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ABSTRACT. Filamentousx-synuclein depositions are the defining hallmarks of a subset of neurodegenerative
diseases including Parkinson’s disease (PD), dementia with Lewy bodies, and multiple system atrophy.
We previously reported that-synuclein in those brains are extensively phosphorylated at Ser129 [Fujiwara
et al. (2002)Nat. Cell Biol 4, 160-164] and also partially ubiquitinated [Hasegawa et al. (2Q0Biol.

Chem. 27749071-49076]. Here, we investigate ubiquitination @fsynucleinin vitro andin »ivo and

report the ubiquitination sites and the effects of familial PD-linked mutations, phosphorylation, and fibril
formation on ubiquitination. Protein-sequence analysis revealed that Lys21, Lys23, Lys32, and Lys34
within the repeats in the amino-terminal half are liable to ubiquitinatiantro. A site-directed mutagensis
study confirmed that these are the major ubiquitination sites. A53T and A30P mutations had no significant
effect on ubiquitination. Similarly, phosphorylation afsynuclein at Ser129 did not affect ubiquitination.
Notably, we show that assembled, filamentausynuclein is less ubiquitinated than the soluble form
and that the major ubiquitination sites are localized to Lys6, Lys10, and Lys12 at the amino-terminal
region of filamentoust-synuclein. Furthermore, we successfully detected ubiquitinatian-®fnuclein

in 293T cells by cotransfection with-synuclein and ubiquitin. Thé »ivo ubiquitination sites were

found to be identical to those in filamentoassynuclein. PD-linked mutations and phosphorylation at
Ser129 had no effects on ubiquitinationaoynucleinin vizo. These data may have implications for the
mechanisms of the formation of-synuclein deposits in-synucleinopathy brains.

Intracellular filamentous inclusion bodies comprised of 8, 9), leading to the collective nomenclature ef-5ynucle-
distinct proteins in neurons and/or glial cells in affected brain inopathy” for these disorders.
regions are defining characteristics of many neurodegenera- | Bs and othero-synuclein-positive inclusions in brains
tive diseasesx-Synuclein, an abundant presynaptic protein, yith these neurodegenerative diseases have been shown to
has been identified as a causative gene of the familial form e jmmunoreactive for ubiquitirL(), an essential molecule
of Parkinson’s disease (PIL, 2). Subsequently, it has been  that triggers protein degradation by the ubiquitin-dependent
shown thata-synuclein is the major component of Lewy proteasome system. Recent genetic studies have identified
bodies (LBs) and Lewy neurites,(4, 5), which are the  apnormalities in the genes encoding proteins related to the
neuropathological hallmarks of PD and dementia with Lewy ypiquitin—proteasome pathway. Mutations in iberkin gene
bodies (DLBs). Immunohistochemistry and biochemical haye been discovered in autosomal recessive juvenile par-
studies using anti-synuclein antibodies revealed that kinsonism (AR-JP) 11), and the gene product has been
synuclein is deposited in other types of inclusions including shown to be an E3 ubiquitin ligasd2). A mutation in
glial or neuronal cytoplasmic inclusions in multiple system piquitin C-terminal hydrolase (UCHL1) has also been
atrophy (MSA) and Lewy body-like inclusions and dystro- reported £3). These findings, together with the presence of
phic neurites in HallervordenSpatz disease (HSDF,(7, ubiquitin in intracellular inclusions i-synucleinopathies,

