantly as a disor-
dered monomer. J Biol Chem. 2012. https://doi.org/10.1074/jbc.M111.318949 PMID: 22315227.

Giasson Bl, Duda JE, Murray 1V, Chen Q, Souza JM, Hurtig HI, et al. Oxidative damage linked to neuro-
degeneration by selective alpha-synuclein nitration in synucleinopathy lesions. Science. 2000; 290
(5493):985-9. https://doi.org/10.1126/science.290.5493.985 PMID: 11062131.

Xie W, Wan OW, Chung KK. New insights into the role of mitochondrial dysfunction and protein aggre-
gation in Parkinson’s disease. Biochim Biophys Acta. 2010; 1802(11):935—41. https://doi.org/10.1016/j.
bbadis.2010.07.014 PMID: 20674742.

Devine MJ, Gwinn K, Singleton A, Hardy J. Parkinson’s disease and alpha-synuclein expression. Move-
ment disorders: official journal of the Movement Disorder Society. 2011. https://doi.org/10.1002/mds.
23948 PMID: 21887711.

Waxman EA, Giasson Bl. Molecular mechanisms of alpha-synuclein neurodegeneration. Biochimica et
biophysica acta. 2009; 1792(7):616—24. https://doi.org/10.1016/j.bbadis.2008.09.013 PMID: 18955133.

Singleton AB, Farrer M, Johnson J, Singleton A, Hague S, Kachergus J, et al. alpha-Synuclein locus
triplication causes Parkinson’s disease. Science. 2003; 302(5646):841. https://doi.org/10.1126/
science.1090278 PMID: 14593171.

PLOS ONE | https://doi.org/10.1371/journal.pone.0232019  April 28, 2020 19/22


https://doi.org/10.1016/j.parkreldis.2015.12.008
https://doi.org/10.1016/j.parkreldis.2015.12.008
http://www.ncbi.nlm.nih.gov/pubmed/26739246
https://doi.org/10.1016/j.neuron.2010.04.034
http://www.ncbi.nlm.nih.gov/pubmed/20547124
https://doi.org/10.1016/S0140-6736(14)61393-3
https://doi.org/10.1016/S0140-6736(14)61393-3
http://www.ncbi.nlm.nih.gov/pubmed/25904081
https://doi.org/10.1126/science.276.5321.2045
https://doi.org/10.1126/science.276.5321.2045
http://www.ncbi.nlm.nih.gov/pubmed/9197268
https://doi.org/10.1073/pnas.95.11.6469
http://www.ncbi.nlm.nih.gov/pubmed/9600990
https://doi.org/10.1038/42166
http://www.ncbi.nlm.nih.gov/pubmed/9278044
https://doi.org/10.1016/j.bbadis.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22024360
https://doi.org/10.1073/pnas.97.2.571
http://www.ncbi.nlm.nih.gov/pubmed/10639120
https://doi.org/10.1074/jbc.M111.318949
http://www.ncbi.nlm.nih.gov/pubmed/22315227
https://doi.org/10.1126/science.290.5493.985
http://www.ncbi.nlm.nih.gov/pubmed/11062131
https://doi.org/10.1016/j.bbadis.2010.07.014
https://doi.org/10.1016/j.bbadis.2010.07.014
http://www.ncbi.nlm.nih.gov/pubmed/20674742
https://doi.org/10.1002/mds.23948
https://doi.org/10.1002/mds.23948
http://www.ncbi.nlm.nih.gov/pubmed/21887711
https://doi.org/10.1016/j.bbadis.2008.09.013
http://www.ncbi.nlm.nih.gov/pubmed/18955133
https://doi.org/10.1126/science.1090278
https://doi.org/10.1126/science.1090278
http://www.ncbi.nlm.nih.gov/pubmed/14593171
https://doi.org/10.1371/journal.pone.0232019

PLOS ONE

GRK®6 and CK2 S-nitrosylation in Parkinson’s disease

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Tagliafierro L, Chiba-Falek O. Up-regulation of SNCA gene expression: implications to synucleinopa-
thies. Neurogenetics. 2016; 17(3):145-57. https://doi.org/10.1007/s10048-016-0478-0 PMID:
26948950; PubMed Central PMCID: PMC4907864.

