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2.2, Expression and purification of recombinant oS

Wild-type and deletion mutants of human oS ¢cDNAs were cloned
into the pGEX-4T-1 vector (GE Healthcare) to generate glutathione
S-transferase fusion protein. The fusion proteins were expressed in
Escherichia coli. Recombinant oS was purified from the fusion protein
by the method described previously [14].

2.3. Oleic acid (OA)-binding assay

OA-binding assay was carried out as previously described with
slight modifications [17,19]. Hydroxyalkoxypropyl-Dextran type IV
(known as Lipidex 1000, Sigma) was known to bind to free FA at
0-4 °C and FA-bound proteins at 37 °C [19]. To collect FA-unbound
proteins, recombinant «S proteins purified from E. coli were incu-
bated for 30 min with 5% Lipidex 1000 at 37 °C. After centrifugation
at 20000 x g for 5 min, the supernatant containing FA-unbound oS
was recovered and stored at —80 °C. To determine the binding of
aS to OA, 5 uM oS protein was incubated with various amounts of
['*C] OA (Moravek Biochemicals, 54 mCi/mmol) in 100 pl of phos-
phate-buffered saline (PBS; 100 mM phosphate, pH 7.4, 150 mM
NaCl) for 1h at room temperature. The mixture was kept on ice
for 10 min, and 10 pl of 50% (v/v) Lipidex 1000 was added. The mix-
ture was incubated for 10min on ice. After centrifugation at
15000 x g for 5min, protein-bound [*C] OA in the supernatant
was measured by scintillation counting.

2.4. In vitro oligomerization of aS

One micromolar recombinant oS proteins in PBS were incubated at
37 °C for 12 h with or without a-linolenic acid (ALA, Sigma) of indi-
cated concentrations [14]. Samples (100 ng protein) were analyzed by
immunoblotting using anti-aS monoclonal antibody (Syn-1, which rec-
ognizes residues 91-99 of human «S; BD Transduction Laboratories)
[20].

2.5. Cell culture and transfection

Human embryonic kidney (HEK) 293 cells were maintained in Dul-
becco’s modified Eagle’s medium (Invitrogen) supplemented with 10%
fetal bovine serum. HEK293 cells were transfected with oS ¢cDNAs
using Lipofectamine Plus reagents (Invitrogen), according to the man-
ufacturer’s protocol.

2.6. PUFA-induced oS oligomerization in the cells

For the PUFA-induced aS oligomerization, the transfectants
were recovered at 32h after transfection, and the cells were fur-
ther incubated with serum-free medium containing 500 yM ALA
and 100 uM FA-free bovine serum albumin (BSA, Sigma) for
16 h [14,18].

2.7. PUFA-induced oligomerization of phosphorylated oS in the cells

HEK293 cells were transiently co-transfected with GRKS ¢cDNA
and either wild-type or mutant oS cDNA [14]. Twenty-four hours after
the transfection, 20 nM okadaic acid (Wako) was added to the culture
and the cells were incubated for 16 h. The cells were further incubated
for 9 h in fresh serum-free medium containing ALA/BSA complexes
and okadaic acid and the cell lystaes were analyzed by immunoblotting
[14].

2.8. Protein fractionation and immunoblotting

Transfectants of HEK293 cells were suspended in homogenization
buffer [20mM HEPES, pH 74, | mM MgCl, 0.32M sucrose,
43 mM 2-mercaptoethanol, 1 x protease inhibitor cocktail (RocheDi-
agnostic), 20 mM NaF, 1 mM Na3;VO,] and were disrupted by brief
sonication [14,17]. Samples were sequentially centrifuged at 8000 x g
for 15 min and at 370000 x g for 1 h. The resultant supernatant was
recovered and stored as the cytosol fraction. The post-370000 x g pel-
let was disrupted by sonication in homogenization buffer containing
1% Nonidet P-40, 1% sodium deoxycholate and 0.1% SDS, and the
homogenates were incubated on ice for 30 min. After centrifugation
at 12000 x g for 30 min, the supernatant was stored as the pellet frac-
tion. Since the detection of lipid-associated oS oligomers by immuno-
blotting requires delipidation procedures, we treated the cytosol
fractions at 60 °C for 16 h for delipidation prior to gel-loading. The ef-
fect of the delipidation for detection of aS oligomers was described
previously [14,17,18].
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Protein samples were denatured by boiling for 5 min in Laemmii’s
sample buffer containing 2.5% 2-mercaptoethanol. Immunoblotting
was performed as described previously [14]. The transferred membrane
was probed with the antibodies as follows: aS specific, Syn-1, LB509
(monoclonal TIgG, which recognizes residues 115-122 of oS; Zymed)
[21] and 211 (monoclonal IgG, which recognizes residues 121-125 of
aS; Sigma) [22]; phosphorylated aS at Ser129 specific, psyn#64 (mono-
clonal TgG; Wako) [23]; B-actin (Sigma); or superoxide dismutase i
(SODI, Stressgen). Bands were visualized by enhanced chemilumines-
cence (ECL) or ECL plus (GE Healthcare). Relative intensities of de-
tected bands were scanned and quantified with NIH Image J, version
1.33 or Quantity one (Bio-Rad) software.
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Fig. 1. oS deletion mutants. (A) Schematic diagrams of wild-type oS
(Wt-aS) and oS deletion mutants. (B) The purity and electrophoretic
pattern of recombinant oS mutants. Recombinant proteins (2 pg) were
analyzed by SDS-PAGE using 15% polyacrylamide gel. The gel was
stained with Coomassie brilliant blue R-250. (C) Recombinant aS
proteins (100 ng) were loaded to the 12.5% polyacrylamide gel and
analyzed by immunoblotting using three different monoclonal anti-
bodies. Monoclonal antibodies Syn-1, LB509 and 21! recognize
residues 91-95, 115-122 and 121-125, respectively.
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3. Results

3.1. Mapping of the FA-binding region of aS

To determine the FA-binding region(s) in the aS molecules,
we prepared recombinant wild-type and four deletion mutants
of oS protein (Fig. 1A). The first mutant lacks the N-terminal
region homologous to the FA-binding motif of FABP (AN-aS,
residues 2-19) [17]. The second mutant lacks the region be-
tween the N-terminal homologous region and the non-amyloid
B-protein component (NAC) (A20-60-aS, residues 20-60). The
third mutant lacks the fibrillization core of the NAC (AM-aS,
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residues 73-83) [24]. The forth mutant lacks the C-terminal re-
gion homologous to the FA-binding motif of FABP (AC-aS,
residues 123-140) [17] (Fig. 1A). Purity of the recombinant
proteins was >95%, as determined by SDS-PAGE (Fig. 1B).
As shown in Fig. 1B, the mobilities of AN-aS, A20-60-0S
and AM-aS monomers corresponded to those expected from
the length of deleted amino acids, however, AC-aS migrated
much faster than the position predicted from its molecular size.
We could not elucidate the reason why AC-aS had high elec-
trophoretic mobility. To confirm the amino acid sequence
lacking in the product of AC-aS, we performed immunoblots
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Fig. 3. Analysis of the aS region required for PUFA-induced
oligomerization. (A) aS deletion mutants differentially affect ALA-
induced oS oligomerization. HEK?293 cells expressing either wild-type
oS or one of the deletion mutants were incubated for 16 h in serum-free
medium containing BSA (100 uM) or ALA/BSA complexes (500/
100 uM). Cytosol fractions (30 pg protein) were heat-treated as
described in the Materials and methods and analyzed by immuno-
blotting. aS oligomers from ALA-treated recombinant oS protein
(Rec.) are also shown. The asterisk indicates the interface of resolving
and stacking gels; the arrowhead points to a non-specific band
(~47 kDa) by Syn-1 antibody. For loading control, same amounts of
non-heat-treated samples were immunoblotted with anti-B-actin and
anti-SOD1 antibodies. (B) Distribution of oS proteins in cytosol and
pellet fractions. HEK293 cells expressing either wild-type oS or one of
the deletion mutants were incubated for 16 h in serum-free medium
containing ALA/BSA complexes. Cytosol fractions (20 pug protein,
lanes C) and pellet fractions (20 pg protein, lanes P) were heat-treated
and analyzed by immunoblotting. For loading control, same amounts
of non-heat-treated samples were immunoblotted with anti-SODI
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Fig. 4. The N-terminal FA-binding region is required for the
accelerating effect of C-terminally truncated oS on the PUFA-induced
oligomerization. HEK293 cells expressing either AC-0S (lacking
residues 123-140) or AN+C-aS (lacking residues 2-19 and 123-140)
were incubated for 16h in serum-free medium containing BSA
(100 uM) or ALA/BSA complexes (500/100 pM). Cytosol fractions
(30 pg protein) were heat-treated and analyzed by immunoblotting
with Syn-1. For loading control, same amounts of non-heat-treated
samples were immunoblotted with anti-B-actin and anti-SOD1 anti-
bodies. The asterisk indicates the interface of resolving and stacking
gels; the arrowhead points to the non-specific band by Syn-1.

with 211 and LB509 monoclonal antibodies, which recognize
residues 121-125 and 115-122 of aS, respectively. As expected,
the product of AC-aS reacted with LB509, but not with 211
(Fig. 1C and Supplemental Fig. 1).

We determined the binding of ['*C] OA to the deletion
mutants by the Lipidex assay [17,19]. Dose-dependent binding
of ['*C] OA was observed when a constant amount (5 pM) of
purified recombinant Wt-aS was incubated with [**C] OA of
various concentrations (10-70 uM) (Fig. 2). Among the
deletion mutants, both AM-oS and AC-aS bound OA in a
dose-dependent manner. In contrast, both AN-aS and A20-
60-aS failed to bind a significant amount of ['*C] OA under
the same experimental conditions (Fig. 2).