suggest that deposition afsynuclein and impaired functions
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of a-synuclein is a pathological event. We also demonstratedfollows. Aliquots of reaction mixtures were separated by
immunochemically and by protein chemistry that the phos- SDS-PAGE, blotted onto polyvinylidene difluoride (PVDF)
phorylatedo-synuclein is partially ubiquitinated in those membrane (Millipore), blocked with 3% gelatin, and incu-
a-synucleinopathies and that tlhesynuclein polypeptides  bated with primary antibodies in 10% calf serum/phosphate-
undergo mono- and diubiquitinatiod5). buffered saline (PBS) at a dilution of 43000-10 000,
Recent reports indicate that a number of short-lived overnight at room temperature. After the blots were washed,
proteins are targeted for ubiquitination and degradation by they were incubated with a horseradish peroxidase-labeled
phosphorylation at specific sites of substrate proteins (e.g.,Secondary antibody (Bio-Rad) at a dilution of 1:10 000 in
cyclin or p-catenin) (6, 17). However, it is unknown  10% calf serum/PBS fol h atroom temperature. Signals
whether the phosphorylation efsynuclein at Ser129 may Were detected using a chemiluminescence reagent Immuno-
have some roles in ubiquitination and degradatioref  star (Wako).
synuclein. It also remains unknown whether the two missense Preparation of Recombinant-Synuclein and in Vitro
mutations ofx-synuclein affect its ubiquitination. In addition, ~ Ubiquitination. Recombinant human-synuclein was ex-
it is important to determine whether the filamentous form pressed inE. coli BL21 (DE3) and purified by a boiling
of a-synuclein can be ubiquitinated and whether the ubiquitin treatment and then Q-Sepharose ion-exchange chromatog-
conjugation sites of the-synuclein are identical to those in  raphy followed by ammonium sulfate precipitation and
solublea-synuclein. Although ubiquitin immunoreactivities ~ dialysis against 30 mM Tris-HCI (pH 7.5)n vitro ubig-
are observed in filamentous inclusion bodies in many uitination of a-synuclein was performed as describ@é)(
neurodegenerative diseases, it has not been determine®riefly, 20 ug of recombinanta-synuclein and 2ug of
whether ubiquitination occurs on filamentous or aggregated methylated ubiquitin were incubated with a ubiquitin ligase
protein or, alternatively, whether ubiquitin is conjugated to fraction (fraction Il) from rabbit reticulocyteslg) or rat-
soluble protein. brain extracts at 37C for 2 h in abuffer containing 50 mM
Here, we show that recombinamtsynuclein is ubiquiti- ~ 111S-HCI (pH 9.0), 1 mM ATP, 5 mM MgGl and 1 mM
natedin sitro by reticulocyte-derived ubiquitin ligase mainly ~ dithiothreitol (DTT). _
at Lys21, Lys23, Lys32, and Lys34, which are located within _ Determination of Ubiquitination Sites of Solubke-
the imperfect tandem repeat sequences in the amino-terminafSynuclein Recombinanti-synuclein was ubiquitinated by
half. Phosphorylation oéi-synuclein at Ser129, as well as incubating with methylated'ub|qumn, fraction I, aqq ATP
the two familial PD-linked mutations (A53T and A30P), did for 2 h, and then the reaction was stopped by boiling and
not affect ubiquitination. Notably, we show here that centrifuged at 15000 rpm for 10 min. The supernatants were
assembled filamentous synuclein is less ubiquitinated than denatured by add;6 M guanidine-HCI and fractionated
its soluble form and that the major ubiquitination sites are N & TSK gel G3000SW column (4.6 300 mm, Tosoh)
localized to Lys6, Lys10, and Lys12 that are more amino- €duilibrated wih 6 M guanidine-HCI in 10 mM phosphate
terminally located compared to the ubiquitination sites of buffer (pH 6.0). The TSK fractions containing mono- and
soluble a-synuclein. Furthermore, we detected the mono- diubiquitinatedo-synuclein were dialyzed with 30 mM Tris-
ubiquitinateda-synucleinin vivo in transfected 293T cells ~ HCI buffer (pH 7.5) and concentrated by lyophilization. The
and confirmed that Lys residues localized in the amino- Samples were resuspended in 50 mM Tris-HCI buffer (pH

terminal region ofa-synuclein were ubiquitinateith vivo. 9.0) and digested with lysylendopeptidageifromobacter
This is the first report on the ubiquitination sites of Iyticusprotease I, AP1) at 37C for 14 h. The digests were
a-synucleinin vitro andin vivo. mixed with 5< sample buffer, applied on 13.5% polyacryl-

amide Tris-tricine gel, and transferred to a PVDF membrane.
The ubiquitin-positive~11-kDa band on the PVDF mem-
brane were subjected to amino-terminal-sequence analysis
. ) i with a model 492 Protein Sequencer (Applied Biosystems).
Plasmids and Site-Directed Mutagenesisuman a- Ubiquitination of Filamentoust-Synuclein Recombinant
s_ynucleln cI_DNA in bacterial expression vector pRK172 was a-synuclein was prepared at a concentration of 10 mg/mL
kindly provided by Dr. M. Goedert. cDNAs of human i 100 4L of 30 mM Tris-HCI (pH 7.5) containing 0.01%
u_b|qu|t|n with a hemagglutinin (HA) tag were a generous Ngan, and incubated at 37C for ~48—72 h with shaking
gift from Dr. S. Hatakeyama. The open-reading frame of 55 described20). Filamentous or aggregatedsynuclein
a-synuclein was subcloned into the mammalian expression,yas precipitated by ultracentrifugation at 50 000 rpm for 20
vector pcDNA3 (Invitrogen) for expression in cultured cells. 1in The pellet was resuspended in 5800f 30 mM Tris-
Site-directed mutagenesis was performed to substitute K6,HC| (pH 7.5), ultracentrifuged again, and resuspended in 50
K10, K12, K21, K23, K32, K34, K43, K45, K58, and K60 4| of 30 mM Tris-HCI (pH 7.5). A part of the filamentous
to arginine, A30 to proline, A53 to threonine, and S129 to -synuclein was solubilizechi6 M guanidine-HCI, and the
alanine in the humaa-synuclein by using the site-directed concentration was measured by RP-HPLC. Equal amounts
mutagenesis kit (Stratagene). All constructs were verified of soluble and filamentous-synuclein were ubiquitinated
by DNA sequencing. Mutatedi-synuclein proteins were in sitro and analyzed by immunoblotting as above. To
expressed irEscherichia coliBL21 (DE3), purified, and  determine the ubiquitination sites of filamentausynuclein,
ubiquitinated as described below. the reaction mixture was ultracentrifuged at 50 000 rpm for
Antibodies and ImmunoblottingAn anti-a-synuclein 20 min and the pellet was resuspended in 200of 6 M
antibody (mAb) Syn102 (epitope location easynuclein, guanidine-HCI and fractionated on a TSK gel G3000SW
residues 131140) (7) and an anti-ubiquitin mAb 151QA.8) column (4.6 x 300 mm, Tosoh). The TSK fractions
were used in this study. Immunoblotting was performed as containing mono- and diubiquitinated-synuclein were

