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contains one exifone molecule per a-synuclein chain
(Supplementary Fig. S1).

For the identification of the modification
(corresponding to a molecular mass of 64 Da)
found in the Exi-monomer, a-synuclein was incu-
bated with various concentrations of exifone (0, 0.2,
0.5, 1, and 2 mM) and the resulting samples were
analyzed by MS (Supplementary Fig. 52). The mole-
cular mass of a-synuclein increased in an exifone
concentration-dependent manner and reached
14,528 Da (Supplementary Fig. S2a and b). A similar
increase in molecular mass was reported in the
presence of H,O,, which oxidized methionine resi-
dues to methionine sulfoxide.’* Methionine oxida-
tion is known to increase mass by 16 Da. a-Synuclein
has four methionine residues, Metl, Met5, Met116,
and Met127, and thus the oxidation of all the
methionine residues would result in an increase in
mass of 64 Da (Supplementary Fig. S3c). Indeed, a-
synuclein incubated with various concentrations of
H,0, showed a concentration-dependent increase in
molecular mass of up to 14,533 Da (Supplementary
Fig. S3a and b), similar to that seen in the case of
exifone. These results strongly suggest that all the
methionine residues of Exi-monomer were oxidized
to methionine sulfoxide.

Peptide mapping of inhibitor-induced
a-synuclein dimer and monomer

In order to confirm the oxidation of methionine,
control a-synuclein, Exi-monomer, Exi-dimer, and
H,O,-treated o-synuclein monomer were digested
with trypsin, and the resulting peptide mixtures
were analyzed by reverse-phase HPLC (Fig. 3a). The
elution patterns of peptides derived from Exi-
monomer and Exi-dimer exhibited different profiles
compared with that of control a-synuclein. Peaks 5
and 10 in the map of control a-synuclein were
absent in the maps of Exi-monomer and Exi-dimer.
Instead, peaks 11-18 newly appeared in the maps of
Exi-monomer and Exi-dimer. The patterns of Exi-
monomer and Exi-dimer were similar to those of a-
synuclein oxidized with H,O,. All the peaks were
analyzed by MS and the results are summarized in
Fig. 3b. Peaks 5 and 10 were identified as Met1-Lys6
(containing two methionines, Metl and Met5) and
Asnl103-Alal40 (containing Met116 and Met127),
respectively. In the case of Exi-monomer or Exi-
dimer, peaks 11, 15, and 19 were identified as Met1-
Lys6 including two oxidized methionines. Peaks 12,
16, and 20 were identified as Asn103—Alal40 in-
cluding oxidized Met116 and Met127. Peaks 13, 14,
16, and 17 were derived from Asn103-Ala140 oxi-
dized at either Met116 or Metl27. Similar results
were obtained for dopamine-bound dimer and
monomer {data not shown). These results clearly
indicate that the inhibitors exifone and dopamine
have the ability to oxidize methionine residues on a-
synuclein. It is established that a-synuclein assem-
bly was inhibited by exifone at low micromolar
range (ICso=2.5 pM),®> and methionine sulfoxide
could not be detected at a low concentration of

exifone (data not shown). These findings suggest
that the stabilization of intermediate oligomers by
small molecules is responsible for the inhibition of
filament formation, and oxidation of methionine
does not seem to play a major role in inhibition.

No covalent inhibitor—peptide adducts or cross-
linked peptides were detected in the peptide map-
ping experiments, indicating that the inhibitors bind
noncovalently to a-synuclein and that a-synuclein
dimer is formed in a noncovalent fashion. These
observations are consistent with the results of
MALDIMS analysis of Exi-monomer, which showed
no inhibitor adducts (Fig. 2c). Our extensive liquid
chromatography—electrospray ionization MS analy-
sis also did not show the covalent inhibitor adducts
or a-synuclein dimer (data not shown). Further,
more detailed biochemical studies to investigate the
modes of inhibitor binding and dimerization are
currently in progress.

