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Characterization of Inhibitor-Bound a-Synuclein
Dimer: Role of a-Synuclein N-Terminal Region in
Dimerization and Inhibitor Binding
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a-Synuclein is a major component of filamentous inclusions that are histo-
logical hallmarks of Parkinson's disease and other a-synucleinopathies.
Previous analyses have revealed that several polyphenols inhibit o-
synuclein assembly with low micromolar ICs, values, and that SDS-stable,
noncytotoxic soluble a-synuclein oligomers are formed in their presence.
Structural elucidation of inhibitor-bound a-synuclein oligomers is obviously
required for the better understanding of the inhibitory mechanism. In order
to characterize inhibitor-bound a-synucleins in detail, we have prepared o-
synuclein dimers in the presence of polyphenol inhibitors, exifone,
gossypetin, and dopamine, and purified the products. Peptide mapping
and mass spectrometric analysis revealed that exifone-treated a-synuclein
monomer and dimer were oxidized at all four methionine residues of a-
synuclein. Inmunoblot analysis and redox-cycling staining of endoprotei-
nase Asp-N-digested products showed that the N-terminal region (1-60) is
involved in the dimerization and exifone binding of a-synuclein. Ultra-high-
field NMR analysis of inhibitor-bound a-synuclein dimers showed that the
signals derived from the N-terminal region of a-synuclein exhibited line
broadening, confirming that the N-terminal region is involved in inhibitor-
induced dimerization. The C-terminal portion still predominantly exhibited
the random-coil character observed in monomeric a-synuclein. We propose
that the N-terminal region of a-synuclein plays a key role in the formation of
a-synuclein assemblies.
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Introduction

Parkinson's disease (PD) and other a-synucleino-
pathies are progressive neurodegenerative diseases
characterized by the selective loss of dopaminergic
neurons and deposition of filamentous Lewy bodies,
of which a-synuclein is the major component.
Formation of amyloid fibrils and/or intermediate
oligomers of a-synuclein is a complex process, and
small-molecular inhibitors have been used to inves-
tigate the pathways involved. Conway et al. reported
that catechol-containing compounds, including do-
pamine, inhibited the formation of a-synuclein
fibrils, causmg the accumulation of a-synuclein pro-
tofibrils.! It was also reported that a-synuclein fibril-
lization was inhibited by dopamine analogues, and

-synuclem oligomers were stabilized by these com-
pounds.” We have previously reported that several
polyphenols inhibited a-synuclein assembly with
ICsp values in the low micromolar range, and that
noncytotoxic, SDS-stable a-synuclein oligomers were
formed in the presence of inhibitory compounds.’

Analyses of the interactions between small-molecu-
lar inhibitory compounds and a-synuclein have been
reported by many groups, but the mechanisms
involved remain controversial. It was proposed that
amyloid fibril formation is inhibited by polyphenol
compounds via noncovalent aromatic interactions
with the amyloidogenic core.* A recent report showed
that chemical aggregates inhibited amyloid formation
of the yeast and mouse prion proteins in a manner
characteristic of coll01da1 inhibition, suggesting a
nonspecific mechanism.” Mutagenesis and competi-
tion studies with specific synthetic peptides sug-
gested a-synuclein residues 125-129 (YEMPS) as an
important region for dopamine-induced inhibition of

a-synuclein fibrillization, and the inhibition was
proposed to be due to conformational alterations of
a-synuclein induced by noncovalent interaction with
oxidized dopamine.® Molecular dynamics simula-
tions suggest that dopamine binds to the YEMPS
region, and the bound dopamine is further stabilized
by long-range electrostahc interactions with E83 in
the NAC region.” A recent NMR analysis indicated
that a polyphenol compound, epigallocatechin gal-
late, noncovalently binds to the C-terminal region of

a-synuclein (D119, S129, E130, and D135).> NMR
analysis showed that A53T mutant a-synuclein,
which is linked to autosomal dominant forms of
PD, has a greater propensity to aggregate in the
presence of dopamine, compared to wild-type a-
synuclem Meanwhile, NMR characterization of the
interaction between a-synuclein and various small
molecules indicated that residues 3—-18 and 38-51 act
as noncovalent binding sites for inhibitory
compounds.’

