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Parkinsonian Neurotoxin 1-Methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) and a-Synuclein Mutations

Promote Tau Protein Phosphorylation at Ser

262 and

Destabilize Microtubule Cytoskeleton in Vitro™
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In Parkinson disease (PD) brain, a progressive loss of do-
paminergic neurons leads to dopamine depletion in the stria-
tum and reduced motor function. Lewy bodies, the character-
istic neuropathological lesions found in the brain of PD
patients, are composed mainly of a-synuclein protein. Three
point mutations in the a-synuclein gene are associated with
familial PD. In addition, genome-wide association studies indi-
cate that a-synuclein and Tau protein synergistically increase
disease susceptibility in the human population. To determine
the mechanism by which a-synuclein and Tau act together, we
have used PD-causing neurotoxin MPTP and pathogenic
a-synuclein mutants A30P, E46K, and A53T as models. We
found that exposure of human neuroblastoma M17 cells to
MPTP enhances the intracellular a-synuclein protein level,
stimulates Tau protein phosphorylation at Ser’¢?, and induces
apoptosis. In mouse brain, ablation of a-synuclein function
significantly suppresses Tau phosphorylation at Ser*®2, In
vitro, a-synuclein binds to phosphorylated Ser*!*
stimulates PKA-catalyzed Tau phosphorylation at Ser?®2, PD-
associated a-synuclein mutations increase a-synuclein bind-
ing to Tau and stimulate Tau phosphorylation at Ser*®2. In
HEK-293 cells, a-synuclein and its all PD-associated mutants
destabilize the microtubule cytoskeleton in a similar extent. In
contrast, when co-expressed with Tau, these PD-associated
mutants destabilize microtubules with significantly higher po-
tency than WT. Our results demonstrate that a-synuclein is an
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suggest that PD-associated risk factors such as environmental

of Tau and

in vivo regulator of Tau protein phosphorylation at Ser

toxins and a-synuclein mutations promote Tau phosphoryla-
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tion at Ser=®“, causing microtubule instability, which leads to

loss of dopaminergic neurons in PD brain.
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Parkinson disease (PD)? is the 2nd most common neurode-
generative disorder after Alzheimer disease (AD) and is char-
acterized as a movement disorder manifesting bradykinesia,
rigidity, and tremors (1, 2). The clinical symptoms of PD are
progressive loss of dopaminergic neurons in the substantia
nigra pars compacta, which give rise to the nigrostriatal path-
way, leading to dopamine depletion in the striatum and re-
duced motor function. Lewy bodies (LBs) are the characteris-
tic neuropathological lesions found in the brain of PD
patients. Biochemical studies have determined that neuronal
protein a-synuclein is the major component of LBs (2—4). In
vitro, recombinant a-synuclein aggregate and form LB-like
structures (3, 5). Overexpression of human a-synuclein in the
brain develop LB-like inclusions in mice and Drosophila (6, 7).
In addition, three point mutations, A30P, E46K, and A53T,
have been discovered in rare familial forms of PD (8, 9). These
mutations promote a-synuclein aggregation and toxicity in
vitro and in vivo (3, 10-12). Genetic and biochemical data
have established a-synuclein as the central molecule involved
in the development of PD (4).

Various neurotoxic paradigms have been studied in an ef-
fort to reproduce the substantia nigra neuronal loss. Of these,
administration of the well characterized MPTP (1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine) (or related rotenone or
paraquat) induces PD-like symptoms in rodents and has pro-
vided a useful model to study PD neuropathology (13-15).
The biochemical and cellular changes that occur following
MPTP administration are very similar to those that occur in
PD brains causing selective loss of dopaminergic neurons.

In the brain, MPTP is metabolized into toxic MPP+ (13). In
vitro, MPP+ inhibits complex 1 of the mitochondrial respira-
tory chain. Inhibition of complex 1 was thought to be the ma-
jor mechanism by which MPP+ causes loss of dopaminergic
neurons in the brain (13, 16). However, several studies have
shown that a-synuclein /™ mice are resistant to MPTP toxic-
ity (17, 18) and MPTP exposure increases the a-synuclein
protein level in neurons in culture (19). The role of
a-synuclein in toxin-induced PD is not clear.

3 The abbreviations used are: PD, Parkinson disease; AD, Alzheimer disease;
FTDP-17, frontotemporal dementia and Parkinsonism linked to chromo-
some 17; LB, Lewy body; MAPT, microtubule-associated protein Tau
gene; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NFT, neurofi-
brillary tangle; PHF, paired helical filament.
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Microtubule-associated protein Tau is a neuronal protein
that plays important roles in neuronal morphogenesis, brain
development, and is involved in the regulation of microtubule
dynamics. Tau binds to microtubules and stabilizes the mi-
crotubule structure. Tau phosphorylation reduces its affinity
for microtubules causing microtubule destabilization (20).
Thus Tau phosphorylation regulates microtubule-related
function of Tau. In AD and related tauopathies, abnormally
hyperphosphorylated Tau accumulates in the brain (see be-
low). The abnormal Tau phosphorylation is thought to pre-
vent Tau from binding to microtubules leading to microtu-
bule instability and neurodegeneration. Tau in AD brain is
phosphorylated on at least 21 proline and non-proline-di-
rected sites in vivo (21). The individual contribution of many
of these sites is not known. However, among all these sites,
Ser®*? is uniquely located within the microtubule-binding
region of Tau. Phosphorylation on this site alone has a major
impact on Tau microtubule binding in vitro and confers Tau
neurotoxicity in vivo (22-24).

Dysfunction of the Tau gene (MAPT) is associated with a
family of neurodegenerative disorders collectively called
tauopathies. These disorders include AD, frontotemporal de-
mentia, and Parkinsonism linked to chromosome 17 (FTDP-
17), Picks disease, corticobasal degeneration, and progressive
supranuclear palsy. In all of these disorders, hyperphosphory-
lated Tau filaments accumulate and form neurofibrillary tan-
gles (NFTs) (20, 25). Mutations have been found in MAPT in
the familial form of FTDP-17 (26). Similarly, a common poly-
morphism has been reported in MAPT to be strongly associ-
ated with progressive supranuclear palsy, corticobasal degen-
eration, and AD (27-30).

Several studies have reported the association of MAPT with
PD. Two recent genome-wide association studies on PD
found that a common variant in five genes, including
a-synuclein and MAPT, which increase disease susceptibility
(31, 32). Moreover, an earlier study indicated that the cogni-
tive decline and development of PD dementia is strongly asso-
ciated with a synergistic interaction between the MAPT inver-
sion polymorphism and a single nucleotide polymorphism on
the a-synuclein gene (33). It was suggested that carrying ei-
ther of the genotypes marginally increases the development of
PD and that the combination of risk genotypes of both loci
doubles the risk of disease development (33).

In addition, several studies have indicated an overlap in
the clinical symptoms and pathological findings in the
tauopathies and synucleinopathies (34). For example, Tau
immunoreactive pathology is detected in each of the
a-synucleinopathies. The incidence of NFTs in PD is much
greater than in an age-matched population (35). Tau immu-
noreactive LBs are detected in the medulla of 80% of individu-
als with sporadic PD or LB dementia (36, 37). In familial PD,
Tau lesions and insoluble Tau filaments have been observed
in brain tissue obtained during autopsies from patients carry-
ing the a-synuclein A53T mutation (38, 39). In multiple sys-
tems atrophy, hyperphosphorylated Tau is associated with a
subset of glia cytoplasmic inclusions, where Tau decorates the
a-synuclein aggregates (34, 40). Likewise, abnormally phos-
phorylated Tau is present in LBs found in sporadic PD pa-
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tients, and occurs in neurons near areas containing
a-synuclein pathology (36, 37). Thus, the presence of Tau
pathology in each of the a-synucleinopathies, and the accu-
mulating genetic and biochemical data together, suggest that
a-synuclein and Tau are involved in shared or converging
pathways in the pathogenesis of PD (33).