EXPERIMENTAL PROCEDURES



Ubiquitination Sites ofx-Synuclein

digested with lysylendopeptidase, separated on-SBYSGE,
and analyzed by the Protein Sequencer as described abov
Detection of Ubiquitinatedx-Synuclein in \iio. Human
kidney-derived 293T cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Nissui Pharmaceutical)
supplemented with 10% (v/v) fetal calf serum. 293T cells
were transfected with expression vectors (total pgfusing
FUGENESG (Roche) or LipofectAMINE 2000 reagent (Invit-
rogen) according to the instructions of the manufacturer. A
total of 30 h after transfection, the cells were collected and
lysed in 50 mM Tris-HCI (pH 7.5), 0.15 M NaCl, 1 mM
phenylmethanesulfonyl fluoride, and 5 mM ethylenediamine-

tetraacetic acid with protease inhibitors. Lysates were boiled

for 5 min, and heat-stable fractions including ubiquitinated
a-synuclein and unreacted-synuclein monomer were
recovered by centrifugation at 15000 rpm for 15 min.
Ubiquitinated o-synuclein were detected by immunoblot
analysis using anti-synuclein (Syn102).

RESULTS

Determination of in Vitro Ubiquitination Sites on-
Synuclein We previously reported that-synuclein is
effectively ubiquitinatedn vitro by rabbit reticulocyte lysates
using methylated ubiquitin and that the ubiquitinaied
synuclein comigrated with the bands of mono- and diubig-
uitinateda-synuclein from Sarkosyl-insoluble fraction from
DLB, MSA, and HSD brains on immunoblot analysiksy.

To determine the ubiquitination sites ofsynuclein, we
performed protein chemical analysisiofvitro ubiquitinated
o-synuclein. Mono- and diubiquitinated-synuclein were
separated on gel-filtration HPLC using a TSK G3000SW
column in the presenced 6 M guanidine-HCI as judged by
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FiIGURE 1. Protein-sequencing analysis of ubiquitinateslynuclein.

(A) Immunobilot of the TSK fraction of ubiquitinated-synuclein

with anti-ubiquitin antibody 1510 (anti-Ub). Monoei{syn + 1

Ub) and di- (i-syn+ 2 Ub) ubiquitinatedx-synuclein are indicated.

(B) Immunoblot of methylubiquitin-conjugated-synuclein after
lysylendopeptidase digestion. (C) Ubiquitin-positivé1-kDa band

on the membrane were subjected to amino-terminal sequence
analysis by the Protein Sequencer. Two major and two minor
sequences were detected. Signals for lysine residues indicated by
the letter x were undetectable and suggested to be the ubiquitination
sites. (D) Amino acid sequences of humassynuclein. Lysine
residues are indicated in bold letters. Imperfect five repeat sequences
(R1-RY) are underlined.

half (Figure 1D). Interestingly, all four Lys residues identified

immunoblot analysis (Figure 1A). Most of the unconjugated gs the ubiquitination sites were located within these repeat
ubiquitin monomer was separated from the reaction mixture ggquences.