Covalent attachment of inhibitors to a-synuclein,
on the other hand, has been proposed by several
groups. Conway et al. suggested that 5-10% of dopa-
mine was covalently incorporated into a-synuclein
by radical coupling (dopamine-derived orthoqui-
none to Tyr) and/or nucleophilic attack (eg Lys
forming a Schiff base with the orthoquinene).” Mass
spectrometry (MS) and NMR characterization sug-
gested that the oxidation product (quinones) of a
dopamine analogue was covalently linked to the
amino groups of the a-synuclein cham thereby
generating a-synuclein—quinone adducts.” Thus, the
binding mode and binding site(s) of small-molecular
inhibitors remain controversial.

The conformation of inhibitor-induced a-synu-
clein oligomers is also a matter of debate. Norris et al.
reported that spherical oligomers of dopamine-
modified a-synuclein take a predominantly ran-
dom-coil structure with some B-pleated sheets on the
basis of CD and Fourier-transform infrared spec-
troscopy studies.® Another group demonstrated that
in the presence of small inhibitory molecules, o-
synuclem is still dominated by random-coil
character.'® Ehrnhoefer ef al. proposed that epigallo-
catechin prevented the conversion of monomeric a-
synuclein into toxic on-pathway aggregation inter-
mediates and resulted in the formation of unstruc-
tured, nontoxic a-synuclein ohgomers that they
considered to be off-pathway.? On the other hand,
it has recently been reported that a flavonoid,
baicalein, stabilized PB-sheet-enriched oligomers
based on CD and Founer-transform infrared spec-
troscopy analysis."! The baicalein-stabilized oligo-
mers were characterized as quite compact globular
species based on small-angle X-ray scattering data
and atomic force microscopy.
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Masuda et al. isolated a-synuclein dimers formed
in the presence of inhibitory compounds,® and the
isolated soluble dimers were recently characterized
using a panel of epitope-specific a-synuclein anti-
bodies.!? The reactivities of the antibodies indicated
that the conformations of polyphenol-bound a-
synuclein dimers differ from those of unbound
monomers, but resemble those of amyloid fibrils,
suggesting that inhibitor-bound molecular species
are on-pathway intermediates.

This situation prompted us to carry out a com-
prehensive analysis of inhibitor-treated a-synucleins
by means of NMR spectroscopy in conjunction with
other biochemical methods, such as peptide map-
ping, immunoblotting, and redox-cycling staining.
We have previously analyzed the antibody binding
and site-specific phosphorylation of a-synuclein
using ultra-high-field NMR spectroscopy.' For the
structural characterization, we prepared and puri-
fied a '®N-labeled a-synuclein dimer in the presence
of polyphenol inhibitors on a milligram scale and
analyzed it by ultra-high-field NMR spectroscopy
recorded at a proton observation frequency of
920 MHz.

Results and Discussion

Isolation and characterization of inhibitor-bound
a-synuclein dimer and monomer

SDS-stable, noncytotoxic a-synuclein oligomers
were detected in the soluble fraction in the presence
of inhibitory compounds such as polyphenols.® For
detailed characterization of inhibitor-induced o-
synuclein oligomers, we attempted to prepare

exifone-, gossypetin-, and dopamine-induced o-
synuclein dimer and monomer (for inhibitor struc-
tures, see Fig. 1) and to separate them by gel-
filtration chromatography as described.'” Fig. 2a
shows the HPLC patterns of control and exifone-
treated a-synucleins. The HPLC fractions of exifone-
treated a-synuclein were analyzed by SDS-PAGE
and Western blotting (Fig. 2b). The data indicate that
the exifone-treated a-synuclein dimer (Exi-dimer)
was successfully purified by gel-filtration chroma-
tography. The homogeneity of inhibitor-induced
monomer and dimer was also checked by diffusion
NMR experiments (data not shown). a-Synuclein
monomer and dimer treated with exifone, as well as
control monomer (without inhibitor), were sub-
jected to matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) MS measurements
(Fig. 2c). a-Synuclein monomer (control) showed a
major signal at 14,460 Da, which matched the pre-
dicted mass (14,460 Da). On the other hand, exifone-
treated monomer (Exi-monomer) gave a major
signal at 14,524 Da, which corresponded to that of
a-synuclein plus 64 Da. Exifone-bound a-synuclein
(molecular mass of exifone, 278.2 Da) was not
detected, presumably because exifone binding was
noncovalent. The MS s of Exi-dimer showed
a broad peak at around 30 kDa and 15 kDa, and we
could not obtain an accurate molecular mass. The
peak at 15 kDa might be the doubly charged ion of
the Exi-dimer and/or the monomer released from
the Exi-dimer in the ionization process. To estimate
the ratio of exifone bound to a-synuclein dimer and
monomer, absorption of exifone at 385 nm was
measured for Exi-dimer and Exi-monomer. The
results indicate that Exi-dimer contains around 3
molecules of exifone per a-synuclein monomer,
while Exi-monomer