In vitro, a-synuclein promotes Tau hyperphosphorylation
(41) and Tau fibrillization (42), which are associated with
NET pathology. When compared with a-synuclein WT, the
disease causing A53T mutant displays a significantly in-
creased potency to promote Tau fibrillization in vitro (39). In
transgenic mice expressing a-synuclein A30P or A53T, hy-
perphosphorylated Tau inclusions are formed (42, 43). De-
spite these studies, the molecular mechanisms by which
a-synuclein and Tau act together leading to PD neuropathol-
ogy are not very clear. In this study, we have used MPTP and
pathogenic a-synuclein mutants A30P, E46K, and A53T as
models to examine the interaction of a-synuclein with Tau in
human neuroblastoma M17 cells, mouse brain, and in vitro.
Here we report that a-synuclein binds to Tau and promotes
Tau phosphorylation at Ser®*? both in vivo and in vitro and
pathogenic mutations enhance this process. We also show
that MPTP, by increasing the a-synuclein protein level, pro-
motes Tau phosphorylation at Ser?** in M17 human neuro-
blastoma cells. Our data suggest that both MPTP and PD-
associated a-synuclein mutations act through a common
pathway leading to loss of dopaminergic neurons in the brain.

MATERIALS AND METHODS

¢DNA Cloning and Plasmids—The human a-synuclein
gene in the Myc-pcDNA3.1 Zeo vector was amplified by plati-
num® TagDNA polymerase high fidelity-catalyzed PCR using
the forward primer (5-ACG CCA TAT GGA TGT ATT CAT
GAA AGG ACT TTC-3) containing the Ndel (underlined)
and reverse primer (5-AAC AGA TCT TTA GGC TTC AGG
TTC GTA GTC TTG-3) containing the BglII (underlined)
sites. The PCR product was then ligated into a pGEM®-T
Easy vector (Promega). After amplification, the insert was
released and ligated into the Ndel and BamHI sites of bacte-
rial expression vector pET-3a (Novagen). The a-synuclein
mutants E46K, A53T, and E83P were generated in pET-3a
and Myc-pcDNA3.1 Zeo vector using forward primers con-
taining the mutagenic sites (underlined): 5-GGC TCC AAA
ACC AAG AAA GGA GTG GTG CAT GGT-3,5-GGA GTG
GTG CAT GGT GTG ACA ACA GTG GCT GAG AAG-3,
5-CAG AAG ACA GTG CCA GGA GCA GGG AGC-3, and
reverse primers containing the mutagenic sites (underlined):
5-ACCATG CACCACTCCTTT CTT GGT TTT GGA
GCC-3,5-CTT CTC AGC CACTGT TGT CAC ACC ATG
CACCACTCC-3,5-GCT CCCTGC TCCTGG CACTGT
CTT CTG-3, respectively, by using a site-specific mutagenesis
kit (Stratagene). All cloning and mutagenesis were confirmed
by DNA sequencing. The pET-3a (A30P) and Myc-pcDNA3.1
(A53T) were described previously (44). FLAG-Tau(WT) and
FLAG-Tau(S214A) each in pcDNA3.1 and pET-3a are also
described previously (45).

Animals—Brain tissues of adult (6 weeks) female
a-synuclein '~ (number 003692, Jackson Laboratories) and
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a-synuclein™/* (number 00664, Jackson Laboratories) (7 = 4
each) in C57BL/6 background were obtained from Jackson
Laboratories. Each brain was homogenized in an equal
amount (w/v) of cold extraction buffer (50 mm Tris, pH 7.4,
150 mm NaCl, 1% Triton X-100, protease inhibitor mixture
(Roche Applied Science), 5 mm EDTA, 1 mm DTT, 10 mm
NaF, and 20 um okadaic acid) using a Down glass homoge-
nizer. Homogenized samples were centrifuged at 14,000 X g
for 15 min at 4 °C using a bench top centrifuge. The resulting
supernatants were analyzed by Western blot analysis.

Proteins and Antibodies—Tau(WT) and Tau(S214A) were
purified from their respective bacterial lysates as described
previously (45). Purification of a-synuclein (WT) and its
various mutants A30P, E46K, A53T, and E83P were per-
formed following previously published procedures (46)
with some modifications. The overnight bacterial culture
was diluted to X10 in fresh medium and grown for 2 h at
37 °C. Isopropyl B-p-thiogalactoside was then added to a
final concentration of 0.4 mm to induce protein synthesis and
shaking was continued for another 4 h. The bacterial culture
was centrifuged and the pellet was suspended in ice-cold puri-
fication buffer (50 mm Tris, pH 7.4, 1 mm EDTA, 1 mm DTT,
and a mixture of protease inhibitors (Roche Applied Sci-
ence)). Lysozyme was added to a final concentration of 20
pg/ml and the suspension was placed on ice for 15 min. Tri-
ton X-100 (1%) was then added to the suspension on ice. The
suspension was sonicated three times (10 s each) using a
probe sonicator and then centrifuged at 27,000 X g for 15 min
at 4 °C. The supernatant was withdrawn and heated on a boil-
ing water bath for 20 min. Boiled sample was cooled on ice
and then centrifuged at 27,000 X g for 30 min at 4 °C. The
supernatant was withdrawn and loaded onto a S-Sepharose
column (~1 ml; Amersham Biosciences) previously equili-
brated in purification buffer at room temperature. The flow-
through fractions were collected and loaded onto a Q-Sepha-
rose (~1 ml; Amersham Biosciences). The column was
washed with 10 ml of purification buffer and then eluted with
a linear gradient of NaCl (0—0.5 M) in purification buffer. The
elution fractions (0.5 ml each) were analyzed by SDS-PAGE,
and the fractions containing a-synuclein were pooled and
dialyzed against cold purification buffer for 4 h at 4 °C. After
dialysis, samples were aliquoted and stored in —80 °C until
use. Anti-a-synuclein monoclonal antibody was purchased
from BD Biosciences. Monoclonal antibodies Tau 5, AT8,
PHF1, 12E8, anti-Myc, and anti-FLAG are described previ-
ously (45). Polyclonal antibodies pS214 and pS262 were pur-
chased from BIOSOURCE Inc. The PKA catalytic subunit was
purchased from Sigma.

Protein Concentrations—The concentration of Tau was
determined spectrophotometrically by measuring OD at
280 nm as previously described (45). Concentrations of
Tau(S214A), phosphorylated Tau(WT), and phosphorylated
Tau(S214A) were determined via the Bio-Rad protein assay
using Tau(WT) as the standard. The concentration of
a-synuclein (WT) was determined by bicinchoninic acid pro-
tein assay (BCA) (Pierce) with bovine serum albumin as the
standard. Concentrations of various a-synuclein mutants
were determined by BCA protein assay using a-synuclein
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(WT) as the standard. Concentration of PKA is based on the
dry weight.

Phosphorylation Assay—Tau was phosphorylated in the
presence of a-synuclein or BSA by PKA. The assay mixture
contained 50 mm Tris-HCI (pH 7.4), 50 mMm NaCl, 10 mm
MgCl,, 1 mm DTT, 1 mm EDTA, 0.2 mg/ml of Tau(WT) or
Tau(S214A), 1 mm ATP, 100 units/ml of PKA, 50 ug/ml of
a-synuclein or 50 pug/ml of BSA and protease inhibitor mix-
ture. The reaction was initiated by adding an aliquot of PKA
to the vial containing the rest of the components of the assay
mixture. After the indicated time at 30 °C, aliquots were with-
drawn, mixed with an equal volume of SDS-PAGE sample
buffer, and analyzed by Western blot analysis. Kemptide
phosphorylation activity of PKA was measured by filter paper
assay essentially as described previously (47).

