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Abstract

a-Synuclein (a-syn) is the major component of pathologic
inclusions that characterize neurodegenerative disorders such as
Parkinson disease, dementia with Lewy body disease, and multiple
system atrophy. The present study uses novel phospho-specific
antibodies to assess the presence and regulation of phosphorylated
Ser87 and Serl29 in a-syn in human brain samples and in a
transgenic mouse model of a-synucleinopathies. By immunohisto-
chemistry, a-syn phosphorylated at Ser129, but not at Ser87, was
abundant in a-syn inclusions. Under normal conditions, Ser129
phosphorylation, but not Ser87 phosphorylation, was detected at low
levels in the soluble biochemical fractions in human a-syn trans-
genic mice and stably transfected cultured cells. Therefore, a role for
Ser87 phosphorylation in a-synucleinopathies is unlikely, and in
vitro assays showed that phosphorylation at this site would inhibit
polymerization. In vitro studies also indicated that hyperphosphor-
ylation of Ser129 a-syn in pathologic inclusions may be due in part
to the intrinsic properties of aggregated a-syn to act as substrates for
kinases but not phosphatases. Further studies in transgenic mice and
cultured cells suggest that cellular toxicity, including proteasomal
dysfunction, increases casein kinase 2 activity, which results in
elevated Ser129 a-syn phosphorylation. These data provide novel
explanations for the presence of hyperphosphorylated Ser129 a-syn
in pathologic inclusions.

Key Words: a-synuclein, Casein kinase, Fibrillation, Parkinson
disease, Phosphorylation, PP2C, Proteasome.

INTRODUCTION

Parkinson disease (PD) is a neurodegenerative disorder
characterized by a loss of dopaminergic neurons in the
substantia nigra pars compacta. Pathologic analysis of PD
brains reveals intracytoplasmic perikaryal inclusions known
as Lewy bodies (LBs) in some of the remaining dopaminer-
gic neurons, as well as similar inclusions in neuronal
processes are termed Lewy neurites (1-3). The major com-
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ponent of LBs and Lewy neurites is a-synuclein (a-syn), a
140—amino acid protein that is normally soluble and is
localized to neuronal synaptic terminals (1-4). a-Synuclein
aberrantly polymerizes into 10- to 15-nm amyloidogenic
fibrils that associate to form the Lewy inclusions that con-
tribute to the pathogenesis of PD (1-3). A role for a-syn in
the pathophysiology of PD is further supported by the
identification in familial forms of PD of several missense
mutations in a-syn and short chromosomal duplications and
triplications that include the gene for a-syn (5, 6). Further-
more, a-syn is the major component of pathologic inclusions
in other neurodegenerative diseases, including dementia with
LBs (DLB), LB variant of Alzheimer disease (LBVAD), and
multiple systems atrophy (MSA), which are collectively
termed a-synucleinopathies (1, 5, 7-11).

Although the initial identification of the a-syn protein
in bovine brain was based on the characterization of a
neuron-specific phosphoprotein (12-14), the purposes
of phosphorylation and the kinases involved are unclear.
a-Synuclein is predominantly phosphorylated at serine
residues, and the major putative kinases implicated include
G-protein coupled receptor kinase (GRK) 5, dual-specificity
tyrosine-regulated kinase 1A, casein kinase (CK) 1, and CK2
(15-18).

The major phosphorylation site on a-syn is Ser129 (15,
19, 20), which is located in the negatively charged C-terminal
tail of a-syn. A secondary site of Ser87, located near the
hydrophobic domain, has been noted in vitro and in cultured
cells (15, 17). In human brain samples, a-syn is reportedly
only phosphorylated at low levels at Ser129, but this amino
acid residue can be hyperphosphorylated in pathologic a-syn
inclusions (19-22). a-Synuclein is also phosphorylated at
Ser129 in the pathologic inclusions of transgenic mouse
models of a-synucleinopathies (19, 21, 23). Furthermore, it
has been suggested that phosphorylation of Ser129 in a-syn
by CK2 may promote in vitro fibrillation (19) and in situ
inclusion formation (24). In other models, however, phos-
phorylation of Ser129 seems to decrease or not affect
inclusion formation (25, 26).

In contrast to Serl29, fewer studies have reported
phosphorylation of Ser87 a-syn (15, 17). In vitro, Ser87 in
a-syn can be phosphorylated by CKs (15) and dual-
specificity tyrosine-regulated kinase 1A (17), and in cultured
cells, phosphorylation at Ser87 of a-syn may promote a-syn
inclusion formation and decrease cell viability (17).

In this study, we have used in vitro, in situ, and in vivo
methods to examine the presence of phospho-Ser129 and
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phospho-Ser87, the regulation of phosphorylation, and the
mechanisms associated with the hyperphosphorylation of
Ser129 in pathologic inclusions.

MATERIALS AND METHODS
Antibodies

pSer129 is a novel mouse monoclonal antibody raised
against phospho-peptide CAYEMPpSEEGYQ conjugated to
maleimide-activated keyhole limpet hemocyanin using meth-
ods previously described (27, 28).

Syn102 is a mouse monoclonal antibody recognizing
the C-terminus of a-syn and B-syn (27). Syn211 is a mouse
monoclonal antibody specific for human a-syn that requires
amino acids 121 to 125 (27). SNL-4 is a polyclonal rabbit
antibody raised against a synthetic peptide corresponding to
amino acids 2 to 12 of a-syn (7, 27). SNL-4 recognizes all
LBs and glial cytoplasmic inclusions (GClIs) in cases of PD,
DLB, and MSA (7, 27). Syn514 is a mouse monoclonal
antibody that recognizes pathologic a-syn (29). Antibody to
phospho-Ser87 (pSer87) was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). PHF-1 antibody is a mouse
monoclonal antibody specific for tau phosphorylated at
Ser396 or Ser404 (30). Total tau protein expression was
assessed with a combination of the tau phosphoryla-
tion—independent antibodies T14 and T46 (31). Casein kinase
2o antibody was purchased from Upstate Biotechnology
(Charlottesville, VA). The CK2p, GRKS, and GRK2 anti-
bodies were purchased from Santa Cruz Biotechnology.

In Vitro Kinase Assays

Recombinant human a-syn (wild-type [WT] and
Ser87Ala, Serl29Ala, and Ser87Ala/Ser129Ala mutants)
was produced in BL21 Escherichia coli and purified to
homogeneity as previously described (32). Five micrograms
of each recombinant protein was phosphorylated in vitro by
500 U of commercially available enzyme kinases CK1 (New
England Biolabs, Ipswich, MA) and CK2 (New England
Biolabs) in buffers provided by the manufacturer. Each
kinase reaction was performed at room temperature for 90
minutes in the presence of 200 pmol/L of adenosine
triphosphate (ATP). The relative levels of phosphorylation
and the specificity of each kinase for the specific serine
residues were assessed by performing kinase reactions with
[y->>P]ATP. Reactions were stopped with addition of sodium
dodecyl sulfate (SDS) sample buffer and heating to 100°C for
5 minutes. For assessment of *?P incorporation, samples
resolved onto 15% SDS-polyacrylamide gels were exposed to
a *?P phosphoimaging screen (Molecular Dynamics, Piscat-
away, NJ), with direct quantification by excision of Coo-
massie-stained protein bands, followed by scintillation
counts.

