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Fibrillization or conformational change of a-synuclein is cen-
tral in the pathogenesis of a-synucleinopathies, such as Parkin-
son disease. We found that the A30P mutant accelerates nncle-
ation-dependent fibrillization of wild type (WT)} e-synuclein.

Electron microscopy observation and ultracentrifugation
* experiments revealed that shedding of fragments occurs from
A30P fibrils and that these fragments accelerate fibrillization by
serving as seeds. Immunochemical analysis using epitope-spe-
cific antibodies and biochemical analyses of protease-resistant
cores demonstrated that A30P fibrils have a distinct conforma-
tion. Interestingly, WT fibrils formed with A30P seeds exhibited
the same character as A30P fibrils, as did A30P fibrils formed
with WT seeds, indicating that the A30P mutation affects the
conformation and fibrillization of both WT and A30P. These
effects of A30P mutation may explain the apparent conflict
between the association of A30P with Parkinson disease and the
slow fibrillization of A30P itself and therefore provide new
insight into the molecular mechanisms of @-synucleinopathies.

Parkinson disease (PD)? is the second most common neuro-
degenerative disorder, after Alzheimer disease. Neuropatho-
logical features of PD are selective loss of dopaminergic neu-
rons in the substantia nigra and appearance of intracellular
inclusion bodies, referred to as Lewy bodies (LBs) and Lewy
neurites. Ultrastructurally, LBs are composed of a dense core of
filamentous and granular material that is surrounded by radi-
. ally oriented fibrils (1, 2). Biochemical and immunochemical
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analyses showed that hyperphosphorylated a-synuclein is the
major component of the fibrous structures of LBs and Lewy
neurites {3).

Genetic analyses of a-synuclein gene of familial cases of PD
and dementia with LBs have demonstrated that expression of
abnormal e-synuclein or overexpression of normal a-synuclein
is associated with these diseases; namely, three missense muta-
tions {A53T (4), A30P (5), and E46K (6)) and multiplication
(7-12} of the a-synuclein gene have been found to cosegregate
with the onset of PD in kindreds of autosomal dominantly
inherited familial PD and dementia with LBs.

a-Synuclein is a 140-amino acid protein, harboring seven
imperfect tandem repeats (KTKEGV-type) in the N-terminal
half, followed by a hydrophobic central region (non-Ap com-
ponent of Alzheimer disease (NAC)) and an acidic C-terminal.
The tandem repeat region has been assumed to form an
amphipathic a-helix by binding to phospholipid (13). Circular
dichroism and Fourier-transform IR analysis revealed that
a-synuclein is a natively unfolded protein with little ordered
secondary structure (14). However, recent NMR analyses have
revealed three intramolecular long range interactions. These
interactions are between the highly hydrophobic NAC region
(residues 85-95) and the C terminus (residues 110-130),
C-terminal residues 120130 and residues 105115, and the

region around residue 120 and the N terminus around residue

20 (15).

Recombinant e-synuclein in vitro assembles into fibrils that
closely resemble those in brains with PD and dementia with LBs
upon incubation at a high concentration at 37 °C with shaking,
whereas other synuclein family proteins (i.e. B-synuclein and
y-synuclein) neither accumulate in the brain (1, 16) nor form
fibrils (17-19). During the assembly of a-synuclein fibrils, con-
formational change from random coil to -sheet structure can
be observed. It has been shown that the sequence of the NAC
region in a-synuclein is necessary for the assembly (20).

Mostly in in vitro experiments, it has been shown that the
A53T and E46K mutations promote fibrillization (17, 21-25),
whereas the effect of ABOP mutation on fibrillization is unclear.
1t has been reported that A30P mutation promotes oligomer-
ization of nonfibrillar protofibrils (23, 26) and that some of the
protofibrils with a circular morphology may form pores by
binding to ER membrane (27). It has also been reported that
A30P mutation is defective in binding to phospholipid vesicles,
and the alteration of membrane interaction could contribute to
early onset of PD (28,29).
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Assembly of protein into fibrils is usually 2 nucleation-de-
pendent process that consists of a lag phase (nucleation) and a
growth phase (elongation). a-Synuclein fibrillization was con-
firmed to be a nucleation-dependent process (22). The addition
of seeds to the monomer promotes fibrillization by rendering
the nucleation process redundant. Not only wild type (WT)

fibrils but also A53T fibrils have been reported to act as nuclei .

for fibrillization of WT a-synuclein (30).

In this study, we have investigated nucleation-dependent
fibrillization of WT and A30P a-synuclein and the conforma-
tions of WT and A30P fibrils formed in the presence of WT
and A30P seeds. We found that A30P seeds accelerated the
nucleation-dependent fibrillization of WT a-synuclein more
effectively than did WT seeds. Further, A30P fibrils have a dis-
tinct conformation from WT fibrils and show a higher level of
fragment shedding. The WT fibrils formed in the presence of
A30P seeds showed the same character as A30P fibrils, suggest-
ing that the nucleation-dependent assembly of WT fibrilsin the
presence of A30P seeds results in conversion of WT conforma-
tion to that of A30P. Further, the A30P fibrils formed in the
presence of WT seeds shared the properties of A30P fibrils. The
in vitro results shown here implicate the structural and func-
tional differences among a-synuclein amyloid fibrils, useful for
understanding the pathogenesis of a-synucleinopathies.

EXPERIMENTAL PROCEDURES

Antibodies—a-Synuclein epitope-specific polyclonal anti-
bodies syn1-10, syn75-91, and syn131-140 were raised against
synthetic peptides MDVEMKGLSKC (residues 1-10 with Cys
at the C terminus), CTAVAQKTVEGAGSIAAA (residues
75-91 with Cys at the N terminus), and CEGYQDYEPEA (res-
idiies 131-140 with Cys at the N terminus) of human
a-synuclein, respectively. Peptides were conjugated to m-ma-
leimidobenzoyl-N-hydrosuccinimide ester-activated keyhole
limpet hemocyanin. The keyhole limpet hemocyanin-peptide
complex (1 mg of each immunogen) emulsified in Freund’s
complete adjuvant was injected subcutaneously into a New
Zealand white rabbit, followed by five weekly subcutaneous
injections of 150 mg of KLH-peptide complex emulsified in
Freund’s incomplete adjuvant starting from 3 weeks after the
firstimmunization. Other anti-a-synuclein antibodies, number
36 (residues 1-10) and NAC2 (residues 75-91), were kindly
provided by Dr. Iwatsubo and Dr. Jakald, respectively.

Expression and Purification of Human WT and Mutant
a-Synuclein—Human a«-synuclein  ¢DNA in bacterial
expression plasmid pRK172 was provided by Dr. Goedert.
A30P, E46K, and A53T mutations were induced by site-di-
rected mutagenesis (Stratagene). WT and mutant a-synuclein
were expressed in Escherichia coli BL21 (DE3) cells and purified
as described (31). Protein concentratmn was determined as
described (31).

Fibrillization of WT and Mutant a-Synuclein—Purified WT
and mutant a-synuclein (1 mg/ml) were each incubated at
37 °C, with shaking at 200 rpm in 30 mm Tris-HCl, pH 7.5,
containing 0.1% NaN,. For quantitative assessment of fibrilli-
zation, aliquots (10 ul} of assembly mixture were removed at
various time points, brought to 300 pl with 5 mM Thioflavin §
{Th-S) in 20 myv MOPS, pH 6.8, and incubated for 60 min at
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room temperature. Fluorimetry was performed using a Hitachi
F4000 fluorescence spectrophotometer (set at 440 nm excita-
tion/521 nm emission) as described (32).

- Preparation of Seeds—Purified WT and mutant a-synuclein
(7 mg/ml} were each incubated for 96-120 h at 37 °C, with
shaking at 200 rpm in 30 mM Tris-HCl, pH 7.5, containing 0.1%
NaNj;. Assembly mixture was diluted in 5 volumes of 30 mM
Tris-HCl, pH 7.5, and ultracentrifuged at 151,000 X g for 20
min at 25 °C. The pellets were resuspended in 5 volumes of 30
mm Tris-HCl, pH 7.5, and ultracentrifuged-at 151,000 X gfor 20
min again. The pellets were resuspended homogeneously by
pipetting in 30 m Tris-HC, pH 7.5, containing 0.1% NaN; and
used as seeds. Aliquots of seeds or fibrils were solubilized in 6 M
guanidine hydrochloride, and the concentration of a-synuclein
was determined as described (31).

Nucleation-dependent Fibrillization of o«-Synuclein—Puri-
fied WT or mutant a-synuclein (1 mg/ml) in 30 mM Tris-HCl,
pH 7.5, containing 0.1% NaN;; was incubated with seeds (1% of
total protein) for 0~144 h at 37 °C without shaking. Fibrilliza-
tion was monitored by measuring Th-S fluorescence.

Semiquantitative Analysis of Fibril Length in Suspended
Fibrils—Fibrils formed in the presence or absence of seeds (0.1
mg/ml} were observed at a magnification of X25,000 by elec-
tron microscopy after suspension by pipetting. Fibril length
was measured on the photographs, and the populations were
calculated.