Characterization of exifone-binding regions in
a-synuclein

Exifone is an antioxidant and thus can be detected
by redox-cycling staining, which is a well-estab-
lished method for detecting quinoproteins.’®> As
expected, Exi-dimer and Exi-monomer were stained
as purple bands by redox-cycling staining due to
nitroblue tetrazolium (NBT) reduction to formazan
(Fig. 4a), while untreated control a-synuclein
showed no staining. This result shows that redox-
cycling staining is useful for examining the exifone-
binding regions in a-synuclein. In order to determine
the binding region of exifone and the regions in-
volved in the dimerization, Exi-dimer was digested
with endoproteinase Asp-N and the resulting pep-
tides were detected with silver or redox-cycling
staining. Asp-N digestion of Exi-dimer gave two
major fragments, corresponding to molecular
masses of 20 kDa (no. 1) and 16 kDa (no. 2), on
SDS-PAGE after silver staining (Fig. 4b). These two
bands were positive for redox-cycling staining. Since
a-synuclein monomer migrates at 15 kDa, these
fragments represent dimeric peptides stabilized by
exifone. a-Synuclein has six aspartic acid residues
(Asp2, Asp98, Aspll5, Aspll9, Aspl2l, and
Asp135). Immunoblot analysis with a panel of
site-specific anti-a-synuclein antibodies (Fig. 5)
suggested that the 20-kDa fragment contains the
dimerized N-terminal fragment Metl-Met97 of a-
synuclein (cleaved at the N-terminus of Asp98). The
16-kDa fragment was also labeled with antibodies to
the N-terminal and central portions of a-synuclein
(residues 1-50). It has been reported that Asp-N
cleaves peptide bonds N-terminal to glutamate as well
as aspartate residues.'®!” Glu57 and/or Glu6l are
found in the middle of a-synuclein and are candidate
Asp-N cleavage sites to produce the 16-kDa fragment.
The reactivity of anti-a-synuclein antibodies and the
relaxed specificity of Asp-N indicate that the 16-kDa
fragment corresponds to a dimer composed of Met1—
Ala56/Lys60. These results suggest that the N-
terminal region (1-60) of a-synuclein is involved in
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the dimerization and exifone binding. This is in
contrast with a previous report by Norris ef al., in
which they suggested that dopamine inhibited the
aggregation of o-synuclein by binding to the C-
terminal residues 125-129 (i.e., YEMPS) and stabiliz-
ing the soluble oligomers.® The discrepancy might be
due to the fact that they analyzed the dopamine-
binding sites by using deletion mutants lacking the C-
terminal regions and did not use full-length a-
synucleins.

High-resolution NMR spectra of inhibitor-bound
a-synuclein monomer and dimer

In order to characterize the behavior of a-synuclein
monomer and dimer formed in the presence of

(a)
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polyphenolic compounds, we conducted a structural
analysis of inhibitor-bound a-synuclein monomer and
dimer using ultra-high-field NMR spectroscopy. NMR
signals of backbone amides constitute excellent probes
to provide maps of the interacting sites and to examine
the effects of modifications.’ Fig. 6a and b shows the
'H->N heteronuclear single quantum coherence
(HSQC) spectra of uniformly **N-labeled Exi-mono-
mer and Exi-dimer, as well as control monomer,
recorded at a proton observation frequency of
920 MHz. The amide resonances of Exi-monomer
and Exi-dimer were assigned by comparing the NMR
spectral data with those of control a-synuclein
monomer. Little chemical shift difference was detected
between Exi-monomer and control monomer for most
observed peaks, except for the signals corresponding
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Fig. 3. Tryptic peptide mapping and MS analysis of a-synucleins. (a) Reverse-phase HPLC patterns of monomeric -
synuclein (control), Exi-monomer, Exi-dimer, and HyOp-treated a-synuclein monomer. (b) Observed masses and peak
assignments of the peptides separated on a reverse-phase column. Oxidation of methionine residues was observed in Exi-
monomer and Exi-dimer, as well as HyO,-treated a-synuclein monomer.
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(b)

Peak (M+H)* (M+H)* Assignment
No. Observed Calculated
1 830.6 830.4 QGVAEAAGK (24-32)
873.5 873.4 EGVVAAAEK (13-21)
1072.6 1072.5 AKEGVVAAAEK (11-21)
2 1180.7 1180.6 TKEGVLYVGSK (33-43)
1295.8 1295.6 EGVVHGVATVAEK (46-58)
1524.8 1524.8 TKEGVVHGVATVAEK (44-58)
3 951.5 951.5 EGVLYVGSK (35-43)
4 1285.7 1295.6 EGVVHGVATVAEK (46-58)
5 7705 770.3 MDVFMK (1-6)
6 1606.6 1606.8 TVEGAGSIAAATGFVKK (81-97)
7 2157.2 2157.1 TKEQVTNVGGAVVTGVTAVAQK (58-80)
8 1478.5 1478.7 TVEGAGSIAAATGFVK (81-96)
9 1928.0 1928.0 EQVTNVGGAVVTGVTAVAQK (61-80)
10 4295.0 4286.7 NEEGAPQEGILEDMPVDPDNAYEMPSEEGYQDYEPEA (103-140)
11 803.0 802.3.0 M*DVFM*K (1-6) (M*:methionine sulfoxide)
12 4322.0 4318.7 NEEGAPQEGILEDM*PVDPDNAYEM*PSEEGYQDYEPEA (103-140)
13 4311.0 4302.7 NEEGAPQEGILEDM*PVDPDNAYEM*PSEEGYQDYEPEA (103-140)
(One of two methionine residues (M*) was oxidized)
14 4312.0 4302.7 NEEGAPQEGILEDM*PVDPDNAYEM*PSEEGYQDYEPEA (103-140)
15 802.0 802.3 M*DVFM*K (1-6)
16 4322.0 4318.7 NEEGAPQEGILEDM*PVDPDNAYEM*PSEEGYQDYEPEA (103-140)
17 4311.0 4302.7 NEEGAPQEGILEDM*PVDPDNAYEM*PSEEGYQDYEPEA (103-140)
18 4312.0 4302.7 NEEGAPQEGILEDM*PVDPDNAYEM#PSEEGYQDYEPEA (103-140)
19 803.0 802.3 M*DVFM*K (1-6)
20 4322.0 4318.7 NEEGAPQEGILEDM*PVDPDNAYEM*PSEEGYQDYEPEA (103-140)