Western Blot Analysis

Protein samples were resolved by SDS-polyacrylamide
gel electrophoresis (15% gels for a-syn, CK1, and CK2 immu-
noblots or 8% for tau, GRK2, and GRKS5 immunoblots),
followed by electrophoresis onto nitrocellulose membranes.
Membranes were blocked in Tris-buffered saline (TBS) with
5% dry milk and incubated overnight with Syn211, pSer129,
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or Synl02 in TBS/5% dry milk or pSer87 in TBS/3% bovine
serum albumin. For total protein lysates, pSerl129 was incu-
bated in TBS/3% bovine serum albumin. Other antibodies
were used at manufacturer-suggested specifications. Each in-
cubation was followed by goat anti-mouse-conjugated horse-
radish peroxidase (Amersham Biosciences, Piscataway, NJ) or
goat anti-rabbit horseradish peroxidase (Cell Signaling Tech-
nology, Danvers, MA), and immunoreactivity was detected
using chemiluminescent reagent (NEN, Boston, MA), fol-
lowed by exposure on x-ray film.

Immunohistochemistry

Postmortem brain samples from patients with PD,
LBVAD, DLB, MSA, or AD and neuropathologically normal
controls (Table) were harvested, fixed, and processed for
immunohistochemistry as previously described (7, 33).
Sequential 6-pm tissue sections were immunostained using
the avidin-biotin complex detection system (Vector Labora-
tories, Burlingame, CA) and 3,3’-diaminobenzidine. Primary
antibodies were incubated overnight in Tris with 5% fetal
bovine serum. Tissue sections were lightly counterstained
with hematoxylin. Co-occurrence within LBs and GCIs was
assessed by independent counting of inclusions in adjacent
sections.

Immunofluorescence

Immunofluorescence analysis of postmortem samples
was performed on paraffin-embedded brain sections as
previously described (33). Mouse brain tissue was isolated,
fixed, and processed as previously described (34). Sections
were incubated overnight with primary antibodies, diluted in
Tris/5% dry milk or in Tris/5% fetal bovine serum, followed
by goat anti-mouse secondary conjugated to Alexa 594 and
goat anti-rabbit secondary conjugated to Alexa 488 (Invi-
trogen, Carlsbad, CA). Sections were postfixed with formalin
and coverslipped using Vectashield with 4’-6-diamidino-2-
phenylindole mounting medium (Vector Laboratories).

Biochemical Fractionation

Tissue was homogenized in 3 ml/g of high-salt (HS)
buffer (50 mmol/L of Tris, 750 mmol/L of NaCl, 5 mmol/L
of EDTA, and a cocktail of protease inhibitors and
phosphatase inhibitors). The protease inhibitor cocktail
contained 1 mmol/L of phenylmethylsulfonyl and 1 mg/ml

TABLE. Demographic Data for Human Brain Samples

Age Postmortem
Range Interval Range
Diagnosis Sex (years) (hours)
PD 8M;3F 49-97 3-21
AD 2M; 1 F 73-75 10-20
LBVAD 9M; 4F 62-86 3-22
DLB 2M; 1 F 79-91 2-12
MSA 8M; 5 F 43-79 843
Normal 2M; 1F 47-89 10-12.5

AD, Alzheimer disease; DLB, dementia with Lewy bodies; F, female; LBVAD,
Lewy body variant of Alzheimer disease; M, male; MSA, multiple systems atrophy; PD,
Parkinson disease.
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each of pepstatin, leupeptin, N-tosyl-L-phenylalanyl chlor-
omethyl ketone, N-tosyl-lysine chloromethyl ketone, and
soybean trypsin inhibitor; the phosphatase inhibitor cocktail
contained 50 mmol/L of NaF, 1 mmol/L of NaVO,, and 1
pmol/L of okadaic acid (OA). Samples were sedimented at
100,000 x g for 20 minutes, and supernatants were removed
for analysis. Pellets were rehomogenized in successive
buffers, after which each was sedimented, and supernatant
was removed: HS containing 1% Triton X-100 (HS/Triton),
RIPA (50 mmol/L of Tris, 150 mmol/L of NaCl, 5 mmol/L of
EDTA, 1% NP40, 0.5% sodium deoxycholate, and 0.1%
SDS), and SDS/urea (8 mol/L of urea, 2% SDS, 10 mmol/L
of Tris; pH 7.5). Sodium dodecyl sulfate sample buffer was
added, and samples (except for the SDS/urea fractions) were
heated to 100°C for 5 minutes prior to Western blot analysis.

In Vitro Fibrillation Assays

For fibrillation assays, samples were diluted to 5 mg/ml
in 100 mmol/L of Na acetate, pH 7.4, and were subjected to
constant agitation for 24 to 60 hours at 37°C as previously
described (32, 35). Samples were sedimented at 100,000 x g
for 20 minutes, and the pellet (P) was analyzed in relationship
to the supernatant (S) by resolving via SDS-polyacrylamide
gel electrophoresis, stained with Coomassie, and quantification
by densitometry. The percentage of protein in pellets was
calculated as [P / (P + S)] x 100.

Amyloid formation was determined by K114 fluorom-
etry as previously described (36). A fraction of each sample
was incubated with K114 (10 pwmol/L) in 100 mmol/L of
glycine, pH 8.5, and fluorescence signal was measured (A,
380 nm; Aem, 550 nm; cutoff, 530 nm) with a SpectraMax
Gemini fluorometer and SoftMax Pro software (Molecular
Devices Corp., Sunnyvale, CA).

To determine the effect of phosphorylation on a-syn
fibril formation, recombinant WT, Ser87Ala, Ser129Ala, and
Ser87Ala/Ser129Ala a-syn were incubated overnight with
CKI1 in the absence or presence of ATP as previously
described. After phosphorylation, CK1 was heat inactivated
and removed by centrifugation, and proteins were incubated
in CK1 assay buffer, diluted in 100 mmol/L of Na acetate,
pH 7.4, and assayed as previously described.

For experiments in which polymerized o-syn was
subjected to kinase assays, fibrillized a-syn was centrifuged
at 2,200 x g and washed 3 times by gentle trituration in
sterile water followed by centrifugation. After isolation,
fibrillized a-syn was gently homogenized in water, and
protein concentration was determined by bicinchoninic acid
protein assay reagent (Pierce Thermo Scientific, Rockford,
IL) prior to experimentation.

In Vitro Protein Phosphatase Assays

Recombinant human WT a-syn or tau was incubated
with CK2 or CKI1, respectively, as previously described.
Kinases were heat inactivated at 65°C for 30 minutes, after
which the reaction was rehomogenized and aliquoted into
protein phosphatase reactions containing 2 pg of a-syn or tau
and 1 U of protein phosphatase (PP) 1 (New England
Biolabs), PP2A (EMD Biosciences, San Diego, CA), PP2C
(EMD Biosciences), N phosphatase (New England Biolabs),
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or 0.5 U PP2B (EMD Biosciences), where 1 U is defined as
the amount of enzyme that will release 1.0 nmol of [**P]P;
from *?P-labeled phosphorylase per minute at 30°C, pH 7.0.
Protein phosphatase 1 and PP2A reactions were performed in
a buffer containing 50 mmol/L of 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, 100 mmol/L of NaCl, 2 mmol/
L of dithiothreitol, 0.1 mmol/L of EGTA, and 0.025%
Tween-20, pH 7.5. Protein phosphatase 2B, PP2C, and \
reactions were performed in a buffer containing 50 mmol/L
of Tris-HCI, 100 mmol/L of NaCl, 2 mmol/L of dithiothrei-
tol, 0.1 mmol/L of EGTA, 0.01% Brij, and 100 pwg/ml of
bovine serum albumin, pH 7.5. Reactions were supplemented
as follows: 1 mmol/L of MnCl, for PP1, 5 mmol/L of CaCl,
and 3 pmol/L of calmodulin (EMD Biosciences) for PP2B,
10 mmol/L of MgCl, for PP2C, and 2 mmol/L of MnCl, for
N\. Reactions were incubated overnight at 30°C and were
stopped by addition of SDS sample buffer and boiling.