3.2. Role of the FA-binding region of S in the PUFA-induced
oligomerization

In order to determine whether the binding of PUFA to oS

enhances the oligomerization of oS, we assessed the formation

of soluble oligomers in the cells transfected with one of the

deletion mutants in the presence or absence of ALA. In the

cytosol fraction of the cells expressing Wt-aS, AM-aS, or

<

antibody. (C) Quantitative analysis of PUFA-induced aS oligomeri-
zation in deletion mutants. Relative ratio of the band intensity of
oligomers (subtracting the non-specific 47 kDa band from total
oligomers above 37 kDa) to that of monomers is shown. Data
represent means* S.D. (n=35 Wt-oS, AM-aS, and AC-aS; n=3
AM-aS). The P-values were estimated by ANOVA with post hoc
Scheffe test.
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AC-aS, the formation of soluble oligomers was enhanced by was comparable to that of recombinant oS oligomers
the treatment with ALA (Fig. 3A). The size distribution of (Fig. 3A). As reported by Sharon et al. [18], smear pattern in
the oligomers of wild-type «S formed by the ALA treatment the background and gel-excluded immunoreactive material
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were obtained in the cells expressing Wt-oS in response to the
ALA treatment. The smear pattern may represent aggregated
oS that is partially SDS-soluble. The gel-excluded material
may represent the species that are SDS-insoluble. In the cyto-
sol fractions of the cells expressing AM-aS or AC-aS, the
smear pattern and gel-excluded material were also observed.
In the cytosol fractions of the cells expressing either AN-uS
or A20-60-0S, however, none of the oS oligomers, smear pat-
tern nor gel-excluded material was formed in the presence of
ALA (Fig. 3A). The expression of AN-uS and A20-60-0S
was lower than that of the other counterparts. To exclude
the possibility that the N-terminal truncation of AN-aS and
A20-60-aS resulted in the formation of insoluble proteins,
we assessed whether or not the products of the mutants were
present in the pellet fractions of ALA-treated cells. In the pellet
fraction of the cells expressing either Wt-aS, AM-0S, or AC-
oS, small amounts of oS monomers, but none of the «S oligo-
mers, smear pattern nor gel-excluded material, were detectable
(Fig. 3B). In the pellet fraction of the cells expressing either
AN-aS or A20-60-0S, neither the oS monomer nor oligomer
was detectable (Fig. 3B). To correct the difference in expression
levels of aS among the transfectants in the cytosol fractions,
we determined the relative ratio of the band intensity of the
oligomers to that of monomers. The proportion of the soluble
oligomers of AN-aS or A20-60-aS to the monomers in the
presence of ALA was lower than the proportion of the oligo-
mers of Wt-aS (Fig. 3C).

In the cells overexpressing Wt-aS, AM-aS, or AC-aS, the oS
monomer in the cytosol fractions markedly increased after
exposure to ALA (Fig. 3A). The same phenomenon has been
previously described [18]. Apparent increase in the monomers
of of after the PUFA treatment was speculated to be due to
conformational changes of the molecules that enhance anti-
body recognition [18].

In order to assess whether the binding of PUFA to aS in-
duces the «S oligomerization, each of the recombinant proteins
of wild-type and deletion mutants was incubated with ALA for
12 h at 37 °C. Analysis of recombinant Wt-aS, AM-aS, or AC-
oS after incubation with ALA showed that ALA enhanced the
formation of oligomers (Supplemental Fig. 2). It was noted
that the proportion of oligomers of AN-oS or A20-60-aS
was significantly lower than that of Wt-aS (Supplemental
Fig. 2).

3.3. Requirement of the FA-binding region for the acceleration of
aS oligomerization by C-terminal truncation and
phosphorylation of Ser129

As shown in Fig. 3A and C, AC-oS formed higher levels of
soluble oligomers in the presence of ALA than Wt-aS, indicat-
ing that the C-terminal truncation of aS accelerated the forma-
tion of oligomers in the presence of PUFA. To investigate
possible roles of the C-terminal region of oS in the PUFA-in-
duced oligomerization, we determined the oligomerization of

the deletion mutant which lacks both the N-terminal and C-

terminal regions (AN+C-aS, lacking residues 2-19 and 123-

140, Supplemental Fig. 1). The cells expressing AN+C-aS

failed to form soluble oS oligomers in the presence of ALA,

although comparable amounts of oS monomers were found

in the AN+C-aS and the AC-aS mutants (Fig. 4).

As described in our previous report [14], co-overexpression
of oS and GRKS in HEK293 cells in the presence of okadaic
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acid resulted in phosphorylation of Ser129 in oS and accelera-
tion of the PUFA-induced formation of soluble oS oligomers,
in comparison with the cells overexpressing chloramphenicol
acetyltransferase (CAT) (Fig. SA). To assess possible roles of
phosphorylation of Ser129 in the PUFA-induced oligomeriza-
tion of oS, we analyzed the cells co-transfected with GRKS
and one of the oS deletion mutants. The levels of soluble %S
oligomers in the presence of ALA decreased in the celis
expressing AN-aS or A20-60-aS, as compared with the cells
expressing Wt-aS or AM-aS (Fig. 5B). When measured relative
ratio of the band intensity of oligomers to that of monomers,
the formation of soluble oligomers of AN-aS or A20-60-aS in
the presence of ALA was much less than that of Wt-aS
(Fig. 5C).
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Fig. 6. The effect of familial PD-linked mutations of S on the PUFA-
induced oligomerization of «S. (A) HEK293 cells expressing either Wt-
aS, A30P-oS, E46K-aS, or A53T-aS were incubated for 8 h in the
presence or absence of ALA/BSA complexes (500/100 uM). Cytosol
fractions (30 pg protein) were heat-treated and analyzed by immuno-
blotting with Syn-1. For loading control, same amounts of non-heat-
treated samples were immunoblotted with the anti-SODI1 antibody.
Asterisks indicate the interface of resolving and stacking gels;
arrowheads point to the non-specific band by Syn-1. (B) Relative
ratio of band intensity of oligomers to that of monomers is shown.
Data represent means = S.D. (n = 5). The P-values were estimated by
ANOVA with post hoc Scheffe test.
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3.4. PUFA-induced oligomerization of oS with familial PD-
linked mutations

We investigated whether aS with familial PD-linked muta-
tions facilitates the PUFA-induced oligomerization using the
cells transfected with one of the familial PD-linked oS mu-
tants. The levels of soluble oS oligomers in the presence of
ALA were comparable in the cells expressing either E46K-
aS, A53T-aS, or Wt-oS (Fig. 6A and B). However, the cells
expressing A30P-oS failed to form soluble oligomers of the
mutant oS in the presence of ALA (Fig. 6A and B).

4. Discussion

The present study revealed that recombinant oS proteins
bound FA through the amino acid residues 2-60 of «S. Of di-
rect relevance to the result is the report that recombinant oS
binds phospholipids with acidic head groups through the ami-
no acid residues 1-102 of oS [25]. The N-terminal half of oS
consists of seven repeats with an 11-residue periodicity [26].
The 11-residue repeats are a hallmark of the primary structure
of apolipoproteins [27]. The 11-residue repeats of apolipopro-
teins are known to take the conformation of amphipathic o-he-
lix, which is essential for the binding to lipids [27]. As predicted
by the structural similarity of oS to apolipoproteins, the N-ter-
minus of oS is shown to form the amphipathic a-helix [26] and
bind acidic phospholipids through the amphipathic o-helix
[26]. Therefore, it seems that the amphipathic o-helix in the
N-terminus of oS is also required for the binding of oS to
FA as well as phospholipids. The deletion mutants of oS lack-
ing the residues 2-19 or 20-60 may disrupt the conformation
of the amphipathic a-helix in the N-terminus of «S, resulting
in the loss of aS binding to FA.

We also investigated whether the N-terminal region of S is
required for the PUFA-induced oligomerization of oS, and
found that the oS mutants lacking the residues 219 or 20-
60 failed to form oS oligomers in the presence of PUFA. This
indicates that the N-terminal FA-binding region of aS is also
essential for the PUFA-induced oligomerization of the mole-
cules.

Recent biochemical study has shown that most of a8 depos-
ited in LB was phosphorylated at Ser129 and that a small pro-
portion of the deposited aS was C-terminally truncated [28]. It
has also been reported that the C-terminal truncation
[10,15,29] or Ser129 phosphorylation [13.14] facilitates the for-
mation of oS oligomers and aggregates. In the present study,
we determined the effect of the Ceterminal truncation or
Ser129 phosphorylation on the PUFA-induced oligomeriza-
tion of aS, and found that both of the Coterminal modifica-
tions of aS were able to accelerate the formation of aS
oligomers induced by PUFA. This acceleraiing effect was abol-
ished by the deletion of the Neterminus of %8, suggesting that
the N-terminus of of is indispensable for the PUFA-induced
oligomerization of oS and that the Coenminus may function
as a modifier for the o8 oligemerization

In the present study, i was found thet either the F46K or
AS3T mutation of oS hid o apparent efloct on the PUFA-in-
duced oligomerization of %8, as cesnpured with wild-type aS.
However, the A3OP mutant faded to form 48 olipomers in
the presence of PUFA. The futter odwervation i in agreement
with the report that «8 il e nol defectable in the
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transgenic mice with the A30P mutation of the «S gene [30].
It has been reported that the A30P mutation may disrupt the
conformation of the N-terminal o-helix of S, although the
E46K or A53T mutation may not [31]. The conformational
changes may explain why the A30P mutant lost the ability to
bind to PUFA in the present study.