by this step. The TSK fractions containing ubiquitinated

a-synuclein were collected, desalted by dialysis, and digested , : . . !
with lysylendopeptidase AP1. Although AP1 efficiently confirm the observations by protein-sequencing analysis, we

cleaves Lys-X sequences, the enzyme does not cleave thé‘s.ed sitg-directed mutagenesis to rep_lace thg Iy_s.ine.residues
carboxy! terminus of modified Lys residues. Namely, Ap1 With arginines and performed thie vitro ubiquitination
digests unubiquitinated-synuclein, but it does not cleave ~2SSay. We systematically mutated lysine residuesw.of
ubiquitinated Lys-X sites nor the methylubiquitin moiety of SYNucléin to arginines:a-synuclein harbors 15 lysine
ubiquitinateda-synuclein. Thereforar-synuclein monomer ~ residues, 11 of which are located in the amino-terminal half,
was eliminated by the digestion, and thesynuclein ~ Where the imperfect five KTKEGV repeat sequences are
fragments conjugated with full-length methylubiquitin could Présent. We generated the following mutants with arginine
be separated by SDSAGE. Immunoblot analysis of Substitution in the repeat sequences: mR1 (K6R, K10R, and
digested mixtures with anti-ubiquitin antibody detected a K12R), mR2 (K21R and K23R), mR3 (K32R and K34R),
~11-kDa band (Figure 1B), which may represent the MR4 (K43R and K45R), mRS (K58R and K60R), mR23
ubiquitinateda-synuclein fragments. We then analyzed this (K21R, K23R, K32R, and K34R), mR24 (K21R, K23R,
band by protein sequencing to identify the ubiquitination sites K43R, and K45R), mR34 (K32R, K34R, K43R, and K45R),
of a-synuclein. Ubiquitinated Lys does not give any signal and mR234 (K21R, K23R, K32R, K34R, K43R, and K45R)
of PTH amino acid on the Protein Sequencer because of itsand performedn vitro ubiquitination. As shown in Figure
modification with ubiquitin. Therefore, the Lys residue 2A, levels of ubiquitination of mR2 were60% lower than
without a significant signal is expected to be the ubiquiti- that of the wild type, whereas the levels of ubiquitination of
nation site. Protein-sequence analysis oftHgl-kDa band ~ other mR1, mR3, mR4, and mR5 wer@0—30% lower than
revealed that this band contains at least four peptides (Figurethat of the wild type. Furthermore, ubiquitination was
1C). Major sequences were EGVVAAAEXTK and TxQG- negligible in the mR23 or mR234 mutants (parts A and B
VAEAAGK, suggesting that ubiquitin is conjugated to Lys21 of Figure 2). These results suggest that Lys21 and Lys23
and Lys23, respectively. Minor sequences of QGVAE- are the major ubiquitin conjugation sites, whereas the Lys
AAGXTK and TXEGVLYVGSK were also detected, which residues in other repeat sequences are minor ones. These
suggested that ubiquitin is also attached to Lys32 and Lys34results confirmed the observations by protein chemical
of a-synuclein, respectivelyr-Synuclein has five imperfect  analysis and showed that Lys21, Lys23, Lys32, and Lys34
tandem repeat sequences, KTKEGV, in the amino-terminal of soluble a-synuclein are the major conjugation sites of

In Vitro Ubiquitination of Arg Mutanta-Synuclein.To
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Ficure 2: Ubiquitination of wild-type and mutant-synuclein proteins harboring lysine to arginine substitutions. (A) Immunoblot analysis
of ubiquitination of wild-typea-synuclein and the mR mutant series with amtsynuclein antibody (Syn102): mR1 (K6R, K10R, and
K12R), mR2 (K21R and K23R), mR3 (K32R and K34R), mR4 (K43R and K45R), mR5 (K58R and K60R), mR23 (K21R, K23R, K32R,
and K34R), mR24 (K21R, K23R, K43R, and K45R), mR34 (K32R, K34R, K43R, and K45R), and mR234 (K21R, K23R, K32R, K34R,

K43R, and K45R) with rabbit reticulocytes lysate fractiondtSynuclein monomero(-syn) and monoubiquitinatea-synuclein {-syn+
Ub) are indicated. (B) Quantitative analysis of the monoubiquitinatsginuclein bands. The results were expressed as meatendard
deviation (SD) ( = 3). (C) Immunoblot analysis of ubiquitination of wild-type-synuclein and K21R and K23R mutants using anti-
synuclein antibody (Syn102y-Synuclein monomero(-syn) and monoubiquitinated-synuclein @-syn+ Ub) are indicated. (D) Quantitative

analysis of the monoubiquitinatedsynuclein bands.