SH-SY5Y Neuroblastoma Cell Culture

SH-SYSY cells that stably express human WT a-syn
or vector control were maintained as previously described
(37). The parent cells (CRL-2266) were obtained from the
American Type Culture Collection (Manassas, VA). Cultures
were treated with the following drugs purchased from
Sigma-Aldrich (St. Louis, MO) unless otherwise specified:
10 pmol/L of CKI1 inhibitor D4476 [4-(4-(2,3-dihydroben-
zo(1,4)dioxin-6-yl)-5-pyridin-2-yl-1H-imidazol-2-yl)benza-
mide; EMD Biosciences], 10 or 25 pmol/L of CK2 inhibitors
DMAT [a derivative of TBB; 2-dimethylamino-4,5,6,7-
tetrabromo-1H-benzimidazole (38, 39)], 100 pwmol/L of
DRB (5,6-dichloro-1-B-D-ribofunanosylbenzimidazole), and
20 pmol/L of TBCA [(E)-3-(2,3,4,5-tetrabiomophenyl)acrylic
acid; EMD Biosciences (40)]; 20 nmol/L of OA (EMD
Biosciences); 10 wmol/L of FK506; 10 wmol/L of MG132
(Z-Leu-Leu-Leu-al); 25 mmol/L. of NH4CI; 5 pmol/L of lac-
tacystin; 10 wmol/L of MPP™ (1-methyl-4-phenylpyridinium
iodide); 500 pmol/L of dopamine; 50 pmol/L of 6-
hydroxydopamine; 200 pmol/L of H,O, (Fisher Scientific,
Fair Lawn, NJ); 1 pmol/L of rotenone; 100 pmol/L of
arsenite; 2 pmol/L of thapsigargin; and 50 pmol/L of
etoposide. Treatments were matched with a vehicle control
of 0.1% dimethyl sulfoxide (Fisher Scientific). Samples were
retrieved in 1.5x Laemmli sample buffer (75 mmol/L of Tris-
HCI, pH 6.8, 3% SDS, 15% glycerol, 3.75 mmol/L of EDTA,
pH 7.4) and boiled. Protein concentration was determined
using bicinchoninic acid protein assay reagent (Pierce
Thermo Scientific, Milwaukee, WI). Western blot analysis
was performed on 7 pg of protein per sample for pSer129
and 2 pg of protein per sample for Syn211.

Quantitative Analysis

[y-*PJATP incorporation was quantified with Image-
Quant software (Molecular Dynamics, Inc., Sunnyvale, CA),
and Western blot data were quantified by ImageJ software
(National Institutes of Health, Bethesda, MD). Data were
analyzed as a fraction or percent of control conditions and
compared with vehicle control conditions. When multiple
treatments were performed, the percent change was stand-
ardized to the initial treatment to determine the effect of the

© 2008 American Association of Neuropathologists, Inc.

Copyright © 2008 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited.

¥20¢2 Iudy gz uo 1senb Aq 02691 62/20%/S/.9/2101e/Uusul/woo dnoolwapede//:sdiy woly papeojumo(



J Neuropathol Exp Neurol ® Volume 67, Number 5, May 2008

Phosphorylation of a-Synuclein

subsequent treatment. All comparisons were completed by 2-
way parametric f-tests unless otherwise stated. Multiple
comparisons were made by 1-way analysis of variance, and
1-sample comparisons were completed by 1-sample #-test
using GraphPad InStat software (San Diego, CA).

RESULTS

In Vitro Phosphorylation of a-Syn and Antibody
Specificity

Previous studies have identified 2 potential sites on «-
syn for CK1 and CK2 phosphorylation, a major phosphor-
ylation site at Ser129 and a minor site at Ser87 (15). These sites
have been implicated in the ability of a-syn to form pathologic
inclusions (17, 19-21, 24). To further examine the phosphor-
ylation of a-syn, we produced a novel phospho-specific
antibody directed towards phospho-Ser129 (pSer129) and
tested a commercially available phospho-Ser87 antibody
(pSer87, Santa Cruz Biotechnology).

The specificity of these antibodies was first determined
by in vitro phosphorylation of recombinant a-syn protein by
CK1 or CK2. Site specificity was confirmed through
generation of serine-to-alanine mutations in a-syn (Ser129-
Ala, Ser87Ala, and double-mutant Ser87Ala/Ser129Ala).
Total phosphorylation of a-syn was assessed by [y->>P]ATP
incorporation for each protein and each kinase reaction
(Fig. 1). Coomassie staining of SDS-polyacrylamide gels
and immunoblotting with the previously described antibody
Syn102 (a-syn) (27) were used to control for protein loading.

Phosphorylation, monitored by [y->*PJATP incorpora-
tion, was noted only in the presence of CK1 or CK2. The
mutant recombinant protein Serl29Ala a-syn incorporated
[y->P]JATP with CKI, but not with CK2. The Ser87Ala
a-syn protein reduced [y->*P]JATP incorporation with CK1,

No Ser87Ala/
Substrate substrate  WT Ser129Ala Ser87Ala Ser129Ala
8 oo by
N N N N N
Enzyme Y¥oXY¥ oV o¥¥ ovy¥
OOZ00Z00Z00Z00
Coomassie [P ————_Ld
[y-32P]ATP -—_ - -
Syn102 - @ S W
pSer129 - - -
pSerd7 - e

FIGURE 1. Specificity of novel phospho-a-synuclein (a-syn)
antibodies using recombinant a-syn protein. Recombinant
wild-type a-syn or a-syn with Ser129Ala and/or Ser87Ala
mutations was subjected to in vitro phosphorylation assays
by no kinase (no casein kinase [CK]), CK1, or CK2, as described
in Materials and Methods section. Equal amounts of each
protein were analyzed by phosphoimaging of [y->?P] adeno-
sine triphosphate (ATP) incorporation and by Western blot
analysis with Syn102 (total a-syn), pSer129, or pSer87. Results
indicated that CK1 phosphorylated a-syn at Ser87 and Ser129,
and CK2 phosphorylated only at Ser129. The immunoblotting
data show phosphorylation site specificity of pSer87 and
pSer129 antibodies.

© 2008 American Association of Neuropathologists, Inc.

but not with CK2, and Ser87Ala/Ser129Ala a-syn protein did
not incorporate [y-">P]JATP. These data indicate that CKI
phosphorylates a-syn at both Ser87 and Ser129, whereas
CK2 phosphorylates a-syn only at Ser129 in vitro.

Western blot analyses revealed that pSerl29 recog-
nized CK1- and CK2-phosphorylated a-syn (WT and
mutants), consistent with phosphorylation at Ser129, but not
protein containing the Ser129Ala mutation. pSer87 antibody
only recognized CK1-phosphorylated a-syn, but not protein
containing the Ser87Ala mutation. None of the phospho-
specific antibodies recognized nonphosphorylated a-syn
even after x-ray film overexposure (data not shown). pSer129
also recognized in vitro phosphorylated recombinant mouse
a-syn, whereas the pSer87 antibody did not (data not shown).
This is consistent with the lack of a homologous Ser87
phosphorylation site in mouse a-syn (15).