Kalia LV, Kalia SK. alpha-Synuclein and Lewy pathology in Parkinson’s disease. Current opinion in neu-
rology. 2015; 28(4):375-81. https://doi.org/10.1097/WC0O.0000000000000215 PMID: 26110807.

Schmid AW, Fauvet B, Moniatte M, Lashuel HA. Alpha-synuclein post-translational modifications as
potential biomarkers for Parkinson disease and other synucleinopathies. Molecular & cellular proteo-
mics: MCP. 2013; 12(12):3543-58. https://doi.org/10.1074/mcp.R113.032730 PMID: 23966418;
PubMed Central PMCID: PMC3861707.

Stefanis L. alpha-Synuclein in Parkinson’s disease. Cold Spring Harbor perspectives in medicine. 2012;
2(2):a009399. https://doi.org/10.1101/cshperspect.a009399 PMID: 22355802; PubMed Central
PMCID: PMC3281589.

Fujiwara H, Hasegawa M, Dohmae N, Kawashima A, Masliah E, Goldberg MS, et al. alpha-Synuclein is
phosphorylated in synucleinopathy lesions. Nature cell biology. 2002; 4(2):160—4. https://doi.org/10.
1038/ncb748 PMID: 11813001.

Hasegawa M, Fujiwara H, Nonaka T, Wakabayashi K, Takahashi H, Lee VM, et al. Phosphorylated
alpha-synuclein is ubiquitinated in alpha-synucleinopathy lesions. The Journal of biological chemistry.
2002; 277(50):49071-6. https://doi.org/10.1074/jbc.M208046200 PMID: 12377775.

Ishii A, Nonaka T, Taniguchi S, Saito T, Arai T, Mann D, et al. Casein kinase 2 is the major enzyme in
brain that phosphorylates Ser129 of human alpha-synuclein: Implication for alpha-synucleinopathies.
FEBS letters. 2007; 581(24):4711-7. https://doi.org/10.1016/j.febslet.2007.08.067 PMID: 17868672.

Inglis KJ, Chereau D, Brigham EF, Chiou SS, Schobel S, Frigon NL, et al. Polo-like kinase 2 (PLK2)
phosphorylates alpha-synuclein at serine 129 in central nervous system. The Journal of biological
chemistry. 2009; 284(5):2598-602. https://doi.org/10.1074/jbc.C800206200 PMID: 19004816.

Mbefo MK, Paleologou KE, Boucharaba A, Oueslati A, Schell H, Fournier M, et al. Phosphorylation of
synucleins by members of the Polo-like kinase family. The Journal of biological chemistry. 2010; 285
(4):2807-22. https://doi.org/10.1074/jbc.M109.081950 PMID: 1988964 1.

Paleologou KE, Oueslati A, Shakked G, Rospigliosi CC, Kim HY, Lamberto GR, et al. Phosphorylation
at S87 is enhanced in synucleinopathies, inhibits alpha-synuclein oligomerization, and influences synu-
clein-membrane interactions. The Journal of neuroscience: the official journal of the Society for Neuro-
science. 2010; 30(9):3184-98. https://doi.org/10.1523/JNEUROSCI.5922-09.2010 PMID: 20203178.

Pronin AN, Morris AJ, Surguchov A, Benovic JL. Synucleins are a novel class of substrates for G pro-
tein-coupled receptor kinases. The Journal of biological chemistry. 2000; 275(34):26515-22. https:/
doi.org/10.1074/jbc.M003542200 PMID: 10852916.

Sakamoto M, Arawaka S, Hara S, Sato H, Cui C, Machiya Y, et al. Contribution of endogenous G-pro-
tein-coupled receptor kinases to Ser129 phosphorylation of alpha-synuclein in HEK293 cells. Biochemi-
cal and biophysical research communications. 2009; 384(3):378-82. https://doi.org/10.1016/j.bbrc.
2009.04.130 PMID: 19410557.