Although the oS oligomerization induced by PUFA has
been emphasized to play a crucial role in the pathogenesis of
PD [18], the present observation suggests that the PUFA-in-
duced oligomerization of «S may not be essential for the path-
ogenesis, especially in the familial PD with A30P mutation of
the oS gene. Possible explanation for the neurotoxicity by this
mutant is that an impaired binding of the A30P mutant to the
phospholipids of the membranes [32,33] may lead to the accu-
mulation of this protein in the cytosol, and the excess accumu-
lation of oS in the cytosol may cause the formation of oS
oligomers and fibrils in a PUFA-independent manner [11]. An-
other possibility is that the ability of «S to bind to the membra-
nous structures, such as synaptic vesicles and presynaptic
membrane, may be lost by this mutation [32,33], and this
may result in an impairment of synaptic function [34,35], even-
tually leading to neurodegeneration.

In conclusion, we revealed the importance of the N-terminus
of wild-type «S in the PUFA-induced oligomerization of oS.
This property of S was lost by the A30P mutation of oS, sug-
gesting that the degeneration of dopaminergic neurons occurs
without the process of the PUFA-induced oligomerization of
oS in this form of familial PD. Further studies are needed to
clarify the mechanism for the oligomerization of oS into fibrils
and toxic species of aS. It may provide a clue for the elucida-
tion of a novel therapeutic strategy for PD.
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Heat Shock Proteins as Suppressors of Accumulation of Toxic Prefibrillar
Intermediates and Misfolded Proteins in Neurodegenerative Diseases
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Abstract: The most characteristic feature of neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s dis-
ease, amyotrophic lateral sclerosis and Huntington’s disease, is the occurrence of extra- or intracellular fibrillar aggregates
containing misfolded proteins with beta-sheet conformation. These aggregates are composed of distinct proteins in each
neurodegenerative disease. However, mutations in genes encoding major constituents of aggregates, such as Abeta, tau,
alpha-synuclein, SOD1 and huntingtin, have been identified to causally associate with familial forms of the diseases. Bio-
chemical studies demonstrate that these mutant and some wild-type proteins tend to be misfolded or form aggregates. It
has been proposed that these discases are caused by a common mechanism involving misfolded proteins that trigger a
toxic cascade leading to neuronal degeneration. This hypothesis is the basis of the therapeutic potential of heat shock pro-
teins (HSPs), which prevent protein misfolding and aggregation. Transgenic animal models of the diseases have demon-
strated that induction or overexpression of HSPs can suppress neuronal dysfunction and degeneration. Do the results
promise clinical success for HSP-based therapy in neurodegenerative diseases? Recent findings regarding the pathogenic
species generated during fibril formation have highlighted some of the beneficial and problematic aspects of HSP-based
therapy. In this review, we focus on the pathogenic role of prefibrillar intermediates. including soluble oligomers and pro-
tofibrils, on neurodegeneration, and the relationship between prefibrillar intermediates and the proteins targeted by HSPs.
We discuss in vitro and in vivo experimental data showing that HSPs counteract disease progression by acting as suppres-
sors of toxic prefibrillar intermediates and toxic misfolded proteins in neurodegenerative diseases.

Keywords: Neurodegenerative disease, Alzheimer’s disease, Parkinson’s disease, Amyotrophic lateral sclerosis, Huntington’s

disease, Heat shock protein, Soluble oligomer, Protofibril.

INTRODUCTION

A chemical co-inducer of heat shock protein (HSP) ex-
pression, arimoclomol, was reported to slow disease progres-
sion in a mutant Cu/Zn superoxide dismutase (SOD1) trans-
genic mouse model of familial amyotrophic lateral sclerosis
(ALS) [1, 2]. Arimoclomol is now being tested clinically in
patients with ALS [3]. Induction of HSPs is argued to be a
promising strategy for therapeutic intervention in not only
the small subgroup of familial ALS but also sporadic ALS
and other devastating neurodegenerative diseases, such as
Alzheimer’s disease (AD), Parkinson’s disease (PD) and
Huntington’s disease (HD) [4]. This is because these neu-
rodegenerative disorders have been proposed to be caused by
a common mechanism of protein misfolding [5-12]. It is im-
portant to elucidate the mechanisms of HSP up-regulation by
chemical compounds and to estimate the clinical effects of
these compounds on disease progression. However, it is also
useful to assess the background concepts in HSP-based
treatment, because of recent findings regarding the patho-
genesis of fibril formation. This review discusses experimen-
tal data that demonstrate the relationship between the toxic-
ity of misfolded proteins and HSP-target proteins in neu-
rodegenerative diseases.
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PATHOLOGICAL INCLUSIONS AND MISFOLDED
PROTEINS IN NEURODEGENERATIVE DISEASES

The most characteristic feature of many neurodegenera-
tive diseases caused by protein misfolding is the occurrence
of extra- or intracellular fibrillar structures of protein aggre-
gates, which are observed microscopically as amyloid depos-
its or inclusions. AD is a late-onset dementing disorder and
the most common neurodegenerative disease [10, 13]. As
shown in Fig. (1A, B), two kinds of protein aggregates are
observed in AD: senile plaques and neurofibrillary tangles.
Senile plaques are extracellular amyloid deposits composed
of amyloid beta (Abeta), a 39-43-amino acid proteolytic
fragment of amyloid precursor protein (APP) [10, 13]. Neu-
rofibrillary tangles are another pathological hallmark of AD
[10, 13]. They are intracytoplasmic inclusions composed of
microtubule-associated protein tau [10, 13]. Which abnormal
structures are formed at an earlier stage of the pathogenic
mechanism has been discussed. However, in familial forms
of AD, genetic studies provide a strong clue for this issue.
Inherited mutations in genes encoding APP or presenilins,
which cleave APP to release Abeta, cause familial AD. In
contrast, inherited mutations in tau cause a less common
dementing disorder, frontotemporal dementia with parkin-
sonism linked to chromosome 17 (FTDP-17). FTDP-17 pa-
tients have neurofibrillary tangles containing tau without
extensive deposition of Abeta [10, 13]. PD is a representative
movement disorder and the second most common neurode-
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generative disease after AD [13-16]. PD is characterized
clinically by resting tremor, rigidity, bradykinesia and pos-
tural instability. Pathologically, it is characterized by the
presence of intracytoplasmic inclusions, called Lewy bodies,
in the surviving dopaminergic neurons, as shown in Fig.
(1C) [13-17]. The major component of Lewy bodies is al-
pha-synuclein [14, 15, 17]. Alpha-synuclein is also identified
as a gene responsible for rare familial forms of PD [13]. ALS
is relatively rare, but it is a fatal neurodegenerative disease in
which motor neurons of the spinal cord and brain stem die,
resulting in progressive paralysis and respiratory failure [13,
18]. A small fraction of ALS occurs as a familial form;
SOD1 is one of the causative genes of familial ALS [18, 19].
Intracytoplasmic inclusions containing misfolded SODI1 are
found in motor neurons of familial ALS patients with SOD1
mutations [13]. HD is an autosomal dominant, inherited dis-
ease [20]. HD is caused by the expansion of CAG nucleotide
repeats in the huntingtin gene [21], and the mutant gene
product, polyglutamine-expanded huntingtin, forms intranu-
clear inclusions [10, 13]. The toxic role of fibrillar aggre-
gates of disease-associated proteins in the pathogenesis re-
mains unclear, and the question whether fibrils are a cause of
neurodegeneration or a by-product of the neuronal protective
machinery is still unanswered. Recent work on prefibrillar
intermediates, defined in this review as all intermediates
before conversion into mature fibrils, has provided an impor-
tant insight into how toxic proteins lead to neuronal dysfunc-
tion and degeneration.

PREFIBRILLAR
FORMATION

INTERMEDIATES IN FIBRIL

In general, the main polypeptide chain and the hydropho-
bic side chains of globular proteins are largely buried within
a folded structure. When they are exposed by partly unfold-
ing or misfolding, the protein can become aggregated. Ag-
gregation of proteins to the beta-sheet-rich fibril structure is
a complex process, but it seems to undergo similar steps as
in the following model (Fig. 2) [7, 22-24]. The first step is
the conversion of monomeric proteins from the native con-
formation to the misfolded conformation, and then oli-
gomeric intermediates are formed. These early prefibrillar
aggregates then change into protofibrils [25-27]. Protofibrils
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are observed by electron microscopy (EM) or atomic force
microscopy (AFM) as short, thin, sometimes curly, fibrillar
species [22, 25-27]. Some of these structures eventually as-
semble into mature fibrils by hydrophobic interaction and
beta-sheet formation. There also exists a different pathway
that diverts misfolded species or protofibrils from the forma-
tion of fibrils to the formation of amorphous aggregates [23].

Accumulating lines of evidence show that soluble oli-
gomers are toxic intermediates leading to neuronal dysfunc-
tion and degeneration. They are detectable in mammalian
cultured cells, the transgenic mice brains and human brains
[8, 28-30]. This raises the question as to what corresponds to
soluble oligomers in the above model of fibril formation.
This may be difficult to answer, because soluble oligomers
and protofibrils are defined using different methodologies.
Soluble oligomers are assemblies that cannot be pelleted
from physiological solutions by high-speed centrifugation
[29, 30]. On the other hand, protofibrils are defined by their
morphology under EM or AFM [29, 30]. All the morpho-
logically identifiable intermediates seem unlikely to fulfill
the definition of soluble oligomers completely [11, 30]. In
addition, it should be noted that most of morphologically
identifiable intermediates are only observed in in vitro fibril-
lization assays of synthetic peptides or purified recombinant
proteins [29, 30]. Maeda, et al. reported to find granular tau
oligomers in human AD brains by using AFM [31]. They
detected granular tau oligomers from soluble fractions of AD
brain extracts [31]. While it is unclear whether granular tau
oligomers are recovered exclusively in the soluble fractions
and whether granular oligomers truly convert to mature fi-
brils, this study may present a link between morphologically
identifiable intermediates and soluble oligomers.