Fig. 3 (legend on previous page)

to Met5, Metll6, Metl27, and their neighboring
residues (Fig 6a). The observed chemical shift differ-
ences are mostly attributable to the oxidation of
methionine residues. The differences in peak intensi-
ties between Exi-monomer and control monomer were
also generally small (Fig. 6¢). These results indicate that
the dynamical features of both synuclein monomers
are almost the same, and methionine oxidation itself
does not greatly influence the structural characteristics
of a-synuclein.

It is noteworthy that significant reductions in
signal intensity [I(Exi-dimer)/I(control monomer)<
0.8] were observed for the peaks originating from
the N-terminal region (1-60) of Exi-dimer com-
pared with the control monomer (Fig. 6d). This
result shows that the N-terminal regions are
involved in exifone-induced dimerization of o-
synuclein, in accordance with the results obtained
from Asp-N digestion of the Exi-dimer. The

gradual reduction in the signal intensities might
be explained by heterogeneous dimerization
around the N-terminus. The observed reduction in
signal intensity, in our case, was not due to
chemical exchange between the inhibitor-free and
inhibitor-bound states of a-synuclein, as had been
suggested by Rao et al.,'° because the inhibitor-
induced dimer and monomer were each purified to
homogeneity and free or exchangeable inhibitors
were removed by gel-filtration column chromatog-
raphy and buffer exchange. Similar NMR spectra
were observed for dopamine- and gossypetin-
induced dimers (Supplementary Fig. S4), indicating
that the N-terminal dimerization modes induced by
dopamine, exifone, and gossypetin are the same or
at least very similar. On the other hand, the C-
terminal portion of exifone-bound dimer was still
predominantly random coil in character, as ob-
served in the control monomeric a-synuclein. These
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Redox cycling

(b)

Silver staining

Redox cycling

+

observations indicate the importance of the N-
terminal region in a-synuclein assembly.

It is of note that three missense mutations in
familial PD (A30P, E46K, and A53T) are located in
the N-terminal region of a-synuclein. Recent NMR
analyses suggest that these mutations may be
altering the physicochemical properties of the
protein, such as net charge (E46K) and secondary-
structure propensity (A30P and A53T)."” The bind-
ing of exifone, gossypetin, or dopamine to o-
synuclein might also alter the net charge and/or
secondary-structure propensity.

We did not observe the colloidal formation of
exifone, gossypetin, or dopamine by electron micros-
copy (data not shown) as reported by Feng et al.® The
discrepancy might be due to differences in the
compounds used or differences in the proteins
investigated. The inhibition mechanism of these three
compounds seems rather specific because the N-
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Fig. 4. Detection of exifone
bound to a-synucleins by redox-
cycling staining. (a) Control mono-
mer, Exi-monomer, and Exi-dimer
were stained with Coomassie bril-
liant blue (left) or by redox cycling
(right). Exifone-bound a-synucleins
were stained by redox cycling,
appearing as purple-blue bands in
the Exi-monomer and Exi-dimer
lanes, due to NBT reduction to
formazan (right). (b) Asp-N diges-
tion of Exi-dimer. Exi-dimer was
digested with endoproteinase Asp-
N and the fragments were detected
by silver staining (left) and redox
staining (right). Two major bands
corresponding to 20 kDa and
16 kDa (nos. 1 and 2, respectively)
were positive for redox-cycling
staining.

terminal region was specifically involved in inhibitor
binding, which is in contrast to the nonspecific
colloidal inhibition.

In summary, we have characterized the inhibitor-
bound a-synuclein dimer and showed that the N-
terminal region (1-60) plays a key role in dimerization
and inhibitor binding. Further studies are under way in
our laboratory to elucidate the mechanisms of inhib-
itor-induced oligomer formation at atomic resolution.

Materials and Methods

Antibodies

Polyclonal antibodies were raised against synthetic pep-
tides 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-
synucleins, prepared as described previously.’? Antibody
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75-91

104-119  121-125 131-140

P ¥ -

Fig. 5. Immunoblot analysis of Asp-N digests of Exi-dimer. Silver staining and immunoblots of Asp-N digests of Exi-
dimer with a panel of anti-a-synuclein antibodies raised against nine peptides (corresponding to residues 1-10, 11-20,
21-30, 31-40, 41-50, 51-60, 6170, 75-91, and 131-140). Experimental details are given in Materials and Methods. Two
major fragments (band nos. 1 and 2) were detected with silver staining (indicated with arrowheads). Fragment no. 1 was
positive for antibodies to the N-terminal region, 1-97, and no. 2 was positive for antibodies to the N-terminal region, 1-50.