Characterization of Seeds by Ultracentrifugation—Seeds or
fibrils formed in the presence of seeds (1.0 mg/ml) were sus-
pended in 5 volumes of 30 mM Tris-HCl, pH 7.5, and incubated
for 30 min at room temperature, followed by ultracentrifuga-
tion for 20 min at 109,000 X g The pellets were resuspended in
equal volumes of the supernatant with 30 mm Tris-HClL, pH7.5.
The supernatant and suspension were treated with 5X SDS
sample buffer and subjected to SDS-PAGE. After staining of
gels with Coomassie Brilliant Blue (CBB) and scanning, the
intensities of the a-synuclein band were quantified by Scion
Image (Scion Corp.). Aliquots of the supernatants were exam-
ined by electron microscopy and used for studies of nucleation-
dependent fibrillization.

Electron Microscopy—TFibrils, seeds and fibrils formed in the
presence of seeds were diluted in 30 mum Tris-HCl, pH 7.5. Ali-
quots of these dilutions and centrifugal supernatants of seeds
and fibrils formed in the presence of seeds were placed on 400-
mesh collodion-coated grids, negatively stained with 2% lith-
fum phosphomngstate, and observed with a‘)'E()L 1200EXII
electron microscope.

Dot Blot Assay—a-Synuclein monomer, seeds and fibrils
formed in the presence of seeds were diluted in 30 my Tris-
HCL, pH 7.5, 0.1% NaNj and spotied onto polyvinylidene diflu-
oride membrane. The membrane was probed with epitope-spe-
cific ‘a-synuclein antibodies synl-10 (N-terminal region),
syn75-91 (NAC region), and syn131-140 (C-terminal region)
or stained with CBB to detect total protein. Immunoreactivity
was visualized using the avidin-biotin detection system {Vector
Laboratories) and quantified by scanning as described above.

Comparison of Protease-resistant Cores of a-Synuclein Fibrils—
Seeds or fibrils formed in the presence of seeds (1.0 mg[ml)
were sonicated and treated with 50 pg/ml trypsin or 2 pg/ml
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FIGURE 1. Fibrillization of WT and mutant «-synuclein (8) and promotion of WT a-synudiein fibrillization
by the addition of WT or mutant fibrils seeds (B). A, WT and mutant a-synuclein {1.0 mg/ml) were incubated
with shaking at 37 °Cin the absence of seeds. B, WT e-synuclein (1.0 mg/mi) was incubated without shaking at
37°C in the presence of WT or mutant fibril seeds (0.1% of total protein). Fibrilization was monitored by
measuring the Th-S fluorescence. Results are expressed as means = SE (n = 3).

proteinase K at 37 °C for 30 min. The reaction was stopped by
boiling for 5 min. The solution was treated with sample buffer
containing 2% SDS and 8 M urea and subjected to SDS-PAGE.

Cytoroxicity Assay—The cytotoxic effect of a-synuclein
fibrils was assessed by measuring cellular redox activity with
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), as described (33). Briefly, SH-SY5Y cells cultured in a
96-well microtiter plate were treated with 500 nM e-synuclein
monomer, fibrils (suspended by pipetting or somication), or
fibrils formed in the presence of seeds. Following a 6-h incuba-
tion, the cytotoxic effect was assessed by measuring cellular
redox activity.

Statistical Analysis—Statistic analysis was performed using
unpaired Student’s ¢ test. The results are expressed as means =
S.E. of three independent experiments (# = 3).

RESULTS

Effect of A30P Seeds on Fibrillization of a-Synuclein—
First, we tested the effect of mutations on fibrillization of
a-synuclein. Asshown in Fig. 14, both A53T and E46K mutants
fibrillized faster than WT, whereas the fibrillization of A30P
mutant was much slower than that of WT, confirming the pre-
vious observations. Since A53T fibrils can act as seeds for the
fibrillization of WT a-synuclein (30), we next investigated
whether A30P fibrils also act as seeds for WT monomer. We
incubated WT a-synuclein with WT, A30P, E46K, or A53T
seeds under conditions where WT a-synuclein itself does not
form fibrils and analyzed fibrillization (Fig. 1B). Fibrillization
was observed following the addition of either WT seeds or
mutant seeds. Interestingly, the assembly was faster in the pres-
ence of A30P seeds than in the presence of WT or the other
mutant seeds. The time required for half-maximat fibrillization
was ~1.5 days with A30P seeds, which is shorter than those
with the other seeds, WT (2.5 days), E46K (more than 6 days),
and A53T (6 days).

In the brains of patients with the A30P mutation, both WT
and A30P a-synuclein are expressed. Therefore, a mixture
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Fibrils—To elucidate the mecha-
nism of the effect of A30P seeds on
fibrillization, we utilized electron
microscopy (Fig. 2). Many tiny or
short fibrils were observed in A30P
seeds, whereas relatively long fibrils
were predominantly detected in WT, E46K, and A53T seeds
(Fig. 24, v, vi, vii, and viii}. This observation was confirmed by
measuring the fibril length in these seeds. Short fibrils of less
than 100 nm were predominant in the A30P seeds, whereas
longer fibrils were detected in the WT and A53T seeds (supple-
mental Fig. 34). Before preparation of the seeds, WT and
mutant e-synuclein fibrils were uniformly long and showed no
morphological differences (Fig. 24, i, ii, iii, and iv). Therefore, it
appeared that A30P fibrils readily fragmented during the proc-
ess of seed preparation. To test whether the small fibrils could
be separated by centrifugation or not, WT and mutant
a-synuclein seeds were ultracentrifuged, and the supernatants
were observed by electron microscopy. Surprisingly, many tiny
fibrils were observed in the supernatant of A30P seeds, whereas
such tiny fibrils were hardly detected in the supernatant of WT,
E46K, and A53T seeds (Fig. 24, ix, x, xi, and xii), indicating
that A30P fibrils have a higher propensity for shedding frag-
ments than do WT fibrils and that the small fragments are
recovered in the supernatant of ultracentrifugation.

We then attempted to quantitate the fragmented fibrils by
ultracentrifugation. The centrifugal supernatant was subjected
to SDS-PAGE, and the gel was stained with CBB. As
expected, more a-synuclein was detected in the supernatant
of A30P seeds than in those of WT, E46K, and A53T seeds
(Fig. 2, Band C).

Next, we investigated whether the tiny fibrils recovered in
the supernatant of ultracentrifugation can act as seeds for fibril-
lization of e-synuclein. WT a-synuclein was incubated with the

supernatant of WT, A30P, E46K, or A53T seeds (10% of total -

volume), and fibrillization was monitored by a Th-S assay. In
the presence of the supernatant of WT, E46K, and A53T seeds,
avery slow increase of Th-S was observed, whereas fibrillization
was accelerated in the presence of the supernatant of A30P
seeds (Fig. 2D), as seen in the fibrillization in Fig, 1B. These
results indicate that the A30P fibrils readily shed many tiny
fibrils that can act as seeds for fibrillization.
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FIGURE 2. EM and biochemical analyses of WT and mutant seeds. A, electron microscopy of WT and mutant fibrils, fibril seeds, and seed supernatants (sup)

after ultracentrifugation. Shown are fibrils i, ii, il, and iv), seeds (v, vi, vij, and viji), and seed supematants (ix, x, Xj, and xif) of WT {i, v, and ix), A30P (i, vi, and x),
E46K (ii, vii, and xi), and AS53T (iv, vili; and xif} c-synuclein. Negatively stained fibrils, seeds, or seed supernatants were observed by electron microscopy. Scale
bar, 200 nm. B, biochemical analysis of WT and mutant seeds after ultracentrifugation. Pellets and supernatants were subjected to SDS-PAGE and stained with
(BB. C, quantification of a-synuclein recovered in the supernatants and pellets (expressed as a percentage of total a-synuclein, taken as 100%). The resuits are
expressed as means X SE. (n = 3) (*, p < 0.01). D, WT o-synuciein monomer seeding activities of short fibrils recovered in the supernatants of ultracentrifu-

gation. The results are expressed as means £ SE (= 3).
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FIGURE 3. EM and biochemical analyses of WT fibrils formed in the presence of WT ar A30P seeds. A, EM analysis of WT fibrils formed in the presence of WT
or A30P seeds, suspended fibrils,and the supernatants after ultracentrifugation for WT fibrils formed with WT seeds {j, i, and v) and WT fibrils formed with A30P
- seeds (i, iv, and vi). Negatively stained WT fibrils formed in the presence of WT or A30P seeds (f and if), the fibrils after suspension (i and iv}, and the fibrils in the
supernatants after centrifugation (v and v) were observed by electron microscopy. Scale bar, 200 nm. B, biochemical analysis of a-synuclein fibrils fractionated

by ultracentrifugation. C, quantification of a-synuclein recovered in the supernatants and pellets after ultracentrifugation {expressed as a percentage of total -

a-synudein, taken as 100%). The results are expressed as means £ SE (n = 3) (%, p < 0.01).

