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a-Synuclein (a-Syn), a protein implicated in Parkinson dis-
ease, contributes significantly to dopamine metabolism. a-Syn
binding inhibits the activity of tyrosine hydroxylase (TH), the
rate-limiting enzyme in catecholamine synthesis. Phosphoryla-
tion of TH stimulates its activity, an effect that is reversed by
protein phosphatase 2A (PP2A). In cells, a-Syn overexpression
activates PP2A. Here we demonstrate that a-Syn significantly
inhibited TH activity in vitro and in vivo and that phosphoryla-
tion of a-Syn serine 129 (Ser-129) modulated this effect. In
MNOID cells, a-Syn overexpression reduced TH serine 19 phos-
phorylation (Ser(P)-19). In dopaminergic tissues from mice
overexpressing human a-Syn in catecholamine neurons only,
TH-Ser-19 and TH-Ser-40 phosphorylation and activity were
also reduced, whereas PP2A was more active. Cerebellum,
which lacks excess a-Syn, had PP2A activity identical to con-
trols. Conversely, a-Syn knock-out mice had elevated
TH-Ser-19 phosphorylation and activity and less active PP2A in
dopaminergic tissues. Using an a-Syn Ser-129 dephosphorylation
mimic, with serine mutated to alanine, TH was more inhibited,
whereas PP2A was more active in vitro and in vivo. Phosphoryla-
tion of a-Syn Ser-129 by Polo-like-kinase 2 in vitro reduced the
ability of a-Syn to inhibit TH or activate PP2A, identifying a novel
regulatory role for Ser-129 on a-Syn. These findings extend our
understanding of normal a-Syn biology and have implications for
the dopamine dysfunction of Parkinson disease.
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a-Synuclein (a-Syn)° is a presynaptic protein (1) that con-
tributes to neuronal plasticity and neurodegeneration (2).
a-Syn also modulates multiple aspects of dopamine metabolism
(3—8), including its ability to inhibit the activity of the rate-
limiting catecholamine biosynthetic enzyme tyrosine hydrox-
ylase (TH; EC 1.14.16.2) (9).

TH activity is stimulated by phosphorylation, leading to cat-
echolamine synthesis (10). Phosphorylation of TH serine 19
(Ser(P)-19) plays the unique role of recruiting 14-3-3 chaperone
proteins to TH (11-14), an event that enhances TH activity (15,
16). Phosphorylation of TH serine 40 (Ser(P)-40) dissociates the
binding of inhibitory catecholamines (17-20). TH-Ser-19
phosphorylation is evident in all dopaminergic brain regions
(21), raising the possibility that this is a key site for TH regula-
tion. The binding of TH by 14-3-3 (22, 23) induces a 3-fold rate
increase in Ser-40 phosphorylation (11, 23, 24), revealing an
enhancing effect for Ser-19 phosphorylation on Ser(P)-40 that
may be counter-regulated by a-Syn and 14-3-3. a-Syn and
14-3-3 share homology, and a-Syn is thought to have chaper-
one-like activity (25-30), a function that may underlie its ability
to interact with targets such as TH (9, 26, 27, 31).

a-Syn mutations (A30P, A53T, or E46K) (32—34) and multi-
plications (35, 36) induce rare forms of familial Parkinson dis-
ease (PD), and a-Syn is a major protein in Lewy bodies, the
intraneuronal protein aggregates characteristic of PD (37).
a-Syn that is phosphorylated at serine 129 (Ser(P)-129) is plen-
tiful in Lewy bodies (38, 39), yet no one knows how a-Syn Ser-
129 phosphorylation affects a-Syn function.

PP2A (EC 3.1.3.16) is the main phosphatase for TH dephos-
phorylation (24, 40—42). a-Syn binds to and stimulates PP2A
activity, and furthermore, a-Syn overexpression in dopaminer-
gic cells reduces TH-Ser(P)-40 levels (43). These findings raised
the possibility that phosphorylation of other TH serines might
be similarly affected by a-Syn overexpression. Therefore, this

¢ The abbreviations used are: a-Syn, a-synuclein; TH, tyrosine hydroxylase;
PD, Parkinson disease; PP2A, protein phosphatase 2A; DOPA, dihydroxy-
phenylalanine; ANOVA, analysis of variance; ERK, extracellular signal-regu-
lated kinase; GFP, green fluorescent protein; Non-Tg, non-transgenic;
ASKO, a-Syn knock-out mice; PLK2, Polo-like kinase 2; SN¢, substantia nigra
pars compacta; AAV, adeno-associated virus.
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study was undertaken to 1) further elucidate the molecular
mechanisms underlying the effects of a-Syn on TH, especially
Ser-19 phosphorylation, which represents a key step in 14-3-3-
mediated-TH activation, 2) determine the in vivo significance
of a-Syn in TH regulation in transgenic overexpressing and null
mice, and 3) assess if a-Syn Ser-129 phosphorylation affects
a-Syn function toward PP2A or TH. We found significant in
vivo and in vitro effects of a-Syn on the regulation of TH and
PP2A that are modulated by phosphorylation of a-Syn at Ser-
129. Because a-Syn is strongly associated with nigrostriatal
dopaminergic neuron loss in disease, clarifying its biological
role in these neurons holds promise for elucidating novel PD
pharmacotherapies.

EXPERIMENTAL PROCEDURES

Cell Culture, Plasmids, Transfection, Mutagenesis—MN9D
cells were grown as previously described (9). Stably transfected
MNOD cells were grown in media containing 200 ug/ml G418
(Invitrogen) and used at low passage to sustain a-Syn expres-
sion as confirmed using immunoblots (9, 43, 44). Transient
transfections of MN9D cells used Lipofectamine 2000 (Invitro-
gen) to express green fluorescent protein (GFP), wild type (WT)
human a-Syn, or serine to alanine at amino acid 129 (S129A)
a-Syn in pcDNA3.1 or the human PP2A catalytic domain in
pcDNAA4c (a gift of ]. Haendeler, University of Diisseldorf) on
60% confluent cultures in 6-well plates. Transiently transfected
cells were harvested at 48 —72 h. S129A mutant a-Syn was gen-
erated by PCR using established methods (45) in which we used
human WT a-Syn and 5’ forward priming with CAAGAAT-
GAAGAAGGAC and 3’ reverse priming to change serine to
alanine and introduce an Xbal site in the 3’-non-coding region
of a-Syn ¢cDNA, accomplished using the TCTAGATTAGGC-
TTCAGGTTCGTAGTCTTGATACCCTTCCTCAGCAGG-
CATTTCA sequence to create a 125-bp fragment that was
digested with EcoRI and Xbal. This formed a 98-bp fragment
that was ligated into EcoRI- and Xbal-digested WT human
a-Syn in pcDNA3.1. S129A mutagenesis was confirmed by
sequencing.

Animals—The wild type (WT-Syn++) and A53T a-Syn
(A53T-Syn++) transgenic mice overexpress human a-Syn
under control of a 4.8-kb rat TH-promoter, which restricts
expression to catecholaminergic neurons. These TH-promoter
mice are healthy and lack movement disorders (46). It is note-
worthy that humans get PD symptoms only after an ~80% loss
of nigrostriatal dopamine (47). a-Syn overexpression is ~2-3-
fold greater than base-line a-Syn levels in non-transgenic (Non-
Tg) control mice in the same genetic background and filial gen-
erations (F43—47). The a-Syn knock-out mice (ASKO) (3) were
compared with their own Non-Tg controls in the 129 X
C57BL/6 genetic background (F12-F15). All Syn+ + mice and
their controls were 6 months old, whereas ASKO mice for non-
lentiviral analyses and their controls were 12 months old at the
time of tissue harvest. For lentiviral transduction (detailed
below), we delivered lentivirus using established methods (48)
into substantia nigra of 2-month-old ASKO mice, and tissues
were collected 7 days later. Mice were transduced with lentivi-
ruses for GFP, WT-Syn, or a dephosphorylation mutant S129A
a-Syn expression. Microdissected tissues were cryoprotected
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for immunostaining or flash-frozen, weighed, coded for blinded
evaluation, and stored at —80 °C until use. Animals were han-
dled according to National Institutes of Health guidelines on
approved protocols at the Parkinson’s Institute and the Univer-
sity of Pittsburgh.

