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ARTICLE INFO ABSTRACT

Synucleinopathies comprise a diverse group of neurodegenerative diseases including Parkinson's disease (PD),
dementia with Lewy bodies, and multiple system atrophy. These share a common pathological feature, the
deposition of alpha-synuclein (a-syn) in neurons or oligodendroglia. A-syn is highly conserved in vertebrates, but
the primary sequence of mouse a-syn differs from that of human at seven positions. However, structural dif-
ferences of their aggregates remain to be fully characterized. In this study, we found that human and mouse a-
syn aggregated in vitro formed morphologically distinct amyloid fibrils exhibiting twisted and straight structures,
respectively. Furthermore, we identified different protease-resistant core regions, long and short, in human and
mouse a-syn aggregates. Interestingly, among the seven unconserved amino acids, only A53T substitution, one of
the familial PD mutations, was responsible for structural conversion to the straight-type. Finally, we checked
whether the structural differences are transmissible by seeding and found that human a-syn seeded with A53T
aggregates formed straight-type fibrils with short protease-resistant cores. These results suggest that a-syn ag-
gregates form sequence-dependent polymorphic fibrils upon spontaneous aggregation but become seed struc-
ture-dependent upon seeding.
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1. Introduction

Neurodegenerative diseases such as Alzheimer's disease, Parkinson's
disease (PD), Huntington disease, amyotrophic lateral sclerosis, and
prion diseases are recognized to have common molecular pathologies
including protein aggregation and inclusion body formation [1]. Lewy
bodies (LB) and Lewy neurites, the pathological hallmarks of PD and
dementia with Lewy bodies (DLB), contain filamentous forms of alpha-
synucleins (a-syn) in neurons, while other neurodegenerative disorders
including multiple system atrophy (MSA) also display a-syn deposits in
oligodendroglia called glial cytoplasmic inclusions (GCI) [2-4]. These
three diseases are collectively called as synucleinopathies [2].

Recent studies demonstrate that MSA is unequivocally caused by a-
syn aggregates, in which misfolded proteins undergo self-propagation
and are capable of transmitting disease pathology to transgenic mice or
to cultured cells [5-8], while as for PD, PD with dementia, and DLB,
transmission studies have been unsuccessful [6,7]. Another recent

report clearly shows that pathological a-syn in GCIs and LB is con-
formationally and biologically distinct [9]. These recent reports suggest
that distinct conformations of misfolded a-syn strains may be re-
sponsible for these diseases. In addition, distinct a-syn strains generated
in vitro display differential seeding capacities, inducing strain-specific
pathology and neurotoxic phenotypes in rodent [10-12]. Namely, it
seemed that the conformational differences between distinct a-syn
strains are highly related with the disease polymorphisms of synuclei-
nopathies. However, the conformation of polymorphic a-syn fibrils are
not directly connected with the neurotoxicity and pathogenicity in ro-
dents, because the amino acid composition of rodent a-syn differs from
that of human a-syn, which yielded ambiguous results regarding the
conformation of human a-syn fibril.

The mouse a-syn contains substitutions at positions 53, 87, 100,
103, 107, 121, and 122 with human a-syn. In vivo assessment of seeding
with a-syn aggregates derived from human diseases into mouse brains is
relevant for the species barriers as reported in prion disease [13-15].

Abbreviations: AD, Alzheimer disease; PD, Parkinson's disease; DLB, dementia with Lewy bodies; MSA, multiple system atrophy; a-syn, alpha-synuclein; WT, wild
type; CBB, Coomassie Brilliant Blue; PFF, pre-formed fibrils; EM, electron microscopy
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Fig. 1. Biochemical differences in monomeric and aggregation states between human and mouse alpha-synuclein.