Syn259, which recognizes residues 104-119 of a-synuclein,
was kindly provided by Dr. S. Nakajo. Monoclonal
antibody Syn211, which recognizes residues 121-125 of
a-synuclein, was purchased from Zymed.

Protein expression and purification

Expression of isotopically labeled a-synuclein was
performed as described.’® Human a-synuclein ¢cDNA in
bacterial expression plasmid pRK172 was used for pro-
duction of isotopically labeled protein for NMR analyses.?’
Codon 136 was changed from TAC to TAT by site-directed
mutagenesis to avoid cysteine misincorporation.”! Uni-
formly ®N-labeled a-synuclein was expressed in Escher-
ichia coli BL21(DE3) cells grown in M9 minimal medium
containing 1 g/L [**NINH4CI, while unlabeled a-synu-
clein was expressed using LB medium. Cell lysates were
subjected to boiling and subsequently to ammonium
sulfate precipitation. The precipitated a-synuclein was
extensively dialyzed against 20 mM Tris—HCl (pH 8.0) and
then purified with DEAE ion-exchange chromatography.

Preparation of inhibitor-bound a-synuclein monomers
and dimers

Purified **N-labeled recombinant a-synuclein (9 mg/mL)
was incubated with 2 mM inhibitor (exifone, gossypetin, or
dopamine; see Fig. 1) for 30 days at 37 °Cin 30 mM Tris-HCI

containing 0.1% sodium azide. The samples were then
centrifuged at 113,000g for 20 min. The supernatants were
loaded on a Sephadex G-25 gel-filtration column to separate
oligomers from unbound inhibitor. The eluates were
fractionated on a Superdex 200 gelfiltration column
(1 cm*30 cm), eluted with 10 mM Tris—HCl (pH 7.5} con-
taining 150 mM NaCl. Eluates were monitored at 215 nm. o
Synuclein monomer and dimer fractions were each concen-
trated and the concentrates were subjected to NMR analysis.
Protein concentrations were determined using HPLC and
bicinchoninic acid protein assay kit (Pierce).

Mass spectrometry

Samples were spotted on a sample plate and mixed with
the matrix solutions, saturated sinapic acid (Fluka) or -
cyano-4-hydroxycinnamic acid (Fluka) in 50% acetonitrile/
H,0 containing 0.1% (v/v) trifluoroacetic acid. Mass spec-
tra were obtained by MALDI-TOF MS using a Voyager-DE
Pro mass spectrometer (PerSeptive Biosystems).

Peptide mapping of H,O»-treated and inhibitor-bound
a-synucleins

Inhibitor-bound a-synuclein monomer and dimer were
prepared as described above. For methionine oxidation, o-
synuclein monomer (7 mg/mL) was incubated with 0-4%
H,0, at room temperature for 20 min and then dialyzed
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against 30 mM Tris—HCI (pH 7.5) to remove HyO,. To  at 385 nm using a spectrophotometer (UV-1600 PC,
identify the modification, inhibitor-bound a-synuclein Shimadzu Co). Exifone-bound monomeric and dimeric
monomer and dimer, as well as H,Op-treated a-synuclein,  a-synucleins were isolated by gelfiltration chromato-
were incubated with trypsin at 37 °C for 18 h at an  graphy as described above.

enzyme-to-substrate ratio of 1:50 (mol/mol) in 30 mM
Tris-HCl (pH 7.5). Digested peptide products were
separated by reverse-phase HPLC on a Supersphere Select
B column (2.1x 125 mm; Merck) and analyzed by MALDI-
TOF MS.

Redox-cycle staining

Samples were subjected to SDS-PAGE and transferred
onto polyvinylidene fluoride membranes. The mem-
branes were incubated in 0.24 mM NBT (Sigma), 2 M
Determination of stoichiometry of exifone/a-synuclein potassium glycinate solution (pH 10.0) in the dark for
complexes 16 h at room temperature and then dipped in 100 mM

sodium borate (pH 10.0). Exifone-bound a-synuclein was

The stoichiometry of exifone/w-synuclein complexes  specifically stained as purple-blue bands due to NBT
was determined by measuring the absorbance of exifone  reduction to formazan.
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Fig. 6. NMR slgectral comparison of exifone-bound ’N-labeled a-synuclein dimer and control monomer. () '"H-5N
HSQC spectra of N-labeled Exi-monomer (red) and ®N-labeled control monomer (black) recorded at a proton frequency
of 920 MHz. (b) "H-°N HSQC spectra of °N-labeled Exi-dimer (red) and *N-labeled control monomer (black). (c) Plot of
the relative peak intensities, I(Exi-monomer)/I(monomer), of the HSQC cross-peaks in the Exi-monomer and control
monomer versus the amino acid sequence of a-synuclein. (d) I(Exi-dimer)/I(monomer) of the HSQC cross-peaks in the
Exi-dimer and control monomer. Signals derived from oxidized methionines and their neighboring residues (indicated
with asterisks in a and b) were s&alit and not taken into account. The peak splittings mostly reflect a mixture of R and S
isomers of methionine sulfoxide.'®
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Fig. 6 (legend on previous page)