Phosphorylated a-Syn in DLB and MSA Brains

Previous studies have suggested that a high percentage
of pathologic a-syn is phosphorylated at Ser129 (19-21).
Brain sections from patients with PD, DLB, LBVAD, or
MSA were analyzed by immunohistochemistry and double
labeling immunofluorescence to ascertain the phosphoryla-
tion of a-syn in pathologic inclusions. In tissue sections from
patients with PD, DLB, and LBVAD, pSerl29 detected
abundant LBs, Lewy neurites, and neuroaxonal spheroids
(Figs. 2, 3A). Conversely, pSer87 very rarely labeled a-syn
pathologic inclusions (Fig. 3B). In double-immunofluores-
cence studies, pSer129 was compared against antibody SNL-4
(7, 27), and pSer87 was compared against antibody Syn514
(29). Double immunofluorescence between Syn514 and
SNL-4 showed total colocalization, supporting that both a-syn
antibodies recognized all a-syn inclusions (data not shown).
Semiquantitative analyses of adjacent sections of DLB and
LBVAD brains revealed that most (98 + 7% SD) LBs
recognized by Syn514 also were labeled with pSerl29.
Similarly, most GCIs (104 £ 4.5% SD) in the brains of
MSA patients were robustly labeled with pSer129 (Figs. 2D,
3A). Most GClIs also demonstrated a paucity of staining for
pSer87 (Fig. 3B). To verify the specificity of the phospho-a-
syn antibodies further, sections from AD patients that, by
definition, contain neurofibrillary tangles composed of hyper-
phosphorylated tau were immunostained. Neurofibrillary
tangles were detected with the anti-phospho-tau antibody
PHF-1 (Fig. 2H), but not with pSer129 (Fig. 2I). pSer87,
however, stained abundant neurofibrillary tangles in AD
(Fig. 2J) and LBVAD (Fig. 3B) cases, suggesting that this
antibody cross-reacts with the phospho-tau epitope. This also
indicates that the paucity of immunostaining of this antibody
for a-syn pathologic inclusions is not due to its inability to
react in fixed paraffin-embedded tissue sections.

Analysis of Phospho-a-Syn by Biochemical
Fractionation

The phosphorylation state of a-syn in human brains
was further assessed by biochemical extraction, followed by
immunoblotting analysis. Cortices from controls (Samples 1
and 2) and patients with DLB (Samples 3—5) were sequentially
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FIGURE 2. Immunohistochemistry of pathologic inclusions using phospho-specific antibodies for a-synuclein (a-syn). Brain
sections were immunostained with antibodies Syn514 (A, C), pSer129 (B, D-G, I), PHF-1 (H), or pSer87 (J). Antibodies Syn514
and pSer129 recognized abundant a-syn pathologic inclusions in the cingulate cortex of a patient with dementia with Lewy
bodies (DLB; A, B), the cerebellum of a patient with multiple systems atrophy (C, D), the substantia nigra of a patient with
Parkinson disease (PD; E), the locus ceruleus of a PD patient with the familial Ala53Thr mutation (F), and the substantia nigra of
DLB patients (G). Immunostaining of the hippocampus of a patient with Alzheimer disease is shown in (H-}). PHF-1 (H) and
pSer87 (J) recognized characteristic neurofibrillary tangles, but pSer129 (I) demonstrated no immunoreactivity with neuro-

fibrillary tangles. Scale bars = (A-G) 100 pm; (H-J) 200 pm.

extracted with buffers of increasing strength of protein
solubility. Consistent with previous studies (11, 28, 41), most
a-syn, as observed by the antibody Syn211, was found in
the HS and the HS/Triton fractions (Fig. 4A). Triton
X-100—insoluble a-syn was predominantly present only in
brains from patients with DLB (Samples 3-5), which is a
reflection of aggregated a-syn. Furthermore, phosphorylation
of a-syn at Serl29 as detected by pSer129 was predom-
inantly present in the SDS/urea fractions of DLB patients
(Fig. 4B). Phosphorylation at Ser87 of a-syn was not
detected because pSer87 recognized only background immu-
noreactivity (Fig. 4C).

Samples of cerebellum from MSA and control patients
were similarly analyzed. As with DLB cortical samples,
anti-a-syn antibodies (Syn211) recognized a-syn in HS and
HS/Triton fractions, with a-syn only detected in the SDS/
urea fraction of MSA patients (Fig. 5A). Although 3 MSA
patients (Samples 4-6) were analyzed, Patient 4 did not show
significant a-syn immunoreactivity in the SDS/urea fraction,
which was consistent with the low abundance of GClIs for
this patient by immunohistochemistry (data not shown).
Phospho-Ser129 immunoreactivity was only detected in the
fractions (SDS/urea fractions) containing aggregated a-syn
(Fig. 5B), and no immunoreactivity was noted in any samples
with pSer87 (Fig. 5C).

Analysis of a-Syn Phosphorylation in a Mouse
Model of Neuronal a-Synucleinopathies

Because the phosphorylation state of proteins can
be altered during the postmortem interval, especially due
to ongoing phosphatase activity, the phosphorylation state
of a-syn was assessed in a transgenic mouse model of
a-synucleinopathies. The mice overexpress human Ala53Thr
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a-syn (transgenic line M83) and exhibit an age-dependent
motor phenotype that is associated with the formation of
neuronal inclusions (34). Double labeling immunofluores-
cence demonstrated that most a-syn pathologic inclusions in
these animals are phosphorylated at Ser129 (Fig. 6A),
although rare inclusions that were not reactive with pSer129
can be observed (Fig. 6A; arrow). Conversely, and consistent
with the findings in human a-synucleinopathies, there was a
paucity of staining for pSer87 (Fig. 6B).

To examine the status of phosphorylation over the
course of disease progression, the phosphorylation state of
a-syn in the spinal cord of transgenic mice overexpressing
WT human a-syn (M20 line), a nontransgenic animal, and 3
MS83 mice was further assessed by biochemical fractionation
followed by immunoblotting. The M20 transgenic line does
not develop pathology, and of the 3 M83 mice, there was 1
sick animal aged 12 months, a nonsick animal aged 12
months, and a younger animal aged 6 months. Similar to our
previous data in the spinal cord (34), immunoblotting with
the human a-syn-specific antibody Syn211 demonstrated that
most a-syns were extracted in the HS and HS/Triton fractions
(Fig. 7A), whereas o-syn was observed in the SDS/urea
fraction only in the affected M83 mouse (Lane 3). Similar
amounts of human a-syn were noted in the soluble fractions
of all transgenic mice samples. a-Synuclein phosphorylated
at Ser129 was detectable in the soluble fraction of all mice
overexpressing «-syn; however, a significant increase in
pSer129 immunoreactivity was observed in the soluble
fractions of the sick M83 mouse (Fig. 7B). Highly phos-
phorylated a-syn was also observed in the SDS/urea fraction
of the affected mice. The higher molecular mass species
detected by Syn211 and pSer129 in the SDS/urea fraction of
the affected M83 mouse has previously been demonstrated to
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FIGURE 3. Double immunofluorescence with a-synuclein (a-syn) and phospho-specific antibodies in brain sections. (A) Tissue
sections from the cingulate cortex from a patient diagnosed with Lewy body (LB) variant of Alzheimer disease (LBVAD; top row)
or the cerebellum from a patient with multiple systems atrophy (MSA; bottom row) were double labeled with pSer129 (red) and
a-syn (SNL-4 antibody; green). Extensive colocalization in LBs, Lewy neurites, and glial cytoplasmic inclusions (GCls) was
observed. (B) Tissue sections from the cingulate cortex from a patient with LBVAD (top row) or the cerebellum from a patient
with MSA (bottom row) were double labeled with a-syn (Syn514; red) and pSer87 (green). Most LBs, Lewy neurites, and
GCls labeled with Syn514 were not immunoreactive with pSer87. Only occasional (<1%) GCls labeled with Syn514 were also
labeled with pSer87 (arrow). However, pSer87 labeled neurofibrillary tangle-like inclusions in cases of LBVAD (arrowheads). Scale
bar = 100 pm.

be due to ubiquitination (42). No a-syn immunoreactivity
was noted with pSer87 in any fraction (data not shown).