PREFIBRILLAR INTERMEDIATES AS TOXIC
SPECIES IN FIBRIL FORMATION

In the pathogenesis of AD, the toxic properties of fibrillar
aggregates have long been debated [32]. For example, the
finding that the number of senile plaques in the brain does
not correlate well with the degree of cognitive impairment is
unexplained by the toxicity of fibrils [33]. On the other hand,
soluble Abeta peptide concentration has been reported to

Fig. (1). Neuropathological deposits and inclusions as characteristic hallmarks of Alzheimer’s disease (AD) and Parkinson’s disease (PD).
(A) Silver staining shows that extracellular deposits of senile plaques in the cerebral cortex of AD. Senile plaques are immunopositive for
Abeta (inset). (B) Silver staining shows intracytoplasmic inclusions, neurofibrillary tangles, in the cerebral cortex of AD. (C) H&E staining
shows a dopaminergic neuron in substantia nigra contains Lewy bodies (indicated by arrows) with surrounding holos,

- 482 -



160  Current Pharmaceutical Biotechnology, 2010, Vol. 11, No. 2

Disease Protein

Native conformations

Arawaka et al.

N A,

Step #1
Abnormal

conformations

Oligomeric
intermediates

Protofibrils

Step #5

Step #2
Neurotoxic € mmj[wmj e
I Step #3

Amorphous
aggregates
{non-toxic)

Mature fibrils ,

Fig. (2). A model of fibril formation of misfolded proteins. There are five possible junctures where heat shock proteins (HSPs) could act.
HSPs may modulate the conversion between native conformations and abnormal conformations (step #1), between abnormal conformations
and oligomeric species (step #2), between oligomeric species and protofibrils (step #3), between protofibrils and mature fibrils (step #4) and
between each of prefibrillar aggregates and amorphous aggregates (step #5).

correlate better with synaptic loss and the density of neurofi-
brillary tangles than insoluble Abeta [34, 35], suggesting that
soluble Abeta oligomers may represent the main toxic spe-
cies. Walsh, ef al. demonstrated that cerebral microinjection
of cultured conditioned medium containing soluble oli-
gomers (non-synthetic, naturally secreted soluble oligomers)
and abundant monomers (but no amyloid fibrils) potently
inhibited hippocampal long-term potentiation (LTP) in adult
rats [28]. Pretreatment of the medium with a protease that
selectively degrades Abeta monomers but not oligomers
failed to prevent LTP inhibition [28]. Also, naturally se-
creted soluble oligomers can impair the memory of a com-
plex learned behavior in rats [36], and decrease dendritic
spine density in hippocampal slice cultures [37]. These find-
ings have supported the soluble oligomer hypothesis. Re-
cently, Tomiyama, et al. reported direct evidence for this
hypothesis by discovering a novel APP mutation [the dele-
tion of codon 693 (E693A), which produces Abeta lacking
glutamate at position 22 (E22A)] in a Japanese pedigree with
Alzheimer’s-type dementia [38]. E22A Abeta showed the
unique property of enhanced oligomerization but not fibrilli-
zation in vitro, and microinjection of synthetic E22A Abeta

peptide inhibited hippocampal LTP in rats [38]. These find-
ings suggest that the E693A mutation in APP causes synaptic
impairment leading to Alzheimer’s-type dementia by genera-
tion of Abeta oligomers. Also, Maeda, et al. reported that
granular tau oligomers are detected in an early stage (Braak-
stage I) of AD brains [31]. They suggested that increases in
granular tau oligomer levels represent an early sign of neu-
rofibrillary tangles formation in AD [31]. However, it re-
mains unclear whether granular tau oligomers are toxic spe-
cies in tau aggregation. In studies on PD, oxidation-induced
dopamine adducts inhibit alpha-synuclein fibril formation,
but cause accumulation of alpha-synuclein protofibrils [39].
In addition, alpha-synuclein protofibrils pre-formed in vitro
have been reported to transiently permeabilize vesicular
membranes, predisposing cultured cells to apoptosis [40-42].
Consistent with the toxic role of prefibrillar intermediates in
AD and PD, disruption of microtubules with nocodazole in a
yeast model of huntingtin aggregation revealed a glutamine
length-dependent toxicity under conditions where the hunt-
ingtin protein existed in a nonfibrillar state [43]. These ex-
periments indicate that prefibrillar intermediates, including
soluble oligomers and protofibrils, play a toxic role in fibril
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formation. However, the toxicity of prefibrillir sicrisiins
remains to be elucidated, because whether seiluble ol
are identical to, or even overlap with, profofibuile 1wl
termined, as described above. In addition, whetlus e w0
species of mutant SOD1 are misfolded msnemeri ot
or prefibrillar intermediates is unclear. Although copp

induced oxidation of metal-depleted SOI3T is reported 10
cause aggregation into pore-like struciures, the ey ol
pore-like SOD1 is unknown [44]. Furthersere, thie fosie 5ok
of fibrils seems to be exclusive, because sermile plugues con

taining mature Abeta fibrils always acesmpany with dyvs

trophic neurites [29].

GENERAL FUNCTION OF HSPS IN FIRRIL FOR-
MATION

HSPs contribute to the maintenance of miracellular ho-
meostasis by assisting the folding of many newly synthe-
sized proteins and preventing the formation of misfolded
proteins, both under normal conditions including aging, and
a variety of stresses, such as high temperature, hypoxia,
ischemia and glucose deprivation {45, 46]. HSPs form a
large family of evolutionarily conserved proteins and are
usually classified according to their molecular weight, such
as Hsp40, Hsp60, Hsp70, Hsp90, Hsp100 and the so-called
small Hsp proteins [45, 46]. The protective effect of HSPs is
attributed to their molecular chaperone function, facilitating
nascent protein folding, refolding or degradation of mis-
folded proteins. Hsp70 and chaperonin proteins (Hsp60 pro-
teins) recognize the hydrophobic amino acid side-chains that
are exposed in misfolded proteins and promote their folding
in an ATP-dependent manner [45]. Hsp70 prevents protein
aggregation by folding intramolecularly misfolded segments
and by shielding the interactive surfaces of misfolded poly-
peptides [45]. Hsp70 cooperates in this function with Hsp40
proteins [45]. Interaction of substrates with Hsp70 is medi-
ated by the so-called J domain, which is present in all Hsp40
proteins [46]. Hsp40 proteins also interact directly with un-
folded polypeptides and can recruit Hsp70 to protein sub-
strates [46]. In addition, the J-domain of Hsp40 activates the
Hsp70 ATPase, catalyzing the formation of ADP-bound
Hsp70, which binds protein substrate tightly [23]. Hsp70
also cooperates in this function with a nucleotide-exchange
factor, Bag-1, in the eukaryotic cytosol [47, 48]. Another
chaperone protein, Hsp104, has a remarkable ability to re-
solubilize protein aggregates and return proteins to their nor-
mal enzymatic activities in cooperation with Hsp70 and
Hsp40 [49-51]. Hspl04 is expressed in fungi, plants and
bacteria, but it has been lost from metazoan lineages [51].
The eukaryotic chaperonin, TRiC/CCT, receives misfolded
proteins from Hsp70 and alters their aggregation state from
fibril formation to non-toxic oligomers and amorphous ag-
gregates [46, 52-54].

HSP-TARGETED INTERMEDIATES
FORMATION

Which intermediates do HSPs recognize? In the model of
fibril formation (Fig. 2), there are five possible junctures
where HSPs could act. HSPs could modulate the conversion
between native conformations and abnormal conformations
(step #1), between abnormal conformations and oligomeric
species (step #2), between oligomeric species and protofi-

IN FIBRIL
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et daiup 08 hetween protofibrils and mature fibrils (step
o4y it Bevween prelibrillar aggregates and amorphous ag-
grepaies Uilep 194 4w vitro studies on Abeta have shown that
te cosnbination of Hap70, Hsp40 and Hsp90 inhibited Abeta
fibedl formation | 55]. When the mixture of Hsp70, Hsp40 and
Flaptty wan co-meubated with preformed mature fibrils, there
wis hitle change w the fibrils. However, when the mixture
was added 0 preformed soluble oligomers, the soluble oli-
sosmers changed structure to become less defined and more
diffuse. In this study, the authors presented EM analysis of
aligomers, however, there was no discussion regarding
whether these oligomers were the same as protofibrils or
other intermediates [55]. Also, Dou, et al. examined the ef-
fect of Hsp70 and Hsp90 on tau aggregation by treating cul-
tured cells with geldanamycin [56]. Geladamycin is a chemi-
cal compound that disrupts interaction between Hsp90 and
heat-shock factor (HSF) 1 triggering a heat shock response,
leading to increases in Hsp70 and Hsp90 expressions. Induc-
tion of Hsp70 and Hsp90 by geldanamycin increased tau
solubility and tau binding to microtubules, resulted in reduc-
tion of insoluble tau levels [56]. In this study, it is unclear
whether soluble tau represents species in the normal pool;
however, treatment with geldanamycin reduced tau aggrega-
tion trapped by nitrocellulose filter. This finding suggests
that induction of Hsp70 and Hsp90 may suppress tau aggre-
gation before step #4 in Fig. (2). In an in vitro fibrillization
study of alpha-synuclein, Hsp70 inhibited alpha-synuclein
fibril formation through interaction with prefibrillar alpha-
synuclein [57]. Because the authors supposed that prefibrillar
alpha-synuclein was protofibrils, the results suggested that
Hsp70 prevented the conversion between protofibrils and
mature fibrils (step #4 in Fig. 2). In an in vitro study on mu-
tant huntingtin with expanded polyglutamine repeats, Hsp70
and Hsp40 modulated the formation of polyglutamine aggre-
gates by partitioning monomeric conformations and disfa-
voring the accretion of spherical and annular oligomers
(steps #1, 2 or 3 in Fig. 2) [58]. In cultured cells, overexpres-
sion of Hsp70 and Hsp40 diverted the polyglutamine aggre-
gation pathway from the formation of fibrils to the formation
of amorphous and SDS-soluble aggregates (step #5 in Fig. 2)
[59]. In cultured mammalian cells, we previously reported
that overexpression of Hsp70 and Hsp40 decreased the for-
mation of Triton X-100-insoluble/SDS-soluble oligomers of
familial ALS-linked mutant SOD1, resulting in the attenua-
tion of highly insoluble aggregates [60]. Hsp70 and Hsp40
also attenuated accumulation of Triton X-100-insoluble/
SDS-soluble monomers [60]. These findings suggest that
Hsp70 and Hsp40 prevent the conversion of mutant SODI
protein at step #1 in Fig. (2). All the above studies show that
Hsp70 and Hsp40 can suppress fibril formation; however,
the earliest intermediates targeted by Hsp70 and Hsp40 are
unknown. Although Hsp70 and Hsp40 may have the ability
to recognize various prefibrillar intermediates, it is unknown
whether Hsp70 and Hsp40 recognize intermediates of differ-
ent disease-associated proteins in the same manner. There
may be variability in the exposed hydrophobic regions of
misfolded proteins and prefibrillar intermediates for each
disease-associated protein, causing a difference in Hsp70 and
Hsp40 substrate recognition. To understand HSP-mediated
targeting of prefibrillar intermediates, it will be necessary to
compare the formation of prefibrillar intermediates defined
in the same way and with casily reproducible experiments.