Asp-N digestion of a-synuclein dimer

a-Synuclein dimer (0.25 mg/mL) in 30 mM Tris—HCI
(pH 7.5) was treated with 40 pg/mL of Asp-N (Roche)
at 37 °C for 1 h. The reaction was stopped by adding
2x SDS sample buffer [4% SDS, 016 M Tris—HCl
(pH 6.8), 30% glycerol] and the solution was boiled for
5 min. The samples were loaded onto 15% Tris/tricine
SDS-PAGE gel, and the digested products were
detected by silver staining (kit from Wako), immuno-
blotting, and redox-cycling staining. For immunoblot-
ting, SDS-PAGE gels were blotted onto polyvinylidene
fluoride membranes, blocked with 3% gelatin/phos-
phate-buffered saline, and incubated overnight at room
temperature with anti-a-synuclein antibody in 10%
FBS/phosphate-buffered saline. After washing, the
blots were incubated for 2 h at room temperature
with biotinylated secondary antibody (1:500) (Vector
Laboratories). Following further washing, the blots were
incubated with peroxidase-labeled avidin-biotin (Vector
laboratories) for 30 min at room temperature and

46

developed with NiCly-enhanced diaminobenzidine
(Sigmay).

NMR measurements

The samples for NMR experiments were prepared at
a concentration of 0.1-1.0 mM in 90% H,O/10% D,O
(v/v), 10 mM sodium phosphate buffer, and 100 mM
NaCl at pH 7.0. NMR experiments were performed at
10 °C using a JEOL JNM-ECA920 spectrometer
equipped with a 5-mm triple resonance probe. Back-
bone assignments of o-synuclein monomer were
achieved by means of standard tri 3ple resonance
experiments, as described previously.”® The samples
were checked by SDS-PAGE before and after NMR
measurements, and it was confirmed that aggregation
of inhibitor-bound a-synuclein monomer and dimer
did not occur under these conditions. NMR time
domain data were processed with the nmrPipe
package” and the spectra were analyzed by using
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Sparky software (T. D. Goddard and D. G. Kneller,
University of California, San Francisco).
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Fibrillization or conformational change of a-synuclein is cen-
tral in the pathogenesis of a-synncleinopathies, such as Parkin-
son disease. We found that the A30F mutant accelerates nucle-
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, W 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 a-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 a-synuclein or overexpression of normal a-synuclein
is associated with these diseases; naimely, 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 (KITKEGV-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-transforrn TR 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 120-130 and residues 105-115, and the

region around residue 120 and the N terminus around residue

20 (15).

Recombinant «-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 e-synuclein fibrils, con-
formational change from random coil to 8-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
AS53T and E46K mutations promote fibrillization (17, 21-25),
whereas the effect of A30P 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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Effect of A30P Mutation on Fibrillization of a-Synuclein

Assembly of protein into fibrils is usually a 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 e-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 stroctural 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 MDVFMKGLSKC (residues 1-10 with Cys
at the C terminus), CTAVAQKTVEGAGSIAAA (residues
75-91 with Cys at the N terminus), and CEGYQDYEPEA (res-
idues 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
first immunization. Other anti-a-synuclein antibodies, number
36 (residues 1-10) and NAC2 (residuss 75-91), were kindly
provided by Dr. Twatsubo and Dr. Jikild, respectively.

Expression and Purification of Human WT and Mutant
a-Synuclein—Human a-synuclein  ¢cDNA 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 e-synuclein
were expressed in Escherichia coli BL21 (DE3) cells and purified
as described (31). Protein concentration 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% NaNj;. 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 S
(Th-8) in 20 mMm MOPS, pH 6.8, and incubated for 60 min at

AN
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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-HC], pH 7.5, containing 0.1%
NaN,. Assembly mixture was diluted in 5 volumes of 30 mm
Tris-HC}, pH 7.5, and ultracentrifuged at 151,000 X g for 20
min at 25 °C. The pellets were resuspended in 5 volurmes of 30
mwm Tris-HCL pH 7.5, and ultracentrifuged at 151,000 X g for 20
min again. The pellets were resuspended homogeneously by
pipetting in 30 m Tris-HCl, 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 a-Synuclein—Puri-
fied WT or mutant a-synuclein (1 mg/ml) in 30 M Tris-HCI,
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,

Semiguantitative 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/wml) 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-HCl, pH 7.5.
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—Fibrils, seeds and fibrils formed in the
presence of seeds were diluted in 30 mm 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-
ium phosphotungstate, and observed with a JEOL 1200EXIL
electron microscope.