In Vitro Polymerization of Phosphorylated a-Syn
The presence of phospho-Ser129 «-syn in inclusions

To begin to ascertain a mechanism that can account for the
increase in the phosphorylation of a-syn at Serl29,
expression levels of kinases that have been implicated in
phosphorylation of Ser129 (CKI1, CK2 « and 3 subunits,
GRK2, and GRKS) were assessed. However, no increases
in kinase immunoreactivity were noted for any animal
(Figs. 7C-F).

© 2008 American Association of Neuropathologists, Inc.

and the increase in phosphorylation in the soluble fraction
from affected M83 mice suggest a role for phosphorylation in
inclusion formation. Therefore, in vitro polymerization
assays were performed to assess the role of phosphorylation
on fibril formation (32, 35). Recombinant human a-syn (WT,
Ser129Ala, Ser87Ala, or Ser87Ala/Ser129Ala) was phos-
phorylated in vitro by CKI1, which is the kinase that can
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FIGURE 4. Sequential extraction and Western blot analysis of brains from patients with dementia with Lewy body (DLB).
Sequential extractions of the cingulate cortex from DLB patients were performed using buffers of increasing strength of protein
solubility, as described in Materials and Methods section. Samples 1 and 2 were from control cortices, and Samples 3 to 5
were from patients with DLB. (A) Western blot analysis of sequentially extracted fractions with Syn211 (a-synuclein [a-syn]) shows
a-syn extracted in soluble fractions (high salt [HS] and HS/Triton) of all cortices. RIPA-insoluble, sodium dodecytl sulfate (SDS)/
urea-soluble a-syn was predominantly identified in samples from DLB patients (Samples 3-5). (B) Immunoblotting with pSer129
identified a-syn phosphorylated at Ser129 in only the insoluble fraction of DLB patients. (€) Immunoblotting with pSer87
presented only nonspecific immunoreactivity for all samples; no band corresponding to phosphorylated a-syn could be detected.

phosphorylate both Ser87 and Ser129. After phosphorylation,
the proteins were diluted in 100 mmol/L of Na acetate to a
final concentration of 5 mg/ml and agitated for approximately
28 hours. Data were analyzed by both sedimentation assays
and K114 amyloid fluorometry (Figs. 8A, B). Control
experiments were performed in the absence of CK1 (data
not shown) or in the absence of ATP (+CK1 — ATP). Both
control types produced similar results for WT a-syn and each
mutant protein. In contrast, reactions, to which both CK1 and
ATP were added, resulted in robust reductions in a-syn fibril
formation for WT and Ser129Ala a-syn proteins. Phosphor-
ylation at Ser129 of Ser87Ala a-syn with CK1 resulted in
less substantial but still significant reductions in o-syn
polymerization. Additional experiments using CK2 to phos-
phorylate a-syn at Ser129 produced similar results (data not
shown). Incubation of Ser87Ala/Ser129Ala a-syn with both
CKI1 and ATP did not result in significant changes in fibril
formation when compared with control reactions. These data
suggest that CKl-mediated phosphorylation, especially at
Ser87, can inhibit fibril formation.

These findings involving the phosphorylation of Ser87
were further confirmed by conducting fibrillation experiments
with a-syn phosphorylated at a substoichiometric level.
a-Synuclein protein was prepared where only 10% of the
protein reaction was specifically modified at Ser87. This was
accomplished by phosphorylating Ser129Ala a-syn with
CK1 (which typically resulted in one third of the protein
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phosphorylated at Ser87) and adding it to nonmodified WT
a-syn so that the final percentage of phosphorylation was
10% in a final reaction concentration of 5 mg/ml. Phosphor-
ylation at Ser87 dramatically inhibited fibril formation
compared with nonphosphorylated protein (Figs. 8C, D).
Electron microscopy (data not shown) of phospho-Ser87
reactions revealed the presence of rare fibrils, indicating that
phosphorylation at Ser87 slowed but did not completely
prevent polymerization.

In Vitro Phosphorylation and
Dephosphorylation of Fibrillized a-Syn

To characterize the mechanism involved in the hyper-
phosphorylation of Ser129 a-syn in pathologic inclusions
further, the relative ability of soluble and fibrillized a-syn to
act as substrates for kinases and phosphatase was analyzed in
vitro. Both the soluble and the fibrillized forms of WT a-syn
were substrates for CK1 or CK2 (Fig. 9), and the fibrillized
form demonstrated a slight increase in phosphorylation
relative to soluble (an average increase of 52.5% for CKl1
and 20.3% for CK2; n = 3). Additionally, in the fibrillized
form, Ser129, but not Ser87, was a substrate for CK1 and
CK2 when immunoreactivity with pSer129 and pSer87 was
examined. These data indicate that fibrillized a-syn can be a
substrate for kinases at Ser129.

Wild-type a-syn was phosphorylated in vitro with CK2
and then subjected to the major brain protein phosphatases
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FIGURE 5. Sequential extraction and Western blot analysis of cerebella from patients with multiple systems atrophy (MSA).
Sequential extraction of cerebella from control and MSA patients was performed using buffers of increasing strength of protein
solubility, as described in Materials and Methods section. Samples 1 to 3 were from control cerebella, and Samples 4 to 6 were
from patients diagnosed with MSA. (A) Western blot analysis of sequential extracted fractions with Syn211 (a-synuclein [a-syn])
showed a-syn predominantly in the high-salt (HS) fraction of all samples. a-Synuclein was identified in the sodium dodecyl sulfate
(SDS)/urea-soluble fraction of only Samples 5 and 6. The paucity of RIPA-insoluble a-syn in Sample 4 was consistent with a low
number of GCls in this case. (B) Immunoblotting with pSer129 detected phospho-Ser129 in SDS/urea-soluble fractions of
Samples 5 and 6. (€) a-Synuclein phosphorylated at Ser87 was not detected in any fractions. *Nonspecific cross-reacting band.

pSer129 a-Syn
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a-Syn pSer87 Merge