ubiquitin. In the analysis of ubiquitination of mutant
synuclein with single substitution (K21R and K23R), K21R
and K23R gave 20 and 60% lower levels of ubiquitination
compared to that of the wild-type (parts C and D of Figure
2). These data, together with the results of protein chemical
analysis, strongly suggested that Lys23 is the major ubiquitin
conjugation site of soluble-synuclein, although multiple
Lys residues in the repeats @fsynuclein are ubiquitinated.
Effects of Familial PD-Linked Mutations and Phospho-
rylation of a-Synuclein on UbiquitinatiorPathogenic muta-
tions of a-synuclein, A30P and A53T, have been identified
in rare familial cases of PD. Because ubiquitination sites
identified here are located close to the mutations, we in-
vestigated whether these mutations affect ubiquitination. We
also examined the effect of phosphorylationce$ynuclein
at Ser129 on ubiquitination, because a fraction of phospho-
rylated a-synuclein has been shown to be ubiquitinated in
the brains of patients with-synucleinopathiesx-Synuclein
with single amino acid substitutions of either A30P, A53T,
or S129A were ubiquitinateh vitro using rabbit reticulo-
cytes fraction Il and analyzed by immunoblotting. As shown
in Figure 3, A30P, A53T, or S129A mutants were similarly
ubiquitinated and no significant difference was detected in
the levels of ubiquitination compared to that of the wild type.
Phosphorylation ofr-synuclein by casein kinase I, which
is shown to phosphorylate Ser129 efsynucleinin vitro,
did not promote ubiquitination ofi-synuclein (data not
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Ficure 3: Effects familial PD-linked mutations and phosphoryl-
ation ofa-synuclein on its ubiquitination. (A) Immunoblot analysis
of ubiquitination of wild-typea-synuclein and A53T, A30P, or
S129A mutants ubiquitinated by fraction Il using aatsynuclein
antibody (Syn102)a-Synuclein monomero(-syn) and monoubig-
uitinatedo-synuclein ¢-syn+ Ub) are indicated. (B) Quantitative
analysis of the monoubiquitinated-synuclein bands. The results
were expressed as meatisSD (n = 3).

AS53T
S129A

10 mM Tris-HCI buffer (pH 7.4) containing 5 mM ethylene
glycol bis(2-aminoethyl ether;N,N',N'-tetraacetic acid, 2
mM DTT, and 1 mM PMSF and ultracentrifuged at 80 000

shown). These results suggest that A30P and AS3T mutationspm for 20 min. The supernatants were used as an ubiquitin

and phosphorylation of Ser129 may not affect ubiquitination
in vitro.

Ubiquitination ofa-Synuclein with Rat-Brain Extract$o

ligase fraction ob-synuclein instead of the fraction Il. When

the brain extracts were added to the reaction mixture, bands

of ubiquitinatedo-synuclein similar to those treated with

investigate the physiological relevance of the observations fraction Il were detected, showing tha&tsynuclein ubiquitin

with the rabbit reticulocytes fraction Il, we examined
ubiquitin ligase activities ofx-synuclein in rat brain. Six-
week-old rat brain was homogenized in an equal volume of

ligase activities are present in the brain extracts (Figure 4).
Using the arginines mutants, we investigated the ubiquiti-
nation sites ofx-synuclein. As shown in Figure 4, reduced
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Ficure 4: Ubiquitination of wild-type and mutart-synuclein with
arginine substitutions by rat-brain extracts (A) Immunoblot analysis
of ubiquitination of wild-type a-synuclein and the mR mutant

series: mR1, mR2, mR3, mR4, mR5, mR23, mR24, mR34, and

mR234 with rat-brain extracts using awtisynuclein antibody
(Syn102).a-Synuclein monomero(-syn) and monoubiquitinated
a-synuclein ¢-syn+ Ub) are indicated. (B) Quantitative analysis
of the monoubiquitinatedx-synuclein bands. The results were
expressed as meatsSD (n = 3).

levels of ubiquitination by 80% compared to the control were
detected in mR2 (K21R and K23R) mutants ard0%

reduction was detected in the mR1, mR3, mR4, or mR5
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Ficure 5: Ubiquitination of soluble or filamentous-synuclein
proteins. (A) Electron microscope view of the assembied
synuclein and procedure of the experiment. Recombirant
synuclein was incubated at 3T for 72 h and observed by negative
staining. After ultracentrifugation, the supernatant (soluble) and
pellet (filamentous insoluble-synuclein) were ubiquitinated with
rabbit reticulocytes lysate fraction 1. (B) Immunoblot analysis of
ubiquitination of soluble and insoluble-synuclein using antix-
synuclein antibody (Syn102§-Synuclein monomero(-syn) and
monoubiquitinatedc-synuclein ¢-syn + Ub) are indicated. (C)
Quantitative analysis of the monoubiquitinategynuclein bands.
The results were expressed as me&anSD (n = 3).

mutants. These results indicate that ubiquitin ligase activities (residues 22 32) were also detected, although the levels of
are present in rat brain and that the ubiquitin conjugation these signals were much lower than those of the former three

sites ofa-synuclein are similar to that by rabbit reticulocytes
fraction 1.