Dzamko N, Zhou J, Huang Y, Halliday GM. Parkinson’s disease-implicated kinases in the brain; insights
into disease pathogenesis. Frontiers in molecular neuroscience. 2014; 7:57. https://doi.org/10.3389/
fnmol.2014.00057 PMID: 25009465; PubMed Central PMCID: PMC4068290.

Okochi M, Walter J, Koyama A, Nakajo S, Baba M, Iwatsubo T, et al. Constitutive phosphorylation of
the Parkinson’s disease associated alpha-synuclein. The Journal of biological chemistry. 2000; 275
(1):390-7. https://doi.org/10.1074/jbc.275.1.390 PMID: 10617630.

Lee G, Tanaka M, Park K, Lee SS, Kim YM, Junn E, et al. Casein kinase II-mediated phosphorylation
regulates alpha-synuclein/synphilin-1 interaction and inclusion body formation. The Journal of biological
chemistry. 2004; 279(8):6834-9. https://doi.org/10.1074/jbc.M312760200 PMID: 14645218.

Anderson JP, Walker DE, Goldstein JM, de Laat R, Banducci K, Caccavello RJ, et al. Phosphorylation
of Ser-129 is the dominant pathological modification of alpha-synuclein in familial and sporadic Lewy
body disease. The Journal of biological chemistry. 2006; 281(40):29739-52. https://doi.org/10.1074/
jbc.M600933200 PMID: 16847063.

Tsang AH, Chung KK. Oxidative and nitrosative stress in Parkinson’s disease. Biochimica et biophysica
acta. 2009; 1792(7):643-50. https://doi.org/10.1016/j.bbadis.2008.12.006 PMID: 19162179.

Nakamura T, Prikhodko OA, Pirie E, Nagar S, Akhtar MW, Oh CK, et al. Aberrant protein S-nitrosylation
contributes to the pathophysiology of neurodegenerative diseases. Neurobiology of disease. 2015;
84:99-108. hitps://doi.org/10.1016/j.nbd.2015.03.017 PMID: 25796565; PubMed Central PMCID:
PMC4575233.

Chung KK, Thomas B, Li X, Pletnikova O, Troncoso JC, Marsh L, et al. S-nitrosylation of parkin regu-
lates ubiquitination and compromises parkin’s protective function. Science. 2004; 304(5675):1328-31.
https://doi.org/10.1126/science.1093891 PMID: 15105460.

PLOS ONE | https://doi.org/10.1371/journal.pone.0232019  April 28, 2020 20/22


https://doi.org/10.1007/s10048-016-0478-0
http://www.ncbi.nlm.nih.gov/pubmed/26948950
https://doi.org/10.1097/WCO.0000000000000215
http://www.ncbi.nlm.nih.gov/pubmed/26110807
https://doi.org/10.1074/mcp.R113.032730
http://www.ncbi.nlm.nih.gov/pubmed/23966418
https://doi.org/10.1101/cshperspect.a009399
http://www.ncbi.nlm.nih.gov/pubmed/22355802
https://doi.org/10.1038/ncb748
https://doi.org/10.1038/ncb748
http://www.ncbi.nlm.nih.gov/pubmed/11813001
https://doi.org/10.1074/jbc.M208046200
http://www.ncbi.nlm.nih.gov/pubmed/12377775
https://doi.org/10.1016/j.febslet.2007.08.067
http://www.ncbi.nlm.nih.gov/pubmed/17868672
https://doi.org/10.1074/jbc.C800206200
http://www.ncbi.nlm.nih.gov/pubmed/19004816
https://doi.org/10.1074/jbc.M109.081950
http://www.ncbi.nlm.nih.gov/pubmed/19889641
https://doi.org/10.1523/JNEUROSCI.5922-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20203178
https://doi.org/10.1074/jbc.M003542200
https://doi.org/10.1074/jbc.M003542200
http://www.ncbi.nlm.nih.gov/pubmed/10852916
https://doi.org/10.1016/j.bbrc.2009.04.130
https://doi.org/10.1016/j.bbrc.2009.04.130
http://www.ncbi.nlm.nih.gov/pubmed/19410557
https://doi.org/10.3389/fnmol.2014.00057
https://doi.org/10.3389/fnmol.2014.00057
http://www.ncbi.nlm.nih.gov/pubmed/25009465
https://doi.org/10.1074/jbc.275.1.390
http://www.ncbi.nlm.nih.gov/pubmed/10617630
https://doi.org/10.1074/jbc.M312760200
http://www.ncbi.nlm.nih.gov/pubmed/14645218
https://doi.org/10.1074/jbc.M600933200
https://doi.org/10.1074/jbc.M600933200
http://www.ncbi.nlm.nih.gov/pubmed/16847063
https://doi.org/10.1016/j.bbadis.2008.12.006
http://www.ncbi.nlm.nih.gov/pubmed/19162179
https://doi.org/10.1016/j.nbd.2015.03.017
http://www.ncbi.nlm.nih.gov/pubmed/25796565
https://doi.org/10.1126/science.1093891
http://www.ncbi.nlm.nih.gov/pubmed/15105460
https://doi.org/10.1371/journal.pone.0232019