FIGURE 6. Double immunofluorescence between a-synuclein (a-syn) and phospho-specific antibodies in Ala53Thr-over-
expressing transgenic mice. (A) Tissue sections from the spinal cord of a clinically diseased mouse with transgenic overexpression
of human Ala53Thr a-syn (line M83) were double labeled with pSer129 (red) and a-syn (SNL-4 antibody; green). Double
immunofluorescence revealed a-syn-containing inclusions that were highly, but not completely, colabeled for a-syn
phosphorylated at Ser129. Some pathologic inclusions (<1%) did not colocalize (arrows). (B) Double labeling immunofluo-
rescence with a-syn (Syn514; red) and pSer87 (green) of tissue sections from symptomatic M83 transgenic mice did not identify
the presence of a-syn phosphorylated at Ser87 in a-syn inclusions. Scale bar = 100 pm.
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FIGURE 7. Sequential extraction and Western blot analysis for phosphorylated «-synuclein (a-syn) in mouse spinal cord samples.
Sequential extraction followed by Western blot analyses were performed on spinal cords from a transgenic mouse expressing
human WT a-syn (line M20), a nontransgenic mouse, and transgenic mice expressing human Ala53Thr a-syn (line M83). Two
normal-appearing M83 mice at 6 and 12 months of age and a mouse displaying severe paralysis at 12 months of age were
analyzed. (A) The antibody Syn211, which is specific for human a-syn, identified a-syn in high-salt (HS) and HS/Triton fractions in
all M20 and M83 samples (all mice with transgenic overexpression of a-syn). a-Synuclein was identified in the sodium dodecyl
sulfate (SDS)/urea fraction in only the sick M83 animal. (B) Phospho-Ser129 was identified in HS and HS/Triton fractions of all
a-syn transgenic mice; however, higher levels of Ser129 phosphorylation were observed in HS and HS/Triton fractions in the sick
M83 animal. In the RIPA and SDS/urea fractions, a-syn phosphorylated at Ser129 was only observed in the sick M83 mouse.
Western blot analysis was performed with antibodies specific to casein kinase (CK) 1 (€), CK2a and CK2B (D), G-protein coupled
receptor kinase (GRK) 2 (E), and GRK5 (F). No differences in kinase expression between any of the mouse samples were noted.
*Nonspecific cross-reacting band.

PP1, PP2A, PP2B, and PP2C. Dephosphorylation was also
tested with N phosphatase, a nonspecific phosphatase for
serine/threonine residues. Reductions of phospho-Ser129 were
observed with only PP2C and A phosphatases (Fig. 10A).
Even the use of 10-fold more PP2A activity compared with
PP2C did not result in the dephosphorylation of a-syn in vitro.
To confirm that each of our phosphatases was active under the
conditions used, recombinant tau was phosphorylated in vitro
by CK1 and then subjected to each phosphatase (Fig. 10B).
Every phosphatase effectively dephosphorylated tau under
these conditions, similar to results reported by others (43—47).
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Therefore, our data suggest that PP2C would likely be the
phosphatase involved in phospho-Ser129 regulation.

Because our data indicate that fibrillized a-syn in
pathologic inclusions is phosphorylated at Ser129, we
examined whether phosphorylated, fibrillized a-syn can be
a substrate for PP2C or \. Either soluble or fibrillized WT o-
syn was phosphorylated by CK2 and then exposed to no
phosphatase, PP2C, or A phosphatase (Fig. 10C). Only
soluble a-syn exhibited any substantial decrease in phos-
phorylation after protein phosphatase exposure. Protein
phosphatase 2C resulted in a 62% + 22% SD loss of
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FIGURE 8. In vitro polymerization assays using recombinant phosphorylated a-synuclein (a-syn). (A) Kinase assays (casein kinase
[CK] 1 and adenosine triphosphate [ATP]) were performed with recombinant wild-type (WT), Ser129Ala, Ser87Ala, or Ser87Ala/
Ser129Ala a-syn. Control conditions, excluding ATP from the reaction mixture (+CK1 — ATP), produced similar results to reactions
excluding CK1 (data not shown). Each a-syn reaction at a concentration of 5 mg/ml was agitated at 37°C for 24 to 28 hours.
Sedimentation of a-syn was assessed by centrifugation at 100,000 x g, and the relative amount of a-syn in the supernatants (S)
and pellets (P) was visualized by Coomassie blue stain. Graph represents the percentage of a-syn pelleted [P / (P + S)] x 100 in
each condition. Data represent averages + standard error of mean (SEM). Decreased fibrillation rates were noted in the presence of
both CK1 and ATP for WT, Ser129Ala, and Ser87Ala (comparisons were made between +CK1 + ATP conditions and control
conditions in the absence of CK1 or ATP by 1-way analysis of variance). *, p = 0.0002, n=9; , p <0.0001, n=12; , p = 0.006,
n = 9. (B) Amyloid formation was determined with K114 fluorometry as described in Materials and Methods section. Data
represent averages + SEM. Comparisons between a-syn containing CK1 and ATP were made against the corresponding condition
in the absence of ATP. Decreases in K114 fluorometrics were noted for phosphorylation of WT (n = 6) and Ser129Ala (n=9).*, p =
0.03; ¥, p < 0.0001. (€) Sedimentation analysis and (D) K114 amyloid fluorometry of nonphosphorylated a-syn or a-syn
phosphorylated at Ser87 at a stoichiometry of 0.1 mol/L of phosphate per mole of a-syn. This was accomplished by
phosphorylating Ser129Ala a-syn to approximately one third with CK1, inactivating the kinase as described in Materials and
Methods section, and mixing the phosphorylated protein at 1.5 mg/ml with nonphosphorylated WT «-syn at 3.5 mg/ml. These
reactions were compared with nonphosphorylated Ser129Ala a-syn and WT a-syn incubated in the same proportion (*, p =
0.0002; ¥, p <0.0001; n = 12).

phosphorylation for soluble but only a 16% + 12% SD loss for ~ influence the phosphorylation of a-syn Ser129 further, we
fibrillized (p = 0.04; n = 3). More dramatically, N phosphatase =~ used SH-SYS5Y neuroblastoma cells that were stably trans-
resulted in a 97% = 5% SD loss of phosphorylation for  fected with WT human a-syn (37). Cells were treated with
soluble but only a 21% *+ 7% SD loss for fibrillized  CK inhibitors (DMAT for CK2 and D4476 for CK1), with
(p=0.0001; n = 3). These data indicate that fibrillized a-syn is ~ phosphatase inhibitors (OA for PP2A and FK506 for PP2B),

not a good substrate for protein phosphatases in vitro. and a battery of toxic treatments that affect specific cellular
. L. processes.

Regulation of a-Syn Phosphorylation in Immunoblotting with pSer129, SH-SY5Y cells pre-

Cultured Cells sented a very low basal level of phosphorylation at Ser129

The data from transgenic mice indicated that under (Fig. 11A). After 3 hours of treatment, a partial decrease
pathologic conditions, soluble a-syn can be hyperphosphory- (~50%) in phospho-Ser129 «-syn was noted with DMAT
lated at Ser129. To examine the mechanisms that can (10 wmol/L), and no change was noted with D4476. The PP1
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FIGURE 9. Fibrillized a-synuclein (a-syn) is a substrate for
casein kinase (CK) 1 or CK2. Recombinant wild-type (WT)
a-syn was fibrillized at 37°C at a concentration of 5 mg/ml for
72 hours. Polymerized a-syn was recovered, and both soluble
(S) and fibrillized (F) were reacted in vitro with CK1 or CK2.
Samples without kinase added were included as controls.
Coomassie staining of polyacrylamide gels was used to eval-
uate overall protein levels, *?P incorporation evaluated overall
phosphorylation, and Western blot analyses with pSer129 and
pSer87 assessed phosphorylation at specific residues. Both
soluble and fibrillized a-syn were substrates for CK1 and CK2.
Fibrillation of a-syn resulted in increased 2P incorporation: an
average of 52.5% for CK1 and 20.3% for CK2 (n = 3).
Immunoblotting with pSer129 and pSer87 indicated phos-
phorylation at only Ser129 after fibrillation.