Ubiquitination of Filamentoust-SynucleinUbiquitinated
o-synuclein was identified in Sarkosyl-insoluble fractions
of brains of patients with-synucleinopathies, whereas it

residues. These results demonstrate that insoluble filamentous
o-synuclein can serve as a substrate for ubiquitination and
that the ubiquitination sites are different from those of soluble
o-synuclein.

Ubiquitination of a-Synuclein in \&o. Although we

has never been detected in the soluble fractions from anyidentified thein witro ubiquitination sites ofoi-synuclein,

other brain preparations. We then investigated the possibili-

ties of ubiquitination of filamentous insolubte-synuclein.
When recombinanto-synuclein is incubated at a high
concentration with shaking,-synuclein forms filaments that

there remained a major question as to whether these sites
are actually ubiquitinateth »ivo. To address this issue, we
tried to detect ubiquitination ofti-synucleinin vizo using
cotransfection of cDNAs encodirgrsynuclein and ubiquitin

morphologically and biochemically resemble to those seen in human-kidney-derived 293T cells. Nontaggedynuclein

in a-synucleinopathy brains (Figure 5A). We isolated the
filamentousa-synuclein by ultracentrifugation and performed
in vitro ubiquitination. As shown in Figure 5B, filamentous
a-synuclein was ubiquitinated. However, the level of ubig-
uitination of insolublen-synuclein was-~45% of that using
solublea-synuclein as a substrate (Figure 5C).

To further determine the conjugation sites of ubiquitin on
the filamentouso-synuclein, we recovered ubiquitinated
filamentousa-synuclein by ultracentrifugation and solubi-
lized them h 6 M guanidine-HCI. Mono- and diubiquitinated
a-synuclein were fractionated by TSK gel filtration, desalted
by dialysis, and digested with lysylendopeptidase. Meth-
ylated-ubiquitin-conjugated fragments @fsynuclein were
separated on SDSPAGE. Protein-sequence analysis of the

were coexpressed with HA-tagged ubiquitin in 293T cells.
The lysates were boiled and analyzed by immunoblotting.
As shown in Figure 6A, the-28-kDa band was found when
botha-synuclein and HA ubiquitin were cotransfected, while
neither more ubiquitinated forms of-synuclein nor high-
molecular-weight smear bands were detected, indicating that
a-synuclein is mainly monoubiquitinated in 293T cells under
our experimental conditions. The28-kD band was also
immunoreactive with anti-ubiquitin antibody or anti-HA
antibody (data not shown). No such band was detected by
single transfection witle-synuclein nor with HA ubiquitin.

To investigate thé vivo ubiquitination sites ofi-synuclein,

we transfected several mutants with arginine substitution in
the repeat sequences in 293T cells. A marked reduction of

~11-kDa band revealed that the band contains some peptidesubiquitinatedo-synuclein was observed when mR1, mR12,

Very interestingly, three major sequences, MDVFMxGLSK
(residues +10), GLSxAK (residues #12), and AXEGV-
VAAAEK (residues 11-21), were detected, confirming that
ubiquitin is attached at Lys6, Lys10, and Lysl12 @f
synuclein (see Figure 1D and Figure 7). Minor signals of
EGVVAAAEXTK (residues 13-23) and TXxQGVAEAAGK

and mR23 were expressed, and a significant reduction was
detected when the mutants mR2 or mR3 were expressed,
indicating that lysine residues in the amino-terminal region
are liable to ubiquitination in 293T cells (parts B and C of
Figure 6). This result showed that thevivo ubiquitination
sites ofa-synuclein in 293T cells are almost identical to those
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S "g % % % g g o-synuclein in the cell-free system. Ubiquitination sites determined
E in 293T cells cotransfected witl-synuclein and HA ubiquitin are
FIGURE 6: In vivo ubiquitination ofa-synuclein. (A) Immunoblot identical to those of filamentous-synucleinin wvitro.

analysis of lysates from 293T cells transfected witisynuclein

and/or HA-tagged ubiquitin using antisynuclein antibody (Syn102). 5 ming-terminal residue, rather than internal lysine, serves
o-Synuclein @-syn) and monoubiquitinateg-synuclein {-syn+ ! '

HAUb) were indicated. (B) Lysates from 293T cells transfected @S @n essential and sufficient conjugation site for subsequent
with HA-tagged ubiquitin anc-synuclein or its mutants with  degradation of the proteir2f).
arginine substitution, mR1, mR2, mR3, mR4, mR12, and mR23, e found that ubiquitin ligase activities that conjugate

were subjected to Western-blotting analysis with artiynuclein it - ; ; _hrai
antibody (Syn102)a-Synuclein -syn) and monoubiquitinated ub|qumn to a synucleln are present In rat brain extracts.