Shedding Property of WT Fibrils Formed in the Presence of that WT fibrils formed in the presence of A30P seeds have the

A30P Seeds—Next, we investigated whether or not the WT

fibrils formed in the presence of A30P seeds have the same
properties as A30P fibrils (Fig. 34). The WT fibrils formed in
the presence of A30P seeds appeared to be morphologically
indistinguishable from the WT fibrils formed in the presence of
WT seeds before preparation of suspensions (Fig. 34, i and if).
However, after suspension, many tiny fibrils were shed from
WT fibrils formed in the presence of A30P seeds, whereas only
a few short fibrils were shed from WT fibrils formed in the
presence of WT seeds (Fig. 34, iii and iv). This was confirmed
by measuring the fibril length in these suspensions of fibrils
produced by pipetting (supplemental Fig. 3B). After ultracen-
trifugation, many tiny fibrils were observed in the supernatant
of WT fibrils formed in the presence of A30P seeds, whereas
few such fibrils were detected in the supernatant of WT fibrils
formed in the presence of WT seeds (Fig. 34, v and vi). Quan-
titative analysis confirmed that a larger amount of a-synuclein
was present in the supernatant of WT fibrils formed in the
presence of A30P seeds than in that of WT fibrils formed in the
presence of WT seeds (Fig. 3, B and C). These results suggest

7944  JOURNAL OF BIOLOGICAL CHEMISTRY

same shedding propensity as A30P fibrils.

Immunochemical Analysis of «-Synuclein Fibrils with
Epitope-specific Antibodies—To investigate the structural dif-
ferences between WT fibrils and A30P fibrils and between WT
fibrils formed in the presence of WT seeds and WT fibrils
formed in the presence of A30P seeds, we employed a dot blot
assay with three epitope-specific antibodies to a-synuclein,
synl-10 (N-terminal region), syn75-91 (NAC region), and
syn131-140 (C-terminal region).

Asshown in Fig. 4, G and J, syn131-140 stained both WT and
A30P fibrils (fibril seeds) almost equally, whereas syn75-91
(Fig. 4, Eand [) strongly labeled only WT fibrils. syn1-10 (Fig. 4,
C and 1) labeled A30P fibrils more strongly than WT fibrils.
Similar results were obtained with other independently pro-
duced anti-x-synuclein antibodies to the N terminus (number

. 36, a gift from Dr. Iwatsubo) and anti-NAC antibody (NAC2, a
gift form Dr. Jakild) (data not shown). These results suggest
that the conformation of A30P fibrils is different from that of
WT fibrils. Interestingly, dot blot analysis of WT fibrils formed
in the presence of A30P seeds showed a pattern of immunore-

“BEP8\

VOLUME 284+ NUMBER 12-MARCH 20, 2009

143

0102 "2 el U0 "ALISHIAINN YYVSO e Biooqf mmw oy papeojumoq



Supplemental Matertal can be found at:
hitp:/iwww jbc.orglcontent/suppl/2009/01/22/MB07482200.DC 1 himi

1

Effect of A30P Mutation on Fibrillization of a-Synuclein

WT
fibrifs

A30P
fibrils

St
S

s syn131-140

{ 150 - : W Sris o AP s
P - C SWT+WTsends QW+ AXPsonds
s L
@ %? 77
2 100 s 7B
B ¥ 3 I
c { !
3 & |
ER
] { !
ar i T
© i !
o LI ! ‘I Y.
syn 75-91 syn 13+140

FIGURE 4. Dot blot analysis of WT fibrils formed in the presence of A30P fibril
antibodies. Equal amounts of serially diluted WT fibrils, A30P fibrils, WT fibrils formed in the presence of WT
seeds, and WT fibrils formed in the presence of A30P seeds were spotted onto polyvinylidene difluoride
membrane, stained with CBB {A'and 8); or immunodetected with syn1-10 {Cand D}, syn75-91 (Fand F), and
syn131-140 antibodies (G and H). For CBB staining and dot blotting with syn74
protein were spotted. For immunodetection with syn1-10 and 5yn131-140, 1
were spotted. A typical expetiment is shown; similar resufts were obtained in three separate experiments.
1, quantification of immunoreactivities of WT fibrils, A30P fibrils, and WT fibril
seeds or A30P seeds. Theresults are expressed asa percentage of immunoreactivity of WT fibrils, taken as 100%

(means = SE,n=3){*p < 0.01).

activity similar to that of A30P fibrils (Fig. 4, D, F, and ),
whereas WT fibrils formed in the presence of WT seeds showed
the same pattern as WT fibrils (Fig. 4, D, F, and I). These results
suggest that the WT fibrils formed in the presence of A30P
seeds have a similar conformation to that of A30P fibrils. WT or
A30P monomer showed very weak immunoreactivities to
synl-10 and syn75-91 (supplemental Fig. 2, C, E, and 7). WT
fibrils showed comparatively strong immunoreactivities to all
threeantibodies, whereas A30P fibrils showed a distinct pattern
(supplemental Fig. 2, D, F, and I), being labeled strongly with
syn1-10 but hardly at all with syn75-91.
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-91, 109, 50, 25,and 125 ng of
0, 5, 2.5, and 1.25 ng of protein

s formed in the presence of WT

B Comparison of Protease-resistant
WT fibrils Cores of WT and A30P o-Synuclein
with WT g Fibrils—In order to investigate the
structural differences between WT

WT fibrils and A30P fibrils and also between
with A30P-seeds T fibrils formed in the presence of
WT seeds and WT fibrils formed in
‘the presence of A30P seeds, we ana-
lyzed protease-resistant cores of
these fibrils after digestion with
trypsin or proteinase K. Amyloid

eases and other types of amyloidosis
are known to be highly resistant to

of protease-resistant cores is fre-
quently used for investigating the

(34-36).

H When monomeric a-synuclein
was digested with trypsin or pro-
teinase K, no band was detected
{Fig. 5A). In contrast, 8-12 kDa
core bands remained when the
fibrils were treated with trypsin or
proteinase K. Trypsin digestion of
the fibrils composed of WT af-
forded two major bands of 10 and
~13 kDa (black arrowheads), and a
similar band pattern was observed
after the digestion of the WT fibrils
formed in the presence of the WT
seeds. On the other hand, two major
bands of 9.5 and ~12.5 kDa (white
‘arrowheads) with smaller molecular
weights than those of the WT bands
were detected after the digestion of
A30P fibrils and WT fibrils formed
in the presence of A30P seeds (Fig.
5, B and (). Similarly, digestion of

seeds with epitope-specific

the presence of WT seeds with pro-
teinase K, a nonspecific protease,
showed three major bands of 10-12
kDa (black arrowheads), whereas
one major band of ~11.5 kDa (white
arrowhead) was detected after the
digestion of A30P fibrils and WT fibrils formed in the presence
of A30P seeds (Fig. 5, B and C). These protein-chemical data
strongly suggest that the core structures of A30P fibrilsand WT
fibrils formed in the presence of A30P seeds are distinct from
those of WT fibrils and WT fibrils formed in the presence of
WT seeds and further support the immunochemical results
described above.

Effect of WT Seeds on Fibrillization of A30P Mutant
a-Synuclein—Since WT a-synuclein assembles into fibrils
faster than A30P mutant a-synuclein iz vitro (Fig. 14), WT
seeds may be formed earlier than A30P seeds in the brains of
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B C D

A

FIGURE 5. Comparison of protease-resistant cores of WT fibwils, A30P fibrils,
eribrilsformedinthepresenceofﬁ%?seeds,andASﬁPﬁbrﬂsfermediﬂ
the presence of WT seeds. Monomeric WT and A30P a-synuclein (4), pre-
formed WT and A30P fibrils (8), WT fibrils formed in the presence of WT seeds
or A30P seeds {C), or WT or A30P fibrils formed in the presence of WT seeds (D)
were treated with trypsin {final 50 pg/mi) or proteinase K (final 2 wng/mi) for 30
min and subjected to SDS-PAGE. Bands were stained with CBB, Note that
protease-resistant band patterns of WT fibrils formed with WT seeds are the
same as those of WT fibrils (black arrowheads), whereas the band patterns of
WT fibrils formed with A30P seeds and A30P fibrils formed in the presence of
WT seeds are the same as those of ASOP seeds (white arrowheads). A typical
experiment is shown; similar results were obtained in three separate
experiments.

WT monomer

patients with the A30P mutation. We therefore investigated
whether A30P mutant a-synuclein can assemble into fibrils in
the presence of WT seeds and whether the A30P fibrils formed
in the presence of WT seeds show the characteristics of WT
fibrils. Nucleation-dependent fibrillization of A30P mutant
a-synuclein was observed in the presence of WT seeds. When
the A30P fibrils formed in the presence of WT seeds were ana-
lyzed by electron microscopy and ultracentrifugation (Fig. 6),
the A30P fibrils formed in the presence of WT seeds appeared
to be morphologically indistinguishable from the WT fibrils
formed in the presence of WT seeds before the preparation of
suspensions (Fig. 64, { and ii). However, after suspension, many
tiny fibrils were observed in the A30P fibrils formed in the pres-
ence of WT seeds, whereas such short fibrils were hardly
detected in the WT fibrils formed in the presence of WT seeds
(Fig. 64, iii and iv). This was confirmed by measuring the length
of fibrils in these suspensions prepared by pipetting (supple-
mental Fig. 3. Many tiny fibrils were observed in the superna-
tant of A30P fibrils formed in the presence of WT seeds,
whereas such tiny fibrils were hardly detected in the superna-
tant of WT fibrils formed in the presence of WT seeds (Fig. 64,
v and vi). Quantitative analysis of a-synuclein in the superna-
tants and pellets by SDS-PAGE confirmed the results of EM
observation; more a-synuclein was detected in the supernatant
of A30P fibrils formed in the presence of WT seeds than in that
of WT fibrils formed in the presence of WT seeds (Fig. 6, Band
C©). These results indicate that A30P fibrils formed in the pres-
ence of WT seeds do not acquire the character of the WT seeds

but retain the character of A30P

fibrils.