Sequence comparison for human (hu) and mouse (mo) a-syn highlighting amino acid differences. (B) Native-PAGE data of human and mouse a-syn. The gel was
stained with CBB. (C, D) Electron micrographs of human and mouse a-syn aggregates. Black and white arrowheads indicate twisted sites (C) and straight fibrils (D),
respectively. Representative fibrils are shown in right side of each electron micrograph. Human a-syn forms twisted fibrils (twisted) that have wide and narrow
segments (C) while mouse a-syn forms straight type fibrils (straight), which does not have clear periodicity (D). Black and white scale bars show 50 nm and 100 nm,
respectively. (E) The results of protease partial digestions with proteinase K. “pre” indicates pre-digested samples. Each number indicates reaction times at seconds.
(F) MALDI-TOF MS spectra (m/z 7500-13,000) of core peptides derived from human and mouse a-syn aggregates. Observed mass is shown in each spectrum. Human

and mouse a-syn aggregates are formed by long core (m/z 9127.1, m/z 9539.4, m/z 10,914.7) and short core (m/z 7978.6), respectively. Human and mouse a-syn are
designated as hu and mo, respectively.
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Fig. 2. Alpha-synuclein mutants with single substitution form distinct amyloid fibrils.

Electron micrographs of human WT a-syn, mouse a-syn, and other mutants a-syn. Scale bars show 100 nm. Black and white arrowheads indicate twisted sites and
straight filaments, respectively. Black arrows indicate bundle types of filaments. Amyloid fibrils morphologies of mutants were divided into 3 groups: Group A;
twisted (red), Group B; straight (blue); Group C; twisted fibrils with bundled ones (green).

The cross-species seeding of human a-syn aggregates attenuate propa-
gation and spreading of aggregates in mouse brain [16-18]. Using
chimeric a-syn fibrils, it was reported that interspecies substitutions of
human WT a-syn with the mouse a-syn at residues A53 to T and S87 to
A (designated as Hu™) resulted in a higher seeding efficiency than
human WT a-syn seeds in both cultures and in vivo [19]. These previous
researches suggested that human and mouse a-syn are biologically
distinct. Cell-free in vitro analyses of human and mouse a-syn further
demonstrated that these two a-syn fibrils are conformationally distinct,
which are also regulated by the two substitutions of A53T and S87N
sequences [19-22]. Based on these previous findings, we can speculate
that human and mouse a-syn are conformationally and biologically
distinct. Thus, the investigation of the difference between human and
mouse a-syn is important to uncover the pathogenic contributions to
synucleinopathies by a-syn fibril structures. However, studies on the
difference between human and mouse a-syn fibrils are quite limited.
In this study, we focused on the structural differences between
human and mouse a-syn fibrils to gain new insight into the relationship
between pathogenicity of synucleinopathies and a-syn fibril
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polymorphisms. Using electron microscopy (EM) and protease-resistant
core analyses with mass spectrometry, we identified newly polymorphic
features of human and mouse a-syn fibrils, which are regulated by an
interspecies single substitution, A53T. Furthermore, seeding experi-
ments using those mutants revealed seed-induced structural amplifi-
cation, suggesting that although the structure of spontaneous ag-
gregates depends on their sequence, the seeds change this spontaneous
tendency. Particularly, the structural transmissions of A53T's properties
to human WT a-syn by seeding reactions implied that the presence of
intracellular pre-formed seeds could induce the conversion of non-pa-
thogenic form into the disease-type-specific pathogenic form in vivo.

2. Material and methods
2.1. Preparation of recombinant a-syn
Plasmids pET 15b encoding His-human a-syn and His-mouse a-syn

were described previously [18]. Introduction of mutations was per-
formed through Inverse PCR using KOD neo DNA polymerase
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Fig. 3. Alpha-synuclein mutants with single substitution form distinct protei-
nase K-resistant core revealed by MALDI-TOF MS analysis.

MALDI-TOF MS spectra (m/z 7500-13,000) of core peptides derived from
human, mouse, and mutant a-syn aggregates are shown. Segments enclosed in
rectangles with a solid and dashed lines are shown for long cores (human-
specific spectra area; a, b, ¢) and short cores (mouse-specific spectra area; d, e),
respectively. The classification of morphologies; Group A (red), Group B (blue),
and Group C (green) are indicated on the right side.