i

-

484 -



162  Current Pharmaceutical Biotechnology, 2010, Vol. 11, No. 2

THE AMELIORATIVE EFFECT OF HSPS IN
ANIMAL MODELS OF NEURODEGENERATIVE
DISEASES

As described above, in vitro studies have not yet revealed
whether HSPs specifically target monomeric species with
abnormal conformations, soluble oligomers or protofibrils. If
HSPs prevent only the conversion from protofibrils to ma-
ture fibrils, it is possible that soluble oligomers and protofi-
brils could continue to impair neuronal function. We next
discuss the ameliorative effect of HSPs on fibril formation in
in vivo models of neurodegenerative diseases. In an alpha-
synuclein transgenic fly model of PD, overexpression of
Hsp70 suppressed the loss of dopaminergic neurons, while
overexpression of dominant-negative mutant Hsp70 signifi-
cantly promoted alpha-synuclein toxicity [61, 62]. Also, in a
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-indu-
ced mouse model of PD, Shen, et al. reported that gel-
danamycin increased residual dopamine content and pro-
tected dopaminergic neurons from death [63]. They showed
that the protective mechanism of geldanamycin was associ-
ated with an increase in Hsp70 and a reduction in cytosolic
Hsp90. In a C. elegans model of tauopathy, overexoression
of Hsp70 improved dysfunction of neurons overexpressing
FTDP-17 linked mutant tau [64]. In fly models of polyglu-
tamine expansion diseases, there are several reports showing
the ameliorative effects of Hsp70 and Hsp40 [65-67]. These
studies reveal that overexpression of Hsp70 and Hsp40 sup-
presses the degenerative phenotype. Also, in a mouse model
of spinocerebellar ataxia 1, overexpression of Hsp70 reduced
pathological changes and abnormal behavioral phenotypes
[68].

Although in vivo models of PD and polyglutamine ex-
pansion diseases show the beneficial effect of overexpressed
Hsp70 on neurodegeneration, the protective effect of Hsp70
is controversial in SODI1 transgenic mouse models of ALS
[69, 70]. One may speculate a difference in the expression
levels of overexpressed Hsp70 in each transgenic mouse line,
and a requirement for co-overexpression of Hsp40 [1]. The
latter possibility is supported by evidence that treatment with
arimoclomol significantly rescues loss of motor neurons,
resulting in improved muscle function and an increase in
survival in mutant SOD]1 transgenic mice [1, 2]. This finding
suggests that co-induction of multiple HSPs may be more
effective than single overexpression of Hsp70 [1]. Taken
together, many studies indicate that an increase in HSP ex-
pression can ameliorate disease phenotypes. In the next sec-
tion, we discuss the relationship between HSP-targeted in-
termediates and the therapeutic potential of HSPs in chroni-
cally progressive neurodegenerative diseases.

THERAPEUTIC POTENTIAL OF HSPS: LESSONS
FROM ACCUMULATION OF MISFOLDED PRO-
TEINS IN NEURODEGENERATIVE DISEASED
BRAINS

One of the beneficial aspects of HSPs is that they can
directly target toxic prefibrillar intermediates, including
soluble oligomers and protofibrils, which occur in the early
stages of fibril formation. This indicates that HSPs have a
remarkable potential to resolve the essential pathological
changes of neurodegenerative diseases. In normal human
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brains, accumulation of insoluble Abeta starts in the late 40s,
and it increases exponentially during the next 20 years [71].
The Abeta accumulation reaches a plateau at about 70 years
of age [71]. This finding suggests that insoluble Abeta in the
brain has already considerably accumulated by the time that
AD patients develop dementia (Fig. 3A). This phenomenon
may be similar in other diseases. To make HSP-based ther-
apy effective, induction of HSPs should be started as soon as
possible. The development of methods for early diagnosis
(biological markers and imaging), to identify patients with
neurodegenerative diseases before the onset of symptoms, is
important for HSP-based therapy (Fig. 3A).

Another beneficial aspect is that HSPs can recognize a
broad range of misfolded proteins. This implies an ability to
inhibit the accumulation of not only disease-associated prefi-
brillar intermediates but also unknown misfolded proteins,
which might be secondarily generated as a result of disease
progression. The phase I clinical trial of active immunization
against Abeta;; has provided suggestive findings for the
pathogenesis of AD and other neurodegenerative diseases
[72]. A six-year prospective follow-up of 80 AD patients in
this trial reported that immunization against Abeta succeeded
in removing brain amyloid plaques, but it failed to improve
cognitive function and survival [72]. This result indicates
that clearance of amyloid plaques alone does not prevent the
progression of neurodegeneration. One possibility is that
toxic soluble oligomers may remain. Also, the prior Abeta
accumulation may have already initiated secondary cascades
leading to neurodegeneration, such as accumulation of mis-
folded tau [73], as shown in Fig. (3B). Although other neu-
rodegenerative diseases, such as PD and HD, primarily show
only one characteristic inclusion type, this secondary cascade
hypothesis might be expanded to include these diseases. If
the initial accumulation of disease-associated protein could
trigger misfolding of unknown proteins as a secondary cas-
cade, the newly misfolded proteins might exert the toxic ef-
fect by the formation of prefibrillar intermediates (Fig. 3B).
At the present time this possibility cannot be excluded, be-
cause misfolded proteins, even those hitherto not associated
with disease, can exert toxicity [74]. The ability of HSPs to
target soluble oligomers, and their low substrate specificity,
confer strong advantages to HSPs in resolving this difficult
problem (Fig. 3C) [75]. Another implication is that fly and
mouse models may have limited usefulness in assessing
therapeutic efficacy for chronic neurodegenerative diseases,
because the protective effect of immunization with Abeta on
neuronal degeneration was supported by many studies using
in vivo mouse models [76, 77]. One significant difference
however, is that the disease progression period in human
brains is so much longer than that in fly and mouse models.
This time difference might provide the opportunity for ac-
cumulation of different misfolded proteins as a secondary
cascade in human diseased brains.

CONCLUSIONS AND PERSPECTIVES

Recent studies on the pathogenesis of neurodegenerative
diseases have provided data supporting the soluble oligomer
hypothesis, i.e., that soluble oligomers play the toxic role in
synaptic dysfunction and neurodegeneration [8, 29, 30, 78].
This trend increases the therapeutic potential of HSPs, when
compared with treatments targeting a single misfolded pro-

- 485 -



Heat Shock Proteins as Suppressors of Accumulation

A

Therapeutic intervention

- A—;

T

Lusssussibsenansnscuns (2)

Accumulation of
misfolded proteins
|
|

ﬂ Agﬂ
B
Therapeutic intervention
s 4 i
g -]
22l]...
.5 ~ Linset u----(l)
E% et 6
53 /] o)
<’g

— Age

Therapeutic intervention

l l @gc---o

Fig. (3). Protein misfolding cascade hypothesis in neurodegenera-
tive diseases and the beneficial aspect of HSP-based therapy. (A) In
the case of single disease-associated protein misfolding. If the dis-
ease is caused by accumulation of a single misfolded protein, mis-
folded protein considerably accumulates before the onset of the
disease symptoms. When started therapeutic intervention against
the single molecule after the onset, it can suppress disease progres-
sion (1). When started therapeutic intervention against the single
molecule before the onset, it can inhibit the onset (2). (B) In the
case that first accumulation of misfolded protein leads to the second
cascade of accumulation of different misfolded protein. If started
therapeutic intervention against the single molecule after the onset,
the therapy fails to suppress the second cascade and disease pro-
gression. (C) In the case similar to (B) with the therapeutic inter-
vention by HSPs. HSPs have an ability to attenuate a broad range of
misfolded proteins. If started therapeutic intervention by HSPs even
after the onset, HSPs might be able to suppress the first and second
cascades of accumulation of toxic misfolded proteins (1 and 1°).