N s Conformation of A30P Fibrils

MONs mono

AP
mono

* WT seods Formed inthe Presence of WT Seeds—

To investigate the relationship

0
g

Rato to Tétm Protein (¥}

;?% : ;,;w % between the shedding propensity of
fibrils and conformation, we ana-
lyzed A30P fibrils formed in the
presence of WT seeds by dot blot
assay using the epitope-specific
antibodies (Fig. 7). Surprisingly,
A30P fibrils formed in the presence
of WT seeds showed the same pat-
tern of immunoreactivity as A30P
fibrils, and the pattern was different
from that of WT fibrils formed in
the presence of WT seeds (Fig. 7, C,
D, E, F, and J). Similar results were
obtained with number 36 and

it

Fibrils recovered
in 100k X gsup

NAC2 antibodies (data not shown).

WT A30P
To further investigate the struc-

TR0 WMONo

+ WTseeds tural differences between WT fibrils

(n=3)(% p<001).
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sup

FIGURE 6. EM and biochemical analyses of A30P fibrils formed in the presence of WT seeds. A, EM
analysis of WT fibrils formed in the presence of WT seeds (i, jii, and v} and A30P fibrils formed in the
presence of WT seeds (i, iv, and vi) before and after suspension. Negatively stained WT or A30P fibrils
formed in the presence of WT seeds ( and i), the fibrils after suspension {fif and iv), and the fibrils in the
supernatants after centrifugation (v and vi} were observed by electron microscopy. Scale bar, 200 nm.
B, CBB staining of a~synuclein recovered in the supernatants and the pellets after centrifugation of the
fibrils. €, quantification of a-synuclein recovered in the supernatants and pellets after ultracentrifugation
{expressed as a percentage of total a-synuclein, taken as 100%). The results are expressed as means + S.E.

formed in the presence of WT seeds
and A30P fibrils formed in the pres-
ence of WT seeds, the protease-re-
sistant cores of the fibrils were ana-
lyzed. As shown in Fig. 5, B and D,
the band patterns of the trypsin-
and proteinase K-resistant cores of
A30P fibrils formed in the presence

opt
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of WT seeds were the same as those of A30P fibrils (white
arrowheads) and distinct from those of WT fibrils and WT
fibrils formed with WT seeds (black arrowheads). These
results strongly support the view that A30P fibrils formed in
the presence of WT seeds do not acquire the conformation of
the WT seeds but retain the conformation of A30P fibrils.
Cytotoxicities of WT and Mutant a-Synuclein Fibrils—To
investigate the relationship between the shedding propensity of
fibrils and the cytotoxicity, SH-SY5Y cells were treated with
WT or mutant fibrils (suspended by pipetting or sonication),

BSHeN
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syn 131-140

FIGURE 7. Dot bliot analysis of WT or A30P fibrils formed in the presence of WT seeds with epitope-
spedificantibodies. Equal amounts of WT and A30P fibrils, WT fibrils formed in the presence of WT seeds, and
A30P fibrils formed in the presence of WT seeds were spotted on polyvinylidene difiuoride membrane and
stained with CBB (A and B} or immunodetected with syn1-10 {C and D), syn75-91 (€ and F), or syn131-140
antibodies (G and H). For CBB staining and dot blotting with syn74-91, 100, 50, 25, and 12.5 ng of protein were
spotted. For immunodetection with syn1-10 and syn131-140, 10, 5, 2.5, and 1.25 ng of protein were spotted.
A typical experiment is shown; similar results were obtained in three separate experiments. {, quantification of
immunoreactivities of WT fibrils, A30P fibrils, and WT or A30P fibrils formed in the presence of WT seeds. The
results are expressed as a percentage of immunoreactivity of WT fibrils, taken as 100% {means x SE, n = 3}

and the cytotoxicity was determined
by an MTT reduction assay, as has

~ WTiibrils been used widely. As shown in Fig.
with WT-seeds 8A4, 3l fibrils composed of WT or
A30P fibrils mutant a-synuclein showed a sig-
with WT-seeds nificant reduction of MTT (p <

0.01), whereas no toxicity was
detected with monomeric WT or
mutant a-synuclein. Interestingly,
A30P fibrils showed a stronger
effect than WT fibrils or the other
mutant fibrils, suggesting a link
between shedding propensity and
cytotoxicity. When cells were
treated with sonicated fibrils, which
~were fragmented homogeneously
to short fibrils (data not shown),
the cytotoxicity was significantly
enhanced {p < 0.01), although the
-increase was small in the case of the
E46K mutant (Fig. 84). These
results indicate that large numbers
of short fibrils are more toxic than
small numbers of long fibrils. It is
possible that short fibrils can inter-
act with cell membranes more easily
than long fibrils. The cytotoxicities
of WT fibrils formed in the presence
of A30P seeds and A30P fibrils
formed in the presence of WT seeds
were also analyzed by MTT assay
(Fig. 8B). These fibrils with in-
creased shedding propensity showed
stronger cytotoxicity than WT
fibrils formed in the presence of WT
seeds, and sonication enhanced the
toxic effects of these fibrils. These
data demonstrate a close correla-
tion between the shedding propen-
sity of fibrils and the cytotoxicity.

DIsSCUsSSION

Nucleation-dependent aggrega-
tion has been reported to play a role
in the fibrillization of many amyloi-
dogenic proteins, including AB pro-
tein, B2-microglobulin, and apoA-II
{37-39). Assembly of a-synuclein
into fibrils has also been shown to be a nucleation-dependent
process (22). In this study, we have extensively investigated
the nucleation-dependent assembly of WT and mutant
a-synuclein into fibrils, the shedding properties of these
fibrils, and the conformational differences between WT and
A30P fibrils and between these fibrils formed in the presence of
different seeds. The addition of A30P seeds to WT monomer
promoted the fibrillization of WT a-synuclein, indicating that
A30P fibrils have a cross-seeding effect on WT a-synuclein.
Surprisingly, A30P seeds promoted the fibrillization of WT
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ilar effect has been seen with yeast
prion protein and AB (45, 46).

In this study, we have employed a
novel method using epitope-spe-
cific antibodies of a-synudlein to
detect structural difference between

FIGURE 8. Cytotoxidities of WT and mutant e-synudein fibrils. 4, SH-SYSY cells were treated with monomericWT
ormutant e-synuclein, suspended fibrils, or sonicated fibrils, and cellular damage was detected by an MTT reduction
assay. Significant reduction of MTT was detected in cells treated with WT and mutant fibrils {p > 0.01), whereas no
toxicity was detected in the case of monomeric a-synuclein. B, cytotoxic effects of WT fibrils formed in the presence
of WT seeds or A30P seeds and A30P fibrils formed in the presence of WT seeds {suspended or sonicated). The results
are presented as percentage MTT reduction, with the values obtained upon the addition of 3¢ ram Tris-HC|, pH7 5,

taken as 100%. The results are expressed as means. = SE (n = 3) ( p < 0.01).

faster than did WT, E46K, and A53T seeds. In contrast, the
seeding effect of A53T seeds on WT a-synmuclein was similar to
that of WT seeds, and that of E46K seeds was much smaller. EM
and ultracentrifugation studies revealed that the strong seeding
effect of A30P was due to the enhanced shedding propensity of
A30P fibrils. A similar effect of amyloid fibrils has been found in
studies of yeast prion protein (Sup35) (40). Sup35 N-terminal
residues 1-254 (SupNM) assembled into amyloid fibrils with
different conformations, Sc4 or Sc37, upon incubation at 4 or
37 °C, respectively. Sc4 had a higher fragility than S¢37, and
only Sc4 amyloid had high infectivity and seeding efficacy for
fibrillization of Sup35 monomer. Furthermore, it has been
reported that pathological prion protein can be detected sensi-
tively by cyclic amplification of protein misfolding with sonica-
tion (41). These reports demonstrate that fragmentation or
shedding of amyloid fibrils can accelerate fibrillization and
result in high infectivity and are therefore consistent with our
findings here. Substitution of alanine to proline at residue 30
may have a significant effect on the conformation of
a-synuclein monomer and assembled fibrils. Proline intro-
duces a bend in the peptide chain, abolishing e-helix structure
and disrupting B-sheets. It has been shown that in the A30P
mutant, a region of helical structure (residues 18-31) that
exists in WT is abolished, formation of B-sheet-rich mature
fibril structure is retarded, and the polypeptide backbone stiff-
ness (segment length of about 5 residues) is increased {42, 43).
Since the A30P mutation exists in the vicinity of the N terminus
of the fibril core (residues 31-109) (34), it is reasonable to spec-
ulate that the proline residue would affect both fibrillization
and the conformation of the fibrils.