PLOS ONE

GRK®6 and CK2 S-nitrosylation in Parkinson’s disease

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Nakamura T, Wang L, Wong CC, Scott FL, Eckelman BP, Han X, et al. Transnitrosylation of XIAP regu-
lates caspase-dependent neuronal cell death. Molecular cell. 2010; 39(2):184-95. https://doi.org/10.
1016/j.molcel.2010.07.002 PMID: 20670888; PubMed Central PMCID: PMC2924818.

Tsang AH, Lee YI, Ko HS, Savitt JM, Pletnikova O, Troncoso JC, et al. S-nitrosylation of XIAP compro-
mises neuronal survival in Parkinson’s disease. Proceedings of the National Academy of Sciences of
the United States of America. 2009; 106(12):4900-5. https://doi.org/10.1073/pnas.0810595106 PMID:
19273858; PubMed Central PMCID: PMC2660786.

Yao D, Gu Z, Nakamura T, Shi ZQ, Ma Y, Gaston B, et al. Nitrosative stress linked to sporadic Parkin-
son’s disease: S-nitrosylation of parkin regulates its E3 ubiquitin ligase activity. Proceedings of the
National Academy of Sciences of the United States of America. 2004; 101(29):10810—4. https://doi.org/
10.1073/pnas.0404161101 PMID: 15252205; PubMed Central PMCID: PMC490016.

Qu J, Nakamura T, Cao G, Holland EA, McKercher SR, Lipton SA. S-Nitrosylation activates Cdk5 and
contributes to synaptic spine loss induced by beta-amyloid peptide. Proceedings of the National Acad-
emy of Sciences of the United States of America. 2011; 108(34):14330-5. https://doi.org/10.1073/pnas.
1105172108 PMID: 21844361; PubMed Central PMCID: PMC3161554.

Zhang P, Yu PC, Tsang AH, Chen Y, Fu AK, Fu WY, et al. S-nitrosylation of cyclin-dependent kinase 5
(cdk5) regulates its kinase activity and dendrite growth during neuronal development. The Journal of
neuroscience: the official journal of the Society for Neuroscience. 2010; 30(43):14366—70. https://doi.
org/10.1523/JNEUROSCI.3899-10.2010 PMID: 20980593.

Cook JA, Kim SY, Teague D, Krishna MC, Pacelli R, Mitchell JB, et al. Convenient colorimetric and fluo-
rometric assays for S-nitrosothiols. Analytical biochemistry. 1996; 238(2):150-8. https://doi.org/10.
1006/abio.1996.0268 PMID: 8660604.

Jaffrey SR, Snyder SH. The biotin switch method for the detection of S-nitrosylated proteins. Sci STKE.
2001; 2001(86):pl1. Epub 2001/12/26. https://doi.org/10.1126/stke.2001.86.pl1 PMID: 11752655.

Giasson BI, Duda JE, Quinn SM, Zhang B, Trojanowski JQ, Lee VM. Neuronal alpha-synucleinopathy
with severe movement disorder in mice expressing A53T human alpha-synuclein. Neuron. 2002; 34
(4):521-33. https://doi.org/10.1016/s0896-6273(02)00682-7 PMID: 12062037.