Immunoblotting—Cells were harvested in 1% Nonidet P-40,
140 mm NaCl, 3 mm KCl, 25 mm Tris containing protease and
phosphatase inhibitors, sonicated, and centrifuged as described
below. Mouse tissues were sonicated in 10 volumes (w/v) of 1%
Triton X-100, 0.2% SDS buffer containing 50 mm Tris, 150 mm
NaCl, 0.02% NaNg3, 10 wg/ml leupeptin, 15 pg/ml aprotinin, 100
pg/ml 4-(2-aminoethyl) benzenesulfonyl fluoride, and phos-
phatase inhibitor mixture (Pierce) at 4 °C. Samples were cleared
by 14,000 X g 10-min centrifugations at 4 °C. Protein was mea-
sured by bicinchoninic acid (Pierce) or Bradford assay (Bio-
Rad). Equal amounts of protein were separated by Tris-glycine-
SDS-PAGE. Membranes, blocked in 10% milk, Tris-buffered
saline, were incubated overnight at 4 °C in primary antibody.
Antibodies included: a-Syn (Syn-1, 610786, BD Biosciences;
C-20, sc-7011R, Santa Cruz Biotechnology); human a-Syn
(LB509, Invitrogen); total TH (MAB318 mouse or AB151 rab-
bit, Chemicon, Temecula, CA); TH-Ser(P)-19 (AB5425,
Chemicon); TH-Ser(P)-40 (AB5935; Chemicon); actin (A5441,
Sigma); PP2A (1D6, Millipore). Signals from peroxidase-conju-
gated secondaryantibodies (Jackson ImmunoResearch, West
Grove, PA) were visualized by chemiluminescence, and data,
within a linear range, were quantified by ImageQuant as previ-
ously described (GE Healthcare) (9). Phosphorylated TH was
always normalized to total TH, with B-actin serving as aloading
control.

Immunohistochemistry—Brains were post-fixed in 4% form-
aldehyde and cryoprotected in phosphate-buffered saline
sucrose at 4 °C as previously described (48). Cryomicrotome
sections (30 wm) were stored in cryoprotectant at —20 °C until
use. Tissues were permeabilized and blocked in a solution of
phosphate-buffered saline, 5% bovine serum albumin, 10% goat
serum, 0.1% glycine, and 0.05% Triton X-100 then incubated
free-floating in primary antibody at 4 °C overnight. Antibodies
included: chicken TH (TH1205, 1:100, Aves Labs, Tigard, OR),
rabbit TH-Ser(P)-19 (AB5425, 1:1000, Chemicon), rabbit TH-
Ser(P)-40 (AB5935, 1:1000, Chemicon), and sheep a-Syn
(AB5334P, Chemicon, 1:500) as primary antibodies followed by
Cy3 (Jackson ImmunoResearch), Cy5 (Jackson Immuno-
Research), or Alexafluor 488-, 546-, or 647-tagged secondary
antibodies (Invitrogen). Tissues mounted in Vectashield (Vec-
tor Laboratories, Burlingame, CA) were analyzed by confocal
microscopy (Olympus 1X81) and digital image capture using
FluoView™ 10 software (Olympus, Center Valley, PA). Set-
tings were identical between conditions.

Lentiviral Transduction—Mice were anesthetized with Keta-
set (80 mg/kg; NADA 45-290, Fort Dodge, IA) for bilateral
delivery of a-Syn or GFP lentivirus to substantia nigra pars
compacta. Mice, immobilized in a stereotaxic frame, were
treated with lubricant eye drops (Refresh, Allergan, Irvine, CA),
after which 0.5 ul of lentiviral solution was infused at a rate of
0.2 pl/min (Stoelting, Wood Dale, IL). Coordinates were ante-
rior-posterior —3.08, medial-lateral = 0.8 and 1.2, dorsal-ven-
tral —4.2 and —4.0 relative to Bregma. Wounds, sutured with
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surgical silk, were topically treated with 2.5% lidocaine/prilo-
caine (Fougera, Mellville, NY). Post-surgical pain was alleviated
with ketoprofen (3.0 mg/kg; Spectrum Chemical MFG, Gar-
dena, CA). Mice were sacrificed by CO, inhalation on Univer-
sity of Pittsburgh Institutional Biosafety Committee and Envi-
ronmental Health and Safety approved protocols (n = 24; eight
WT a-Syn, eight S129A a-Syn, eight GFP). All evaluations were
made by experimenters blinded to the conditions.

In Vitro Phosphorylation of Recombinant a-Syn—Two ug of
recombinant human a-Syn (kind gifts of Drs. A. Grigorescu and
J. Rosenberg, University of Pittsburgh) were used for each reac-
tion. a-Syn was phosphorylated by Polo-like kinase 2 (PLK2;
Calbiochem) in pH 7.5 buffer containing 50 mm HEPES, 10 mm
MgCl,, 1 mm EGTA, 0.01% Brij® 35 detergent, 200 uMm adeno-
sine triphosphate (ATP), and 1 mg/ml soybean L-a-phosphati-
dylcholine (Sigma) at 30 °C for 1 h. For “unphosphorylated”
samples, a-Syn was incubated in the same buffer but without
added PLK2. Aliquots of the initial sample and samples after
incubations were separated using 15% Tris-glycine SDS-PAGE
and transferred to nitrocellulose for confirmation of a-Syn Ser-
129 phosphorylation by probing with an antibody specific for
phosphorylated serine 129 (11A5, 1:250, gift of Dr. J. Anderson,
Elan Pharmaceuticals). From the remaining sample, a-Syn was
immunoprecipitated with Syn-1 antibody (610786, BD-Trans-
duction Laboratories) and 25 ul of protein G-Sepharose beads
(Zymed Laboratories Inc., South San Francisco, CA) to elimi-
nate PLK2 and ATP. Immunoprecipitation was confirmed
using rabbit a-Syn antibody (C20, sc7011-R, 1:500) for immu-
noblots. The effect of phosphorylated and unphosphorylated
a-Syn on recombinant human PP2A (Cayman Chemical, Ann
Arbor, MI) was then measured as detailed below.

PP2A Assay in Tissues and Cells—Samples were sonicated in
20 mum imidazole-HCI, 2 mm EDTA, 2 mm EGTA, pH 7.0, 10
pg/ml leupeptin, 10 wg/ml aprotinin, 1 mm benzamidine, 1 mm
4-(2-aminoethyl)benzenesulfonyl fluoride and cleared by cen-
trifugation. Free phosphates were removed using Microspin™
G-25 columns (GE Healthcare), after which samples were
diluted 1:8 in assay buffer and incubated 30 min at 4 °C followed
by 10-min incubations at 30 °C with KRpTIRR threonine phos-
phopeptide (pT) substrate. Triplicate samples were assayed
spectrophotometrically at 650 nm relative to known standards
using the malachite green assay (17-127; Millipore/Upstate,
Billerica, MA). Protein concentrations for each condition were
confirmed by Bradford assay, and data were calculated as pmol/
min/ug of protein. Specificity controls included 50 nM protein
phosphatase inhibitor 2 (a PP1 inhibitor), 10 nm fostriecin
(PP2A-specific inhibitor), or 50 nm okadaic acid.

PP2A Assay with Recombinant Proteins—Recombinant
PP2A activity was measured in response to phosphorylated and
unphosphorylated recombinant a-Syn. The a-Syn was immu-
noprecipitated from kinase buffers to eliminate ATP from the
reactions. Samples were incubated for 90 min at 4 °C with shak-
ing. Activity toward phosphopeptide was performed in dupli-
cate as described above.