To investigate whether the structural and biochemical fea-
" tures of A30P fibrils can be transmitted to WT fibrils formed in
the presence of A30P seeds, we analyzed the fibrils by electron
microscopy, ultracentrifugation, dot blot assay, and protease~
resistant core analysis. The results clearly demonstrated that
the unique features of A30P fibrils were transmitted to WT
fibrils grown in the presence of A30P seeds. Transmission of
structures and features of fibrils has been reported in other
amyloidogenic proteins, such as prion proteins and AS. When
amyloid fibrils of Syrian hamster prion protein were added to
mouse prion protein, the mouse prion protein formed Syrian

7948 JOURNAL OF BIOLOGICAL CHEMISTRY

fitwils

WT fibrils and A30P fibrils (Fig. 4).
Dot blot analysis also revealed the
presence of conformational differ-
ences between a-synuclein mono-
mer and the fibrils (supplemental
Fig. 2). WT fibrils were recognized
very strongly by antibodies to the
N-terminal region and NAC region,
. whereas the monomers were only
weakly recognized by these antibodies. Since the N-terminal
region and C-terminal region of a-synuclein show intramolec-
ularlong range interactions (15), itis reasonable that antibodies
to the N terminus and NAC region cannot access the epitopes
in the monomer. The results also suggest that the N-terminal
and NACregions of a-synuclein are both exposed at the surface
in the fibrils (supplemental Fig, 2, D, F, and I). In A30P, how-
ever, the NAC region is buried in the fibrils (supplemental Fig.
2, F and 1), probably because the bent N terminus masks the
NAC region and blocks recognition by the corresponding anti-
body. Recent single molecule studies ir vitro have shown that
under conditions similar to physiological, a-synuclein exists as
three distinct conformers that are characterized by long dis-
tance weak interactions, random coil structure, and B-like
structure and that the relative abundance of B-like conformeris
increased in A30P mutant (47). This is in good agreement with
our observations by dot blot assay of WT and A30P monomeric
a-synuclein with epitope-specific antibodies.

In this study, fibrillization of the A30P monomer was slower
than that of WT, but the seeding effect of A30P on the fibrilli-
zation was stronger than that of WT. This reciprocal effect of
A30P monomer and the fibrils may explain the different results
in the aggregation experiments.

Inn the EM and biochemical analyses of seeds, we found that
small fibril fragments are recovered in the supernatant of A30P
fibrils and that these fragments act as seeds. This is surprising,
because the supernatant after ultracentrifugation is normally
referred to as the soluble fraction in biochemistry: Some reports
have suggested the presence of nonfibrillar soluble oligomers or
abnormal species in the soluble fractions of diseased brains. Itis
possible that such soluble oligomers or abnormal species may
correspond to small fibrils or fragments.

In this in vilro study, we found an important effect of A30P
mutation, which may provide a clue for understanding the
mechanism of easly onsetin patients harboring the A30P muta-
tion. Our schematic models of nucleation-dependent fibrilliza-
tion are shown in Fig. 9. WT fibrils formed in the presence of
A30P seeds possess the structural and functional characteris-
tics of A30P fibrils (Fig. 94), whereas A30P fibrils formed in the
presence of WT seeds do not acquire the character of the WT
seeds but retain the features of A30P fibrils (Fig. 9B). Recent
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FIGURE 9. Schematic iflustration of proposed nudeati

dent

fibrillization of WT and A30P mutant a-synuclein. A, fibrillization of WT
a-synuclein in the presence of WT seeds or A30P seeds. When WT seeds are

added to WT monomer, WT fibrils are formed (top). When A30P seeds are’ -

added to WT monomer, WT fibrils with the character and conformation of
A30P fibrils are formed {(bottom). B, fibrillization of A30P a-synuclein in the
presence of WT seeds. When WT seeds are added to A30P monomer, A30P
fibrils with the usual A30P ﬁbnl conformation are formed.

1mmunohistochenncal analyses of the brains of PD patients
who underwent transplantation have shown that a-synuclein
lesions can propagate from host to grafted cells (48, 49).
Thus, fibrillization of a-synuclein in the brains of patients
with A30P mutation may also be faster than in normal

brains. We would like to investigate this possibility in the

future.
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The conversion of soluble peptides and proteins into amyloid fibrils and/or intermediate oligomers
is believed to be the central event in the pathogenesis of most human neurodegenerative diseases.
Existing treatments are at best symptomatic. Accordingly, small molecule inhibitors of amyloid
fibril formation and their mechanisms are of great interest. Here we report that the conformational
changes undergone by « -synuclein as it assembles into amyloid fibrils can be detected by epitope-
specific antibodies. We show that the conformations of polyphenol-bound a-synuclein monomers

and dimers differ from those of unbound monomers and resemble amyloid fibrils. This strongly sug-
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gests that small molecule inhibitors bind and stabilize intermediates of amyloid fibril formation,
consistent with the view that inhibitor-bound molecular species are on-pathway intermediates.
© 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

The conversion of a small number of soluble peptides and pro-
teins into amyloid fibrils and/or intermediate oligomers is believed
to be the central event in the pathogenesis of most neurodegener-
ative diseases. Three proteins, B-amyloid, tau and o-synuclein,
make up the abnormal deposits in the vast majority of disease
cases [1,2]. Many current therapeutic strategies are aimed at inhib-
iting filament formation and at promoting filament clearance. In
recent years, a number of compounds has been identified that pre-
vent amyloid fibril formation in vitro [3-10]. In the absence of
effective therapies for neurodegenerative diseases, it is important
to understand the mechanisms of action of these compounds.

We previously reported that non-toxic, SDS-stable dimers and
oligomers of tau and a-synuclein formed in the presence of inhib-
itory compounds and that their formation closely correlated with
the inhibition of fibril formation [8,9]. This suggests that small

* Corresponding authors. Fax: +81 3 3329 8035.
E-mail addresses: masato@prit.gojp (M. Hasegawa), mg@mrc-lmb.cam.ac.uk
(M. Goedert).

molecule inhibitors stabilize non-toxic, on-pathway intermediates.
Based on these observations, we presented a model for the inhibi-
tion of tau, a-synuclein and AB aggregation by small molecules.
Ehrnhoefer et al. recently presented a different model for the inhi-
bition of fibril formation of a-synuclein and AB by the small mole-
cule inhibitor (—)-epigallocatechin-3-gallate (EGCG) [11]. They
reported that EGCG inhibited the assembly of a-synuclein and AB
by binding to natively unfolded protein monomers, preventing
their conversion into toxic on-pathway aggregation intermediates.
Instead, a-synuclein and AB formed unstructured, non-toxic oligo-
mers that were said to be off-pathway.

In this study, we used 10 epitope-specific antibodies of a-syn-
uclein spanning the whole of a-synuclein and investigated their
reactivities with monomeric o-synuclein and with o-synuclein fi-
brils. Some antibodies detected conformational changes that dis-
tinguished monomers from fibrils. These antibodies were then
used to detect conformational changes in polyphenol-stabilized
monomers and dimers of a-synuclein. Importantly, SDS-stable,
polyphenol-stabilized monomers and dimers showed an interme-
diate reactivity between that of monomers and fibrils. These
findings indicate that inhibitory compounds bind and stabilize
on-pathway intermediates of amyloid fibril formation.

0014-5793/$34.00 © 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2. Materials and methods
2.1. Antibodies

Polyclonal antibodies were raised against synthetic peptides
corresponding to residues 1-10, 11-20, 21-30, 31-40, 41-50,
51-60, 61-70, 75-91 and 131-140 of human a-synuclein, with
Cys-at the C-terminus or the N-terminus (Greiner Bio-One Co.
Ltd.) (Table 1). The peptides were conjugated to m-male-
imidobenzoyl-N-hydrosuccinimide ester-activated keyhole limpet
hemocyanin (KLH). The KLH-peptide complex (1 mg of each immu-
nogen) emulsified in Freund’s complete adjuvant was injected sub-
cutaneously into a New Zealand White rabbit, followed by 5
weekly subcutaneous injections of 150 pig KLH-peptide complex
emulsified in Freund's incomplete adjuvant, starting 3 weeks after
the first immunization. Antibody Syn259, which recognizes resi-
dues 104-119 of a-synuclein, was kindly provided by Dr. S. Nakajo.

2.2. Expression and purification of a-synuclein

Human o-synuclein was expressed in E. coli BL21 (DE3) cells, as
described [9]. To avoid the production of o-synuclein dimers in-
duced by misexpression of cysteine-containing o-synuclein, the
Y136-TAT construct was used [12]. a-Synuclein was purified by
boiling, Q-Sepharose ion exchange chromatography and ammo-
nium sulfate precipitation, followed by dialysis against 30 mM
Tris-HCl, pH 7.5, and the determination of protein concentrations,
as described [9].