Huang PL, Dawson TM, Bredt DS, Snyder SH, Fishman MC. Targeted disruption of the neuronal nitric
oxide synthase gene. Cell. 1993; 75(7):1273-86. https://doi.org/10.1016/0092-8674(93)90615-w
PMID: 7505721.

Xie W, Chung KK. Alpha-synuclein impairs normal dynamics of mitochondria in cell and animal models
of Parkinson’s disease. Journal of neurochemistry. 2012; 122(2):404—14. Epub 2012/04/28. https://doi.
org/10.1111/j.1471-4159.2012.07769.x PMID: 22537068.

Kim HS, Park WK. Nitric oxide mediation of cocaine-induced dopaminergic behaviors: ambulation-
accelerating activity, reverse tolerance and conditioned place preference in mice. The Journal of phar-
macology and experimental therapeutics. 1995; 275(2):551-7. PMID: 7473138.

Arimoto T, Bing G. Up-regulation of inducible nitric oxide synthase in the substantia nigra by lipopoly-
saccharide causes microglial activation and neurodegeneration. Neurobiology of disease. 2003; 12
(1):35-45. https://doi.org/10.1016/s0969-9961(02)00017-7 PMID: 12609487.

Tong XK, Nicolakakis N, Kocharyan A, Hamel E. Vascular remodeling versus amyloid beta-induced oxi-
dative stress in the cerebrovascular dysfunctions associated with Alzheimer’s disease. The Journal of
neuroscience: the official journal of the Society for Neuroscience. 2005; 25(48):11165-74. https://doi.
org/10.1523/JNEUROSCI.4031-05.2005 PMID: 16319316.

Hara S, Arawaka S, Sato H, Machiya Y, Cui C, Sasaki A, et al. Serine 129 phosphorylation of mem-
brane-associated alpha-synuclein modulates dopamine transporter function in a G protein-coupled
receptor kinase-dependent manner. Molecular biology of the cell. 2013; 24(11):1649-60, S1-3. https:/
doi.org/10.1091/mbc.E12-12-0903 PMID: 23576548; PubMed Central PMCID: PMC3667719.

Sato H, Arawaka S, Hara S, Fukushima S, Koga K, Koyama S, et al. Authentically phosphorylated
alpha-synuclein at Ser129 accelerates neurodegeneration in a rat model of familial Parkinson’s disease.
The Journal of neuroscience: the official journal of the Society for Neuroscience. 2011; 31(46):16884—
94. https://doi.org/10.1523/JNEUROSCI.3967-11.2011 PMID: 22090514.

Waxman EA, Giasson BI. Specificity and regulation of casein kinase-mediated phosphorylation of
alpha-synuclein. Journal of neuropathology and experimental neurology. 2008; 67(5):402—16. Epub
2008/05/03. https://doi.org/10.1097/NEN.0b013e31816fc995 PMID: 18451726; PubMed Central
PMCID: PMC2930078.

Kornberg MD, Sen N, Hara MR, Juluri KR, Nguyen JV, Snowman AM, et al. GAPDH mediates nitrosyla-
tion of nuclear proteins. Nature cell biology. 2010; 12(11):1094—100. Epub 2010/10/26. https://doi.org/
10.1038/ncb2114 PMID: 20972425; PubMed Central PMCID: PMC2972384.

Duda JE, Giasson Bl, Chen Q, Gur TL, Hurtig HI, Stern MB, et al. Widespread nitration of pathological
inclusions in neurodegenerative synucleinopathies. The American journal of pathology. 2000; 157