Cell Culture, Transfection, and MPTP Treatment—HEK-
293 cells were cultured in Dulbecco’s modified Eagle’s me-
dium (Invitrogen) supplemented with 10% fetal bovine serum
along with penicillin-streptomycin and transfected with Lipo-
fectamine 2000 (Invitrogen) according to the standard proto-
col as described previously (44). Human neuroblastoma M-17
cells were cultured in 45% Dulbecco’s modified Eagle’s me-
dium, 45% Ham’s F-12 (Wisent Inc), 10% fetal bovine serum
and penicillin-streptomycin (44). Cells were plated in 6-well
plates or 100-mm culture dishes and grown to 80% conflu-
ence. The medium was changed and the cells were treated
with the indicated concentration of MPTP (Sigma) (freshly
dissolved in water) for 48 h. To inhibit PKA, cells were treated
with freshly prepared R,-cAMP (Sigma), a cell permeable in-
hibitor of activation by cAMP of cAMP-dependent protein
kinase I and II (48, 49). After 1 h of treatment, cells were then
exposed to MPTP. The cells were harvested with lysis buffer
(50 mm Tris (pH 7.4), 150 mMm NaCl, 1 mm EDTA, 1 mMm DTT,
0.5% of Nonidet P-40, and protease inhibitor mixture (Roche
Applied Science)).

In Vitro Binding—Binding mixtures containing 50 mm Tris
HCI (pH 7.4), 50 mm NaCl, 10 mm MgCl,, 1 mm DTT, 1 mm
EDTA, 1 mg/ml of BSA, protease inhibitor mixture, 1 mm
ATP, and 0.2 mg/ml of Tau(WT) or Tau(S214A) were incu-
bated with or without PKA overnight at 30 °C. After incuba-
tion, samples were first analyzed for phosphorylation by
Western blotting and then a-synuclein or BSA (50 ug/ml)
was added to each mixture and incubation was continued for
another 12 h at 30 °C. To 50 ul of each binding mixture 30 ul
of protein G-agarose beads (Sigma) coated with anti-Tau se-
rum were added. Samples were then shaken end-over-end for
6 h at 4 °C. After shaking, beads from each sample were col-
lected by centrifugation, washed three times, and dissolved in
50 pl of SDS sample buffer. Dissolved beads were boiled, cen-
trifuged, and 15 pl of the supernatant was analyzed by West-
ern blot analysis.

Immunoprecipitation—The cells in the each culture dish
were suspended in the lysis buffer (50 mm Tris-HCI, pH 7.4,
150 mMm NaCl, 25 mm -glycerol phosphate,  mm EDTA, 1
mm EGTA, 10 mm NaF, 10 mm MgCl,, 1% Triton X-100, 100
nMm okadaic acid and protease inhibitor mixture (Roche Ap-
plied Science)). The cell suspension was placed in ice for 30
min and then centrifuged at 4 °C for 15 min. The supernatant
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FIGURE 1. MPTP promotes Tau protein phosphorylation in human neuroblastoma M17 cells. M17 cells treated with the indicated amounts of MPTP for
48 h were analyzed by Western blot analysis using the indicated antibodies. Based on blot band intensities, relative Tau phosphorylation was determined.

A, Western blots. B, relative Tau phosphorylation. The relative Tau phosphorylation at each point was determined by normalizing the band intensity of
phosphorylated Tau at the indicated site at that point with the respective total Tau band intensity. Data shown represent mean = S.E. from three indepen-
dent experiments. ¥, p < 0.001, and *¥, p < 0.005 relative to vehicle-treated control cells (t test).

was used for immunoprecipitation. 200 ul of the supernatant
was precleared with protein G beads equilibrated in lysis
buffer. The precleared samples were incubated with 10 ul of
preimmune serum or the indicated antibody, and the mixture
was shaken end-over-end for 4 h at 4 °C. After shaking, 30 ul
of Protein G beads were added to the mixture and shaking
was continued for another 4 h. The beads were collected by
centrifugation, washed three times, boiled in 50 ul of SDS-
PAGE sample buffer. Boiled samples were centrifuged and 15
wl of each sample was analyzed by Western blot analysis.
Microtubule Sedimentation Assay—Microtubule sedimen-
tation assay was performed as described previously (50).
Transfected HEK-293 cells were lysed in PIPES buffer (0.1 m
PIPES, 1 mm EGTA, 1 mm MgSO,, and 1 mMm B-mercaptoeth-
anol, 0.2% Nonidet P-40 containing the protease inhibitor
mixture). The protein concentration of each cell lysate was
adjusted to 1 mg/ml using cold PIPES buffer on ice. To sam-
ples (100 ul each) at 37 °C, pre-warmed stock GTP was added
to a final concentration of 1 mm. After 1 h at 37 °C, samples
were centrifuged for 30 min at 13,000 X g using a bench top
centrifuge at room temperature. Supernatant was transferred
to another vial and the pellet was washed 2 times with the
warm PIPES buffer containing 1 mm GTP. The pellet was dis-
solved in 50 ul of SDS-PAGE sample buffer. Supernatant and
pellet (20 ul each) were analyzed by Western blot analysis.

RESULTS

MPTP Promotes Apoptosis and Tau Phosphorylation in Hu-
man Neuroblastoma M17 Cells—When human neuroblas-
toma M17 cells were treated with MPTP and analyzed by
Western blot analysis, there was a dose-dependent increase in
the relative amount of pro-apoptotic active caspase 3 protein
(supplemental Fig. S1A). Consistent with this data, the rela-
tive amount of caspase 3-cleaved poly(ADP-ribose) polymer-
ase was 2-fold higher in extracts of cells treated with 1 um
MPTP than in vehicle-treated control cells. Likewise, in the
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extracts of cells treated with 5, 25, and 50 um MPTP, the rela-
tive amounts of caspase 3-cleaved poly(ADP-ribose) polymer-
ase increased with increasing MPTP level (supplemental Fig.
S1B). This result is consistent with the idea that MPTP is cy-
totoxic, and demonstrated that under our experimental con-
ditions, it induces apoptosis in M17 neuroblastoma cells.

The relative amount of total Tau protein was similar in ve-
hicle and MPTP-treated cells, indicating that this toxin does
not affect Tau stability or Tau expression in these cells (Fig.
1A). However, the relative amount of 12E8 immunoreactivity,
which recognizes phosphorylated Tau at Ser**> (51) was 2.8-,
4.5-, 4.6-, and 4.0-fold higher in 1, 5, 25, and 50 um MPTP-
treated cells than the basal level observed in vehicle-treated
cells, respectively (Fig. 1, A and B). Similar results were ob-
tained when polyclonal antibody pS262, specific for Ser®®2-
phosphorylated Tau, was used (data not included). At Ser*'*,
Tau phosphorylation of 1, 5, 25, and 50 um MPTP-treated
cells was 2.5-, 2.2-, 2.7-, and 2.8-fold more than the basal level
observed in vehicle-treated cells, respectively. At Ser®®/4%*
sites recognized by the PHF1 antibody, 1, 5, 25, and 50 um
MPTP stimulated phosphorylation 1.05-, 1.43-, 1.6-, and 1.5-
fold more than the basal level, respectively. At Ser*°*/Thr?°®
sites recognized by the AT8 antibody, a relative amount of
phosphorylated Tau was similar to the basal level in 1, 5, 25,
and 50 uM MPTP-treated cells. Thus, MPTP did not affect
Tau phosphorylation at Ser*°?/Thr*°® but was stimulated at
Ser?®?, Ser®°¢/4%4 and Ser®'“. Moreover, 25 um MPTP stimu-
lated phosphorylation at Ser*** 1.7- and 2.9-fold more than at
Ser*'* and Ser®?¢/*%4, respectively (Fig. 1B). These results de-
termined that MPTP significantly promotes Tau phosphory-
lation at Ser*®” in human neuroblastoma M17 cells.