FrsneRAseRRY (2)

Accumulation of
misfolded proteins

simmm——p Koy

Current Pharmacentical Biotechnology, 2010, Vol 11, No. 2 163

tein, because uniquely, HSPs can prevent accumulation of
prefibrillar intermediates of multiple proteins [75]. This hy-
pothesis has been constructed and tested largely using in
vitro and in vivo studies on A1) and polyglutamine expansion
diseases [10, 29, 30]. In the case of PD, soluble oligomers of
alpha-synuclein can be induced by adding polyunsaturated
fatty acids to cultured cells [79-81], and fatty acid-associated
soluble oligomers of alpha-synuclein are observed in alpha-
synuclein transgenic mice brains and PD brains [79]. How-
ever, to detect fatty acid-associated soluble oligomers of
alpha-synuclein, it is necessary to treat cell lysates and brain
homogenates with a lipid removal procedure, such as heat or
methanol/chloroform [79-81]. Naturally generated soluble
oligomers of alpha-synuclein in cultured cells and brains are
not found in a readily reproducible way, making it difficult
to assess the toxic role of soluble alpha-synuclein oligomers
in the pathogenesis of PD. In ALS, testing the hypothesis on
mutant SOD1 is not enough. In a previous report, we found
that Triton X-100 insoluble/SDS-soluble SOD1 monomers
and dimers were significantly elevated before the onset of
motor dysfunction in mutant SODI1 transgenic mice, while
alteration of SODI1 solubility was not detected in wild-type
SODI1 transgenic mice [60]. The expression of Hsp70 and
Hsp40 was increased in parallel in Triton X-100-
insoluble/SDS-soluble fractions before the onset of motor
dysfunction [60]. Our data suggest that Triton X-100-
insoluble/SDS-soluble mutant SOD1 appears as early, mis-
folded intermediates when their concentration exceeds the
capacity of HSPs to remove them. Wang, ef al. reported that
mutant SOD1 monomers progressively alter in their phos-
phate-buffered saline (PBS)-insoluble/SDS-soluble proper-
ties with aging in mutant SODI transgenic mice [82]. They
also found that PBS-soluble mutant SOD1 captured heat
shock cognate protein 70 (Hsc70) [82]. These data suggest
that SDS-soluble species of mutant SOD1 are associated
with the early stages of the disease, and HSPs play a role in
the mutant SOD1 fibril formation. It is important to collect
further experimental data on the toxic role of soluble oli-
gomers of mutant SOD1. Recently, mutations in TAR DNA
binding protein (TARDBP/TDP-43) were identified to cause
a subgroup of familial ALS. Studies on the TDP-43 protein
may provide an insight into the pathogenesis of ALS [83-
88]. In some cases, clinical trials in neurodegenerative dis-
eases seem likely to start before sufficient evidence in favor
of specific drugs or treatments has been accumulated. Even
for arimoclomol, as Kalmar and Greensmith clearly pointed
out, there are some significant hurdles that must be over-
come before HSP-based treatment can be successful [89].
The drug needs to ensure that the induction of HSPs occurs
at the right place (i.e., cell specificity), at the right time in the
disease progression and that all co-chaperones are present at
the proper levels [89].

In this review, we especially discuss the refolding func-
tion of HSPs against accumulation of toxic misfolded pro-
teins in neurodegenerative diseases. However, HSPs exert
various functions to maintain intracellular environment [45,
46]. HSPs mediate translocation of proteins across cellular
membranes and they facilitate the transfer of misfolded pro-
teins to the proteasome [45, 46] or lysosome [90] for degra-
dation. For example, in mutant tau transgenic mice, treat-
ment with Hsp90 inhibitor, EC102, is reported to reduce the
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expression levels of phosphorylated tau, which seems to play
a main toxic role in tauopathies [91]. In this case, a proposed
mechanism of EC102 is complex. When presented abnor-
mally phophorylayed tau, Hsp70, Hsp40 and Hsp90 first act
to refold phosphorylated tau and return to its normal pool.
However, when refolding is subverted by Hsp90 inhibition,
phosphorylated tau is polyubiqutinated by carboxy! terminus
of Hsp70-interacting protein (CHIP) and targeted to the pro-
teasome degradation pathway [91, 92]. This shows a novel
way to manipulate the HSP system by chemicals other than
simply facilitating the refolding of prefibrillar intermediates
by induction of HSPs. In addition to these functions, HSPs
affect signal transduction cascades that mediate transcrip-
tional responses to stress for the suppression of apoptosis
[45, 46, 93]. Furthermore, HSPs is discussed as extracellular
signals for receptor-mediated signaling of inflammation in
neurodegenerative diseases [94, 95]. Thus, we need to see
the protective effects of HSPs on neurodegeneration from a
variety of HSP functions. To avoid misjudgment of the
therapeutic potential of HSPs, it is crucial to assess repeat-
edly the appropriateness of the background concept by both
in vitro and in vivo experiments for each neurodegenerative
disease.

ABBREVIATIONS
HSP = Heat shock protein
AD = Alzheimer’s disease

FTDP-17 = Frontotemporal dementia with parkinscnism
linked to chromosome 17

PD = Parkinson’s disease

ALS = Amyotrophic lateral sclerosis

HD = Huntington’s disease

SOD1 = Cu/Zn superoxide dismutase

Abeta = Amyloid beta

APP = Amyloid precursor protein

EM = Electron microscopy

AFM = Atomic force microscopy

HSF = Heat-shock factor

Hsc70 = Heat shock cognate protein 70

MPTP = 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

TARDBP = TAR DNA binding protein

CHIP = Carboxyl terminus of Hsp70-interacting pro-
tein
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a-Synuclein (a-Syn) is a major component of fibrillar ag-
gregates in Lewy bodies (LBs), a characteristic hallmark of
Parkinson disease. Almost 90% of a-Syn deposited in LBs is
phosphorylated at Ser-129. However, the role of Ser-129-
phosphorylated a-Syn in the biogenesis of LBs remains un-
clear. Here, we investigated the metabolism of Ser-129-
phosphorylated a-Syn. In SH-SY5Y cells, inhibition of protein
phosphatase 2A/1 by okadaic acid, and inhibition of the pro-
teasome pathway by MG132 or lactacystin accumulated Ser-
129-phosphorylated a-Syn. However, these inhibitions did not
alter the amounts of total a-Syn within the observation time.
Inhibition of the autophagy-lysosome pathway by 3-methylad-
enine or chloroquine accumulated Ser-129-phosphorylated
a-Syn in parallel to total a-Syn during longer incubations.
Experiments using cycloheximide showed that Ser-129-phos-
phorylated a-Syn diminished rapidly (¢, = 54.9 * 6.4 min), in
contrast to the stably expressed total a-Syn. The short half-life
of Ser-129-phosphorylated a-Syn was blocked by MG132 to a
greater extent than okadaic acid. In rat primary cortical neu-
rons, either MG132, lactacystin, or okadaic acid accumulated
Ser-129-phosphorylated a-Syn. Additionally, we did not find
that phosphorylated a-Syn was ubiquitinated in the presence
of proteasome inhibitors. These data show that Ser-129-phos-
phorylated a-Syn is targeted to the proteasome pathway in a
ubiquitin-independent manner, in addition to undergoing de-
phosphorylation. The proteasome pathway may play a role in
the biogenesis of Ser-129-phosphorylated a-Syn-rich LBs.

Sporadic Parkinson disease (sPD)? is characterized patho-
logically by a loss of dopaminergic neurons in the substantia
nigra pars compacta and the presence of intracytoplasmic
inclusions called Lewy bodies (LBs) and Lewy neurites (LNs)
in surviving neurons. a-Synuclein (a-Syn) is a major compo-
nent of fibrillar aggregates in LBs and LNs. Accumulating
lines of evidence have shown that prefibrillar intermediates of
a-Syn, such as soluble oligomers or protofibrils, play a toxic
role in degeneration of dopaminergic neurons, and mature
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fibrils of a-Syn contribute toward this toxicity to a lesser ex-
tent (1-4). Therefore, the process of a-Syn aggregation even-
tually forming LBs is proposed to play a causative role in neu-
ronal degeneration of PD (5, 6). Inmunohistochemical and
biochemical studies have revealed that ~90% of a-Syn depos-
ited in LBs is phosphorylated at serine 129 (Ser-129) (7, 8). In
contrast, the portion of phosphorylated a-Syn in normal
brains is known to be only about 4% (7) or less than the limits
of quantification of the assays used (8). This discrepancy im-
plicates a pathogenic role of Ser-129-phosphorylated a-Syn in
the biogenesis of LBs (7, 9). One possibility is that the Ser-
129-phosphorylation promotes the aggregation-prone prop-
erty of a-Syn. To elucidate this issue, several in vitro studies
have been performed. However, the accelerating effect of
phosphorylation on fibril formation of a-Syn is controversial
at present (7, 10). Another possibility is that the impairment
of the system to degrade Ser-129-phosphorylated a-Syn
causes its accumulation. However, the process by which Ser-
129-phosphorylated a-Syn is degraded or recycled remains
unknown. This study focused on the metabolic fate of Ser-
129-phosphorylated a-Syn in cells. We report here that Ser-
129-phosphorylated a-Syn undergoes dephosphorylation and
degradation by the proteasome pathway. In addition, Ser-129-
phosphorylated a-Syn is targeted to the proteasome pathway
in a ubiquitin-independent manner.

EXPERIMENTAL PROCEDURES

Plasmid cDNA Construction and Reagents—Wild-type hu-
man a-Syn cDNA was described previously (11). S129A,
S129E, S129D mutant a-Syn cDNAs were made by the two
step PCR mutagenesis method. S9A/S42A/S87A mutant (it
abolished Ser residues other than Ser-129) and K12R/K21R/
K23R mutant a-Syn cDNAss (it abolished Lys residues for
ubiquitination) (8) were generated by applying the two-step
PCR mutagenesis method. Human ubiquitin cDNAs with or
without a FLAG tag at the N terminus were generated by PCR
(clone ID 3879581; Open Biosystems, Huntsville, AL), and
they were subcloned into the pcDNA3.1 vector (Invitrogen,
Carlsbad, CA). Nucleotide sequences of all constructs were
confirmed by direct sequencing. All reagents were purchased
from Sigma unless otherwise stated.