(TOYOBO) and confirmed by DNA sequencing. Used primers are listed
in supplementary table 1. All mutants were established on the site di-
rected mutant of codon 136 (TAC to TAT), which avoids mis-
incorporation of Cys at this position [23]. The Escherichia coli (E. coli)
strain BL21 (DE3) was transformed with the expression vector pET15b
encoding a-syn and cultured at 37 °C for several hours and 0.5M iso-
propyl 1-thio-f3-p-galactopyranoside was added and cultured further for
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6 h. To extract proteins from E coli, the cells were lysed with phosphate-
buffered saline containing 2% TritonX-100. After sonication and cen-
trifugation, the supernatant was immediately poured into a 15mL
centrifuge tube containing Ni-sepharose beads (GE Healthcare), then
rotated for 1 h at 4 °C. The beads were washed twice with 50 mM Tris,
100 mM NaCl, 30 mM imidazole, pH 8.0, and a-syn was eluted with
50mM Tris, 100 mM NaCl, 250 mM imidazole, pH8.0. The eluted
samples were filtrated with 0.22 um filter (Millex) to obtain pure pro-
tein, and concentrated by Vivaspin Turbol5 (Sartorius). The His-tag
was cleaved by Thrombin agarose (Sigma) at 25 °C for 20 h. To elim-
inate Thrombin agarose, the solution was centrifuged at 15,000 rpm for
3 min, then the supernatant was filtrated with a 0.22 um filter. After the
His tag is removed proteolytically, the obtained a-syn lacks a N-term-
inal methionine and retains N-terminal Gly-Ser residues that is part of
the thrombin recognition site. A-syn protein concentration was de-
termined from the absorption at 280 nm in the presence of 6 M guani-
dine hydrochloride by using 5690M ™' cm ™! or 7450 M ™' cm ™! as an
extinction coefficient. The samples obtained were used for making ag-
gregates.

2.2. In vitro aggregation

Purified a-syn monomers (100 uM) in 150 pL of buffer A (50 mM
Tris-HCl, 100mM NaCl) (pH8.0) with plastic beads SAN14246
(Sanplatec), were incubated at 37 °C in a shaking incubator Cute Mixer
CM-1000 (Tokyo Rikakikai) at 1000 rpm for 7 days. Kinetics of a-syn
aggregation was detected by Thioflavin-T fluorescence using Envision
at sequential time points (0, 4, 8, 24, 48, 168-192 h). Aggregates were
pelleted by spinning at 50,000 rpm for 20 min, resuspended in buffer A
(150 pL) and then sonicated using Bioruptor (Biorad). Those aggregates
were used for experiments as pre-formed fibrils (PFF). When a seeding
reaction was performed, 7.5 pL (5%) of PFF were added to monomeric
forms of a-syn (100 uM) in 142.5 pL of buffer A and were incubated.
Seeding efficiencies were assessed by Thioflavin T fluorescence at se-
quential time points (0, 2, 4, 6, 8, 24, 168-192 h). The obtained seed-
induced aggregates were used for experiments. Each aggregation ex-
periment was performed for each sample and repeated at least twice.

2.3. Gel electrophoresis

To evaluate the monomeric state of a-syn, we performed Native-
PAGE. For Native-PAGE, 2.5 pL of purified a-syn at 100 uM were mixed
with 17.5 uL of sample buffer (100 mM Tris-HCl pH 6.8, 20% glycerol,
and 0.01% bromophenol blue). Electrophoresis was performed in 12 or
15% (w/v) non-denaturing polyacrylamide gels (excluding SDS) at
20-30mA for 30 min to 60 min at room temperature with running
buffer (100 mM Tris, 100 mM glycine).