0]
CH20H2NH2 OH
HO | HO | OH OH
OH OH OH

Dopamine

Exifone

Gossypetin
ICsy=5.6uM

ICE:O: 2.5ﬂM

Fig. 1. Chemical structures of
dopamine, exifone, and gossypetin
with their ICs, values for inhibition
of a-synuclein filament assembly.
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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. S2). 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, Met1, Met5, Met116,
and Metl127, 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,0O-treated a-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
Asnl03-Alal40 (containing Metl16 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-Ala140 in-
cluding oxidized Met116 and Met127. Peaks 13, 14,
16, and 17 were derived from Asn103—Ala140 oxi-
dized at either Met116 or Met127. 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 -
synuclein. It is established that a-synuclein assem-
bly was inhibited by exifone at low micromolar
range (IC50=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-
Alab6/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 et al., in
which they suggested that dopamine inhibited the
aggregation of a-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 o-
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)

2000 A

Control

1500

1000 -

polyphenolic compounds, we conducted a structural
analysis of inhibitor-bound e-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

10

+ Exifone
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5
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E
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Fig. 3. Tryptic peptide mapping and MS analysis of a-synucleins. (a) Reverse-phase HPLC patterns of monomeric a-
synuclein (control), Exi-monomer, Exi-dimer, and H,Oj-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 1295.7 1295.6 EGVVHGVATVAEK (46-58)

5 770.5 770.3 MDVFMK (1-6)

6 1606.6 1606.8 TVEGAGSIAAATGFVKK (81-97)

7 2157.2 21571 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, Met116, 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 a-
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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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 a-
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-

== Dimer

== \lonomer

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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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, 61-70, 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 [**NINH,C], 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—HCI (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 °C in 30 mM Tris—-HCl

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 gel-filtration column
(1 cm*30 cm), eluted with 10 mM Tris-HCI (pH 7.5) con-
taining 150 mM NaCl. Eluates were monitored at 215 nm. a-
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 a-
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, a-
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 H,0O,. To
identify the modification, inhibitor-bound a-synuclein
monomer and dimer, as well as H,O,-treated a-synuclein,
were incubated with trypsin at 37 °C for 18 h at an
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 (2.1 x 125 mm; Merck) and analyzed by MALDI-
TOF MS.

Determination of stoichiometry of exifone/a-synuclein
complexes

The stoichiometry of exifone/a-synuclein complexes
was determined by measuring the absorbance of exifone

at 385 nm using a spectrophotometer (UV-1600 PC,
Shimadzu Co). Exifone-bound monomeric and dimeric
a-synucleins were isolated by gel-filtration chromato-
graphy as described above.

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
potassium glycinate solution (pH 10.0) in the dark for
16 h at room temperature and then dipped in 100 mM
sodium borate (pH 10.0). Exifone-bound a-synuclein was
specifically stained as purple-blue bands due to NBT
reduction to formazan.
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Fig. 6. NMR spectral comparison of exifone-bound *°N-labeled a-synuclein dimer and control monomer. (a) "H->N

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 15N-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;l:)lit 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-HCl
(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, 0.16 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

developed with NiCl,-enhanced diaminobenzidine
(Sigma).

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 triaple 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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The deposition of amyloid-like filaments in the brain is the
central event in the pathogenesis of neurodegenerative diseases.
Here we report cellular models of intracytoplasmic inclusions of
a-synuclein, generated by introducing nucleation seeds into
SH-SY5Y cells with a transfection reagent. Upon introduction of
preformed seeds into cells overexpressing a-synuclein, abun-
dant, highly filamentous 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 8-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 @-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 protein-specific polymerization of intracellular amyloid-
like proteins in cultured cells.