TH Activity Assay—Dihydroxyphenylalanine (DOPA) pro-
duction, catalyzed by tissue TH, was measured by colorimetric
assay (49) with minor modifications. Briefly, tissues were soni-
cated in 4 -8 volumes of 50 mm Hepes buffer, 10% glycerol, 5
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pg/ml leupeptin, 5 pug/ml aprotinin, and 1 mMm 4-(2-aminoeth-
yl)benzenesulfonyl fluoride at 4 °C. After centrifugation, 2 ul of
supernatant was added to 0.5 ml assays containing 40 mm
Hepes, 100 uMm tyrosine, 100 pg/ml catalase, 10 um ferrous
ammonium sulfate, and 1 mm dithiothreitol, pH 7.0. The reac-
tion was initiated by the addition of 400 um tetrahydrobiop-
terin, BH4, and allowed to continue for 2 min at 30 °C. Reac-
tions were halted by the addition of 20 ul of 4.8 M HCI and 200
wl of 12.5% sodium nitrite and 12.5% sodium molybdate in
Milli-Q water at room temperature for 10 min. Samples were
vortexed after the addition of 100 ul of 2.1 M NaOH and assayed
at 490 and 800 nm by diode array spectrophotometry (Agilent
Technologies, Santa Clara, CA). DOPA levels were determined
relative to freshly prepared standards. For lentiviral studies, tis-
sues were prepared exactly as above, but instead of 2 ul, we used
5 ul aliquots of supernatant/assay for all conditions. Protein
concentrations, determined by Bradford assay, allowed the cal-
culation of DOPA levels in nmol/min/ug protein from dupli-
cate or triplicate samples for each condition.

Recombinant Proteins—Purification of recombinant wild
type rat TH and the TH assay have been previously described
(50). Otherwise for these assays we utilized the method
described above for tissues and cells but with 0.3 wM recombi-
nant TH for each reaction.

Reagents—OQOkadaic acid and fostriecin were from Calbio-
chem. All reagents not otherwise indicated were from Sigma or
Fisher.

Statistics—ANOVA and Student’s ¢ tests were performed
using Instat or Prism (GraphPad Software, San Diego, CA) with
significance set at p < 0.05. Post-hoc analyses (Tukey-Kramer
multiple comparisons) were performed after significance was
confirmed. EC,, and efficacy values were calculated using
SigmaPlot software (Systat, Chicago, IL). Data represent the
means * S.E. of the mean for experiments repeated 2— 6 times
on independent occasions.

RESULTS

Overexpression of WT or A53T Mutant a-Syn in MN9D Cells
Reduces TH-Ser-19 Phosphorylation—The first aim of this
study was to elucidate the effects of a-Syn on TH-Ser(P)-19, a
site that contributes to 14-3-3 binding to TH. We measured the
impact of a-Syn on TH-Ser(P)-19 in MN9D cells by comparing
untransfected MNO9D cells to cells stably overexpressing GFP,
WT a-Syn, or A53T a-Syn. We find that a-Syn levels in our
stably transfected MN9D cells are maintained at ~13-fold
higher levels than endogenous a-Syn for cells utilized at low
passage number (9) (see also Fig. 54). Total TH levels remain
similar; however, on occasion we noted less total TH in a-Syn-
overexpressing MN9D cells. To control for such potential dif-
ferences in TH, we normalized TH-Ser(P)-19 to total TH in all
experiments. We saw diminished TH-Ser(P)-19 levels on
immunoblots from WT and A53T a-Syn cells compared with
control MN9D cells (Fig. 14). Data from four independent
experiments confirmed significantly less TH-Ser(P)-19 in WT-
Syn and A53T-Syn cells compared with control untransfected
MNOD or GFP-transfected control cells (Fig. 1B) (p < 0.0001,
one-way ANOVA). We noted similar effects of transiently
overexpressed a-Syn on TH-Ser(P)-19 in MN9D cells as well as
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FIGURE 1. Wild type and A53T mutant a-Syn-overexpressing MN9D cells
have lower levels of TH phosphorylated at serine 19. A, representative
parallel immunoblots from untransfected MN9D cells, MN9D cells stably
overexpressing GFP, wild type a-Syn (WT-Syn), or A53T mutant a-Syn (A53T-
Syn) were evaluated for total-TH, TH-Ser(P)-19, and B-actin (Actin). Apparent
molecular weights (M,) as determined from prestained standards are shown
on the left. B, quantitative analysis of Ser(P)-19 TH levels normalized to total
TH reveal significantly less phosphorylation of Ser-19 on TH in WT-Syn and
A53T-Syn MN9D cells compared with controls. B-Actin is a loading control.
The histogram represents the mean = S.E. of data from four independent
experiments. **, p < 0.01; ***, p < 0.001, one-way ANOVA.

in PC12 cells in which a-Syn overexpression is inducible (not
shown), confirming an association between a-Syn and TH that
reduces TH-Ser(P)-19 levels. We previously measured TH
activity in these cells and note that WT and A53T a-Syn cells,
which have low TH-Ser(P)-19 levels in this study, also have
lower TH activity, whereas control cells have more TH activity
(9), identifying a contribution of TH-Ser(P)-19 to TH activity in
MNOD cells.

PP2A Dephosphorylates TH-Ser(P)-19 in MN9D Cells—As
previously mentioned, PP2A is the main TH phosphatase. To
assess if PP2A dephosphorylates TH-Ser(P)-19 in our cells, we
first treated untransfected MN9D cells with okadaic acid and
measured Ser(P)-19 levels by immunoblot. We saw a dose-de-
pendent increase in TH-Ser(P)-19 levels in MN9D cells after
okadaic acid (1.0 -1000 nm) with a significant increase noted at
10 nm okadaic acid as compared with vehicle-treated control
cells (Fig. 24; p < 0.05, one-way ANOVA). Because maximal
effects were apparent at 1000 nMm, a concentration known to
affect other phosphatases, we also used fostriecin (0.1-10 nm), a
PP2A-specific inhibitor (51). Fostriecin produced a similar
increase in Ser(P)-19 levels on TH, confirming the role of PP2A
in TH-Ser(P)-19 dephosphorylation in MN9D cells (Fig. 2B;
p < 0.05, one-way ANOVA).

To verify this by non-pharmacological means, we transiently
overexpressed the wild type PP2A catalytic domain (PP2A-
WT) (52) in MN9D cells and then measured TH-Ser(P)-19 in
comparison to mock-transfected MN9D cells. Overexpression
of PP2A-WT did not alter total TH levels; however, TH-
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Ser(P)-19 levels were measurably reduced (Fig. 2C). Data from
multiple  experiments confirmed significantly lower
TH-Ser(P)-19 levels in PP2A-WT cells compared with mock-
transfected controls, directly demonstrating a role for PP2A in
TH-Ser(P)-19 dephosphorylation in dopaminergic MN9D cells
(Fig. 2C; p < 0.01, Student’s £ test).

We next explored the impact of PP2A inhibition in WT
a-Syn-overexpressing MN9D cells and saw a pronounced
increase in TH-Ser(P)-19 levels. This increase was apparent at
1.0 uMm okadaic acid (Fig. 2D, TH-Ser(P)-19 blots) and also in
cells treated with the PP2A-specific inhibitor fostriecin (not
shown). Data from repeated okadaic acid experiments con-
firmed significantly higher TH-Ser(P)-19 levels in WT-Syn
cells compared with control MN9D cells (Fig. 2D; p < 0.001,
Student’s £ test), findings that firmly support the role of PP2A in
TH-Ser-19 dephosphorylation in MN9D cells.