Identification of the Kinase That Phosphorylates Tau at
Ser®®? in MPTP-treated Cells—Previous studies have shown
that Ser®®?, a non-proline-directed site, is phosphorylated by
cAMP-dependent protein kinase (PKA), protein kinase C
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(PKC), calmodulin-dependent protein kinase 2, and phos-
phorylase kinase in vitro (25, 47). To identify the kinase that
phosphorylates Tau at Ser®*? in response to MPTP treatment,
we treated M17 cells with MPTP in the presence of the Ca*"
chelator EGTA (1 mm). MPTP increased Tau Ser®** phos-
phorylation 2.2-fold compared with the basal level in MPTP-
treated cells as expected. In cells treated with MPTP and
EGTA, Tau phosphorylation at Ser**> was 2.3-fold more than
the basal level observed in vehicle-treated cells (data not
shown). This data precluded Ca*>*-dependent kinases: PKC,
calmodulin-dependent protein kinase 2, and phosphorylase
kinase as possible candidates for phosphorylating Tau at
Ser®®? in MPTP-treated cells.

We then treated M17 cells with MPTP in the presence of
R,-cAMP, an inhibitor of PKA activation (48). Treated cells
were analyzed by Western blot analysis. As shown in Fig. 2, in
MPTP-treated cells Tau phosphorylation at Ser*®* was 2.5-
fold more than the basal level, as expected (compare lanes 1
and 2). When R ,-cAMP was included with MPTP, phosphor-
ylation was reduced to an almost basal level (compare lanes 2
and 4). Thus, inhibition of PKA activation almost completely
blocked MPTP-induced Tau phosphorylation at Ser?** with-
out affecting the Tau protein level (Fig. 2, B and C). Based on
this data, we concluded that PKA phosphorylates Tau at
Ser?®? in MPTP-treated cells.

a-Synuclein Regulates Tau Ser*®? Phosphorylation in Vivo—
MPTP induces LB formation in the rodent brain by enhanc-
ing the a-synuclein level in neurons (52, 53). Consistent with
these results, MPTP caused a dose-dependent increase in the
intracellular a-synuclein level in our M17 human neuroblas-
toma cells (Fig. 3, A and B). More importantly, there was a
positive correlation between the increase in a-synuclein pro-
tein and Tau Ser?®** phosphorylation in MPTP-treated cells
(Fig. 3C). This observation suggested that MPTP may
promote Tau Ser?®* phosphorylation by enhancing the
a-synuclein protein level in M17 cells. This in turn suggested
an interesting possibility that a-synuclein may be an in vivo
regulator of Tau Ser**> phosphorylation.

To test the above possibility, we examined Tau phos-
phorylation in a-synuclein*’/* and a-synuclein ™/~ mouse
(4 per group) brain extracts (Fig. 4). Total Tau levels were
similar in both a-synuclein*’* and a-synuclein /" brains.
12E8 immunoreactivity on the other hand was ~4-fold
less in @-synuclein™/~ than in a-synuclein™’" brains (Fig.
4, A and B). This data indicated that Ser®**> phosphorylation
in a-synuclein~’~ brains is significantly less than in
a-synuclein ™" brains. To substantiate this data, Western
blotted brain samples using pS262 polyclonal antibody spe-
cific for Ser**>-phosphorylated Tau were used. Compared
with the a-synuclein®’" brains, the average pS262 band in-
tensity value was 3.2-fold less in a-synuclein ™/~ brains (data
not shown). Thus, ablation of a-synuclein function signifi-
cantly reduced Tau phosphorylation at Ser®** in the mouse
brain. This result demonstrated that a-synuclein is a positive
regulator of Tau Ser?®> phosphorylation ix vivo.

a-Synuclein Stimulates Tau Phosphorylation by PKA in
Vitro—To test if a-synuclein activates PKA, we measured
Kemptide (a synthetic peptide substrate of PKA) phosphory-
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FIGURE 2. Inhibition of PKA activation inhibits Tau phosphorylation in
MPTP-treated human neuroblastoma M17 cells. Human neuroblastoma
M17 cells were treated with vehicle, MPTP (50 uwm), vehicle + R -cAMP (25
M), or MPTP (50 um) + R;-cAMP (25 um) as described under “Materials and
Methods.” Treated cells were analyzed by Western blot analysis using the
indicated antibodies. Based on blot band intensities, relative Tau phosphor-
ylation was determined as in the legend to Fig. 1. A, Western blots. B, rela-
tive Tau phosphorylation. C, total Tau. Values are mean = S.E. from three
determinations. *, p < 0.001 with respect to vehicle treated cells (t test).

lation by filter paper assay in vitro (47). PKA phosphorylated
Kemptide both in the presence and absence of a-synuclein.
However, a-synuclein showed no effect on Kemptide phos-
phorylation by PKA (data not shown). This result indicated
that a-synuclein does not affect PKA activity directly. This in
turn suggested that a-synuclein in the brain may promote
Tau phosphorylation by activating kinase(s) other than PKA.
Alternatively, a-synuclein may activate PKA indirectly by
making Tau more accessible to PKA. To evaluate the 2nd pos-
sibility, we phosphorylated recombinant human Tau with
recombinant PKA in the presence of a-synuclein or BSA con-
trol. After various time points, aliquots were withdrawn and
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FIGURE 3. MPTP up-regulates intracellular a-synuclein protein in neuro-
blastoma M17 cells. MPTP or vehicle-treated cells from Fig. 1 were ana-
lyzed by Western blot analysis using the indicated antibodies. Based on blot
band intensities, the relative levels of a-synuclein were determined by nor-
malizing the a-synuclein band intensity with the respective actin band in-
tensity. A, Western blots. B, relative amounts. The relative amount of
a-synuclein at each point is presented as the fold of vehicle-treated cells.
Values are mean = S.E. from three independent experiments (¥, p < 0.05; **,
p < 0.005; ***, p < 0.001 with respect to vehicle treated controls (t test)).

C, the correlation between Ser?®? phosphorylation and a-synuclein level.
Relative amounts of a-synuclein are from panel B, whereas relative Tau
Ser®%2 phosphorylation values are from Fig. 1B.

262 214

analyzed for phosphorylation at Ser*°* and Ser***, the major
PKA phosphorylation sites.

Tau was progressively phosphorylated at both Ser*'* and
Ser?¢? with increasing time points (Fig. 54). Phosphorylation
at Ser*'* was similar in the presence and absence of
a-synuclein at all time points (Fig. 5, A and C). However, at
15-, 30-, 45-, and 60-min time points, phosphorylation at
Ser?®? was 4.6-, 3.5-, 4.1-, and 2.6-fold greater in the presence
than the absence of a-synuclein, respectively (Fig. 5, A and B).
This data indicates that a-synuclein stimulates Tau phos-
phorylation by PKA at Ser*** but not at Ser*'*. Moreover,
Ser®®> phosphorylation progressed relatively slowly through-
out in the absence of a-synuclein. In the presence of
a-synuclein, Ser**> phosphorylation progressed relatively
slowly until 15 min and then increased rapidly plateauing at
45 min (Fig. 5B). Thus, in the presence of a-synuclein, Ser**>
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FIGURE 4. Tau phosphorylation is suppressed in a-synuclein™~ mouse
brain. Mouse brains (4 in each group) of the indicated genotypes were ho-
mogenized and subjected to Western blotting using the indicated antibod-

ies. Relative amounts of the indicated protein were calculated based on blot
band intensities. Values are mean =+ S.E. from three determinations.

!/

phosphorylation displayed a lag that disappeared after 15 min.
Phosphorylation at Ser*'*, on the other hand, increased rap-
idly from the beginning and plateaued at the 15-min time
point in both the presence and absence of a-synuclein (Fig. 5,
A and C).