and PP2A inhibitor OA resulted in an increase in phosphor-
ylation at a concentration that would be more specific to
PP2A (20 nmol/L). The proteosomal inhibitors MG132 and
lactacystin, but not the lysosomal inhibitor NH4Cl, resulted in
a dramatic increase in the phosphorylation of Ser129 (~10-
fold). Slight increases in phospho-Ser129 were observed with
dopamine, 6-OHDA, hydrogen peroxide (H,O,), and rote-
none, but not MPP™, arsenite, or thapsigargin. These
increases were not as substantial as that noted with MG132.
No changes in overall a-syn levels were noted with any
treatment, and no pSer87 immunoreactivity was noted (data
not shown). To examine if the increases in phosphorylation
resulting from proteasomal inhibition were dependent on
CK2, cultures were treated concurrently with MG132 and
DMAT (10 pwmol/L). This treatment significantly inhibited
the MG132-mediated increase in Serl129 phosphorylation,
suggesting that CK2 may be at least partially required for this
effect. To assess the kinetics of Ser129 phosphorylation by
MG132 further, a time-course analysis with MG132 was
performed. Increases in phospho-Ser129 were noted first at 3
hours, increased through 8 hours, and maintained through 24
hours of treatment (Fig. 11B).

The CK2 regulatory subunit CK2[3 can be a substrate for
the proteasome in other systems (48). Treatment with MG132,
however, did not alter CK2p expression over this period
(Fig. 11B). Furthermore, no changes in expression levels of
CK1, CK2a, GRK2, and GRKS5 were identified. Therefore,
MG132 did not alter expression levels of the kinases.

To examine the kinase specificity of this hyper-
phosphorylated state induced by proteosomal inhibition,
SH-SYS5Y cells were treated for 6 hours concurrently with
MG132 and either a CK2 inhibitor [DMAT, DRB, or TBCA]
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FIGURE 10. Dephosphorylation of phospho-Ser129 a-synuclein
(a-syn) by phosphatases in vitro. (A) Recombinant wild-type
(WT) a-syn was phosphorylated by casein kinase (CK) 2, as
described in Materials and Methods section. The kinase was
inactivated, and then phosphorylated a-syn was incubated
with no protein phosphatase (no PP), PP1, PP2A, PP2B, PP2C,
or N phosphatase. Dephosphorylation of «-syn was monitored
by immunoblotting with pSer129. Protein phosphatase 2C
and \ phosphatase were able to dephosphorylate Ser129,
whereas PP1, PP2A, or PP2B could not. Ten-fold more PP2A
than PP2C (right panel) had no effect on levels of phospho-
Ser129 a-syn, whereas PP2C can dephosphorylate Ser129
(representative immunoblot of 3 independent experiments).
Immunoblotting with Syn211 was used as a loading control
and to verify the integrity of the protein throughout exper-
imentation. (B) Recombinant tau protein was phosphorylated
by CK1 in vitro and then subjected to PP1, PP2A, PP2C, or A
phosphatase. Immunoblotting with phospho-tau-specific anti-
body PHF-1 was used to monitor the phosphorylation of tau.
(€) Recombinant WT a-syn was phosphorylated in the soluble
or the fibrillized form (Fig. 9) and then treated with no PP,
PP2C, or N phosphatase. pSer129 immunoreactivity decreased
for soluble a-syn with both PP2C (by 62%; p = 0.04 by 1-
sample t-test; n = 3) and \ phosphatase (by 97%; p = 0.001 by
1-sample t-test; n = 3). With fibrillized phosphorylated a-syn,
immunoreactivity with pSer129 decreased by only 16% for
PP2C (p > 0.05 by 1-sample ttest; n = 3) and 21% for X\
phosphatase (p = 0.04 by 1-sample t-test; n = 3). The levels of
remaining pSer129 immunoreactivity between the soluble and
fibrillized a-syn were significantly different (p = 0.04 for PP2C;
p = 0.0001 for \; n = 3).
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FIGURE 11. Effect of stress conditions on phosphorylation of Ser129 in a-synuclein (a-syn) in SH-SY5Y neuroblastoma cells. (A)
Western blot analysis of SH-SY5Y cells treated for 3 hours with 10 wmol/L of DMAT (a derivative of TBB; 2-dimethylamino-4,5,6,7-
tetrabromo-1H-benzimidazole), 10 wmol/L of D4476 [4-(4-(2,3-dihydrobenzo(1,4)dioxin-6-yl)-5-pyridin-2-yl-1H-imidazol-2-yl)
benzamide], 20 nmol/L of okadaic acid (OA), 5 wmol/L of FK506, 10 wmol/L of concurrent DMAT and MG132, 25 mmol/L of
NH4Cl, or 5 umol/L of lactacystin, 10 umol/L of MG132, 10 umol/L of MPP* (1-methyl-4-phenylpyridinium iodide), 500 pmol/L
of dopamine (DA), 50 pmol/L of 6-hydroxydopamine (6-OHDA), 200 pmol/L of hydrogen peroxide (H,O,), T wmol/L of
rotenone, 100 pmol/L of arsenite, and 2 wmol/L of thapsigargin. pSer129 immunoreactivity dramatic increased with MG132 (p =
0.002), lactacystin (p = 0.004), and OA (p = 0.04), but to a lesser extent with DA, 6-OHDA, H,0,, and rotenone. DMAT inhibited
the phosphorylation resulting from MG132 treatment (p = 0.003 as compared with MG132 treatment alone; n = 3). No
differences in total a-syn immunoreactivity were noted (Syn211 antibody). (B) SH-SY5Y cells were treated with 10 pmol/L of
MG132 for 0, 1, 3, 6, 8, or 24 hours. pSer129 immunoreactivity increased with MG132 through 8 hours of treatment. No
differences in total a-syn (Syn211 antibody), casein kinase (CK) 2a, CK2B, CK1, G-protein coupled receptor kinase (GRK) 2, or
GRK5 expression were noted. (€) SH-SY5Y cells were treated concurrently for 6 hours with 10 pwmol/L of MG132 or 50 wmol/L of
etoposide and vehicle (dimethyl sulfoxide) or 1 of the following CK inhibitors: 25 wmol/L of DMAT, 100 pmol/L of DRB (5,6-dichloro-
1-B-D-ribofuranosylbenzimidazole), 20 wmol/L of TBCA [(E)-3-(2,3,4,5-tetrabiomophenyl)acrylic acid], or 10 umol/L of D4476.
Increases in phospho-Ser129 a-syn were prevented by the CK2 inhibitors DMAT (p < 0.0001), DRB (p = 0.0001), and TBCA
(p = 0.0007), but not the CK1 inhibitor D4476 (each by 1-sample t-test as compared with MG132 and dimethyl! sulfoxide; n = 4).
(D) SH-SY5Y cells were treated for 5 hours with MG132 or etoposide, and then dimethyl sulfoxide, 25 pwmol/L of DMAT, or
20 pmol/L of TBCA was added concomitantly for 1 hour. Representative immunoblots of pSer129 and a-syn indicated a significant
decrease in pSer129 immunoreactivity after DMAT (71%; p < 0.0001) or TBCA treatment (84%; p < 0.0001; each by 1-sample t-test
as compared with 5 hours of MG132 treatment; n = 4). Similar results are seen with etoposide.

or a CK1 inhibitor (D4476). The CK2 inhibitors blocked the
MG132-mediated increases in phosphorylation at Ser129
(Fig. 11C), whereas D4476 did not. Similar hyperphosphor-
ylation of a-syn that was blocked by CK2 inhibitors was
observed with etoposide, a cellular toxin that increases CK2
activity (49, 50).