As an additional control, we also evaluated phosphorylation
of the extracellular signal-regulated kinase (ERK) in a-Syn
MN9D cells, because ERK is a PP2A substrate (53, 54) that also
regulates TH (55, 56) and because others have shown that ERK
activity is inhibited by a-Syn overexpression (57). ERK phos-
phorylation was diminished in a-Syn cells compared with GFP-
transfected MN9D controls, and furthermore, inhibition of
PP2A increased ERK phosphorylation in our cells (data not
shown), suggesting that only a-Syn interacting proteins were
affected by a-Syn-mediated PP2A activation. This regulation
further appears to be selective, as another major PP2A target,
the protein kinase B/Akt (58, 59), that does not bind a-Syn
retains normal levels of phosphorylation in our a-Syn-overex-
pressing cells (44), suggesting the existence of a microdo-
main(s) where a-Syn localizes with PP2A and dopamine regu-
latory proteins (9, 31).

a-Syn Overexpression in TH-promoter Mice Reduces TH
Phosphorylation in Dopaminergic Tissues—The second goal of
the study was to determine the in vivo relevance of a-Syn-me-
diated TH modulation using a-Syn-overexpressing and null
transgenic mice. The TH in striatum is localized in the axon
termini of nigrostriatal dopaminergic neurons (60), where it
co-localizes extensively with a-Syn (61). To evaluate if in vivo
overexpression of a-Syn altered TH phosphorylation, we com-
pared striatal immunoblots from homozygous WT a-Syn-over-
expressing TH-promoter mice (WT-Syn++) to non-trans-
genic control mice (Non-Tg) in the same genetic background in
which total a-Syn overexpression is ~2.5-5 times above levels
noted in Non-Tg controls (46). Interestingly, aging primates
have an ~2-3-fold increase in a-Syn levels in nigral neurons
(62). In mouse striatum probed with a human-specific a-Syn
antibody LB509, human a-Syn protein was measurable only in
WT-Syn++ mice (Fig. 34; p < 0.001, Student’s ¢ test). Total
TH levels were comparable in all mice; however, TH-Ser(P)-19
levels were significantly lower in WT-Syn++ mice compared
with Non-Tg controls (Fig. 34; p < 0.01, Student’s ¢ test). It has
been demonstrated that TH activation requires TH-Ser-40
phosphorylation; thus, we also measured Ser(P)-40 levels in
mouse striatum. We saw significantly less TH-Ser(P)-40 in
WT-Syn++ mice compared with Non-Tg controls (Fig. 34;
p < 0.01, Student’s ¢ test). When we assessed if higher levels of
a-Syn expression correlated strongly with lower TH phosphor-
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FIGURE 2. PP2A dephosphorylates TH-Ser(P)-19 in MN9D cells. Represent-
ative immunoblots show TH-Ser(P)-19 levels in response to pharmacological
or molecular manipulations to assess PP2A contribution to Ser(P)-19 dephos-
phorylation. A, there was a dose-dependent increase in TH-Ser(P)-19 levels in
untransfected MN9D cells treated for 1 h with different concentrations of
okadaic acid. B, fostriecin, a PP2A-specific inhibitor, produced a similar dose-
dependent increase in TH-Ser(P)-19 levels. C, transient overexpression of the
wild type PP2A (PP2A-WT) catalytic subunit in MN9D cells increased PP2A
levels and significantly decreased TH-Ser(P)-19 without affecting total TH lev-
els. The histogram represents the mean = S.E. of data from three independent
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ylation in individual WT-Syn++ mice, we found a significant
negative correlation. Whenever a-Syn levels were higher, TH-
Ser(P)-19 levels were concomitantly lower (R* = 0.81, n = 5,
p < 0.01) as were TH-Ser(P)-40 levels (R* = 0.78, n = 5, p <
0.01). These data identify a close relationship between a-Syn
levels and TH phosphorylation in vivo, which prompted us to
measure for changes in TH activity.

a-Syn Overexpression in TH-promoter Mice Reduces TH
Activity in Dopaminergic Tissues—To determine whether
reduced TH phosphorylation reflected changes in TH enzy-
matic activity in striatum, we evaluated 15 mice per condition
using a well characterized TH activity assay with minor modi-
fications. This assay measures TH activity, whereby increased
DOPA levels indicate more active TH (17, 63, 64). Consistent
with the finding of less TH phosphorylation in WT-Syn+ +
striatum, there was significantly lower TH activity in striatum
from WT-Syn++ mice compared with Non-Tg controls (Fig.
3B, p <0.001, Student’s ¢ test). Together these findings strongly
suggest that overexpression of a-Syn in TH-promoter mouse
dopaminergic tissues reduced TH phosphorylation at
TH-Ser(P)-19 and TH-Ser(P)-40, resulting in lower TH
activity. Because we previously established that a-Syn over-
expression reduces TH-Ser(P)-40 in MN9D cells (43) and
reconfirmed this same effect here for wild type a-Syn-over-
expressing mice, the data for the remainder of the manu-
script will focus entirely on our novel findings related to
TH-Ser(P)-19.

a-Syn Overexpression in TH-promoter Mice Reduces TH-
Ser-19 Phosphorylation in Substantia Nigra Neuronal Cell
Bodies—Although it is well established that a-Syn localizes pre-
synaptically (1, 65), it has never been evaluated whether somal
a-Syn in substantia nigra neuronal cell bodies may similarly
impact TH phosphorylation. We assessed this by confocal
microscopy using WT-Syn++ and Non-Tg substantia nigra
immunostained with antibodies specific for human a-Syn, total
TH, and TH-Ser(P)-19. As expected, human a-Syn was present
only in WT-Syn++ substantia nigra somata and absent in
Non-Tg controls (Fig. 3C, left). Total TH immunoreactivity was
quite similar in WT-Syn+ + mice and Non-Tg control nigral
neurons (Fig. 3C, second panel from the left); however, TH-
Ser(P)-19 was much lower in those neurons in WT-Syn+ +
mice compared with Non-Tg controls (Fig. 3C, third panel from
the left). To further assess TH-Ser(P)-19 levels, we generated
signal intensity plots from microscopic fields containing equiv-
alent numbers of TH-positive neurons, which demonstrated
lower TH-Ser(P)-19 signal in WT-Syn++ nigral neuronal
somata compared with controls (Fig. 3C, right). Evaluation of
eight microscopic fields per mouse from three mice per condi-
tion confirmed comparable total TH in substantia nigra of all
mice (Non-Tg, 246 * 4; WT-Syn++, 247 £ 4;¢t = 0.126,p =
0.89, Student’s t test) but significantly lower TH-Ser(P)-19 in
WT-Syn++ compared with Non-Tg substantia nigra cell bod-

experiments. D, MN9D cells and a-Syn-overexpressing MN9D cells (WT-Syn)
were treated with 1.0 um okadaic acid for 1 h, which produced a significantly
larger increase in TH-Ser(P)-19 in WT-Syn cells, which have lower base-line
levels of TH-Ser(P)-19 than do controls. B-Actin is a loading control. The his-
togram represents the mean = S.E. from three independent experiments. **,
p < 0.01;*** p < 0.001, Student’s t tests.
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FIGURE 3. a-Syn overexpression in TH-promoter transgenic mice reduces TH phosphorylation and activity but stimulates PP2A activity in PD relevant
dopaminergic tissues. A, representative immunoblots from Non-Tg controls and WT-Syn++ mouse striatal extracts reacted for human a-Syn, total TH,
TH-Ser(P)-19, TH-Ser(P)-40, and B-actin from 10 ug of total protein per lane. Total TH and actin levels are similar, but TH-Ser(P)-19 and TH-Ser(P)-40 levels are
reduced in WT-Syn+ + mouse. B, TH activity, measured by the conversion of tyrosine to DOPA from striatal tissues, is significantly lower in WT-Syn+ + mice
compared with Non-Tg controls. C,immunostaining of substantia nigra pars compacta dopaminergic neurons revealed significantly less TH-Ser(P)-19 signal in
WT-Syn+ + mice compared with Non-Tg controls, as demonstrated in signal intensity plots from microscopic fields having equal numbers of TH+ neurons.
D, histograms of quantitative immunoblot data from olfactory bulbs from age-matched Non-Tg control mice, WT-Syn+ + mice, and A53T-Syn+ + mice reveals
significantly reduced levels of TH-Ser(P)-19 in a-Syn-overexpressing mice compared with controls. E, both WT-Syn+ + and A53T-Syn+ + mice had reduced TH
activity in olfactory bulbs compared with their own age-matched controls. F, histogram of PP2A activity data from olfactory bulbs of WT-Syn++ mice and
A53T-Syn+ + mice reveals significantly higher PP2A activity in a-Syn-overexpressing mice compared with their age-matched Non-Tg controls. In B, D, E, and F,
data represent the mean = S.E. of 15 mice per group. *, p < 0.05; **, p < 0.01; ***, p < 0.001, all comparisons are by Student’s t test. Size bar, 100 um.