2.3. Preparation of a-synuclein fibrils and inhibitor-bound monomers
and dimers

Purified o-synuclein (7 mg/ml) was incubated at 37°C in a
shaking incubator (200 rpm) in 30 mM Tris-HCl, pH 7.5, containing
0.1% NaNj3 for 72 h. Fibrils were pelleted by spinning the assembly
mixtures at 113000xg for 20 min. To prepare SDS-stable, inhibi-
tor-bound monomers and dimers, the polyphenol exifone was used

" in most experiments [9]. Similar results were obtained with dopa-
mine and gossypetin, two previously described inhibitory
compounds [4,9]. Exifone-bound a-synuclein monomers (Exi-
monomer) and dimers (Exi-dimer) were prepared by gel filtration,
as described [9]. Briefly, a-synuclein (7 mg/ml) was incubated in
the presence of 2 mM inhibitory compound at 37 °C for 72 h in
30 mM Tris-HCl containing 0.1% sodium azide, and centrifuged at
113000xg for 20 min. The supernatants were loaded onto a
Superdex 200 gel filtration column (1 x 30 cm), eluted in 10 mM
Tris-HCl, pH 7.5, containing 150 mM NaCl, and monitored at
214 nm. Fractionated samples were analyzed by SDS-PAGE and
immunoblotting. Protein concentrations were determined as de-
scribed [9].

Table 1

Antigen peptides for immunization of rabbits.

Name of antibodies AA residues Antigen peptide
Syn1-10 1-10 MDVFMKGLSKC
Syn11-20 11-20 AKEGVVAAAEC
Syn21-30 21-30 KTKQGVAEAAC
Syn31-40 31-40 GKTKEGVLYVC
Syn41-50 41-50 GSKTKEGVVHC
Syn51-60 51-60 GVATVAEKTKC
Syn61-70 61-70 EQVTINVGGAVC
Syn75-91 75-91 CTAVAQKTVEGAGSIAAA
Syn131-140 131-140 CEGYQDYEPEA

2.4. ELISA and dot blot assay

For the ELISA, peptide immunogens, a-synuclein monomers and
fibrils, as well as Exi-monomers and dimers (0.5-1.0 pg/well in
50 mM Tris-HCl, pH 8.8) were coated onto microtitre plates
(SUMILON) at 4 °C for 16 h. The plates were blocked with 10% fetal
bovine serum (FBS) in PBS, incubated with the first antibody di-
luted in-10% FBS/PBS at room temperature for 1.5 h, followed by
incubation with HRP-goat anti-rabbit IgG (Bio-Rad) at 1:1000 dilu-
tion, and reacted with the substrate, 0.4 mg/ml o-phenylendi-
amine, in citrate buffer (24 mM citric acid, 51 mM Na,HPO,), The
absorbance at 490 nm was measured using Plate Chameleon
(HIDEX). For the dot blot assay, 100 ng a-synuclein was spotted
onto a PVDF membrane by using a dot blot apparatus (Bio-Rad).
Membranes were stained with Coomassie Brilliant Blue or blocked
with 3% gelatin/PBS and incubated overnight at room temperature
with anti-o-synuclein antibodies in 10% FBS/PBS. Immunoreactiv-

ity was detected with avidin-biotin (Vector Laboratories) and

developed using NiCl-enhanced diaminobenzidine. The rate of
reactivity was quantified by scanning densitometry and expressed
relative to the density of a-synuclein fibrils (taken as 100%).

3. Results
3.1. Antibody specificities

In order to detect conformational changes in a-synuclein, anti-
bodies were raised against nine peptides (corresponding to resi-
dues 1-10, 11-20, 21-30, 31-40, 41-50, 51-60, 61-70, 75-91
and 131-140) (Table 1). The specificities of the antibodies were
analyzed by ELISA. The peptides used as immunogens were coated
on a plate and probed with each antibody. As shown in Fig. 1, each
antibody reacted strongly with the appropriate peptide, but hardly
with the other peptides. Antibody Syn41-50 was an exception, in
that it weakly recognized peptides 11-20 and 31-40, in addition
to recognizing peptide 41-50 very strongly.

3.2. Analysis of conformational changes in o-synuclein using epitope-
specific antibodies

We investigated the reactivity of monomeric a-synuclein and of
o-synuclein fibrils by dot blot assay using the nine antibodies de-
scribed above and antibody Syn259 whose epitope corresponds to
residues 104-119 of o-synuclein. Monomeric o-synuclein was
strongly detected by antibodies to the C-terminal region (Syn259
and Syn131-140), but not by antibodies to the N-terminal or mid-
dle region (Fig. 2). This is-in good agreement with previous reports
showing that the C-terminal region of a-synuclein is unfolded and
shields the N-terminal and- central regions by way of long-range
intramolecular interactions [13,14]. In contrast, o-synuclein fibrils
were strongly immunoreactive with all antibodies (Fig. 2), indicat-
ing that the relevant epitopes were accessible. This is also
consistent with current knowledge of the location of individual
B-strands and their connecting loops in the structure of the o -syn-
uclein fibril [15,16]. These results indicate that conformational
changes undergone by a-synuclein as it assembles into fibrils can
be detected immunochemically. We next analyzed the conforma-
tions of exifone-stabilized monomers and dimers of a-synuclein,
following their separation by gel filtration chromatography (Sup-
plementary Fig.). SDS-stable dimers formed in the presence of exif-
one were recognized by antibodies specific for Syn1-10, Syn11-20,
Syn21-30, Syn31-40 and Syn41-50 (Fig. 2). They were less well
recognized by antibodies specific for Syn51-60, Syn61-70 and
Syn75-91. The antibody recognition patterns of SDS-stable mono-
mers formed in the presence of exifone were intermediate between

152



M. Masuda et al. /FEBS Letters 583 (2009) 787-791 789

Antigens (0.5ug/well)

)

I
RIS
NS Qe W g g AR
F F FF F F F & & Antbodes

Syn 1-10

Syn 11-20
Syn 21-30
Syn 31-40
Syn 41-50
Syn 51-60
Syn 61-70
Syn 75-91
‘S\yn 131-140

Fig. 1. Spec1ﬁc1tles of antl-pept' e antibod ng the whole of oz-synuclem
determined by ELISA. Synthetic peptides (0. 5 ug/well) were coated on a 96-well
microtitre plate for 16 h at 4 °C and each of the 9 peptides was probed with each of
the 9 antisera.

those of untreated monomers and polyphenol-stabilized dimers
(Fig. 2). All antibodies gave similar results by ELISA (data not
shown).

4. Discussion

We show here that the conformational changes undergone by
o-synuclein during the conversion from monomers to amyloid fi-
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brils can be detected by epitope-specific antibodies. Antibodies to
the C-terminal region of a-synuclein recognized monomers and fi-
brils almost equally, whereas antibodies to the N-terminal region
strongly reacted with fibrils, but labelled monomers only weakly.
Under physiological conditions; o-synuclein is known to populate
an ensemble of conformations, including conformers that are more
compact than expected for a random coil protein [17-19]. Our
findings indicating that the N-terminal region is buried and only
poorly accessible to antibodies, are in line with this work. They
are also in agreement with reports showing that the C-terminal re-
gion of a-synuclein is unfolded and shields the N-terminal and
central regions by way of long—range intramolecular interactions
[13,14].

The core of the fibril spans approx1mately residues 30-100 of a-
synuclein [20,21] and is believed to comprise five parallel p-
strands that are separated by flexible loops [16]. Our findings on
ai-synuclein fibrils are consistent with the loop regions being anti-
body-accessible. Conformational changes detectable by specific
antibodies have previously been reported in tau, another natively
unfolded protem ‘as it assembles into abnormal filaments. Thus,
,antlbody _Alz50 reacts more strongly with paired helical filament
tau from Alzheimer’s disease brain than with the soluble mono-
kmerlc protein [22]. -

Inhibitor-bound dimers and monomers of o-synuclein were
tested using the same panel of antibodies. When bound to the pol-
yphenol exifone, dimers of a-synuclein were detected by antibod-
ies to the N-terminal region in a manner similar to fibrils. Unlike
the latter, inhibitor-bound dimers were not recognized by antibod-
ies to the middle region of a-synuclein. Antibodies to the C-termi-
nal region recognized inhibitor-bound dimers and fibrils equally.
Relative to unbound monomers, therefore, inhibitor-bound a-syn-
uclein dimers are characterized by a'more accessible N-terminal
region. NMR spectroscopy of exifone-stabilized a-synuclein dimers
and nitroblue tetrazolium staining of cleaved exifone-bound o-

o
(¢) 59

o .&“‘0

Ry

synS51-60

syn61-70

syn75-91 |

213 100 126 715

Syn259
(104-119)
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Fig. 2. Dot blot analysis of monomeric a-synuclein, the o-synuclein fibril, as well as exifone-stabilized a-synuclein monomers (Exi-monomer) and dimers (Exi-dimer), with
10 antibodies whose epitopes span the whole of human a-synuclein. The relative intensities of immunoreactivity are indicated below the dots and expressed as % of fibril

immunoreactivity (taken as 100, n = 3). Each dot corresponds o 100 ng of a-synuclein.
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Fig. 3. Model of the inhibition of a-synuclein fibril formation by small molecules.

synuclein showed that N-terminal regions are involved in dimer
formation and that exifone binds to these regions (in preparation).
Dimers of a-synuclein are believed to play a key role in the aggre-
gation process [23]. A recent study has also shown that aggrega-
tion-inhibiting molecules interact with N-terminal regions of
a-synuclein [24]. When tested with the panel of antibodies, inhib-
itor-bound monomers of a-synuclein gave a pattern intermediate
between that of unbound monomers and inhibitor-bound dimers.
Taken together, our findings suggest the existence of a linear path-
way leading from monomeric to fibrillar a-synuclein, with exifone
binding to misfolded monomers and dimers, thereby preventing fi-
bril formation. A similar mechanism may underlie the inhibition of
o-synuclein fibril formation by the molecular chaperone Hsp70
[25].