These results suggest that proteasome inhibition may
increase phosphorylation by increasing activity of CK2, or
that phospho-Ser129 a-syn may be a specific substrate for

© 2008 American Association of Neuropathologists, Inc.

proteosomal degradation. Although phosphorylation by CK2
may promote proteasome-mediated degradation in some
systems (51, 52), no change in total a-syn expression or
appearance of degradation products was noted in any of these
conditions.

To distinguish between increased kinase activity or
increased accumulation of the phosphorylated form of a-syn,
SH-SYS5Y cells were treated with MG132 for 5 hours,
followed by concomitant addition of 25 wmol/L of DMAT
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or 20 pmol/L of TBCA for 1 hour. The short treatment with
CK2 inhibitors resulted in a reversal of a-syn hyperphos-
phorylation (Fig. 11D). These findings indicate that MG132
treatment resulted in the increased CK2 activity that was
responsible for hyperphosphorylation of a-syn. Five hours of
etoposide treatment also resulted in hyperphosphorylation of
a-syn that was reversed by 1 hour of CK2 inhibitor
treatment. Therefore, a-syn hyperphosphorylation can result
from toxic treatments that increase CK2 activity.

DISCUSSION

The role of a-syn pathologic inclusions in neuro-
degenerative diseases is the focus of intense research.
Although genetic alterations causing point mutations or
increased expression are mechanisms that can lead to disease,
there is still much to learn regarding the cellular mecha-
nism(s) that regulate inclusion formation. Phosphorylation of
a-syn has been suggested as a modification that may
influence this process.

Our in vitro data indicate that Ser129 can be phosphory-
lated by either CK1 or CK2, but Ser87 was modified only by
CK1. In cultured cells, it was suggested that phosphorylation
at Ser87 of a-syn may promote a-syn inclusion formation
(17), but most pathologic inclusions were not stained with an
antibody to phospho-Ser87 a-syn. Phosphorylated Ser87 was
also not detected in biochemically extracted-soluble fractions
or biochemical fractions enriched in pathologic inclusions
isolated from human brain tissues or transgenic mouse
expressing human a-syn. Using mass spectrometric analysis
with complete sequence coverage, Anderson et al (20) also
did not detect Ser87 phosphorylation in either soluble
fractions or biochemical fractions enriched in aggregated a-
syn in control brains or in brains with various a-synucleino-
pathies. Therefore, there is a lack of evidence for a role of
Ser87 phosphorylation in the normal or diseased brains.
Nevertheless, our in vitro data indicate that if phosphoryla-
tion of Ser87 were to occur, it would inhibit inclusion
formation, which would be consistent with the notion that a
large charged modification in the middle hydrophobic region
of a-syn can suppress fibril formation (35).

In agreement with previous studies (19-21) and using a
novel phospho-specific antibody, we observed that a-syn is
highly phosphorylated at Ser129 in pathologic inclusions of
human brain samples from patients with PD, DLB, or MSA.
Hyperphosphorylation of Ser129 also was observed in
inclusions of the human AS53T a-syn transgenic mouse
model of a-synucleinopathies used here, similar to other o-
synucleinopathies (19-21, 53). Phosphorylation at Serl129
was not readily detectable in the soluble HS fractions from
human brain tissues but was present at low levels in fractions
from human a-syn transgenic mouse spinal cord tissue. This
is likely a result of the rapid dephosphorylation of soluble -
syn that can occur postmortem (19, 54).

Some previous studies have suggested that phosphor-
ylation at Ser129 may promote a-syn fibril or inclusion
formation (19, 24, 55), whereas others have suggested that
CK2-mediated phosphorylation of Ser129 a-syn prevents or
has no effect on inclusion formation (25, 26). Our studies
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support the notion that Ser129 phosphorylation does not
promote a-syn fibril formation and suggest that hyper-
phosphorylation of a-syn in inclusions may be due to 3
factors: 1) the ability of fibrillized a-syn to act as a substrate
for kinases; 2) the relative inability of fibrillized-phosphory-
lated a-syn to be dephosphorylated; and 3) the increased
activity of kinases associated with stress or toxic conditions
as demonstrated in cultured cells. The latter is further
supported by the increase in phosphorylation of Ser129 in
soluble fractions in the sick human AS3T a-syn transgenic
mouse, whereas no progressive increase in phospho-Ser129
a-syn was identified in older, asymptomatic mice. Therefore,
although we have also observed inclusions highly phos-
phorylated at Ser129, our studies suggest that fibril and
inclusion formation likely occurs prior to phosphorylation,
and that this phosphorylation becomes more pronounced as
disease progresses.

The studies in cultured cells indicate that several
different types of stresses can lead to an increase in Ser129
phosphorylation. Nevertheless, it is intriguing that drugs
causing proteasomal inhibition lead to the most robust
increases in Ser129 phosphorylation. This is particularly
interesting because many studies have linked proteasomal
inhibition or dysfunction with PD (56—61). Because some
studies have suggested that aggregated a-syn may lead to
dysfunction of the proteasome (62—64), aggregation of a-syn
itself may contribute to the kinase activity that leads to a-syn
hyperphosphorylation.

The increase in Ser129 phosphorylation associated with
toxic treatment was predominantly due to CK2 activation, as
demonstrated with CK2-specific inhibitors in cultured cells.
In addition, the ability of Ser129 to be hyperphosphorylated
in situ by CK2 was recapitulated with etoposide, a cellular
toxin that is known to increase CK2 activity (49, 50).
Increased CK2 activity associated with toxic challenges has
been previously reported (55). The involvement of CK2 is
further supported by a recent study demonstrating that CK2 is
the major kinase involved in phosphorylating Ser129 in brain
(54). However, the additive contributions of other kinases
cannot be excluded.

In vitro dephosphorylation with the major brain protein
phosphatases was used to assess the regulation of a-syn
phosphorylation. Our in vitro data support PP2C as an
important phosphatase involved in the dephosphorylation of
Ser129 a-syn. This finding could not be further tested in situ
or in vivo because PP2C-specific inhibitors are not yet
readily available. Treatment of cultured cells with 20 nmol/L
of OA resulted in increased Serl29 phosphorylation as
reported by others (15, 54). Although OA at this concen-
tration should specifically inhibit PP2A, PP2A did not
dephosphorylate Ser129 in vitro. Okadaic acid treatment
can result in complex effects, and general toxicity associated
with PP2A inhibition may explain OA-mediated increases in
phosphorylation at Ser129.

Overall, our data support the notion that Serl29 is
phosphorylated at relatively low levels during steady state
under normal conditions. Phosphorylation by CK2 and de-
phosphorylation by PP2C indicate that these may be impor-
tant enzymes that regulate the phosphorylation of a-syn.

© 2008 American Association of Neuropathologists, Inc.
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Furthermore, the hyperphosphorylation of Ser129 «-syn
observed in inclusions in a-synucleinopathies may be due

to

the intrinsic properties of aggregated a-syn to act as

substrates for kinases, but not phosphatases, in addition to
acting as a marker of cellular toxicity and proteasome
dysfunction exhibited by activation of CK2. Therefore,
phosphorylation of Ser129 in inclusions seems to provide a
marker of the disease state. Moreover, the findings provide an
alternative explanation for the high levels of Serl129
phosphorylation in pathologic a-syn inclusions.
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