ies (Non-Tg, 2547 = 4; WT-Syn++, 2194 = 5;t = 52, p <
0.0001, Student’s ¢ test). Importantly, all samples had equiva-
lent low background levels of immunoreactivity (Non-Tg,
192 £ 11.4; WT-Syn++, 200 * 6; £t = 0.6, p = 0.57, Student’s ¢
test). These findings parallel our data from MN9D cells (Fig. 1)
and mouse striatum (Fig. 3A), identifying a previously unde-
scribed effect of a-Syn on TH in nigral neuronal cell bodies
in vivo.
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Wild Type and A53T Mutant a-Syn Inhibit TH and Stimulate
PP2A in Mouse Dopaminergic Tissues, a Finding Reversed in
a-Syn Null Mice—To determine whether a-Syn affects TH in
other dopaminergic tissues, we evaluated olfactory bulbs from
the same 30 mice described above. An important reason to
assess the olfactory bulb is that early-onset olfactory deficits
occur in most clinical cases of PD, rendering the studies highly
relevant (66, 67). Furthermore, we previously showed that peri-

JOURNAL OF BIOLOGICAL CHEMISTRY 17653



a-Syn Phosphorylation Alters TH and PP2A Activity

glomerular neurons in the olfactory bulb contain abundant TH
that is subject to a-Syn-mediated regulation (48). We con-
firmed equivalent total TH in olfactory bulbs from WT-Syn+ +
and Non-Tg mice by immunoblot using actin as a loading con-
trol (not shown) and found that TH-Ser(P)-19 levels were
reduced in WT-Syn++ mouse olfactory bulbs compared with
Non-Tg controls (Fig. 3D, left side; p < 0.01, Student’s £ test). As
expected, for TH that is more highly phosphorylated, Non-Tg
TH was also more active than WT-Syn++ TH from olfactory
bulb (Fig. 3E, left side; p < 0.01, Student’s ¢ test). PP2A is widely
expressed in all cells of olfactory bulb, whereas TH is expressed
only in periglomerular dopaminergic neurons, which make up
less than 10% of all olfactory cells. Yet despite a-Syn being over-
expressed only in this small group of cells, we could measure a
significant increase in PP2A activity in WT-Syn+ + mice com-
pared with Non-Tg control olfactory bulbs (Fig. 3F, left side;
p < 0.01, Student’s ¢ test). The size of the effect was likely
diluted by the presence of many more non-TH cells in the olfac-
tory bulb than a-Syn-overexpressing cells. In control experi-
ments using the PP2A-specific inhibitor fostriecin (10 nm), low
dose okadaic acid (50 nm), or the protein phosphatase 1 (PP1)-
specific inhibitor protein phosphatase inhibitor-2 (PPI2, 50
nM), we verified that fostriecin and low dose okadaic acid could
both inhibit phosphatase activity in our assay, whereas the PP1
inhibitor did not (not shown). These data identify PP2A as the
major TH phosphatase in mouse olfactory bulb. As a negative
control, we evaluated cerebellum from WT-Syn++ and
Non-Tg mice in which immunoblots showed that TH and
PP2A levels were identical, and human a-Syn was undetected
(not shown). TH activity was not measurable in cerebellar
homogenates, and PP2A activity in WT-Syn++ and Non-Tg
cerebellum was not significantly different (WT-Syn++,0.92 =
0.07 pmol of PO,/min/ug of protein; Non-Tg, 0.83 %= 0.09 pmol
of PO,/min/ug of protein; Student’s t test, p = 0.67).

Our earlier work using stably transfected MN9D cells and
inducible PC12 cells demonstrated that overexpression of WT
a-Syn activates PP2A (43); however, it is not known if A53T
mutant a-Syn might have a similar effect on PP2A activity or, if
so, whether it also occurs in vivo. To test for this we assessed the
impact of human A53T a-Syn on TH and PP2A in olfactory
bulbs from A53T mutant TH-promoter mice (A53T-Syn++)
and their age matched Non-Tg controls (46). Immunoblots
with equal protein loading had equivalent levels of TH and
PP2A in A53T and control mice (not shown). Much like we
found in WT-Syn+ + mice above, the A53T-Syn+ + mice also
had lower TH-Ser(P)-19 levels compared with Non-Tg controls
(Fig. 3D, right side; p < 0.01, Student’s ¢ test) as well as signifi-
cantly lower TH enzymatic activity (Fig. 3E, right side; p <
0.001, Student’s ¢ test) and significantly higher PP2A activity
(Fig. 3F, right side; p < 0.05, Student’s ¢ test). As noted for
WT-Syn++ TH-promoter mice, the effect of a-Syn on PP2A in
A53T-Syn++ olfactory bulb appeared to be diluted by a-Syn
being overexpressed in such a small pool of neurons in that
brain region. These data provide the first evidence that both
WT a-Syn and A53T mutant a-Syn regulate TH and PP2A sim-
ilarly in vitro and in vivo.

Based on the above findings, we surmised that if a-Syn inhib-
its TH and stimulates PP2A in dopaminergic neurons in vivo,
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FIGURE 4. a-Syn knock-out mouse striatum has significantly higher levels
of TH-Ser(P)-19 and TH activity and reduced PP2A activity. A, a histogram
of immunoblot data from ASKO and Non-Tg control mice reveals significantly
higher levels of TH-Ser(P)-19 in ASKO striatum compared with Non-Tg back-
ground strain control mice. B, TH activity was also significantly higher, and
PP2A activity was significantly lower in ASKO striatum compared with stria-
tum from Non-Tg controls. n = 28, 12 months of age; 14 mice/condition. ¥,
p < 0.05; **, p < 0.01, Student’s t test.

then the absence of a-Syn in ASKO mice would produce effects
opposite those of a-Syn overexpression. This possibility is also
supported by findings by others in which RNAi-mediated
silencing of endogenous a-Syn led to increased levels of TH
phosphorylation, TH activity, and dopamine in MN9D cells (8).
To assess the impact of a-Syn loss in vivo, we used striatum
from 12-month-old ASKO mice and age-matched Non-Tg
controls in which we measured TH phosphorylation, TH activ-
ity, and PP2A activity. We confirmed the absence of a-Syn in
ASKO mice and noted equivalent total TH and PP2A levels in
ASKO and Non-Tg controls on immunoblots with equal pro-
tein loading (not shown). When we assessed TH-Ser(P)-19
by immunoblot, ASKO mice had significantly higher
TH-Ser(P)-19 levels than Non-Tg controls (Fig. 44; p < 0.01,
Student’s ¢ test). TH activity in tissue homogenates from ASKO
mice was also significantly elevated (Fig. 4B, left side; p < 0.05,
Student’s ¢ test), whereas PP2A activity was significantly lower
compared with Non-Tg controls (Fig. 4B, right side; p < 0.01,
Student’s ¢ test). Taken together, the mouse data provide com-
pelling support for a physiological contribution of a-Syn to the
regulation of TH and PP2A in vivo. To assess the potential
contribution of a-Syn phosphorylation on TH and PP2A activ-
ity in a physiological model, we next evaluated MN9D cells after
transient transfection with wild type or Ser-129 mutant a-Syn.