In the presence of a-synuclein, Tau phosphorylation at
Ser*'* occurred prior to phosphorylation at Ser®®* (Fig. 5D).
In addition, completion of Ser>'* phosphorylation and disap-
pearance of the lag in Ser”** phosphorylation occurred se-
quentially. To determine whether Ser*'* phosphorylation has
any role on Ser®*? phosphorylation, we blocked Ser*'* phos-
phorylation by replacing Ser?** to alanine. We phosphory-
lated Tau(WT) and Tau(S214A) with PKA in the presence
and absence of a-synuclein. The relative amount of Ser*'*
phosphorylation of Tau(WT) was similar in the presence of
a-synuclein or BSA control (Fig. 6, A and B). Phosphorylation
of Tau(WT) Ser®** was 3.2-fold higher in the sample contain-
ing a-synuclein than the control BSA (compare lanes 3 and 4
in Fig. 6, A, and see B). This data are as expected, and con-
firmed the observation made in Fig. 5, demonstrating that
a-synuclein stimulates phosphorylation of Tau(WT) by PKA
at Ser®®?, but not at Ser>'*. As shown in Fig. 64, Tau(S214A)

was phosphorylated at Ser®** in the absence of a-synuclein

“BSENE\
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FIGURE 5. a-Synuclein stimulates Tau phosphorylation by PKA in vitro. Tau was phosphorylated by PKA in the presence of a-synuclein or BSA. At the
indicated time points, aliquots were removed and analyzed by Western blot analysis. Based on blot band intensities, the relative amounts of phosphorylated
Tau at each site at each time point were determined. A, Western blots. B and C, relative Tau phosphorylation at the indicated sites in the presence of the indicated
proteins. Values represent mean = S.E. of three independent experiments. *, p < 0.04; **, p < 0.001 against respective Tau phosphorylated in the presence of BSA
control (t test). D, the comparison of Tau phosphorylation at the indicated sites in the presence of a-synuclein. Values are from panels B and C.

(lane 5). More importantly, the relative amount of Ser®®>

phosphorylation of Tau(S214A) was not significantly different
between samples with and without a-synuclein (Fig. 6B).
Thus, in contrast to Tau(WT), Ser**> phosphorylation of
Tau(S214A) was insensitive to a-synuclein. This data indi-
cated that blocking Ser*** phosphorylation almost completely
blocks the ability of a-synuclein to promote Tau phosphoryla-
tion at Ser”®> by PKA.

a-Synuclein Binds to Ser*"*-phosphorylated Tau—To deter-
mine the molecular basis of a-synuclein-mediated Ser***
phosphorylation, we asked if a-synuclein binds to Tau and if
Ser*'* phosphorylation plays any role in the binding. We co-
transfected FLAG-Tau(WT) or FLAG-Tau(S214A) with Myc-
a-synuclein in HEK-293 cells. Transfected cells were lysed,
and Tau and a-synuclein were immunoprecipitated using
anti-FLAG and anti-Myc antibodies, respectively. Indeed,
a-synuclein was present in an anti-FLAG immune complex,
and Tau was present in the anti-Myc immune complex (Fig.
74, lane 2). Furthermore, the relative amount of a-synuclein
that co-immunoprecipitated from cells co-transfected with
FLAG-Tau(S214A) and Myc-a-synuclein was significantly
less than the amount from cells co-transfected with FLAG-
Tau(WT) and Myc-a-synuclein (Fig. 7A, compare lanes 2 and
3 in the top blot). Likewise, compared with Tau(WT) the
amount of Tau(S214A) that co-immunoprecipitated with
Myc-a-synuclein was significantly less (compare lanes 2 and 3
in the anti-Myc IP blot). This data indicated that Tau binds to
a-synuclein, and that mutating Ser*** to Ala significantly in-
hibits this binding.

FEBRUARY 18, 2011 +VOLUME 286+NUMBER 7

To determine whether a-synuclein binds to Tau directly
and to exclude the possibility that a conformational change
caused by mutation of Ser*'* to Ala may inhibit the binding,
we performed an in vitro binding experiment. We phosphor-
ylated Tau(WT) and Tau(S214A) with PKA under identical
conditions. PKA-phosphorylated and non-phosphorylated
species were mixed with a-synuclein in the presence of BSA
(1 mg/ml). Each Tau species was immunoprecipitated from
the mixture using anti-Tau antibody and analyzed by Western
blot analysis.

All Tau species, Tau(WT), phosphorylated Tau(WT),
Tau(S214A), and phosphorylated Tau(S214A), were immu-
noprecipitated with anti-Tau antibody from their respec-
tive mixtures (Fig. 7B, lower blot). a-Synuclein did not
co-immunoprecipitate with either phosphorylated or non-
phosphorylated Tau(S214A) (Fig. 7B, lanes 3 and 4). More
importantly, a-synuclein co-immunoprecipitated significantly
more with phosphorylated compared with non-phosphory-
lated Tau(WT) (Fig. 7B, compare lanes I and 2 of top blot).
This data showed that Ser***-phosphorylated Tau binds to
a-synuclein significantly more that the non-phosphorylated
counterpart. Based on this result, we concluded that Tau
phosphorylation at Ser*'* is the major determinant for the
a-synuclein Tau interaction.

Effect of PD-specific a-Synuclein Mutations—To evaluate
the pathological implication of our findings, we examined the
effects of PD-specific a-synuclein mutations, A30P, E46K,
and A53T, on the Tau a-synuclein interaction. We co-trans-
fected FLAG-Tau with Myc-a-synuclein (WT), Myc-a-
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FIGURE 6. Blocking Ser?'* phosphorylation inhibits a-synuclein-medi-
ated Ser?%? phosphorylation of Tau by PKA in vitro. Tau(WT) and
Tau(S214A) were phosphorylated in the presence of a-synuclein or BSA by
PKA as indicated for 45 min. After phosphorylation, samples were analyzed
via Western blot analysis using the indicated antibodies. Based on blot
band intensities, relative Tau phosphorylation at the indicated sites was
determined. A, Western blots, B, relative Tau phosphorylation. Relative Tau
phosphorylation was determined by normalizing phosphorylated Tau band
intensity at the indicated site with the respective total Tau band intensity.
Values are mean = S.E. of three independent determinations. *, p < 0.01
against corresponding BSA control (t test).

synuclein (A30P), Myc-a-synuclein (E46K), and Myc-a-
synuclein (A53T) in HEK-293 cells. We included a
nonspecific mutant Myc-a-synuclein (E83P) as a control in
our experiment. Transfected cells were lysed and Tau was
immunoprecipitated using anti-FLAG antibody. As shown in
Fig. 8, A and B, Myc-a-synuclein co-immunoprecipitated
with FLAG-Tau as expected (lane 2). Under identical condi-
tions, the relative amount of Myc-a-synuclein (A30P) that
co-immunoprecipitated with FLAG-Tau was 3.5-fold more
than the Myc-a-synuclein (WT) (compare lanes 2 and 3).
Likewise, the relative amount of co-immunoprecipitated
Myc-a-synuclein (E46K) and Myc-a-synuclein (A53T) was
2.6- and 2.4-fold more than the Myc-a-synuclein (WT), re-
spectively (lanes 4 and 5). The relative amount of the Myc-a-
synuclein (E83P) control that co-immunoprecipitated with
FLAG-Tau, on the other hand, was similar to that of Myc-a-
synuclein (WT) (compare lanes 7 and 8). Thus, the nonspe-
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cific mutation E83P did not affect the interaction of
a-synuclein with Tau. All PD-specific mutations, A30P, E46K,
and A53T, on the other hand, significantly enhanced binding
of a-synuclein with Tau.