PLOS ONE | https://doi.org/10.1371/journal.pone.0232019  April 28, 2020 21/22


https://doi.org/10.1016/j.molcel.2010.07.002
https://doi.org/10.1016/j.molcel.2010.07.002
http://www.ncbi.nlm.nih.gov/pubmed/20670888
https://doi.org/10.1073/pnas.0810595106
http://www.ncbi.nlm.nih.gov/pubmed/19273858
https://doi.org/10.1073/pnas.0404161101
https://doi.org/10.1073/pnas.0404161101
http://www.ncbi.nlm.nih.gov/pubmed/15252205
https://doi.org/10.1073/pnas.1105172108
https://doi.org/10.1073/pnas.1105172108
http://www.ncbi.nlm.nih.gov/pubmed/21844361
https://doi.org/10.1523/JNEUROSCI.3899-10.2010
https://doi.org/10.1523/JNEUROSCI.3899-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20980593
https://doi.org/10.1006/abio.1996.0268
https://doi.org/10.1006/abio.1996.0268
http://www.ncbi.nlm.nih.gov/pubmed/8660604
https://doi.org/10.1126/stke.2001.86.pl1
http://www.ncbi.nlm.nih.gov/pubmed/11752655
https://doi.org/10.1016/s0896-6273(02)00682-7
http://www.ncbi.nlm.nih.gov/pubmed/12062037
https://doi.org/10.1016/0092-8674(93)90615-w
http://www.ncbi.nlm.nih.gov/pubmed/7505721
https://doi.org/10.1111/j.1471-4159.2012.07769.x
https://doi.org/10.1111/j.1471-4159.2012.07769.x
http://www.ncbi.nlm.nih.gov/pubmed/22537068
http://www.ncbi.nlm.nih.gov/pubmed/7473138
https://doi.org/10.1016/s0969-9961(02)00017-7
http://www.ncbi.nlm.nih.gov/pubmed/12609487
https://doi.org/10.1523/JNEUROSCI.4031-05.2005
https://doi.org/10.1523/JNEUROSCI.4031-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16319316
https://doi.org/10.1091/mbc.E12-12-0903
https://doi.org/10.1091/mbc.E12-12-0903
http://www.ncbi.nlm.nih.gov/pubmed/23576548
https://doi.org/10.1523/JNEUROSCI.3967-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22090514
https://doi.org/10.1097/NEN.0b013e31816fc995
http://www.ncbi.nlm.nih.gov/pubmed/18451726
https://doi.org/10.1038/ncb2114
https://doi.org/10.1038/ncb2114
http://www.ncbi.nlm.nih.gov/pubmed/20972425
https://doi.org/10.1371/journal.pone.0232019

PLOS ONE GRK6 and CK2 S-nitrosylation in Parkinson’s disease

(5):1439-45. hitps:/doi.org/10.1016/S0002-9440(10)64781-5 PMID: 11073803; PubMed Central
PMCID: PMC1885725.

52. Chung KK, David KK. Emerging roles of nitric oxide in neurodegeneration. Nitric oxide: biology and
chemistry. 2010; 22(4):290-5. https://doi.org/10.1016/j.niox.2010.02.002 PMID: 20149888.

53. Liberatore GT, Jackson-Lewis V, Vukosavic S, Mandir AS, Vila M, McAuliffe WG, et al. Inducible nitric
oxide synthase stimulates dopaminergic neurodegeneration in the MPTP model of Parkinson disease.
Nat Med. 1999; 5(12):1403-9. Epub 1999/12/02. https://doi.org/10.1038/70978 PMID: 10581083.

54. Przedborski S, Jackson-Lewis V, Yokoyama R, Shibata T, Dawson VL, Dawson TM. Role of neuronal
nitric oxide in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced dopaminergic neurotoxic-
ity. Proceedings of the National Academy of Sciences of the United States of America. 1996; 93
(10):4565-71. Epub 1996/05/14. https://doi.org/10.1073/pnas.93.10.4565 PMID: 8643444; PubMed
Central PMCID: PMC39317.

PLOS ONE | https://doi.org/10.1371/journal.pone.0232019  April 28, 2020 22/22


https://doi.org/10.1016/S0002-9440(10)64781-5
http://www.ncbi.nlm.nih.gov/pubmed/11073803
https://doi.org/10.1016/j.niox.2010.02.002
http://www.ncbi.nlm.nih.gov/pubmed/20149888
https://doi.org/10.1038/70978
http://www.ncbi.nlm.nih.gov/pubmed/10581083
https://doi.org/10.1073/pnas.93.10.4565
http://www.ncbi.nlm.nih.gov/pubmed/8643444
https://doi.org/10.1371/journal.pone.0232019