Dot Blot Assay—uw-Synuclein monomer, seeds and fibrils
formed in the presence of seeds were diluted in 30 mM Tris-
HC, pH 7.5, 0.1% NaNj and spotted 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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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.

Cytotoxicity 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 a-synuclein
monomer, fibrils {(suspended by pipetting or sonication), 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 (n = 3).

RESULTS

Effect of A30P Seeds on Fibrillization of a-Synuclein—
First, we tested the effect of mutations on fibrillization of
a-synuclein. As shown 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 «-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-maximal 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

7942 JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 1. Fibrillization of WT and mutant «-synuclein (4) and promotion of WT «-synuclein fibrillization
by the addition of WT or mutant fibrils seeds (8). A, WT and mutant a-synuclein (1.0 mg/ml) were incubated
with shaking at 37 °Cin the absence of seeds. B, WT a-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). Fibrillization was monitored by
measuring the Th-S fluorescence. Results are expressed as means = SE (n = 3).

cence intensity. As in the case of
WT a-synuclein monomer alone,

e A30P seeds accelerated the fibrilli-
4 / 2 zation process more effectively than
! did WT seeds (supplemental Fig. 1).

" Fibrillization was not observed in

the absence of seeds. The time for

i half-maximal fibrillization was ~1.5

days with A30P seeds and 3.5 days
with WT seeds.

Shedding of Fragments from A30D
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. 3A4). 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 «-synuelein was incubated with the

4 6

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

volurne), 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.

hC LN
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A wT AP E46K AS3T
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Ratia to Total Protein (%)
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@
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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 {, /7, iil, and iv), seeds (v, v/, vii, and vii}), and seed supemiatants {ix, x, xi, and xii} of WT {7, v, and ix), A30P {#, vi, and x),
E46K (iil, vii, and xi), and AS3T (iv, vifi, and xil} e-synudlein, Negatively stained fibrils, seeds, or seed supernatants were observed by electron microscopy. Scale
bar, 200 nm. 8, biochemical analysis of WT and mutant seeds after ultracentrifugation. Pellets and siiperniatants were subjected to SDS-PAGE and stained with
CBB. ¢, quantification of a-synuclein recovered in the supernatants and pellets (expressed as a percentage of total a-synuciein, taken as 100%}. The results are
expressed as means x SE. (n = 3) (*, p < 0.01). D, WT a-synuclein monomer seeding activities of short fibrils recovered in the supernatants of ultracentrifu-
gation. The results are expressed as means = SE. (n = 3). .
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FIGURE 3. EM and biochemical analyses of WT fibirils formed ir the

presence of
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T or A30P seeds, A, EM analysis of WT fibrils formed Inthe presence of WT

or A30P seeds, suspended fibrils, and the supernatants after ultracentrifugation for WT fibrils formed with WT seeds (i, iii,and v) and WT fibrils formed with A30P
- seeds (fl, fv,-and vi). Negatively stained WT fibrils formed in the preserice of WT or A30P seeds (f and i), the fibrifs after suspension (ifand iv), and the fibrilsin the
supernatants after centrifugation (ivand v) wére observed by electron microscopy. Scale bar, 200.nm. B, biochemical analysis of a-synuclein fibrils fractionated
by ultracentrifugation. C, quantification of a-$ynuclein recovered in the supernatantsand pellets after ultracentrifugation (expressed as a percentage of total
a-synuclein, taken as 1009%6). The results are expressed as means + S.E.(n = 3) (*p<001). -

Shedding Property of WT Fibrils Formed in the Presence of
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 ii).
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 i), This was confirmed
by measuring the fibril length in these suspenisions 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
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that WT fibrils formed in the presence of A30P seeds have the
same shedding propensity as A30P fibrils. -

Immuriochemical Awalysis of a-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 inFig: 4, Gand 7, syn131-140 stained both WT and
A30P fibrils (fibril seeds) almost equally, whereas syn75-91
(Fig. 4, Eand [) strongly labeled only W'T 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-a-synuclein antibodies to the N terminus (_number
36, a gift from Dr. Iwatsubo) and anti-NAC antibody (NAC2, a
gift form Dr. Jikald) (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-
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FIGURE 4. Dotblot analysis of WT fibrils formed in the presence of A30P fibril seeds with epitope-specific
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 presencé of A30P seeds were spotted onto polyvinylidene difluotide
membrane, stainied with CB8 (A and 8), or immunodetected with syn1-10 (Cand D), syn75-91 {€ and ), and
syn131-140 antibodies (G and H). For CBB staining and dot blotting with syn74-91, 100, 50, 25,and 12.5 ngof
protein were spotted. For immunodetection with syni-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 expetiments.
|, quantification of immunoreactivities of WT fibirils, A30P fibrils, and WT fibrils formied in the presence of WT
seeds'or A30P seeds. The results are expressed as a percentage of immunoreactivity of WT ibrils, taken as 100%