a-synuclein (-syn + HAUb) were indicated. (C) Quantitative |Nterestingly, the ubiquitin-attached siteseoSynuclein by
analysis of the monoubiquitinatedtsynuclein bands. The results ~ the ligase activities are similar to those conjugated by fraction
were expressed as mea#isSD (0 = 3). Il from rabbit reticulocyte lysates. This result indicates that
major ligase activities in the brain exhibit a similar substrate
found in the case oih vitro ubiquitination ofa-synuclein specificity to that present in fraction I, suggesting that

filaments (see further discussion below). ubiquitination sites ofx-synuclein are substrate-dependent.
We also examined whether two pathogenic mutations of  Ubiquitination of aggregated or filamentous proteins has
familial PD and phosphorylation at Ser129 affect itheivo been implicated in the pathogenesis of many neurodegen-

ubiquitination. Wild-type or A30P, A53T, or S129A mutant erative diseases. Intracellular inclusion bodies such as nuclear
o-synuclein were transfected with HA ubiquitin, and lysates inclusion bodiesZ6), composed of expanded polyglutamine
were prepared as described in the Experimental Procedurestepeats in many polyglutamine diseases, neurofibrillary
Immunoblot analysis showed that all mutansynucleins tangles 27) comprised of hyperphosphorylatedin Alz-

were ubiquitinated at comparable levels (data not shown), heimer's disease, LBs, and related inclusions made of
suggesting that the two pathogenic mutations and phospho-hyperphosphorylated-synuclein ino-synucleinopathiesif)
rylation at Serl29 have no effect on ubiquitination of have been shown to be ubiquitin-positive. Genetic studies

a-synucleinin vivo. have also demonstrated that dysfunction of proteins related
in the ubiquitin—proteasome pathway cause neurodegenera-
DISCUSSION tion (12, 13). Most of the inclusions are composed of ordered

filaments with diameters of~5—20 nm. Therefore, it is

In this study, we investigated the ubiquitination sites of important to determine whether proteins in filamentous
a-synucleinin vitro as well asin vivo and the effects of  structures can be ubiquitinated as effectively as the soluble
phosphorylation, familial PD-linked mutations, and filament form and whether the ubiquitination sites are identical. To
formation on its ubiquitination. Protein chemical analysis and address this issue, we performiedvitro ubiquitination of
mutagenesis study on ubiquitination afsynuclein with filamentousa-synuclein, determined the ubiquitin conjuga-
rabbit reticulocytes fraction Il identified that multiple lysine tion sites, and compared them with those of the soluble form.
residues in the KTKEGV repeats of the amino-terminal half Interestingly, filamentousx-synuclein was ubiquitinated,
of a-synuclein are the possible ubiquitination sites. The major although the efficiency was lower than that of the soluble
in zitro ubiquitination site was located at Lys23 in the second form. Furthermore, the major ubiquitin conjugation sites of
repeat (Figure 7). To date, no consensus sequence thafilamentouso-synuclein were localized to Lys6, Lys10, and
determines the specificity of the Lys residues serving as Lys12 in the amino-terminal region, which are different from
ubiquitin target sites have been identified. In some cases,those of solubler-synuclein (Figure 7). This result permits
distinct lysine residues are required for ubiquitination, two interpretations: one possibility is that ubiquitin ligase(s)
whereas there is little or no specificity in the others: yeast recognized some conformational changes-afynuclein and
iso-2-cytochromec undergoes polyubiquitination almost altered its ubiquitination sites. The other is that normal
exclusively on a single lysine2(). The proto-oncogene ubiquitination sites (e.g., Lys23) become inaccessible to
product Mos has also been shown to require a single lysineubiquitin ligases when-synuclein forms filaments, whereas
residue for ubiquitination and degradatid®). In contrast, the minor ubiquitination sites, Lys6, Lys10, and Lys12, are
ubiquitination of thel chain of the T cell receptor is exposed and ubiquitinated as the major sites. We have
independent of any particular Lys residu@8)( Similarly, previously analyzed protenase-K-resistargynuclein fila-
no single specific lysine residue is required for ubiquitination ments and identified the core region of the filament to be
of c-Jun @4). In the case of MyoD, the NHgroup of the residues 31109 0). Because the ubiquitination sites of
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solublea-synuclein are located close to the core region, it ubiquitin. Furthermore, no accumulationafsynuclein was

is reasonable to speculate that Lys21, Lys23, Lys32, anddetected, even when mutamtsynuclein lacking the ubig-
Lys34 may be partially buried or masked, whereas the Lys6, uitination sites was overexpressed (data not shown). These
Lys10, and Lys12 in the amino-terminal franking region observations suggest thatsynuclein may not be normally
become more accessible to the ligase whesynuclein degraded by the ubiquitin-dependent proteasome pathway.
formed a filamentous structure. In either case, these resultsRecent studies have reported that natively unfolded proteins
suggest that ubiquitination sites can be altered dependingare degraded by the ubiquitin-independent proteasome
on the structural state of the substrate. These results providgoathway 29, 30). a-Synuclein is known to be a natively
initial evidence that the aggregated filamentous form of unfolded protein, which could be degraded by this pathway

protein can be ubiquitinateith vitro and that the ubiquiti-

in transfected culture cell81).

nation sites can be altered by the conformational change of Alzheimer paired helical filaments have been shown to

the substrate.