PD-specific Mutations Promote Tau Phosphorylation at
Ser”®? in Vitro—To further evaluate pathogenic a-synuclein
mutations, we performed an in vitro Tau phosphorylation
assay. We incubated Tau with PKA in the presence of
a-synuclein (WT), a-synuclein (A30P), a-synuclein (E46K),
a-synuclein (A53T), or the nonspecific mutant a-synuclein
(E83P) and the rest of the phosphorylation mixture compo-
nents. After incubation, Tau phosphorylation was monitored.
As shown in Fig. 9, Tau was phosphorylated at Ser***> by PKA
in the absence of a-synuclein (lane 2). In the presence of
a-synuclein (WT), Tau was phosphorylated at Ser**> 2-fold
more than in the presence of control BSA (compare lanes 2
and 3). In the presence of a-synuclein A30P, E46K, and A53T,
Tau was phosphorylated 7.1-, 6.4-, and 5.6-fold more than in
the presence of BSA control, respectively. In the presence of
the nonspecific mutant E83P, on the other hand, Tau re-
mained phosphorylated at the level observed in the mixture
containing a-synuclein (WT) (compare lanes 9 and 10). Thus,
pathogenic mutations A30P, E46K, and A53T promoted Tau
phosphorylation at Ser®** at levels 3.5-, 3.2-, and 2.8-fold
greater than a-synuclein (WT), respectively (Fig. 9B). Fur-
thermore, Ser*** phosphorylation was similar in samples con-
taining BSA control, a-synuclein (WT), a-synuclein (A30P),
a-synuclein (E46K), a-synuclein (A53T), and a-synuclein
(E83P) (Fig. 9B). Thus, a-synuclein pathogenic mutations spe-
cifically enhanced phosphorylation by PKA at Ser®** but not
at Ser>'*.

Effects of Pathogenic a-Synuclein Mutations on the Microtu-
bule Cytoskeleton—Studies have suggested that a-synuclein
may cause loss of dopaminergic neurons in PD brain by desta-
bilizing the microtubule cytoskeleton (54 —56). To examine
how a-synuclein pathogenic mutations affect the microtu-
bules, we first examined the impact of a-synuclein in the ab-
sence of Tau. We transfected a-synuclein and its various mu-
tants individually in HEK-293 cells and analyzed them by
Western blot analysis. The relative amount of total tubulin
was similar in a-synuclein (WT) and all of its mutants used
compared with vector-transfected cells (supplemental Fig.
S2). This observation determined that overexpression of
a-synuclein and all of the mutants does not alter the intracel-
lular tubulin level.

We then mixed each lysate with buffer containing GTP/
Mg** and incubated them at 37 °C to induce microtubule
polymerization. After incubation, each sample was centri-
fuged. Tubulins that formed stable microtubules were recov-
ered in the pellet (P) and those that were unstable and did not
polymerize remained in the supernatant (S). Pellet and super-
natants were analyzed by Western blot analysis.

As shown in Fig. 10, A and B, in vector-transfected cells
33% of the total amount of microtubules were in the pellet
and 67% in the supernatant. This data indicated that in vec-
tor-transfected control cells, 33% of the total amount of mi-
crotubules were stable. In Tau-transfected cells, 45% of the
total amount of microtubules were stable and were recovered
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FIGURE 7. a-Synuclein binds to Ser?'*-phosphorylated Tau. A, mutation of Ser?'* to Ala inhibits a-synuclein-Tau binding in HEK-293 cells. HEK-293
cells transfected with the indicated genes were lysed and first Western blotted to examine the expressions of the transfected constructs. Cell lysates were
then subjected to immunoprecipitation using antibodies, anti-FLAG, anti-Myc, or a nonspecific IgG control. Each resulting immune complex was analyzed
by Western blot analysis using the indicated antibody. The lower panels corresponding to the cell extract shows expression of the indicated genes. The top
panels corresponding to immunoprecipitation show a-synuclein or Tau co-immunoprecipitation as indicated. B, Ser?'* phosphorylation of Tau promotes
binding of a-synuclein with Tau in vitro. Tau(WT), PKA-phosphorylated Tau(WT), Tau(S214A), or PKA-phosphorylated Tau(S214A) were mixed with

a-synuclein in a binding buffer containing BSA and then immunoprecipitated with anti-Tau antibody. Each immune complex was immunoblotted with in-
dicated antibody.
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FIGURE 8. Pathogenic a-synuclein mutations promote the binding of a-synuclein with Tau in HEK-293 cells. HEK-293 cells co-transfected with the
indicated constructs were analyzed by Western blot analysis to confirm expression of the respective genes and then immunoprecipitated with the indi-
cated antibodies. The resulting immune complexes were Western blotted as indicated. Based on blot band intensities, the relative amount of a-synuclein
co-immunoprecipitated with Tau was determined. A, Western blots, B, relative amount of a-synuclein in the immunoprecipitate. To calculate the relative
amount of a-synuclein, the blot band intensity of a-synuclein in the immunoprecipitation blot was normalized against the respective a-synuclein band
intensity in cell extract blot. Values are mean = S.E. of three determinations and are expressed as the -fold of a-synuclein (WT). *, p < 0.001; **, p < 0.04
with respect to a-synuclein (syn) (WT) (t test).

in the pellet, indicating that Tau overexpression increased amount of stable microtubules is 60.6% of those expressing
microtubule stability by 1.36-fold (Fig. 10C). In a-synuclein vector control. This, in turn, determined that overexpression
(WT) overexpressing cells, 20% of the total microtubules were  of a-synuclein (WT) destabilized microtubules by 39.4% com-
stable and present in the pellet (Fig. 10B). This data showed pared with vector expressing cells (Fig. 10C). Likewise, micro-
that in cells overexpressing a-synuclein (WT), the relative tubules were 32, 33, 32, and 31% less stable than in vector-
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FIGURE 9. Pathogemc a-synuclein mutations promote Tau phosphory-
lation at Ser?®2 in vitro. Tau was phosphorylated by PKA in the presence of
the indicated a-synuclein species for 45 min. After phosphorylation, an ali-
quot from each sample was analyzed by Western blot analysis using the
indicated antibodies. Based on blot band intensities, relative Tau phosphor-
ylation was determined. A, Western blots. B, relative Tau phosphorylation.
Relative Tau phosphorylation at the indicated sites were determined as de-
scribed in the legend to Fig. 1. Values represent mean = S.E. of three deter-
minations and are expressed as -fold of Tau phosphorylated in the presence
of a-synuclein (WT). *, p < 0.002; **, p < 0.005; ***, p < 0.01 with respect to
Tau phosphorylated in the presence of BSA control (t test).
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expressing cells in a-synuclein: A30P, E46K, A53T, and E83P
expressing cells, respectively (Fig. 10C). Thus, whereas Tau
increased microtubule stability, a-synuclein and each of its
mutants decreased microtubule stability in HEK-293 cells.
Surprisingly, as shown in Fig. 10C, the relative amount of sta-
ble microtubules in cells overexpressing A30P, E46K, or A53T
is similar to that of a-synuclein (WT) or the nonspecific mu-
tant E83P. This data showed that pathogenic mutations did
not affect the ability of a-synuclein to destabilize microtu-
bules in our experiment.