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

activity similar to that of A30P fibrils (Fig. 4, D, F, and 1),
whereas WT fibrils formed in the presence of WT seeds showed
the same pattern as WT fibrils (Fig. 4, D, F, and ). 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
syn1-10 and syn75-91 (suppleriental Fig. 2, C, E, and 7). WT
fibrils showed comparatively strong immunoreactivities to all
three antibodies, whereas A30P fibrils showed a distinct pattern
(supplemental Fig. 2, D, F, and 1), being labeled strongly with
syn1-10 but hardly at all with syn75-91.
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Comparison of Protease-resistant
Cores of WT and A30P w-Synuclein
Fibrils—In order to investigate the
structural differences between WT
and A30P fibrils and also between
WT 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).

When monomeric a-synuclein
was digested with trypsin -or pro-
teinase K, no band was detected
(Fig. 54). In contrast, 8-12 kDa
core bands remdined 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 W'T 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 smialler molecular
weights than those of the WT bands
wete detected after the digestion of
A30P fibrils and WT fibrils formed
in the presence of A30P seeds (Fig.
5, B and C). Similarly, digestion of

the presence of WT seeds with pro-
teinase K, a nonspecific protease,
showed three major bands of 1012
kDa (black arrowheads), vihereas
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-chernical data
strongly suggest that the core structures of A30P fibrils and 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 in vitro (Fig. 14), WT
seeds may be formed earlier than A30P seeds in the brains of
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A B C D patients with the A30P mutation. We therefore investigated
whether A30P mutant «-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 wete 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, i and ii). However, after suspension, many
tiny fibrils were observed in the A30P fibrils formied 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, iiiand iv). This was confirmed by measuring thelength
o ERREe ! of fibrils in these suspensions prepared by pipetting (supple-
FIGURE 5. Comparison of protease-resistant cores of WT fibrils, A30P fibrils, mental Fig. 3. Many tiny fibrils were observed in'the superna-
S omar T I TR eIt of SO Tk omed i . e of 1 i
R proapitd b hceof WTseeds  VWhereas such tiny fibrils were har y detected in the superna-
TR LT SR T s by dectd o e e
i e o S0 G B i A a1 ). Quantiative anlyst ofa-cymuclen n the s
;r;:lor"t:ans'efresistant band patterns of WY fibrils formed with WT seeds are the tants and pellets by SD S-PAGE confirmed the results of EM
same as those of WT fibrils (black arrowheads); whereas the band patternsof  observation; more a-synuiclein was detected in the supernatant
e 0 T s ISl ofAS0 Bl m e e st e
experiment is shown; Similar results were obtained in three separate Of WT fibrils formedin the presence of WT seeds (Fig. 6,8 and
experiments, 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, :
Conformation of A30P FEibrils
Fortned ivi the Presence of WT Seeds—
To investigate the relationship
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
NAC2 antibodies (data not shown).

P

Ratioto T§W Prodoin 5

WT AP

MONo. MoNo 1Mofo Mono To further investigate the struc-
_ +WT-secds tural differences between WT fibrils
supi ppt- formed in the presence of WT seeds

FIGURE 6. EM and biac|

A and biochemical analyses of A30P fibrils formed in the presence of WT seeds. 4, M  and A30P fibrils formed in the pres-
analysis of WT ﬁbﬁis_ formed in 'th; presence of WT seeds (, jii, and v} and A30P fibrils formed inbthe ence of WT seeds, the proteage-re-
presence of WT seeds (i, iv, and vi) before and after suspension. Negatively stained WT or A30P fibrils . T T o o
formed in the presence of WT seeds (/and ii, the fibrils after suspension (i and iv), and the finls in  sistant cores of the fibrils were ana-
supematants after centrifugation (v a by electron microscapy. Scale bar, 200 nm.  lyzed. As shown in Fig. 5, Band D,

g of ¢ the band patterns of the trypsin-

and protéinase K-resistant cores of
A30P fibrils formed in the presence
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and the cytotoxicity was determined
by an MTT reduction assay, as has

WT fibrils been used widely. As shown in Fig.
with WT-seeds 84, all fibrils composed of WT or
A30P fibrils’ mutant a-synuclein showed a sig-
with WT-seads nificant reduction of MTT (p <

0.01), whereas no toxicity was
detected with monomeric WT or
mutant o-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
enhariced (p < 0.01), although the
increase was small in the case of the
E46K mutant (Fig. 8A). 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