The conversion of certain soluble peptides and proteins into
insoluble filaments or misfolded amyloid proteins is believed to
be the central event in the etiology of a majority of neurodegen-
erative diseases (1—4). Alzheimer disease (AD)? is character-
ized by the deposition of two kinds of filamentous aggregates,
extracellular deposits of B-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 muta-
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- -
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 «-syn (9) and from Tau fila-
ments (10) were also shown to possess cross-8-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 iz 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 seeds.

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, a-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 mMm 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 mum 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 minat 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 (4RIN) monomer and 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 aS); HA-tagged a-syn (Seed-
HAY); a-syn monomers, oligomers; or Tau 3R1N 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 centrifugation (1,800 X
g 5 min) and washing with PBS. The cellular proteins were
extracted with 100 ul 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 pl
of SDS-sample buffer. Both Tris-soluble and insoluble fractions
were analyzed by immunoblotting with appropriate antibodies
as indicated (15, 18).

Cell Culture Model of Seed-dependent Polymerization of
a-Syn or Tau—a-Syn or Tau 3R1N or 4R1N was transiently
overexpressed in SH-SY5Y cells by transfection of 1 g 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

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 coverslips 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
{(LSM5Pascal, 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 investigation. 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 again
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-HCl, 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 temperature for 30 min and
then centrifuged at 113,000 X gfor 20 min. The resulting pellets
were suspended in 30 mm 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 aS 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 ul 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 usinga fluo-
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; emission 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 with Lipofectamine reagent. A, purified recombi-
nant a-syn (soluble form; 2 ug) and filaments (2 ng) were sonicated and then incubated with LA. The pro-
tein-LA complexes were dispersed in Opti-MEM and added to SH-SY5Y cells. After 14 h of culture, the cells were
collected and sonicated in SDS sample buffer. After boiling, the samples were analyzed by immunoblotting
with a phosphorylation-dependent anti-a-syn Ser(P)'?? (PSer129) (right) or a phosphorylation-independent
antibody, Syn102 (left). B and C, carboxyl-terminally HA-tagged a-syn fibril seeds (Seed-HA) were transduced into
cells by the use of LA. After incubation for 1 day (7d) or 3 days (3d), cells were harvested with or without trypsin, and
proteins were differentially extracted from the cells with Tris-HCI (TS), Triton X-100 (TX), and Sarkosy! (Sar), leaving the
pellet (ppt). Immunoblot analyses of lysates using anti-HA and anti-Ser(P)'?® are shown. The immunoreactive band
positive for anti-HA or anti-Ser(P)'*? in the Triton X-100-insoluble fraction was quantified. The results are expressed
asmeans = S.E. (n = 3). D, confocal laser microscopic analysis of cells treated with Seed-HA in the presence of LA.
Cells were transduced with 2 ug of Seed-HA using 5 wl of LA. After a 48-h incubation, cells were fixed and immuno-
stained with anti-Ser(P)'?? (green) and anti-HA (red) and counterstained with TO-PRO-3 (blue).

These cells were analyzed using
a laser-scanning confocal fluores-
cence microscope (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 «-Syn into
Cultured Cells Using Lipofectamine
Reagent—Cellular  overexpression
of a-syn by itself does not lead to
fibrillization of @-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 aS 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 aS 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 a-syn in cell
lysates (Fig. 1A). The insoluble
a-syn was phosphorylated at Ser'?’
upon introduction into cells (Fig.
1A), indicating that Seed aS 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 ul to 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

fected with pcDNA3-a-syn (1 ug) and GFP-CL1 (0.3 ug) using  hamster ovary cells and human embryonic kidney 293T cells

FuGENES6 and then transfected with Seed aS were grown on
coverslips for 2 days or treated with 20 uM MG132 for 6 h (19).
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(data not shown). In sharp contrast, soluble a-syn (either
monomeric or oligomeric forms) was not introduced into the



cells by the same treatment (Figs. 14 and 4), suggesting that the
LA treatment works exclusively for the internalization of insol-
uble a-syn aggregates.