We next examined the impact of a-synuclein and its mu-
tants on microtubules in Tau-expressing cells. We co-
transfected Tau with a-synuclein (WT) or its various mu-
tants into HEK-293 cells. Transfected cells were lysed and
first analyzed by Western blot analysis (supplemental Fig.
S3). As expected, the level of tubulin was similar in cells co-
expressing Tau with vector, a-synuclein (WT), A30P, E46K,
E53T, or E83P. In contrast, Tau phosphorylation at Ser**> was
1.5-,2.1-, 2.2-, and 2.0-fold higher in cells co-expressing Tau
with a-synuclein (WT), A30P, E46K, or A53T, respectively,
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FIGURE 10. a-Synuclein and its pathogenic mutations destabilize micro-
tubules in vitro. HEK-293 cells transfected with the indicated genes were
lysed in microtubule assembly buffer containing GTP/Mg?*. An aliquot was
analyzed for expression of the transfected gene (supplemental Fig. S2) and
the remaining aliquot was incubated at 37 °C to induce microtubule poly-
merization and subjected to a microtubule sedimentation assay. The result-
ing supernatant (S) and pellet (P) were analyzed via Western blot. Based on
the blot band intensity, the relative amount of tubulin and stable microtu-
bules in each fraction were calculated. A, Western blot. B, relative amount of
tubulin. To calculate the relative amount of tubulin, the band intensity
value of tubulin in each fraction of the indicated sample was divided by the
sum of the band intensity values of tubulin in P and S fractions of that sam-
ple. G, relative amount of stable microtubules. The relative amount of stable
microtubules of a sample is the relative amount of tubulin in the P fraction
of that sample from panel B and is expressed as the % of vector-expressing
cells. Values are mean = S.E. from three independent experiments. *, p <
0.01; **, p < 0.001; p < 0.05 with respect to vector-transfected control cells
(t test).

than those co-expressing Tau with vector. Moreover, com-
pared with cells co-expressing Tau with a-synuclein (WT),
those co-expressing Tau with A30P0, E46K, or A53T dis-
played Ser**>-phosphorylated Tau 1.4-, 1.4-, and 1.3-fold
higher, respectively. Thus as observed in Fig. 9, in intact cells,
a-synuclein promoted Tau phosphorylation at Ser®** and its
pathogenic mutations enhanced its ability.

We then subjected the rest of the lysate to a microtubule
sedimentation assay as described above. In control cells that
were co-transfected with Tau and vector, 43% of the total mi-
crotubules were stable and present in the pellet (Fig. 11, A and
B). In Tau and a-synuclein (WT) co-transfected cells, this
number decreased to 34.8%. Thus, compared with Tau and
vector co-transfected cells, Tau and a-synuclein (WT) co-
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FIGURE 11. Pathogenic mutations promote microtubule destabilizing
activity of a-synuclein in the presence of Tau. The indicated a-synuclein
species or vector were co-transfected with Tau in HEK-293 cells. Transfected
cells were lysed and an aliquot was analyzed for Tau phosphorylation and
expression of the transfected gene (supplemental Fig. S3). The remaining
sample was then analyzed by a microtubule sedimentation assay as de-
scribed in the legend to Fig. 10. Based on tubulin band intensities, the rela-
tive amount of tubulin in S and P fractions as well as the relative amount of
stable microtubules were determined. A, Western blot. B, relative amount of
tubulin. G, the relative amount of stable microtubules of a sample is the
relative amount of tubulin in the P fraction of that sample from panel B and
is expressed as % of vector-expressing cells. Values are mean = S.E. of three
independent experiments. *, p < 0.001; **, p < 0.05; ***, p < 0.01 with re-
spect to a-synuclein (WT) and Tau-transfected cells (t test).

transfected cells, microtubule stability decreased by 11.9%
(Fig. 11C). Likewise, compared with Tau and vector co-trans-
fected cells, in Tau and A30P, E46K, A53T, or E83P co-trans-
fected cells, microtubule stability decreased by 65.2, 53.5,
76.2, and 11.7%, respectively (Fig. 11C). Thus, all a-synuclein
species destabilized microtubules to different extents in Tau-
expressing cells.

As shown in 11C, in Tau and a-synuclein (WT) co-express-
ing cells, the microtubule stability is 88.1% of that observed in
Tau and vector co-transfected cells. In contrast, in Tau and
A30P co-expressing cells, the amount of stable microtubules
is 34.8% of the Tau and vector co-expressing cells. Thus, com-
pared with a-synuclein (WT), A30P-expressing cells, the rela-
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tive amount of stable microtubules is 2.5-fold less (Fig. 11C).
This indicated that the A30P mutant destabilizes microtu-
bules 2.5-fold more than a-synuclein (WT) in these cells.
Likewise, the relative amount of stable microtubules in cells
co-expressing Tau and a-synuclein (E46K) or a-synuclein
(A53T) was 1.9- and 3.8-fold less than those co-expressing
Tau and a-synuclein (WT), respectively (Fig. 11C). Cells co-
expressing the Tau and nonspecific a-synuclein (E83P) mu-
tant, on the other hand, the relative amount of stable micro-
tubules was similar to that observed in Tau and a-synuclein
(WT) co-expressing cells. This data indicated that when co-
expressed with Tau, pathogenic A30P, E46K, and A53T but
not nonspecific E83P a-synuclein mutants destabilize micro-
tubules more than the a-synuclein (WT).

DISCUSSION

Tau is the major component of paired helical filaments
(PHFs), which are the major fibrous components of NFTs, the
characteristic neuropathological lesions found in the brains of
patients suffering from AD and related tauopathies (20, 25).
Tau isolated from PHFs is abnormally hyperphosphorylated
and is incapable of binding to microtubules and promoting
microtubule assembly in vitro. Upon dephosphorylation, Tau
isolated from PHFs (PHF Tau) regains the ability to bind to
and promote microtubule assembly (57, 58). Abnormal Tau
phosphorylation is thought to prevent Tau from binding to
microtubules, causing an accumulation of hyperphosphory-
lated Tau that then leads to PHF formation, microtubule in-
stability, and neurodegeneration (25). PHF-Tau is phosphor-
ylated on 21 sites at least (21). Among these sites, Ser”®? is
uniquely located within the first microtubule-binding region
of Tau. Phosphorylation at this site alone was found to detach
Tau from microtubules, cause microtubule instability, and
make Tau neurotoxic in Drosophila and primary neurons in
culture (22-24).

PKA phosphorylates Tau at both Ser®'* and Ser®®* (see Ref.
59 and Fig. 5). In the presence of a-synuclein, PKA phos-
phorylates Ser”*? significantly more than in the absence.
Phosphorylation of Tau at Ser*'*, on the other hand, is similar
in the presence and absence of a-synuclein (Fig. 5). This data
indicates that a-synuclein stimulates Tau phosphorylation by
PKA at Ser®°® but not at Ser*'*. Interestingly, when Tau is
phosphorylated by PKA in the presence of a-synuclein, Ser*'*
phosphorylation precedes Ser®*> phosphorylation (Fig. 5).
When Ser”'* phosphorylation is blocked, phosphorylation at
Ser?®? becomes similar in the presence and absence of
a-synuclein (Fig. 6). In vitro, a-synuclein binds to phosphory-
lated Ser?'* of Tau (Fig. 7). This step occurs prior to and is
required for a-synuclein to stimulate phosphorylated at
Ser?®, Our data indicate that PKA phosphorylation at Ser*®*
occurs in two steps. In the first step, PKA phosphorylates Tau
at Ser*'* and generates an a-synuclein binding site to which
a-synuclein subsequently binds. a-Synuclein binding changes
the Tau conformation exposing Ser>*>. PKA then phosphory-
lates the exposed Ser?®” site of Tau. More importantly, as
shown in Fig. 9B, compared with a-synuclein (WT), in vitro
Ser?®? phosphorylation-promoting activities of a-synuclein
mutants, A30P, E46K, and A53T, are 3.5-, 3.1-, and 2.9-fold,
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respectively, higher. Our results indicate that a-synuclein is a
regulator of phosphorylation of Tau at Ser*** and that patho-
genic a-synuclein mutations interfere with this regulation.

We found that pathogenic a-synuclein mutations promote
Tau phosphorylation at Ser®** by enhancing the binding of
a-synuclein with Tau (Figs. 8 and 9). As discussed above,
a-synuclein binds to Tau phosphorylated at Ser*'* (Fig. 7).
Surprisingly, none of the pathological mutations enhanced
Ser*'* phosphorylation in vitro (Fig. 9). This means that path-
ogenic mutations do not promote Tau phosphorylation at
Ser?®? by promoting Ser*'* phosphorylation. It is possible that
pathogenic mutations change the a-synuclein conformation
that has higher affinity for Tau phosphorylated at Ser*'*. Al-
ternatively, as shown in Fig. 7B, lane 1, nonphosphorylated
Tau bind to a-synuclein. Likewise, Tau(S214A) co-immuno-
precipitates with a-synuclein (Fig. 7A, lane 3). This data
shows that a-synuclein binds Tau independent of Ser*'*
phosphorylation and that Ser*'* phosphorylation enhances
the binding. Consistent with this suggestion, a previous study
reported that a-synuclein binds to the microtubule-binding
region of Tau in vitro (41). Pathogenic mutations may en-
hance the affinity of a-synuclein for the microtubule-binding
region of Tau.