I 150 , oW firls oANPSYs of WT fibrils formed in the presence
—_ Foa SWiEiTses chNPWTies of A30P seeds and A30P fibrils
g ok formed in the presence of WT seeds
é 160 were also analyzed by MTT assay
- (Fig. 8B). These fibrils with in-
2 creased shedding propensity showed
® 51 stronger cytotoxicity than WT
£ fibrils formed in the presence of W'T
S seeds, and sonication enhanced the

toxic effects of these fibrils. These
0 data demonstrate a close correla-

tion between the shedding propen-

FIGURE 7. Dot blot analysis of WT or ABOP ﬁhﬂls £ med in the presence of WT seeds with epitope—
specific antibodies. Equal amounts of WT and A30P fibrils, WT fibrifs formed in the presence of WT seeds, and
A30P fibrils formed in the presence of WT seeds were spotted on polyvinylidene difluoride membrarie’and
stained with CBB (A and 8) or immunodetected with syn1-10 {Cand D}, syn75-91 (Eand F), or wm33~140
antibodies (G and H). For CBB staining and dot blotting with syn74-91, 100,50, 25,and 12.5 ngof protein were
spotted. For immunodetection with syni-10and syn131-140 10,5, 2.5, and 1.25 ng of protein were spotted
Afypical expenment is shown; similar results were obtained in three sepa‘r"até experiments./, quantification of
immungdreactivities of WT fibrils, A30P fibils, 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 + SE, n = 3)

sity of fibrils and the cytotoxicity.
DISCUSSION
Nucleation-dependent. aggrega-
tion has been reported to play a role
in the fibrillization of many anyloi-
dogenic proteins, incinding Ag pro-

*,p < 001).

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 o-Synuclein Fibrils—To
investigate the relationship between the sheddmg propensity of
fibrils and the cytotoxicity, SH-SY5Y cells were treated with
WT or mutant fibrils (suspended by pipetting or sonication),
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tein, S2-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 «-synuclein, indicating that
A3B0P fibrils have a cross-seeding effect on WT a-synuclein.
Surprisingly, A30P seeds promoted the fibrillization of WT
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toxicity was detected in the case of monomeric in. B,

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-synuclein was similar to
that of WT seeds, and that of E46K seeds was much smaller. EM
and ultracentrifugation studies revealed that the sirong 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 (SapNM) assembled into amyloid fibrils with
different conformatlons, Sc4 or Sc37, upon incabation at 4 or
37 °C, respectively. Sc4 had a higher fragility than S¢37, and
only Sc4 amyloid had high infectivity and seeding efticacy for
fibrillization of Sup35 monomer. Furthermore, it has been
reported that pathologiéal prion protein can be detected sensi-
tively by cyclic amplification of ptotein misfolding with sonica~
tion (41). These reports demonstrate that fragmentation or
shedding of amyloid fibrils can accelerate fibrillization and
result in high inféctivity 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 a-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 8-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 miutation exists in the vicinity of the N terminus
of the fibril core (residues 31-109) (34), itis 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
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FIGURE&CytotoxiaﬁesofWTand mutant o-synudein fibrils. A, SH-SYSY celis were treated with monomencwr

ormutant e-synuiclein, suspended fibrils, or sonicated fibrils, and cellular darmage was detected byan MTT reduction
assay. Significant reduction of MTT was detected in cells treated with WT and mutant fibrls {p > 0.01), wheréas no -

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). Theresults
are presented as percentage MTT reduction, with the values obtained upon the addition of 30 riw Tris-HCl, pH 7.5,

LW v hamster-type amyloid fibrils but
ilar effect has been seen with yeast
prion protein and AS (45, 46).

In this study, we have employed a
novel method wsing epitope-spe-
cific antibodies of a-synuclein to
detect structural difference between
WT fibrils and A30P fibrils (Fig. 4).
Dot blot analysis also revealed the
presence of conformational differ-
ences between a-synuclein mono-
mier 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 recogmzed by these antibodies. Since the N-terminal
region and C-termifial region of a-synuclein show intramolec-
ularlong range interactions (15), it is 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 NAC regions of a-synuclein are both exposed at the surface
in the fibrils (supplemental Fig. 2, D, F, and 1). In A30P, how-
ever, the NAC region is buried in the fibsils' (supplemental Fig.
2, F and 1), probably because the bent N termiias masks the
NAC region and blocks recognition by the corresponding anti-
body. Recent single molecule studiés in 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, randorn coil structure, and 8-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 differerit results
in the aggregation experiments.

In 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 ultracenmfugatmn 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. It is
passible that such soluble oligomers or abnormal species may
correspond to small fibrils or fragments.

In this in vitro study, we found an important effect of A30P
mutation, which may provide a clue for understanding the
mechanism of early onset in patients harboring the A30P muta-
tion. Qur 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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not mouse-type fibrils (44). A sim-
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FIGURE 9. Schematic. illustration of proposed nudeation-depen
fibrillization of WT and A30P mutant a-synuclein. A, fibiillization. of WT -

dent

a-syhuclein in the presence of WY 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 fibril conformation are formed.

immanohistochemical 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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