Overexpression of WT or Dephosphorylation Mutant a-Syn,
S129A, Stimulates PP2A Activity and Reduces TH Phosphory-
lation in MNOD Cells, with a Bigger Effect of S129A— Although
Ser(P)-129 a-Syn is strongly implicated in PD pathogenesis, no
one has evaluated if Ser-129 phosphorylation on a-Syn affects
a-Syn function. Therefore, the third aim of this study was to
assess if phosphorylation of a-Syn, in particular of Ser-129,
affected PP2A or TH activity in vitro or in vivo. In this first
series of experiments we demonstrated Ser(P)-129 levels in
untransfected, GFP-transfected, and MN9D cells stably trans-
fected with A53T a-Syn or WT a-Syn. Immunoblots show
Ser(P)-129 in all cells with higher levels noted for cells that
overexpressed a-Syn, confirming Ser-129 phosphorylation in
MNOD cells at base line (Fig. 54). To measure the impact of
Ser(P)-129 a-Syn on PP2A and TH, we transiently overex-
pressed WT-Syn or S129A-Syn mutant a-Syn, with alanine sub-
stituted for serine at amino acid 129. This mutation has been
widely used to evaluate the impact of dephosphorylated a-Syn
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FIGURE 5. a-Syn is phosphorylated on Ser-129 in MN9D cells, and cells overexpressing the S129A a-Syn
dephosphorylation mimic have more potent PP2A activation and TH dephosphorylation than WT a-Syn or
GFP control cells. A, representative immunoblots demonstrating the relative amount of a-Syn Ser(P)-129 (upper,
probed with 11A5 monoclonal antibody) and total a-Syn (lower, probed with sc-7011R polyclonal antibody) in
untransfected MN9D cells (UT), MN9D cells stably transfected with GFP, and clonal lines overexpressing A53T
mutant a-Syn (A53T-Syn) and wild type a-Syn (WT-Syn); 80 ug of total protein per lane. B, representative immunob-
lots from transiently transfected MN9D cells overexpressing GFP, WT a-Syn, or S129A a-Syn are shown. Total TH,
PP2A, and B-actin levels are similar, and a-Syn levels are increased only in WT-Syn- and S129A-transfected cells
compared with GFP-transfected control MN9D cells. Molecular weights (M,) determined from prestained standards
are shown on the left. C, MNID cells transiently transfected with GFP (gray), WT a-Syn (WT-Syn, white bar), or S129A
a-Syn (S129A-Syn, black bar) revealed that both WT a-Syn and S129A a-Syn cells had higher levels of PP2A activity
compared with GFP-transfected MN9D cells. D, phosphorylated TH-Ser(P)-19 levels are significantly lower in WT-Syn
and S129A-Syn-transfected cells compared with GFP-transfected control MN9D cells. A histogram of data from
three independent experiments represents the mean = S.E.*, p < 0.05; **, p < 0.01; ***,p < 0.001, one-way ANOVA.

Ser-129 in both cellular and animal models (68 —71). In our cells
transfected with GFP, WT-Syn, or S129A-Syn for 48 -72 h we
saw equivalent transfection efficiency and cellular morphology
(not shown). Immunoblots using actin as a loading control con-
firmed equivalent PP2A and total TH in all cells, with high
a-Syn levels noted only in a-Syn-transfected cells, as expected
(Fig. 5B). When we measured PP2A activity in MN9D cells, we
found significantly elevated PP2A activity in both WT-Syn and
S129A-Syn cells compared with GFP-transfected controls, with
the largest activation of PP2A noted for S129A-Syn dephos-
phorylation mimic cells (Fig. 5C; p < 0.0001, one-way
ANOVA). Regarding TH, we noted that TH-Ser(P)-19 levels
were significantly lower in both WT-Syn and S129A-Syn cells
compared with GFP-transfected cells, with a greater reduction
noted in S129A-Syn cells (Fig. 5D; p < 0.001, one-way
ANOVA). Together the data strongly suggest that Ser-129
phosphorylation modulates a-Syn ability to stimulate PP2A
activity in MNOD cells. This interpretation is also supported by
the finding of the much more diminished TH-Ser(P)-19 levels
in S129A-Syn MNO9D cells compared with GFP or WT-Syn
MNOD cells, findings that prompted us to evaluate the impact
of S129A-Syn and WT-Syn in vivo as detailed below.

S129A a-Syn Dephosphorylation Mutant Inhibits TH and
Potentiates PP2A in Substantia Nigra of ASKO Mice Trans-
duced with a-Syn Lentivirus—Using WT-Syn lentivirus in
ASKO mice, we previously showed that TH phosphorylation is
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ment of the green signal in GFP-,
WT-Syn-, or S129A-Syn-trans-
duced mice demonstrated similar
signal intensities in all mice (Fig. 6B,
second panels). TH immunoreactiv-
ity, as denoted by red fluorescence,
was also similar in all mice (Fig. 64,
middle panels, B, third panels). As
expected for lentiviral transduction,
non-TH neurons of ventral mid-
brain were also transduced by GFP
and a-Syn virus, as can be appreci-
ated in the merged images where non-TH cells still appear
green (Figs. 6, A and B, right panels), whereas TH neurons that
were transduced with GFP or a-Syn appear yellow due to red/
green double fluorescent signal. To assess the impact of trans-
duction on TH-Ser(P)-19, we also compared Ser(P)-19 immu-
noreactivity in GFP, WT-Syn, and S129A-Syn mice. Ventral
midbrain from GFP-transduced mice had strong TH-Ser(P)-19
immunoreactivity, but WT-Syn or S129A-Syn mice had much
lower TH-Ser(P)-19 in SNc dopaminergic neurons (Fig. 65,
fourth panels). FluoView™ assessment of the pseudocolored
Ser(P)-19 Cy5 signal (orange) confirmed significantly greater
TH-Ser(P)-19 in GFP-transduced TH neurons (788 * 34 pix-
els) compared with WT-Syn (404 * 29 pixels)- or SI29A-Syn-
transduced SNc TH neurons (371 = 18.5 pixels) (p < 0.0001,
one-way ANOVA) (Fig. 6B, fifth panel). This reduction in TH-
Ser(P)-19 in WT-Syn- and S129A-Syn-transduced SNc sug-
gested that TH activity might also be reduced in a-Syn lentivi-
rally transduced mice.

To assess for this we collected ventral midbrain at 7 days
post-transduction and prepared tissue homogenates for immu-
noblots and enzymatic assays. Equivalent PP2A and TH protein
levels were seen on immunoblots from all mice (not shown);
however, significantly less TH activity was noted for mice trans-
duced with WT-Syn or S129A compared with GFP lentiviral
control mice, with a larger decrease in TH activity noted for
S129A-Syn mice (Fig. 6C; p < 0.001, one-way ANOVA). Con-
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FIGURE 6. Lentiviral transduction of ventral midbrain neurons reveals a-Syn effects on TH and PP2A
in vivo, with the S129A-Syn mutant, which mimics dephosphorylated a-Syn, producing a larger
effect. Tissues were collected 7 days post-stereotaxic delivery of GFP, WT-a-Syn (WT-Syn), or S129A a-Syn
(S129A-Syn) lentivirus into ASKO ventral midbrain substantia nigra. A, representative para sagittal sec-
tions of ventral midbrain of lentivirally transduced ASKO mice were immunostained for a-Syn (green) and
TH (red). Low magnification images near the site of the needle tract confirm widespread GFP or a-Syn expression
around and within SNc of mice transduced with GFP, WT-Syn, or S129A-Syn lentivirus. B, higher magnification
images of SNcimmunostained for a-Syn, total TH, and TH-Ser(P)-19 in ASKO mice transduced with GFP, WT-Syn, or
S129A-Syn lentivirus are shown. No a-Syn immunoreactivity is apparent in SNc of GFP mice, whereas a-Syn signals
are similar in WT-Syn and S129A-Syn-transduced mice, as can be appreciated from signal intensity plots of micro-
scopic fields having equal numbers of TH+ neurons. Total TH immunoreactivity is similar in all mice; however,
TH-Ser(P)-19 signal is reduced in WT-Syn and S129A-Syn-transduced mice SNc as also demonstrated in signal inten-
sity plots from microscopic fields with equal numbers of TH+ neurons. C, TH activity was significantly inhibited in
WT-Syn and S129A-Syn-transduced mice compared with GFP controls, with S129A-Syn producing a more pro-
nounced effect. D, PP2A activity was significantly elevated in WT-Syn-transduced mice but even more so in S129A-
Syn a-Syn dephosphorylation mimic-transduced mice compared with GFP controls. Histograms represent the
mean = S.E. of data from duplicate or triplicate samples from 3- 6 independent experiments. * p < 0.05; *** p <
0.001, one way ANOVA. Scale bar: A, 400 pm; B, 50 um.

versely, activity of PP2A was significantly elevated in ventral
midbrain of WT-Syn- and S129A-Syn transduced mice com-