This interpretation is at odds with a recent study reporting that
oligomers of a-synuclein and Ap formed in the presence of EGCG
were off-pathway [11]. In this study, conformation-specific anti-
body A11, which recognizes an oligomeric state that is believed
to be common to many amyloidogenic proteins [26], did not detect
EGCG-induced oligomers. This antibody is believed to be specific
for on-pathway toxic oligomers of a-synuclein. However, Ehrnhoe-
fer et al. found that it recognized His-tagged monomeric a-synuc-
lein [11]. In our hands, antibody A11 also recognized o-synuclein
fibrils (unpublished observation).

Single molecule studies have shown that a-synuclein exists as
three distinct conformers in vitro that are characterized by: long-
distance weak interactions, random coil and B-like structures
[27]. The B-like conformer has been linked to the process of a-syn-
uclein aggregation. It is tempting to suggest that exifone binds to
this conformer, in line with the finding that inhibitory compounds
inhibit amyloid fibril formation at substoichiometric concentra-
tions [8,9]. Our previous work on the ordered aggregation of tau
protein has also shown that small molecule inhibitors bind to olig-
omers and filaments, but not to native monomers [8]. A revised
model] for the inhibition of a-synuclein fibril formation by small
molecules is shown in Fig. 3. Monomeric a-synuclein exists in a na-
tive conformation, with a small proportion of B-like structure. Dur-
ing assembly, the latter may dimerize, oligomerize and form
amyloid seeds. Amyloid fibrils can grow from these seeds. Small

molecule inhibitors bind to misfolded monomers, dimers and olig-
omers, thus preventing fibril formation.
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 The deposition of amyloid-like filaments in the brain is the
central eventin the pathogenesis of neurodegenerative diseases.
Here we report cellular models of intracytoplasmic inclusions of
a-synuclein, generated by introducing nucleation seeds into
SH-SY5Y cellswitha transfection reagent. Upon introduction of
' preformed seeds into cells overexpressing a-synuclein, abun-
dant, highly ﬁléinentous a-synuclein-positive inclusions, which
are extensively phosphorylated and ubiquitinated and partially
thioflavin-positive, were formed within the cells. SH-SY5Y cells
" that formed such inclusions underwent cell death, which was
blocked by small molecular compounds that inhibit B-sheet for-
mation, Similar seed-dependent aggregation was observed in
cells expressing four-repeat Tau by introducing four-repeat Tau
fibrils but not three-repeat Tau fibrils or a-synuclein fibrils. No
" aggregate formation was observed in cells overexpressing three-
repeat Tau upon treatment with four-repeat Tau fibrils. Our
cellular models thus provide evidence of nucleation-dependent
and proteiﬁ-speciﬁc‘ polymerization -of intracellular amyloid-
like proteins in cultured cells.

The conversion of certain soluble peptides and proteins into
insoluble filiments or misfolded amyloid proteins is believed to

be the central event in the etiology of a majority of nemodegen- .

erative diseases (1—4). Alzheimer disease (AD)° is character-
" ized by the deposition of two kinds of filamentous aggregates,
extracellular deposits of 3-amyloid plaques composed of amy-
loid B (AB) peptides, and intracellular neurofibrillary lesions
consisting of hyperphosphorylated Tau. In Parkinson disease
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(PD) and dementia with Lewy bodies (DLB), filamentous inclu-
sions consisting of hyperphosphorylated a-synuclein (a-syn)
are accumulated in degenerating neurons (5). The deposition of
prion proteins in synapses and extracellular spaces is the defin-
ing characteristic of Creutzfeldt-Jakob disease and other prion
diseases (3). The identification of genetic defects associated
with early onset AD, familial PD, frontotemporal dementia,
parkinsonism linked to chromosome 17 (caused by Tau mitta-
tion and deposition), and familial Creutzfeldt-Jakob disease has
led to the hypothesis that the production and aggregation of
these proteins are central to the development of neurodegen-

" eration. Fibrils formed of AB display a prototypical cross-g-

structure characteristic of amyloid (6), as do many other types
of filaments deposited in the extracellular space in systemic or

. organ-specific amyloidoses (7), including prion protein depos-

its (8). Filaments assembled from a-syn (9) and from Tau fila-
ments (10) were also shown to possess cross-B-structure, as
were synthetic filaments derived from exon 1 of huntingtin with
51 glutamines (11). It therefore seems appropriate to consider
neurodegenerative disorders developing intracellular deposits
of amyloid-like proteins as brain amyloidosis. The accumula-
tion and propagation of extracellular amyloid proteins are
believed to occur through nucleation-dependent polymeriza-
tion (12, 13). However, it has been difficult to establish the rel-
evance of this process in the in vivo situation because of the lack
of-a suitable cell culture model or method to effectively intro-
duce seeds into cells. For example, it has not yet been possible to

generate bona fide fibrous inclusions reminiscent of Lewy bod-

ies as a model of PD by overexpressing a-syn in neurons of
transgenic animals. Here, we describe a novel method for intro-

ducing amyloid seeds into cultured cells using lipofection, and .

we present experimental evidence of seed-dependent polymer-
ization of a-syn, leading to the formation of filamentous pro-
tein deposits and cell death. This was also clearly demonstrated
in cells expressing different Tau isoforms by introducing the
corresponding Tau fibril seéds.

EXPERIMENTAL PROCEDURES

Chemicals and Antibodies—A phosphorylation-indepen-
dent antibody Syn102 and monoclonal and polyclonal antibod-
ies against a synthetic phosphopeptide of a-syn (Ser(P)'*?)
were used as described previously (5). Polyclonal anti-ubiquitin

antibody was obtained from Dako. Polyclonal anti-Tau

Ser(P)*® was obtained from Calbiochem. Monoclonal anti-a-
tubulin and anti-HA clone HA-7 were obtained from Sigma.
Lipofectamine was purchased from Invitrogen. Monoclonal
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anti-Tau T46 was from Zymed Laboratories Inc.. AT100 and
- HT7 antibodies were obtained from Innogenetics.
Preparation of a-Syn Seed, Oligomers, and Tau Fibrils—Hu-
man a-syn cDNA in bacterial expression plasmid pRK172 was
used to produce recombinant protein (14). Wild-type (WT) or
carboxyl-terminally HA-tagged a-syn was expressed in Esche-
richia coli BL21 (DE3) and purified as described (15). To obtain
a-syn fibrils, @-syn (5-10 mg/ml) was incubated at 37 °C for 4
* days with continuous shaking. The samples were diluted with 5
volumes of 30 mm Tris-HCI buffer (pH 7.5) and ultracentri-
fuged at 110,000 X g for 20 min at 25 °C. The pellets were resus-
pended in 30 mm Tris-HCl buffer (pH 7.5) and sonicated twice |
for 5 s each. The protein concentration was determined as
described, and this preparation was used as Seed aS. In the case
of a-syn oligomers, a-syn (10 mg/ml) was incubated at 37 °C for
3 days in the presence of 10 mm exifone. After incubation, the
mixture was ultracentrifuged at 110,000 X g for 20 min at 25 °C.
‘The supernatant was desalted by Sephadex G-25 (Amersham
Biosciences) column chromatography, and eluted fractions
(a-syn oligomers) were analyzed by reversed-phase HPLC,
SDS-PAGE, and immunoblot analysis. Recombinant human
three-repeat. Tau isoform with one amino-terminal insert
(3R1N) and four-repeat Tau isoform with one amino-terminal
insert (4R1N) monomer ahd corresponding fibrils were pre-
pared as described previously (16, 17).
Introduction of Proteins into Cells—Human neuroblastoma
SH-SY5Y cells obtained from ATCC were cultured in DMEM/
F-12 medium with 10% FCS. Cells at ~30-50% confluence in

6-well plates were treated with 200 pl of Opti-MEM containing -

2 ug of the seed a-syn WT (Seed «S); HA-tagged a-syn (Seed-
HA); a-syn monomers, oligomers; or Tau 3R1IN or 4R1N fibrils;
and 5 ul of Lipofectamine (LA) for 3 h at 37 °C. The medium
"was changed to DMEM/F-12, and culture was continued for
14 h. The cells were collected by treatment with 0.5 ml of 0.25%
trypsin for 10 min at 37 °C, followed by centr ifugation (1,800 X
2 5 min) and washing with PBS. The cellular proteins were
extracted with 100 pl of homogenization buffer containing 50
mu Tris-HCl, pH 7.5, 0.15 M NaCl, 5 mm EDTA, and a mixture
of protease inhibitors by sonication. After ultracentrifugation
at 290,000 X g for 20 min at 4 °C, the supernatant was collected
" as a Tris-soluble fraction, and the protein concentration was
determined by BCA assay. The pellet was solubilized in 100 pul
of SDS-sample buffer. Both Tris-soluble and insoluble fractions
were analyzed by immunoblotting with : appropnate antlbodxes
as indicated (15, 18).