For SDS-PAGE, samples were mixed with SDS-containing Laemmli
buffer (100 mM Tris-HCl, pH 6.8, 4% SDS, 2% 2-mercaptoethanol, 20%
glycerol, and 0.01% bromophenol blue). Electrophoresis was performed
in 12 or 15% (w/v) SDS containing polyacrylamide gels (6.25%
stacking gel) at 20 mA for 60 min to 120 min at room temperature with
running buffer (100 mM Tris, 100 mM glycine, and 0.1% SDS). For both
PAGE, samples (10-15 pL) with or without boiling were loaded into the
gel. The gels were stained with Coomassie Brilliant Blue (CBB).

2.4. Electron microscopic analysis

Morphological observations of a-syn fibrils were done using an
electron microscope H-7000 (Hitachi) at an accelerating voltage of
100kV. The samples were adsorbed on 400-mesh grids coated by a
glow-charged supporting amorphous carbon film and negatively
stained with 2% uranyl acetate. The images were recorded on the Orius
CCD camera (Gatan) and the width of a fibrillar structure was measured
using ImageJ. The means of the number of fibrils were counted from
electron micrographs of three different field of view of each sample.
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Fig. 4. Aggregation and seeding process were monitored by Thioflavin T fluorescence in human, mouse, and mutant alpha-synuclein.

(A) Kinetics of a-syn aggregation was analyzed by ThT fluorescence at sequential time points (0, 4, 8, 24, 48, and 168 or 192 h). (B) The values of ThT fluorescence in
human, mouse, and mutant a-syn incubated at day 7-8 were shown. (C) Seeding efficiencies were assessed by ThT fluorescence at sequential time points (0, 2, 4, 6, 8,
24, and 168 or 192 h). (D) The values of ThT fluorescence in seed-induced aggregation of human WT a-syn incubated at day 7-8 were shown. These experiments were
repeated twice. These ThT kinetics data represent averages from the values of two tubes from one experiment.

2.5. Thioflavin T fluorescence

In a 96-well plate, 2.5 uL of a-syn aggregates were mixed with 25 pM
ThT in 100 pL of buffer A, and fluorescence was measured in a plate
reader (Perkin Elmer) with an excitation filter (430-442 nm cutoff) and
an emission filter (485 nm cutoff).

2.6. Protease partial digestion of aggregates

Partial digestion by proteases were performed based on a previous
study [24]. A-syn aggregates in buffer A were treated with 4 ug/mL
proteinase K (Nacalai) or 40 ug/mL trypsin (Promega). Aliquots were
transferred into tubes at different time intervals (20, 60, 120, 180, 240,
and 300s) and treated with the sample buffer for 10 min at 90 °C
(proteinase K) or quick stored at —80 °C (trypsin) to immediately arrest
further cleavage reaction. The samples were processed to SDS-PAGE to
monitor the time course of a-syn cleavage.

2.7. Mass spectral analysis of amyloid cores

A-syn aggregates were treated with proteinase K (4 pg/mL) or lysyl
endopeptidase (Wako) for 120 min for amyloid core analysis at 37 °C
[25]. Protease-resistant amyloid fibrils were collected by ultra-
centrifugation (50,000 rpm for 20 min), and the pellets were dissolved
in a buffer containing 6 M guanidine hydrochloride and 10 mM Tris-HCL
(pH 8.0). The dissociated amyloid fibril peptides were desalted by self-
made C18 (3M Empore solid phase extraction disk) Stage Tip and
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analyzed by MALDI-TOF MS (autoflex speed TOF/TOF, Bruker Dal-
tonics). Each protease core analysis was performed at least twice.

2.8. Statistical analysis

For comparison between two sample groups, data were first ana-
lyzed by t-test. We considered the difference between comparisons to be
significant when P < .05.