Cell Culture and Transfection—Human dopaminergic neu-
roblastoma SH-SY5Y cells (ECACC 94030304) were main-
tained in a mixture of F-12 and Eagle’s minimum essential
medium supplemented with 15% fetal bovine serum (Invitro-
gen), 1 X non-essential amino acids, and 2 mm L-glutamine
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(Invitrogen) at 37 °C in 5% CO,. The SH-SY5Y cell line stably
expressing wild-type a-Syn (wt-aS/SH) was selected against
with 1 mg/ml G418 (Invitrogen). For transient transfection,

5 X 10° cells were transfected with 6 ug of cDNA using
Nucleofector (Amaxa Cell Line Nucleofector kit V; Lonza
Cologne AG, Koln, Germany). The cells were harvested at

48 h post-transfection.

Primary Neuronal Cultures—Primary cortical neuron cul-
tures were prepared from Crl:CD (SD) rats as previously de-
scribed (11). Briefly, neurons were isolated from the neocor-
tex of embryonic day 18 rats and dissociated cells were plated
at a density of 1 X 10° cells on poly-p-lysine-coated 6-well
plates (Becton Dickinson, Bedford, MA). Neurons were main-
tained in serum-free medium, which was composed of neuro-
basal medium supplemented with B27 and GlutaMAX (In-
vitrogen). At intervals of 2 days, half of the plating medium
was renewed. At 21 days of culture, neurons were harvested
for experiments (12).

Chemical Treatments—For inhibition of the proteasome,
at 16 h after plating wt-aS/SH cells onto 6-well plates, we
checked the cells to be ~80% confluent, and then the cells
were further incubated in fresh medium containing either 10
nm okadaic acid (OA), 10 um MG132, or 10 uM lactacystin for
4 h. As a vehicle control, cells were treated with the same con-
centration of DMSO, which was used for dissolving OA,
MG132, and lactacystin, or phosphate buffered saline (PBS:
1.06 mm KH,PO, 2.97 mm Na,HPO,7H,0, 150 mm NaCl).
In rat primary neuronal cultures, neurons were cultured for
21 days and then incubated in fresh medium containing either
10 nm OA, 10 uM MG132, or 10 um lactacystin for 4 h. For
inhibition of the autophagy-lysosome, at 16 h post-plating
wt-aS/SH cells onto 6-well plates, we confirmed the cells to be
around 50% confluent. The cells were incubated in fresh me-
dium containing 10 mm 3-metyladenine (3-MA) or 100 um
chloroquine for up to 32 h.

To assess protein half-lives in the cells, we performed ex-
periments using the de novo protein synthesis inhibitor, cyclo-
heximide (CHX). At 16 h post-plating wt-aS/SH cells onto
6-well plates, we confirmed the cells to be ~80% confluent.
The cells were incubated in fresh medium containing 100 pum
CHX for the indicated times. To test the effect of inhibition of
the proteasome pathway or dephosphorylation on the half-
lives of target proteins, we treated the cells with CHX plus
either MG132 or OA. The 80% confluent wt-aS/SH cells were
pre-incubated in fresh medium containing either DMSO, 10
uM MG132, or 10 nm OA for 6 h. After preincubation, CHX
was added to a final concentration of 100 um into medium.
The cells were further incubated for the indicated times.

Protein Extract Preparation—For preparation of cell lysates,
SH-SY5Y cells were suspended in buffer A (20 mm Tris-HCl,
pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 10% glycerol, 1 X
protease inhibitor mixture (Roche Diagnostic, Mannheim,
Germany), I mm EDTA, 1 X phosSTOP (Roche Diagnostic))
and kept on ice for 30 min. After centrifugation at 12,000 X g
for 30 min, the resultant supernatant was collected and stored
at —80 °C until required. In primary neuronal cultures, the
cells were suspended in buffer A containing 1 um OA, and
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then they were disrupted by passing through a 27-gauge nee-
dle 10 times.

In the experiments for ubiquitinated proteins, the pellet
from above (post-12,000 X g centrifugation step) was resus-
pended in the same aliquots of buffer A containing 8 m urea
and was disrupted by brief sonication. After centrifugation at
12,000 X g for 30 min, the resultant supernatant was collected
as the pellet fraction. The protein concentration was mea-
sured by the BCA assay (Thermo Scientific, Rockford, IL).

Immunoprecipitation—The cells were suspended in ice-
cold lysis buffer (20 mm Tris-HCl, pH 7.4, 150 mm NaCl, 1%
Triton X-100, 0.1% SDS, 0.5% deoxycholic acid, 10% glycerol,
1X protease inhibitor mixture, 1 mm EDTA, 20 mm NaF, 1
mMm Na;VO, 1 um OA), and kept on ice for 30 min. After cen-
trifugation at 12,000 X g for 30 min, the resultant supernatant
was collected. The supernatants were incubated with primary
antibodies overnight at 4 °C, and then incubated with Protein
G-agarose beads for 2 h. Beads were washed three times with
ice-cold lysis buffer, and immunoprecipitates were dissolved
from the beads by heating in Laemmli’s sample buffer. Equiv-
alent amounts of samples were analyzed by immunoblotting.

Immunoblotting—For SDS-PAGE, protein samples were
denatured at 95 °C for 5 min in Laemmli’s sample buffer con-
taining 2.5% 2-mercaptoethanol. Samples were applied to a
12.5% SDS-polyacrylamide gel, electrophoresed and then
transferred to a PVDF membrane (Millipore, Billerica, MA).
After blocking with 5% skim milk in Tris-buffered saline (pH
7.4) containing 0.05% Tween-20 (TBS-T) for 1 h at room tem-
perature, the membrane was incubated with primary antibod-
ies overnight at 4 °C followed by incubation with horseradish
peroxidase-conjugated secondary antibodies (Jackson Immu-
noResearch Lab., Inc., West Grove, PA) for 1 h at room tem-
perature or overnight at 4 °C. The membrane was reacted
with ECL (GE Healthcare, Uppsala, Sweden) for the detection
of B-actin, G-protein-coupled receptor kinase (GRK) 2, and
total a-Syn, including phosphorylated and non-phosphory-
lated forms, or ECL plus (GE Healthcare) for the detection of
other proteins. The membrane was then visualized using a
CCD camera, VersaDog 5000 (Bio-Rad). Relative intensities of
detected signals were quantified with Quantity one software
(Bio-Rad). For detection of phosphorylated a-Syn, we added
50 mm NaF into TBS-T containing 5% milk or antibodies.

The following primary antibodies were used (11, 13):
monoclonal anti-a-Syn antibody (Syn-1, it recognizes total
a-Syn including phosphorylated and non-phosphorylated
forms, 1:4,000; BD Transduction Laboratories, Franklin
Lakes, NJ), monoclonal anti-Ser-129-phosphorylated a-Syn
antibody (psyn 64, 1:5,000; Wako, Osaka, Japan), monoclonal
anti-B-actin antibody (AC-15, 1:10,000; Sigma), polyclonal
anti-GRK2 antibody (sc-562, 1:1,000; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), polyclonal anti-GRK3 antibody (sc-563,
1:1,000; Santa Cruz Biotechnology), monoclonal anti-GRK5
antibody (139, 1:5,000) (13), polyclonal anti-GRK6 antibody
(sc-566, 1:1,000; Santa Cruz Biotechnology), polyclonal anti-
casein kinase (CK) 2" antibody (sc-648, 1:1,000; Santa Cruz
Biotechnology), and polyclonal anti-ubiquitin antibody (1:
1,000, Dako, Glostrup, Denmark).
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Quantification of Band Intensities--In experiments for esti-
mating the protein half-lives, we quantified the relative band
intensities of phosphorylated or total a-Syn by using protein
standards. Recombinant non-phosphorylated a-Syn proteins
were purified from Escherichia coli as described previously
(14). Phosphorylated a-Syn proteins were made by incubation
of 100 pg of non-phosphorylated proteins in reaction buffer
(20 mm Tris-HCI, pH 7.5, 50 mm KCI, 10 mm MgCl,, 200 um
ATP) containing 1,000 units of recombinant CK2 protein
(New England Biolabs, Beverly, MA) for 16 h at 37 °C. A set of
diluted non-phosphorylated or phosphorylated a-Syn proteins
was subjected to SDS-PAGE along with samples. After quan-
tifying band intensities of samples with Quantity one soft-
ware, they were plotted on a standard curve and corrected
relative intensities. Statistical comparisons were made by un-
paired Student’s ¢ test.

Pulse-chase Metabolic Labeling Experiments—Wt-aS/SH
cells were rinsed with PBS and incubated with methionine/
cystine-free medium for 1 h. The cells were pulsed with me-
thionine/cystine-free medium containing 100 uCi/ml of
[**S]methionine/cysteine (PerkinElmer Life Sciences) for 2 h,
and subsequently chased with normal medium containing 1
mM methionine and cysteine for indicated times. After har-
vesting cells, immunoprecipitation using Syn-1 antibody or
anti-Ser-129-phosphorylated a-Syn antibody was carried out.
Immunoprecipitates were subjected to 12.5% gels and trans-
ferred to the PVDF membrane. Signals were detected by BAS-
2000 image analyzer (Fuji Photo Film Co.).

Immunocytochemistry—Wt-aS/SH cells transfected with
ubiquitin cDNA were plated on 4-chamber slides (Nunc,
Rochester, NY) at 1 X 10° cells per well. After 2 days, the cells
were incubated with medium containing either DMSO, 10 um
MG132, or 10 nm OA for 16 h, fixed with 4% para-
formaldehyde for 15 min at room temperature and incubated
with PBS containing 0.2% Triton X-100 for 5 min. After
blocking with 5% skim milk, they were labeled with anti-a-Syn
monoclonal antibody (LB509, 1:250; Covance, Emeryville,
CA) and anti-ubiquitin polyclonal antibody (1:50) overnight
at 4 °C. Then, the cells were incubated with Alexa Fluor 488
anti-mouse IgG and Alexa Fluor 568 anti-rabbit IgG (Invitro-
gen) for 2 h at 37C". The slides were analyzed with a LSM510
meta laser confocal microscope (Zeiss, Jena, Germany).