Cell Culture Model of Seed‘dependent Polymerzzatwn of
a-Syn or Tau—a-Syn or Tau 3RIN or 4RIN was transiently
overexpressed in SH-SY5Y cells by transfection of 1 ug of wild-
type human a-syn ¢cDNA in pcDNA3 (pcDNA3-a-syn) or

“human Tau cDNA in pcDNA3 (pcDNA3-Tau 3R1N or 4R1N)
with 3 ul of FuGENE6 (Roche Applied Science) in 100 ul of
Opti-MEM, followed by culture for 14 h. Under our experimen-
tal conditions, the efficiency of transfection with pEGFP-C1
vector was 20 —-30%. The cells were washed with PBS once, and
then Seed aS, Seed-HA, Seed 3R1N, or Seed 4R1N was intro-
duced with Lipofectamine as described above. The medium was
changed to DMEM/F-12, and culture was continued for ~2-3
days. Cells were harvested in the presence of trypsin to digest
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extracellular cell-associated a-syn fibrils. The cellular proteins
were differentially extracted and immunoblotted with the indi-
cated antibodies, as described (18).

Confocal Microscopy—SH-SY5Y cells on covershps were
transfected with pcDNA3-a-syn and cultured for 14 h as
described above, and then Seed aS was introduced, and culture
was continued for ~1-2 days. After fixation with 4% paraform-
aldehyde, the cells were stained with appropriate primary and
secondary antibodies as described previously (18). For thiofla-
vin S staining, the cells were incubated with 0.05% thioflavin
S at room temperature for 5 min. Fluorescence was analyzed
with a laser-scanning confocal fluorescence microscope
(LSMb5Pascal, Carl Zeiss).

Immunoelectron Microscopy—For electron microscopy, cells

overexpressing a-syn were transfected with Seed @S, cultured
for 2 days, fixed in 0.1 M phosphate buffer containing 4% glut-

araldehyde for 12 h, and then processed and embedded in LR
White resin (London Resin, Reading, UK). Ultrathin sections

were stained with uranyl acetate for 1nvest1gat1on Immunola-
beling of the inclusions was performed by means:of an im-

.munogold-based postembedding procedure. Sections were

blocked with 10% calf serum, incubated overnight on grids with
anti-Ser(P)*?® antibody at a dilution of 1:100, rinsed, then

~ reacted with secondary antibody conjugated to 10-nm gold par-

ticles (E-Y Laboratories, San Mateo, CA) (1:10), rinsed agaln
and stained with uranyl acetate. '

Immunoelectron microscopic analysis of a-syn or Tau fila-
ments-extracted from cells was performed as follows. Cells
overexpressing a-syn or Tau were transfected with Seed aS or
Seed Tau, respectively. After incubation for 3 days, they were
harvested, suspended in 200 ul of 10 mm Tris-HC, pH 7.4, 1
mM EGTA, 10% sucrose, 0.8 M NaCl) and sonicated. The lysates
were centrifuged at 20,400 X g for 20 min at 4 °C. The superna-

- tant was recovered, and Sarkosyl was added (final 1%, v/v). The

mixtures were incubated at room temperaturé for 30 min and
then centrifuged at 113,000 X gfor 20 min. The resulting pellets

‘were suspended in 30 mum Tris-HC], pH 7.5, placed on collodi-
. on-coated 300-mesh copper grids, and stained with the indi-

cated antibodies and 2% (v/v) phosphotungstate. Micrographs
were recorded on a JEOL 1200EX electron microscope.

Cell Death Assay—Cell death assay was performed using a ‘

CytoTox 96 non-radioactive cytotoxicity assay kit (Promega).
TUNEL staining was performed using an in situ cell death
detection kit (Roche Applied Science). -

Assay of Proteasome Activity—SH-SY5Y cells transfected
with pcDNA3-a-syn and Seed oS were cultured for 3 days or

treated 'with 20 uM MG132 for 4 h. Cells were harvested, and
cytosolic fraction was prepared as follows. Cells were resus-
pended in 100 pl of phosphate-buffered saline (PBS) and dis-
rupted by sonication, and then insoluble material was removed
by ultracentrifugation at 290,000 X g for 20 min at 4 °C. The
supernatant was assayed for proteasome activity by using afluo-
rescent peptide substrate, benzyloxycarbonyl-Leu-Leu-Glu-7-
amido-4-methylcoumarin (Peptide Institute, Inc.). 7-Amino-4-
methylcoumarin release was measured fluorometrically
(excitation at 365 nm; emjssion at 460 nm). In a green fluores-

. cent protein (GFP) reporter assay of proteasome activity in liv-

ing cells by confocal laser microscopy, SH-SY5Y cells trans-
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FIGURE 1. Introduction of seed a-syn into cultured cells wi
nant a-syn (soluble form; 2 ug) and filaments (2 ug) were sor
tein-LA complexes were dispersed in Opti-MEM and added to
collected and sonicated in SDS sample buffer. After boiling, the
with a phosphorylation-dependent anti-a-syn Ser(P)'2® (FSer129) (right)
antibody, Syn102 (feft). Band C, carboxy! termmally HA- tagged c I
cells by the use of LA. After incubation for 1 day (7d) or 3 days (3
proteins were differentially extracted from the cells with Tris-HC
pellet (ppt). Immunoblot analyses of lysates using anti-HA and a
positive for anti-HA or anti-Ser(P)*? in the Triton X-1 ins

as means = S.E (n = 3). D, confocal laser mucroscoplc analysis of cells treated with Seed HA in the presence of LA:
Cells were transduced with 2 g of Seed-HA using 5 ul of LA. After a 48-h incubation, cells were fixed and immuno-
stained with antl—Ser(P)”‘3 (green) and anti- HA (red) and counterstalned with TOPRO 3 (blue).

ested wnth or without trypsin, and
100 (TX), and Sarkosy! (Sar), leaving the
are shown The immunoreactive band

f These cells were analyzed using

a laser-scanning confocal fluores-
cence m1c1oscope (LSM5Pascal,
Carl Zeiss).

Statistical Analysis—The p val-

ues for the description of the sta-

tistical ‘significance of differences
were calculated by means of the
unpaired, two-tailed Student’s ¢
test using GraphPad Prism 4 soft-
ware (GraphPad Software).

RESULTS -

Introduction of Seed «-Sym into

Cultured Cells Using Lipofectamine
Reagent—Cellular  overexpression
of a-syn by itself does not lead to
fibrillization of a-syn in a form

- that resembles Lewy bodies. This

prompted us to examine whether
or not introduction of preformed

aggregation seeds of a-syn (Seed
~ aS) would elicit fibril formation. To
introduce ‘Seed @S into SH-SY5Y

cells in a non-invasive manner, we
tried several reagents used for trans-
porting proteins or plasmid DNA
into cells and found that LA, a
cationic gene introducer, enables
the introduction of Seed a$ into
SH-SY5Y cells. We were not able to
detect any introduced a-syn mono-

~mer or fibrils following the simple

addition of protein. preparations to
the culture medium, notwithstand-

‘ing a previous report on this ap-
~ proach (20). The insoluble a-syn
~formed: following- LA-mediated
- Seed oS introduction was detected

as buffer-insoluble c-syn in cell

lysates (Flg 1A4). The insoluble
. a-syn was phosphorylated at Ser
- upon introduction into cells (Fig.

14), indicating that Seed S was

incorporated in cells and phosphor-

ylated intracellularly. Cells were
harvested in the presence of trypsin

‘to digest extracellular cell-associ-

ated a-syn fibrils. The optimal ratio

of LA to Seed aS was about 5 plto 2

ug of protein in 6-well plates. This

treatment effectively introduced

Seed aS not only into SH-SY5Y cells
but also into several other types of
cells examined, including Chinese

129 -

0L0Z ‘L€ jeqoxoo uo "KJBJQ!] JoINjISUl BYsuljolR) Je SJO’qu'MMM woJj papeojumog

fected with pcDNA3-a- syn (1 ug) and GFP- CLl (O 3 p,g) using.
FuGENES6 and then transfected with Seed aS were grown on
coverslips for 2 days or treated with 20 UM MGlSZ for6h (19).

\CITEN

hamster ovary cells and human embryonic kidney 293T cells
(data not shown). In sharp contrast, soluble a-syn (either
monomeric or oligomeric forms) was not introduced into the
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