ANOVA), with S129A again pro-
ducing a bigger effect, much like our
data from MNO9D cells (Fig. 5).
Together these data imply that
when a-Syn is dephosphorylated on
Ser-129, the molecule becomes a
more potent regulator of TH and
PP2A than when Ser-129 on a-Syn is
phosphorylated. To directly mea-
sure the impact of Ser-129 phos-
phorylation of a-Syn on PP2A and
TH, we used recombinant proteins
and cell-free assays.
DPhosphorylation of a-Syn Ser-129
in a Cell-free System Attenuates
a-Syn Modulatory Effects on PP2A
and TH—Because the above exper-
iments were performed using
S129A dephosphorylation mutant,
this series of experiments was
performed to directly compare
unphosphorylated a-Syn to a-Syn
phosphorylated on Ser-129 for
potential differences in PP2A activ-
ity. Samples were treated identically
except for the presence or absence
of PLK2 in reaction buffers. We
confirmed equivalent a-Syn in each
reaction and verified Ser-129 phos-
phorylation by immunoblots using
an antibody specific for a-Syn
Ser(P)-129 (Fig. 7A). We next com-
pared Ser(P)-129 a-Syn versus
unphosphorylated a-Syn on PP2A
activity in a cell-free assay (detailed
under “Experimental Procedures”).
PP2A does not dephosphorylate
a-Syn Ser-129 (72), and we con-
firmed this in our experiments
where background signal-only was
noted for both PLK2+- and PLK2-
a-Syn-treated samples (Fig. 7B, left).
Immunoblots also revealed a persis-
tent Ser(P)-129 signal on PLK2+
a-Syn after PP2A incubation (not
shown, but similar to Ser(P)-129
blot in Fig. 7A). In experiments uti-
lizing a phosphopeptide substrate
(pT), PP2A efficiently cleaved phos-
phate from pT (362 * 108 pmol/
min/ug of protein), and both phos-
phorylated and unphosphorylated
a-Syn enhanced PP2A activity; how-
ever, unphosphorylated a-Syn acti-
vated PP2A more (1421 *+ 73 pmol/

min/ug of protein) than Ser(P)-129 a-Syn (839 = 61 pmol/
min/ug of protein) (Fig. 7B, right side; p < 0.0001, one-way

pared with GFP lentivirus controls (Fig. 6D; p < 0.001, one-way ~ANOVA). When we performed a dose response, the EC, was
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FIGURE 7. Ser-129 phosphorylation reduces the impact of a-Syn on the
regulation of PP2A and TH in cell-free assays. A, shown are representative
immunoblots of recombinant a-Syn treated with PLK2 (Phos Syn) or without
PLK2 (Unphos Syn). Blots show 0.025 ng of the initial a-Syn sample (Before
Incub), 0.025 g of a-Syn after incubation with or without PLK2 in the reaction
buffer (After Incub), and a-Syn immunoprecipitated from the buffers (Syn-1 IP).
The upper blot, reacted with a rabbit a-Syn antibody (C20, sc7011-R, 1:500),
demonstrates total a-Syn in each sample. The lower blot, reacted with a Ser(P)-
129-specific a-Syn monoclonal antibody (11A5, 1:250), confirms Ser(P)-129
phosphorylation of PLK2 samples. IgG bands, at the asterisks, appear due to
the use of mouse antibodies for immunoprecipitation and immunoblot.
Molecular weights (M,) determined from prestained standards are shown on
the left. B, PP2A assay without any phosphopeptide substrate (PP2A-pT) dem-
onstrates that PP2A does not dephosphorylate a-Syn that was phosphory-
lated on Ser-129 by PLK2, as can be appreciated by comparing PP2A alone
(black bar), PP2A in the presence of 5 g of Phos Syn (white bar), and 5 g of
Unphos Syn (gray bar), which show background signal only. Note: the left y
axis maximum is set to 100, whereas the right y axis is set to 1500 to allow
visualizing the extremely low background values on the left graph. On the
right graph, in the presence of phosphorylated pT substrate (PP2A + pT), PP2A
activity was lower at base line (black bar) but increased in the presence of
Phos Syn (white bar) and even more so in response to Unphos Syn (gray bar).
G, activity of recombinant TH alone (no Syn, black bar) was reduced in the
presence of Phos Syn (white bar) and even more so in the presence of Unphos
Syn (gray bar). Data represent the mean = S.E.from 2 to 4 independent exper-
iments performed in duplicate or triplicate. NSD, not significantly different; **,
p < 0.01; *** p < 0.001, one-way ANOVA.

identical for phosphorylated and unphosphorylated a-Syn
(EC,, = 6.574e-7, R* = 0.99), revealing equal potency; however,
at saturation Ser(P)-129-phosphorylated a-Syn had signifi-
cantly less effect on PP2A activity than unphosphorylated a-Syn
(Ser(P)-129, 2707 pmol/min/ug of protein; unphosphorylated
Syn, 4511 pmol/min/ug of protein) revealing reduced efficacy
for Ser(P)-129 a-Syn (see supplemental Fig. 1). These data pro-
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vide the first evidence that native phosphorylation of a-Syn Ser-
129 attenuates a-Syn ability to stimulate PP2A activity.

We next measured the effect of a-Syn Ser-129 phosphoryla-
tion on TH activity using a cell-free in vitro TH assay (as
detailed under “Experimental Procedures”). We did immunob-
lots to confirm a-Syn phosphorylation as above (Fig. 7A) with
similar results (not shown). Recombinant TH alone had ample
activity (9.8 £ 0.9 nmol/min/ug of protein), whereas TH incu-
bated in the presence of Ser(P)-129 a-Syn (5.7 £ 0.5 nmol/
min/ug of protein) or unphosphorylated a-Syn (3.8 = 0.4 nmol/
min/ug of protein) had significantly lower TH activity, with
unphosphorylated a-Syn having a greater effect on TH inhibi-
tion (Fig. 7C; p < 0.0001, one-way ANOVA). These results pro-
vide the first evidence that native phosphorylation of a-Syn Ser-
129 can attenuate a-Syn ability to inhibit TH.

DISCUSSION

Our studies using cell-free assays, dopaminergic neuronal
cells, and four independent a-Syn mouse models have gener-
ated three major and novel findings regarding a-Syn-mediated
regulation of TH and PP2A. First, we observed that both
WT and A53T mutant a-Syn overexpression diminished TH-
Ser(P)-19 levels and inhibited TH activity. Second, we found
thatboth WT and A53T mutant a-Syn stimulated the activity of
PP2A in vitro and in vivo. Third, we established that phosphor-
ylation of a-Syn on Ser-129 lessened the a-Syn ability to stimu-
late PP2A or inhibit TH in vitro and in vivo.

Early suggestions that a-Syn might affect dopamine levels
arose from studies of transgenic mice that overexpress human
wild type a-Syn driven by a PDGF promoter (73) and from rats
virally transduced to overexpress a-Syn in the nigrostriatal sys-
tem (74). Animals in both of the aforementioned studies had
less striatal dopamine and reduced TH activity. Although those
findings were intriguing, some argued that the data resulted
from a loss of dopaminergic terminals rather than reflecting a
functional inhibition by a-Syn on dopamine metabolism. Our
early in vitro findings identified an inhibitory role for a-Syn on
TH (9) occurring by the effects on TH- Ser-40 (43). Those stud-
ies provided the basis for the present work in which we evalu-
ated a-Syn effects on TH-Ser(P)-19 in vitro. In vivo evidence,
showing that a-Syn reduced Ser(P)-19 on TH, was obtained in
transgenic mice expressing human a-Syn under the control of
the TH-promoter (Syn++). These mice are healthy with no
overt nigrostriatal pathology (46), thus allowing for systemati-
cally analyzing TH phosphorylation and TH activity in healthy
dopaminergic tissues that are relevant to PD.

a-Syn overexpression in WT-Syn++ and A53T-Syn+-+
mice reduced TH-Ser-19 phosphorylation in vivo, suggesting
that, as in dopaminergic cell lines, both forms of a-Syn regulate
TH similarly in the brain. Several laboratories have shown that
the A53T mutation does not affect a-Syn activity toward vari-
ous proteins (9, 27,44, 75, 76), suggesting the possibility that the
toxicity associated with the A53T mutation occurs by its earlier
aggregation. Because humans remain unaffected at up to an
~80% loss of nigrostriatal dopamine input (47), transgenic
mice may compensate in order to sustain functional dopamine
levels. Evidence for regulation of TH by a-Syn in vivo was fur-
ther corroborated by our data in mice lacking a-Syn, in which
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we saw effects opposite to those observed in a-Syn-overex-
pressing mice; namely, the ASKO mice had higher
TH-Ser(P)-19 levels and significantly more active TH. The
results in the ASKO mice, which have B-synuclein and
y-synuclein at levels comparable to controls (3), suggest that
a-Syn has non-redundant functions for dopamine regulation
that cannot be compensated for entirely by 8- or y-synuclein.