To examine whether thia vitro ubiquitination sites of
a-synuclein determined by protein chemical analysis are
actually ubiquitinatedn vivo, we performed cotransfection

be ubiquitinated Z7), and we have previously identified a
couple of ubiquitination sites within the microtubule-binding
domain ofz from N-terminal-processed in the Sarkosyl-
insoluble fraction 82). Becausen vitro ubiquitination sites

of a-synuclein and ubiquitin into 293T cells. We successfully of z have not been determined, it also remains to be
detected monoubiquitinatedsynucleinin vivo for the first elucidated whether any conformational changes or modifica-
time. Although Chung et al. reported that ubiquitination of tions of 7, such as phosphorylation or insoluble filament

a-synuclein was not seen in HEK293 cells cotransfected with formation, affect its ubiquitination sites. However, because

a-synuclein and HA ubiquitinZ8), we could clearly detect
monoubiquitinatedx-synuclein after the boiling treatment
of cell lysates. The boiling treatment may be effective in
detecting monoubiquitinategtsynuclein in transfected 293T
cells, because in our immunoprecipitation experiments,
monoubiquitinatedx-synuclein was also found but in lesser
levels compared to that in boiling treatment experiments (data
not shown). Furthermore, expression of mutargynuclein
with arginine substitution unequivocally showed that ithe
vivo ubiquitination sites ofi-synuclein are almost identical
to those foundin wuitro. Interestingly, the majoin vivo
ubiquitination sites were localized to the mR1 sites (Lys6,
Lys10, and Lys12) and identified in the filamentous
synuclein rather than the mR2 sites (Lys21 and Lys23) in
the soluble form ofa-synuclein. It is possible thah vivo
ubiquitination sites ofi-synuclein are slightly different from
thosein vitro, for example, because of interactions with other
molecules. However, as described abowesynuclein is
ubiquitinated mainly at the mR1 sites (Lys6, Lys10, and
Lys12)in vitro when it forms a filamentous conformation.
A small portion of overexpressed-synuclein may be
oligomerized, change its conformation to a similar state to
the filamentous one, and serve as a substrate for ubiquiti-
nation in 293T cells, although we could not detect any high-
molecular-weight forms ofi-synuclein in the RIPA-soluble
or insoluble fraction from transfected 293T cells (data not
shown). Alternatively, only a minor fraction ef-synuclein
with some conformational change may be ubiquitinated in
293T cells.

Two point mutations, A30P and A53T, had no significant
effect on ubiquitinationn vitro andin vivo. Substitution of
the phosphorylation site Ser129 to alanine did not affect
ubiquitination, too. It has been frequently reported that
protein phosphorylation at specific site(s) serves as recogni-
tion signals for ubiquitin ligase and promotes ubiquitination

and degradation of the short-lived proteins by the proteasome

system {6, 17). Cotransfection oft-synuclein and ubiquitin
into 293T cells showed that-synuclein can be ubiquitinated
in cultured cells. However, despite the very high expression
of a-synuclein, only a weak band of monoubiquitinated
a-synuclein was detected and no polyubiquitinated form of
a-synuclein was observed in the cells. In addition, the total
pools ofa-synuclein were not affected by coexpression of

of a number of similarities betweanand a-synuclein, it is
possible to speculate that ubiquitination of those protein
inclusions is executed by similar mechanisms: Lys residues
within or in the flanking positions of the core structure of
insoluble filaments are prone to undergo ubiquitination by
some specific ubiquitin ligation system that recognizes
abnormally fibrillized proteins, although an effective ubig-
uitination is interfered by its conformational change, allowing
the progressive deposition of ubiquitinated proteins that are
less effectively targeted to proteasome degradation.

The exact location of the ubiquitin conjugation sites of
o-synuclein deposited in the brains withsynucleinopathies
remains unknown. However, the present results, together with
other reports, suggest that ubiquitination sitee-aynuclein
in o-synucleinopathy brains may also be located in the
amino-terminal region of the molecule and that ubiquitination
occurs after the formation af-synuclein filaments.
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