RESULTS

The Effect of Protein Phosphatase 2A/1 Inhibitor on the Lev-
els of Ser-129-phosphorylated a-Syn in SH-SYSY Cells—The
metabolic fate of a phosphorylated protein is affected by de-
phosphorylation and/or degradation pathways, such as the
proteasome or autophagy-lysosome pathway. Fujiwara et al.
(7) has reported that Ser-129-phosphorylated a-Syn protein
underwent dephosphorylation. This idea is supported by the
findings showing that the protein phosphatase 2A/1 inhibitor,
OA, increases the amount of phosphorylated a-Syn in PC12
cells (15) and HEK293 cells (11). To compare the contribution
of dephosphorylation to the metabolism of Ser-129-phos-
phorylated a-Syn with that of degradation pathways, we first
assessed the effect of OA on the metabolism of Ser-129-phos-
phorylated a-Syn. In this study, we used a cell line (wt-aS/SH)

40734 JOURNAL OF BIOLOGICAL CHEMISTRY

stably expressing wild-type a-Syn, because it is difficult to de-
tect Ser-129-phosphorylated a-Syn at endogenous levels in
SH-SY5Y cells. As compared with the starting levels, the ex-
pression levels of Ser-129-phosphorylated a-Syn were in-
creased 2.60 * 0.43-fold at 2 h (mean * S.D., p < 0.01,n = 4)
and 5.53 * 2.32-fold at 4 h (p = 0.03, » = 4) in the presence
of 10 nm OA (Fig. 1). In contrast, the expression levels of total
a-Syn, including non-phosphorylated and phosphorylated
forms, were constant at 0.92 + 0.04-fold at 2 h (p = 0.125,

n = 3)and 1.03 + 0.23-fold at 4 h (p = 0.861, n = 3), when
compared with starting levels (Fig. 1). Unexpectedly, the ex-
pression levels of Ser-129-phosphorylated a-Syn were moder-
ately but significantly increased 1.82 *+ 0.44-fold at 4 h in the
presence of 0.1% DMSO (p = 0.014, n = 5) (Fig. 1). When the
cells were incubated in medium containing 0.1% PBS for 4 h,
the levels of Ser-129-phosphorylated a-Syn were constant
(Fig. 1). The increased effect of OA on the levels of phosphor-
ylated a-Syn was larger than that of DMSO at 4 h of post-
treatment (5.53 * 2.32-fold in OA versus 1.82 * 0.44-fold in
DMSO) (Fig. 1).

The Effect of Proteasome Inhibitors on the Levels of Ser-129-
phosphorylated a-Syn in SH-SYSY Cells—We tested whether
Ser-129-phosphorylated a-Syn was degraded by the protea-
some pathway, because phosphorylation sometimes acts as a
signal to target the proteins, such as IkBa (16) and $-catenin
(17), to the ubiquitin-proteasome pathway. We treated wt-
aS/SH cells with the proteasome inhibitor, MG132, for 4 h.
The expression levels of Ser-129-phosphorylated a-Syn were
increased 5.07 * 1.86-fold at 2 h (p = 0.022, n = 4) and
10.6 * 5.46-fold at 4 h (p = 0.039, n = 4), as compared with
the starting levels (Fig. 2). Treatment with another protea-
some inhibitor, lactacystin, also showed a 15.3 * 8.24-fold
increase in the levels of Ser-129-phosphorylated a-Syn at 4 h
(p = 0.04, n = 4) (Fig. 2). In contrast, the expression levels of
total a-Syn were constant at 1.00 = 0.08-fold in MG132 (p =
0.929, n = 4) and 1.00 = 0.14-fold in lactacystin (p = 0.986,
n = 4) at4 h (Fig. 2). The increased effect of proteasome in-
hibitors on the levels of phosphorylated a-Syn was much
larger than that of DMSO at 4 h post-treatment (15.3 * 8.24-
fold in lactacystin versus 1.82 = 0.44-fold in DMSO) (Fig. 2).

The Effect of Autophagy-Lysosome Inhibitors on the Levels of
Ser-129-phosphorylated a-Syn in SH-SY5Y Cells—We next
tested whether Ser-129-phosphorylated a-Syn was degraded
by the autophagy-lysosome pathway. As compared with the
starting levels, the expression levels of Ser-129-phosphory-
lated a-Syn were increased 2.05 + 0.52-fold at 32 h in the
presence of 10 mm 3-MA, which inhibits the formation of the
autophagosome (p = 0.027, n = 3) (Fig. 3). The expression
levels of total a-Syn were also increased 1.5 + 0.06-fold at
32 h (p = 0.005, n = 3) (Fig. 3). Additionally, treatment with
100 um of general lysosomal inhibitor, chloroquine, showed
that the expression levels of Ser-129-phosphorylated a-Syn
were 6.52 * 2.20-fold higher than the starting levels at 32 h
(p = 0.049, n = 3) (Fig. 3). The expression levels of total a-
Syn were found to be increased 1.39 * 0.10-fold at 32 h (p =
0.022, n = 3) (Fig. 3). When the cells were treated with 0.1%
PBS as a vehicle control, the levels of Ser-129-phosphorylated
and total a-Syn were constant. Inhibition of the autophagy-
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FIGURE 1. The effect of protein phosphatase 2A/1 inhibitor on the levels of Ser-129-phosphorylated a-Syn in SH-SY5Y cells. SH-SY5Y cells stably ex-
pressing wild-type a-Syn (wt-aS/SH) were incubated in medium containing either 0.1% PBS, 0.1% DMSO or 10 nm OA for 4 h. A, cell lysates (20 ug/lane) were
loaded on SDS-PAGE and analyzed by immunoblotting (/8) with anti-Ser-129-phosphorylated a-Syn antibody (psyn 64) and anti-total a-Syn antibody (Syn-1).
For loading control, the same amounts of samples were immunoblotted with anti-B-actin antibody. Representative blots are shown. B, quantitative analysis
of the alteration in the expression levels of Ser-129-phosphorylated a-Syn in cells in the absence or presence of OA. Relative ratios of the band intensity of
Ser-129-phosphorylated a-Syn to B-actin and total a-Syn to B-actin are shown. Relative ratio was normalized to the starting material just before adding re-
agents. Data represent means * S.D. and the p values (¥, p < 0.05; **, p < 0.01) were estimated by unpaired Student’s t test.

lysosome pathway showed that the expression levels of Ser-
129-phosphorylated a-Syn were elevated almost in parallel to
those of total a-Syn by longer incubations than inhibition of
the proteasome pathway.

Role of Dephosphorylation and Proteasomal Degradation in
the Metabolism of Ser-129-phosphorylated a-Syn in SH-SYSY
Cells—To elucidate the contribution of dephosphorylation
and degradation pathways to the metabolism of Ser-129-
phosphorylated a-Syn, we determined the half-life of Ser-129-
phosphorylated a-Syn by using the de novo protein synthesis
inhibitor, CHX, in wt-aS/SH cells. As shown in Fig. 4, A and
B, the experiment using CHX showed that the amounts of
Ser-129-phosphorylated a-Syn were rapidly decreased. Its
estimated half-life (t,,) was 54.9 * 6.4 min. In contrast, the
expression levels of total a-Syn were stable within the obser-
vation time of up to 240 min (Fig. 4, A and B). Because this
finding suggested that Ser-129-phosphorylated a-Syn was rap-
idly processed by the specific pathway that differed from the
non-phosphorylated form, we then focused on the role of de-
phosphorylation and degradation by the proteasome pathway.
We treated wt-aS/SH cells with CHX plus either OA or
MG132. To ensure that OA or MG132 exerts its inhibitory
effect during the entire course of the experiment, we pre-
treated the cells with the reagents until accumulation of Ser-
129-phosphorylated a-Syn was easily detectable. Under these
conditions, treatment with OA suppressed the decrease in the
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amounts of Ser-129-phosphorylated a-Syn (Fig. 4, A and B).
The amounts of Ser-129-phosphorylated a-Syn were de-
creased to about 50% at 240 min in the presence of OA (Fig. 4,
A and B). Treatment with MG132 remarkably blocked the
decrease in the amounts of Ser-129-phosphorylated a-Syn
(Fig. 4, A and B). The amounts of Ser-129-phosphorylated
a-Syn were almost constant in the presence of MG132 (Fig. 4,
A and B). The amounts of total a-Syn did not change in the
presence of OA or MG132 (Fig. 4, A and B). These data sug-
gested that Ser-129-phosphorylated a-Syn underwent degra-
dation mainly by the proteasome pathway rather than de-
phosphorylation in SH-SY5Y cells. We performed pulse-chase
experiments after metabolic labeling. Ser-129-phosphorylated
a-Syn was decreased between 4 and 6 h of the chase periods,
while total a-Syn was almost stable in the chase period (Fig.
4C). This finding was consistent with the data from experi-
ments using CHX.

To exclude a possibility that the decrease in Ser-129-phos-
phorylated a-Syn was due to degradation of kinases, we exam-
ined whether treatment with CHX altered the expression lev-
els of GRKs and CK2, which have been known to contribute
to the Ser-129-phosphorylation of a-Syn (11, 13, 15, 18, 19).
The expression levels of ubiquitously expressing members of
GRKs (GRK2, -3, -5, and -6) and CK2 «'-subunit were stable
in the presence of CHX and in the presence of CHX plus ei-
ther OA or MG132 during the observation times (Fig. 4D).
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