With regard to TH-Ser(P)-19, this post-translational modi-
fication contributes to TH activation by recruiting the binding
of 14-3-3 “activator proteins” to TH (15, 16), an event that also
stimulates catecholamine synthesis (11, 14, 22, 77). TH-Ser-19
is phosphorylated chiefly by Ca®>*/calmodulin-dependent pro-
tein kinase II (78, 79), a kinase that integrates signals associated
with depolarization with the synthesis of neurotransmitter (80).
Ser-19 phosphorylation also helps stabilize TH in an active con-
formation (10) that then sustains TH- Ser-40 phosphorylation
(81). Our findings raise the distinct possibility that reversible
phosphorylation of TH-Ser-19 may actively regulate the
recruitment of either a-Syn or 14-3-3 to TH to serve as regula-
tors of dopamine homeostasis (9, 31, 82).

Our data further suggest that a-Syn exerts important regula-
tory effects on PP2A, because a-Syn overexpression stimulates
PP2A activity in vitro (43), whereas its absence reduced PP2A
activity in dopaminergic tissues from ASKO mice (Fig. 4B, right
side). Although the exact mechanism underlying PP2A regula-
tion by a-Syn is not yet defined, it likely involves a-Syn binding
to the PP2A catalytic subunit based on our prior co-immuno-
precipitation data (43) and our current findings using recombi-
nant proteins, which require preincubation to affect PP2A
activity (Fig. 7). In vivo, a-Syn may also bind particular PP2A B
subunits that contribute to TH dephosphorylation (83). Or
dephosphorylation of TH may be stimulated by PKCS, a kinase
that binds both PP2A (84) and a-Syn (26). Taken together, the
data suggest the intriguing possibility that a-Syn is a member of
a dopamine regulatory complex localized to mitochondria (31),
a possibility that we are further investigating.

Effects of a-Syn on TH and PP2A, as modeled in this study,
may also play a role in neuronal pathology, including that asso-
ciated with familial PD. For instance, genetic variability in the
a-Syn promoter is associated with increased PD risk (85— 88)
and occurs even with relatively modest increases in a-Syn
expression. Aging is also a major risk factor for most neurode-
generative diseases, and a-Syn protein levels significantly
increase in aged human nigral neurons (62). Aged rhesus mon-
keys have increased a-Syn levels and are more vulnerable to
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) toxic-
ity, and those monkeys fail to up-regulate dopamine levels after
toxin exposure (62, 89) perhaps due to TH inhibition, which
may be associated with elevated a-Syn levels. Up-regulation of
a-Syn also is a consistent feature of dopaminergic neurons in
response to toxins (90-92), and animal models character-
ized by changes in dopamine metabolism after toxin expo-
sure frequently exhibit pathology reminiscent of PD (93, 94).
The data from our current study have demonstrated that
alterations in a-Syn levels in vivo have the potential to alter
dopamine synthesis in a manner to stress dopaminergic neu-
rons by shifting dopamine levels as soluble a-Syn levels go up
or down (82).
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a-Syn Ser(P)-129 has been implicated in pathology (38, 95);
however, whether Ser(P)-129 functionally affected PP2A activ-
ity or TH activity has never been evaluated. Importantly,
Ser(P)-129 is not dephosphorylated by PP2A (72), a finding that
we verified (Fig. 7B). a-Syn can be phosphorylated by at least
three kinases, including casein kinase 2 (72, 96 —99), G-protein-
coupled receptor kinase 5 (100), and Polo-like kinases, espe-
cially PLK2, which exclusively phosphorylates Ser-129 (101).
PLK2 levels are affected by oxidative stress (102), yet untreated
mice have measurable brain levels of Ser(P)-129 a-Syn (103),
suggesting that this particular post-translational modification
contributes to normal a-Syn physiology. Curiously, flies that
overexpress the S129A mutant form of a-Syn remain healthy,
whereas those that overexpress an S129D to mimic phosphor-
ylation develop pathology (69). In contrast, rats that overex-
press WT or S129A a-Syn delivered by adeno-associated virus
(AAV) develop pathology by 8 weeks, although rats transduced
with S129D AAV do not (68, 70). In our study there was no
evidence of pathology in any S129A-transduced ASKO mice
(Fig. 7) as confirmed by the absence of pro-apoptotic caspase
activation.” It is noteworthy that both flies and the ASKO mice
lack endogenous a-Syn, and both were entirely unaffected by
S129A overexpression, raising the possibility that levels of
endogenous a-Syn in wild type rodents may have contributed to
the pathology noted in the AAV S129A-transduced rats
described above. High levels of a-Syn induce pathology in fam-
ilies with extra copies of the a-Syn gene, as recently reviewed
(104). Another major difference between our studies and the
AAV rats is the timing of S129A overexpression, implying that
perhaps long term S129A overexpression induces excessive
and, hence, detrimental PP2A hyperactivation as we observed a
potentiation of PP2A activity by S129A both in cells (Fig. 5) and
in mice (Fig. 6). It is known that prolonged activation of PP2A
can induce apoptosis in part by enhancing pro-apoptotic Bax
activity (105), which stimulates ceramide production, a factor
also known to contribute to PD pathology (106). Importantly,
Ser(P)-129 is not dephosphorylated by PP2A (72), a finding that
we have also reconfirmed (Fig. 7B). Collectively our findings
provide compelling support for physiological regulation of
PP2A and TH by a-Syn, with a-Syn Ser-129 phosphorylation
attenuating the effects.

Finally, it remains to be determined the exact mechanism(s)
whereby a-Syn mediates TH inhibition and whether it occurs
by a direct interaction between a-Syn and TH or indirectly by
a-Syn-mediated PP2A activation. An important clue from our
current studies is the discovery that as a-Syn levels increase in
MNOID cells, Ser(P)-129 levels also increased (Fig. 5). Because
a-Syn Ser-129 phosphorylation reduced the a-Syn effect on TH
and PP2A, a shift in a-Syn levels along with changes in the levels
of Ser(P)-129 could dysregulate a-Syn-modulated proteins,
especially in aging brain (62). A recent report in transduced
MNOD cells overexpressing the a-Syn S129D phosphomimic
saw an increase in TH-Ser(P)-40 phosphorylation (107).
Although that study did not measure the effect of native a-Syn
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phosphorylation, their work clearly supports our findings that
TH inhibition is attenuated by a-Syn Ser-129 phosphorylation
(Fig. 7C), which likely led to the measurable increase in TH-
Ser(P)-40 and dopamine noted in their S129D cells.

In summary, our work using in vitro models has demon-
strated that PP2A dephosphorylates TH-Ser(P)-19 (Fig. 2), that
a-Syn activates PP2A and inhibits TH, and further, that a-Syn
Ser(P)-129 attenuates both effects (Figs. 5 and 7). These find-
ings are supported by our in vivo studies (Figs. 3 and 6), suggest-
ing the possibility that (i) TH inhibition may be caused by an
up-regulation of PP2A activity that is triggered by a-Syn over-
expression, (ii) PP2A activation and TH inhibition may be inde-
pendently triggered by a-Syn overexpression leading to inter-
actions that affect both enzymes, or (iii) that TH inhibition may
be an additive consequence of a-Syn overexpression and its
ability to activate PP2A. Our findings in ASKO mice demon-
strated that a loss of a-Syn produced the opposite effect on TH
and PP2A imply that enzymatic dysregulation can also occur by
aloss of soluble a-Syn, as those mice express normal levels of 3-
and y-synuclein. Studies to clarify the precise mechanisms
underlying a-Syn effects on TH and PP2A are under way. Delin-
eating those mechanisms underlying a-Syn-mediated modula-
tion of PP2A and TH holds promise to aid in the design of novel
therapies to optimize dopaminergic neurotransmission for the
treatment of PD, without overproducing potentially toxic
dopamine levels.
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