3. Results

3.1. Morphological and biochemical differences between human and mouse
a-syn aggregates

The substitutions between human and mouse a-syn are distributed
unevenly along the sequence; one (A53T) in the N-terminal region, one
(S87N) in the NAC region and five (L100M, N103G, A107Y, D121G and
N122S) in the C terminal region (Fig. 1A) [20]. Human and mouse a-
syn proteins were analyzed by Native-PAGE in order to examine the
state of a-syn after purification from E. coli. CBB-staining identified
strong single band by SDS-PAGE (Fig. S1B), but a mobility difference
between human and mouse a-syn was observed in Native-PAGE
(Fig. 1B), probably reflecting the charge differences between these
proteins.

To test whether these amino acid differences alter the structural
properties of aggregates, we compared morphologies of human and
mouse a-syn aggregates by EM observation and found their distinct
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Fig. 5. Morphologies of mutation-dependent structures could be transmitted to human wild-type alpha-synuclein by seeding reactions.

Electron micrographs of aggregates formed from human WT a-syn seeded with human, mouse or other mutants fibrils. Scale bars show 100 nm. Black and white
arrowheads indicate twisted sites and straight filaments, respectively. Black arrows indicate bundle types of filaments. Amyloid fibrils morphologies of human WT a-
syn aggregates formed by seeding were divided into 3 groups: Group A; twisted (red), Group B; straight (blue); Group C; twisted fibrils with bundled (green).

morphologies. Human a-syn formed twisted fibrils with wide
(14.95 = 2.09nm) and narrow (8.51 * 1.36 nm) components, and a
periodicity of —110 nm (n = 10) (Fig. 1C). In contrast, the mouse a-syn
fibrils showed straight types with its width (10.80 %= 1.04 nm)
(n = 10) (Fig. 1D), and the cross-over points were difficult to identify in
mouse straight-type fibrils. To examine the homogeneity of poly-
morphic fibrils, we counted the number of each fibril, and confirmed
that human and mouse a-syn formed almost homogenous populations
of distinct types of fibrils (100% and 97.52%), respectively. These re-
sults suggested that human and mouse a-syn formed prominently
morphological distinct fibrils in vitro.

Partial digestion with various proteases has been used to reveal the
biochemical property of different a-syn fibrils [19]. We performed the
partial digestion with proteases to identify the difference between
human and mouse a-syn fibrils. Proteinase K treatment differentiated
human and mouse a-syn fibrils (human: slower digestion, mouse: rapid
digestion), which is consistent with a previous report (Fig. 1E) [19].
Trypsin yielded additional differences between human a-syn and mouse
a-syn fibrils (human: 2 bands, mouse: 3 bands at 20 s point) (Fig. S2B).
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These results suggested that human and mouse a-syn fibrils have dif-
ferent biochemical (protease digestion) properties.

In general, protein fibrillar aggregates are composed of a protease-
resistant “core” and an associated “fuzzy coat”, which is susceptible to
the proteolysis [26]. We tried to identify which region of an a-syn forms
the protease-resistant core of the aggregates. A-syn aggregates were
digested with a nonspecific protease, proteinase K to obtain proteinase
K-resistant core of a-syn fibrils [27,28]. When we analyzed human a-syn
amyloid core regions by MALDI-TOF mass spectrometry, we detected
peaks at mainly m/z 9127.1, m/z 9539.4, m/z 10,914.7 in the spectra of
digested human a-syn fibrils (the long cores) (Fig. 1G). In contrast, the
peak for the protease-resistant fragment of mouse a-syn fibrils was
mainly detected at m/z 7978.6 (the short core). These results revealed
that the human and mouse a-syn fibrils contain different core regions
and further supports the structural polymorphism of amyloid fibrils.
Taken together, we conclude that human and mouse a-syn form two
morphological and biochemical distinct amyloid fibrils.
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Fig. 6. Seed-induced aggregates showed distinct proteinase K-resistant cores
corresponding to those of the pre-formed fibril used for seeds.

MALDI-TOF MS spectra (m/z 7500-13,000) of core peptides derived from seed
induced aggregates of human WT a-syn with mutant PFF. Segments enclosed in
rectangles with a solid and dashed lines are shown for long core (human-spe-
cific spectra area; a, b, ¢, ¢*) and short core (mouse-specific spectra area; d, e),
respectively. There is minor difference in the spectra between c and c¢* in hu-
(A107Y). The classification of morphologies; Group A (red), Group B (blue),
and Group C (green) are indicated on the right side.