These results strongly suggest that a-syn fibrils are incorpo-
rated with the aid of LA but do not exclude the possibility that

none pcDNA3-asyn (WT)

E WT+Seed uS F DLB brain sections
anti-Ubiquitin anti-PSer129 anti-Ubiquitin anti-PSer129

merge

extracellular a-syn fibrils may induce aggregation of endoge-
nous a-syn without incorporation. To confirm that the extra-
cellular a-syn fibril seeds are internalized into cells by LA, we
performed the transduction of preformed carboxyl-terminally
HA-tagged a-syn fibril seeds (Seed-HA) instead of non-tagged
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a-syn seeds. As shown in Fig. 1, B and C, time course experi-
ments revealed that Seed-HA was also incorporated into cells in
the presence of LA and could be detected with both anti-
HA antibody and a phospho-a-syn-specific antibody (anti-
Ser(P)'?), even 3 days after infection. Confocal microscopic
analyses also indicated that Seed-HA was phosphorylated at
Ser’? intracellularly. All anti-Ser(P)***-positive dotlike struc-
tures were also stained with anti-HA, indicating that no endo-
genously phosphorylated a-syn aggregates are present in the
cells (Fig. 1D and supplemental Fig. S1C).

Establishment of a Cell Culture Model for Nucleation-depen-
dent Polymerization of a-Syn—Although introduction of the
seed a-syn into cells was accompanied with phosphorylation,
no further dramatic change was observed. Because the level of
endogenous a-syn was relatively low in SH-SY5Y cells, we
introduced non-tagged or HA-tagged seeds into cells tran-
siently overexpressing a-syn. After 3 days of culture, immuno-
cytochemistry for a-syn revealed a diffuse (Fig. 2B) or dotlike
(Fig. 2C) pattern of cytoplasmic labeling by anti-Ser(P)*?° in
cells transfected with wild-type a-syn without seeds or in non-
overexpressing cells with Seed aS, respectively. Surprisingly,
however, in cells transfected with both pcDNA3-a-syn and
Seed aS, we observed abundant round inclusions that occupied
the cytoplasm and displaced the nucleus, with morphology
highly reminiscent of cortical-type Lewy bodies observed in
human brain (Fig. 2D). The size of the a-syn-positive inclusions
was ~10 uwm in diameter (Fig. 2D), which is similar to that of the
Lewy bodies detected in the brains of patients with dementia
with Lewy bodies. Similarly, when cells expressing a-syn were
transfected with Seed-HA, abundant phosphorylated a-syn-
positive cells were also detected (supplemental Fig. S1D).

We next examined the status of ubiquitin, which is positive in
most types of intracellular filamentous inclusions, including
Lewy bodies, in neurodegenerative disease brains. As shown in
Fig. 2, we found that almost all intracellular inclusions labeled
with anti-Ser(P)'?® were also positive for ubiquitin, as is the case
for Lewy bodies in the cortex of human DLB brain (Fig. 2F).
Furthermore, the juxtanuclear Ser(P)'*’-positive, Lewy body-
like inclusions were also positively labeled with thioflavin S, a
fluorescent dye that specifically intercalates within structures
rich in B-pleated sheet conformation (Fig. 2, G and H), indicat-
ing that the inclusions contain 3-sheet-rich filamentous aggre-
gates. Electron microscopic analysis of cells transfected with
both wild-type a-syn and the seeds revealed that the inclusions
are composed of filamentous structures ~10 nm in diameter
that are often covered with granular materials (Fig. 2, / and ).
The filamentous structures were randomly oriented within the

cytoplasm of these cells, forming a meshwork-like profile, and
were frequently intermingled with mitochondria (Fig. 2, / and
J), being highly reminiscent of human cortical Lewy bodies.
Immunoelectron microscopy showed that the filaments were
densely decorated with anti-Ser(P)**® (Fig. 2K), demonstrating
that they were composed of phosphorylated a-syn.