Previous studies have shown that tubulin co-localizes with
a-synuclein in Lewy bodies and a-synuclein positive patho-
logical structures (55). In vitro, tubulin promotes a-synuclein
fibrillization, and a-synuclein was reported to directly inter-
act with microtubules in vitro (55). When neurons were ex-
posed to fibrillar a-synuclein, it caused microtubule depoly-
merization (54). Consistent with these reports, we found that
when overexpressed in HEK-293 cells, a-synuclein reduced
the amount of microtubules formed when compared with
vector-transfected cells (Fig. 10C). Surprisingly, in cells ex-
pressing any of the pathogenic mutations, A30P, E46K, and
A53T, the amount of microtubules formed was similar to that
observed in cells expressing a-synuclein (WT) (Fig. 10C). This
data indicates that under our experimental condition, patho-
genic mutations do not affect the interaction of a-synuclein
with microtubules and appears to contradict the idea that
a-synuclein may cause microtubule instability in a PD brain.
However, when a-synuclein (WT) is co-expressed with Tau in
HEK-293 cells, the relative amount of microtubules formed is
88% of that observed in control cells co-expressing vector and
Tau (Fig. 11C). In cells co-expressing a-synuclein A30P and
Tau, on the other hand, the relative amount of microtubules
formed was 34.8% of the control. Likewise, cells co-expressing
a-synuclein E46K and A53T and Tau were 46.5 and 23.3% of
control, respectively. Thus when co-expressed with Tau,
pathogenic a-synuclein mutants A30P, E46K, and A53T
caused microtubule instability 2.5-, 1.9-, and 3.8-fold more
that the a-synuclein (WT) (Fig. 11C). These finding indicate
that pathogenic mutations enhance the ability of a-synuclein
to destabilize microtubules via Tau in neurons.

We find that in cells deficient in Tau, a-synuclein reduces
microtubule stability by 39.4% (Fig. 10C). In Tau-expressing
cells, this value decreases to 11.9% (Fig. 11C), a drop in more
than 25%. This data suggests that in neurons, Tau protects
microtubules from a-synuclein. More importantly, as dis-
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cussed above, pathogenic a-synuclein mutants are more po-
tent to destabilize microtubules than a-synuclein WT in only
Tau-expressing cells. Furthermore, as shown in Fig. 9B, and
supplemental Fig. S3, A30P, E46K, and A53T mutants stimu-
late Tau phosphorylation at Ser”®” significantly more than the
WT did. As Tau stabilizes microtubules and Tau phosphory-
lation at Ser*®” has a profoundly negative effect on Tau mi-
crotubule binding (22, 23), it is very likely that pathogenic
a-synuclein mutations promote microtubule instability by
promoting Tau phosphorylation at Ser**> in neurons.

MPTP, in addition to Ser*** and Ser*'%, also promotes Tau
phosphorylation at Ser®*®*°* in human neuroblastoma M17
cells (Fig. 1). A previous study has shown that MPTP activates
GSK3p in neurons in culture and mouse brain, and that inhi-
bition of GSK3p suppresses MPTP-induced Tau Ser®*®/*%*
phosphorylation in SH-SY5Y cells (60). PKA does not phos-
phorylate Tau at Ser®***°* (59) and GSK3f does not phos-
phorylate Tau at Ser®®* (61). Thus, MPTP appears to promote
Tau phosphorylation in the brain by activating both PKA and
GSK3p.

Environmental toxins, MPTP, rotenone, and paraquat, in-
duce many features of PD, including motor deficit and the
accumulation of a-synuclein inclusions in rodents (13). Sev-
eral studies have indicated that these toxins exert their effects
by inhibiting the mitochondrial complex 1 of dopaminergic
neurons of substantia nigra (13). However, recently a study
showed that primary midbrain mesencephalic neurons in cul-
ture without a functional complex 1 are viable and displayed
sensitivity to MPTP, paraquat, or rotenone similar to those
containing fully functional complex 1. Thus, the absence of
complex 1 activity did not protect dopaminergic neurons
from MPTP, parquat, or rotenone (62). This study suggested
that MPTP, rotenone, or paraquat cause a loss of dopaminer-
gic neurons in a complex 1-independent mechanism. In the
current study, we showed that in human neuroblastoma M17
cells, MPTP increases the intracellular a-synuclein level, pro-
motes PKA-catalyzed Tau phosphorylation at Ser**?, and in-
duces apoptosis. Previous studies have shown that phosphor-
ylation at Ser®** confers Tau toxicity in Drosophila and
primary neurons in culture and destabilizes microtubules in
vitro (22—24). Our data along with these studies suggest that
MPTP by enhancing the intracellular a-synuclein level, pro-
motes Tau phosphorylation at Ser®**> by PKA, which may lead
to loss of dopaminergic neurons in the brain. Consistent with
this idea, a-synuclein™/~ mice were reported to display resis-
tance to MPTP (17).

Specific loss of dopaminergic neurons of substantia nigra is
one of the hallmarks of PD. One study has reported that over-
expression of a-synuclein (WT) in dopaminergic neurons in
culture induces dopamine oxidation and promotes apoptosis,
and pathogenic a-synuclein mutations A30P and A53T pro-
mote this process (63). Another study demonstrated that the
exposure of toxin rotenone to dopaminergic neurons in cul-
ture induces dopamine oxidation, apoptosis, and microtubule
depolymerization (56). This study also showed that microtu-
bule depolymerization disrupts vesicular transport, and leads
to an accumulation of dopamine in soma, which then leads to
oxidation of cytosolic dopamine.
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Using transfected HEK-293 cells, microtubule sedimenta-
tion, and Tau phosphorylation assays, we demonstrated that
a-synuclein promotes Tau phosphorylation at Ser*** and de-
stabilizes microtubules, and that a-synuclein pathogenic mu-
tations accelerate this process (Figs. 9—11). Our data and pre-
vious reports together suggest that in normal neurons,
a-synuclein regulates microtubule dynamics by regulating
Tau phosphorylation at Ser*®?. PD-associated risk factors
such as a-synuclein mutations, increased a-synuclein level, or
exposure to environmental toxins may modify this pathway
and promote Tau phosphorylation at Ser**>. Increased Ser>*>
phosphorylation may confer Tau toxicity and induce microtu-
bule depolymerization, causing oxidation of cytosolic dopa-
mine. It is to be noted that abundant filamentous Tau has
been reported in the brains of PD patients (38, 39). In vitro,
a-synuclein promotes Tau fibrillization, and disease causing
mutations accelerate this process (39, 42). In the current
study, we showed that a-synuclein binds to Tau and PD-spe-
cific mutations enhance this binding. It is possible that in the
PD brain, the mutant form or excess level of a-synuclein may
interact with Tau and induce Tau fibrillization.

This study emphasizes the mechanism by which pathogenic
a-synuclein mutations promote neurotoxicity. However, our
data, for the first time, demonstrate that a-synuclein binds to
Tau phosphorylated at Ser?**, a-Synuclein shares physical
and functional homology with phosphoserine-binding protein
14-3-3 and forms heterodimers with 14-3-3 isoforms (64).
Interestingly, 14-3-3 was reported to bind to Tau phosphory-
lated at Ser*'* in vitro (65). It is possible that a-synuclein also
binds to Tau in a manner that is similar to 14-3-3. More stud-
ies will be needed to elucidate the biochemical basis of the
binding of a-synuclein to phosphorylated Ser*'* of Tau.
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