To biochemically validate this cellular model and to investi-
gate further the molecular mechanisms underlying nucleation-
dependent aggregation within cells, we differentially extracted
a-syn from these cells using detergents of various strengths and
analyzed the extracts by immunoblotting with anti-Syn102 and
-Ser(P)'?*? antibodies. The levels of a-syn in the Sarkosyl-solu-
ble and -insoluble fractions (total a-syn and a-syn phosphory-
lated at Ser'??, respectively) were dramatically increased in
cells transfected with both wild-type a-syn and the seeds
(WT + Seed oS in Fig. 3, A and B). To distinguish endogenous
a-syn from exogenous a-syn fibrils, we used LA to transduce
Seed-HA into cells overexpressing a-syn. Immunoblot analyses
of these cells showed that HA-tagged a-syn with slower mobil-
ity than non-tagged a-syn was detected in the Sarkosyl-insolu-
ble pellets as phosphorylated forms by anti-HA and anti-
Ser(P)'?? antibodies in cells treated with Seed-HA + LA (Fig. 3,
C-E). Interestingly, in cells expressing a-syn (WT) treated with
Seed-HA + LA, much more abundant non-tagged a-syn was
detected in the Triton X-100- and Sarkosyl-insoluble fractions
as phosphorylated forms with a smaller amount of the HA-a-
syn. We also performed a dose dependence experiment with
Seed-HA in cells expressing a-syn. As shown in supplemental
Fig. S2, immunoreactive levels of Triton X-100-insoluble phos-
phorylated a-syn increased in parallel with an increase in the
amount of Seed-HA. Furthermore, we tested whether Tau pro-
tein forms intracellular aggregates in the presence of a-syn
seeds instead of Tau seeds. We found that Tau was not aggre-
gated with Seed-HA, confirming that intracellular aggregate
formation of soluble a-syn is specific to and dependent on fibril
seeds of the same protein (supplemental Fig. S3). This nucle-
ation-dependent polymerization of a-syn in cells was greater at
3 days than at 1 day after transduction of the seeds (Fig. 3F).

Negative stain electron microscopic observation of Sarkosyl-
insoluble fractions of the cells harboring inclusions revealed
anti-Syn102 and Ser(P)'**-positive filaments of ~5-10-nm
width (Fig. 3, G and H) that are highly reminiscent of those
derived from human a-synucleinopathy brains (21). Such fila-
ments were never detected in the Sarkosyl-insoluble fraction of
cells solely overexpressing a-syn (data not shown). These
results indicated that the biochemical characteristics of a-syn
accumulated in cells forming the Lewy body-like inclusions

FIGURE 2. Confocal laser and electron microscopic analyses of a-syn inclusions in plasmid-derived a-syn-expressing cells treated with seed a-syn.
A-D, confocal laser microscopic analyses of control SH-SY5Y cells transfected with pcDNA3 vector and Lipofectamine alone (A), cells transfected with
pcDNA3-a-syn (WT) (B), cells transduced with the seed a-syn (Seed aS) (C), and cells transfected with both pcDNA3-a-syn and Seed oS (WT + Seed aS) (D),
immunostained with anti-Ser(P)'?® (green), and counterstained with TO-PRO-3 (blue). The arrows indicate cytoplasmic round inclusions stained with anti-
Ser(P)'2° (PSer129). Scale bars, ZO#m. E-F, comparison of confocal images of cells transfected with both a-syn plasmid and Seed aS (E) and tissue sections from
DLB brains (F) using anti-Ser(P)'? (green) and anti-ubiquitin antibodies (red). Cytoplasmic inclusions in transfected cells (arrows) are positive for ubiquitin, like
Lewy bodies (arrowheads) in DLB brains. Scale bars, 20 um. G and H, confocal microscopic images of cells transfected with both pcDNA3-a-syn and Seed aS.
Cells were stained with 0.05% Thioflavin S (green) and anti-Ser(P)'2° antibody (red). The boxed area on the left is shown in the right panel. Scale bars, 20 wm on
the leftand 10 wm on the right./and J, electron microscopic analyses of cells transfected with both pcDNA3-a-syn and Seed S. High magnification of the boxed
area in | is shown in J. An asterisk or arrow indicates a nucleus or mitochondrion, respectively. Scale bars, 2 um in | and 200 nm in J. K, immunoelectron
microscopic observation of cells transfected with both pcDNA3-a-syn and Seed aS using a polyclonal antibody against phosphorylated Ser'?® of a-syn. Scale
bar, 200 nm.
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