3.2. A53T substitution is a major determinant for the morphological and
biochemical property of mouse a-syn fibril

To identify the amino acid(s) responsible for the structural differ-
ences between human and mouse a-syn fibrils, we generated the
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mutants of human a-syn containing each substitution of the different
amino acid between human and mouse a-syn. We performed SDS-PAGE
and Native-PAGE analysis for those mutants (Fig. S1). As shown in Fig.
S1A, D121G migrated similar to mouse a-syn in Native-PAGE, clearly
indicating that D121, with its negatively charged aspartate, is re-
sponsible for the electrophoretic mobility difference between human
and mouse a-syn.

All seven point mutants of human a-syn formed amyloid fibrils in
vitro under our experimental conditions (Fig. 2). Typically, human a-syn
mutants substituted with S87N, L100M, and N122S (Group A) pre-
dominantly formed twisted types of fibrils (Fig. 2). In contrast, A53T
formed straight types of fibrils (Group B) as observed in mouse a-syn.
However, N103G, A107Y, and D121G showed both twisted and bundles
(or pairs) of straight fibrils (Group C). The morphological analysis using
EM suggests that a-syn fibrils show mutation-dependent structural
polymorphism.

When comparing the partial digestion pattern of fibrils derived from
those mutants by proteinase K, the digestion patterns did not corre-
spond to the fibrillar morphology (Fig. S3A). N122S showed the di-
gestion patterns, which is similar to mouse patterns, though pre-
dominant morphologies in N122S are twisted types. Additionally, the
trypsin partial digestion pattern showed inconsistencies with the mor-
phology, although 3 bands at 20s of digestion bands of mouse a-syn
were observed in A53T (Fig. S3B).

We further examined the protease resistant core of mutant a-syn
fibrils using MALDI-TOF MS analysis. The protease resistant core also
differed among a-syn mutant fibrils (Fig. 3). The long cores of human a-
syn fibrils are designated as a (m/z 9127.1), b (m/z 9539.4), and ¢ (m/z
10,914.7). The presence of a, b, and c signals in S87N, L100M, N103G,
A107Y, D121G, and N122S were observed (Group A and Group C),
though the rates of intensity were distinct. Despite the similar
morphologies, N103G and A107Y showed distinct spectra in their rates
of intensities. In contrast, the short core of mouse type (designated as d
(m/z 7900.4), e (m/z 8312.7)) was observed in A53T in the spectra
(Group B). A107Y and D121G also include the short core peak(s)
though the intensities are relatively low. The minor differences in the
peaks (a, b, ¢, d, and e) between human WT a-syn and mutants or be-
tween mouse a-syn and A53T were observed because the mass shifts
were caused by amino acid substitutions.

Although the partial digestion patterns with proteases only partially
correspond to the shape of amyloid fibrils, the protease-resistant cores
are highly consistent with distinct morphologies of amyloid fibrils
(twisted and twisted with bundles; long core, straight; short core). Thus,
our results, for the first time, showed that the interspecies single sub-
stitutions used in our study can regulate distinct biochemical properties
in different mutant a-syn aggregates. Additionally, focusing on the
difference between human and mouse a-syn aggregates (Fig. 1), our
results strongly suggested that a single substitution of A53T mainly
regulated those morphological and biochemical differences.

Polymorphic aggregates derived from human and mouse a-syn
could be classified as the biochemical and morphological properties. To
examine the processes of aggregation, we used ThT fluorescence, which
specifically binds to hydrogen bonds of the beta-sheet structure [30].
We assessed the aggregation kinetics of each mutant using ThT fluor-
escence at each time point (O h, 4h, 8 h, 24 h, and 168-192 h) (Fig. 4A).
The nucleation phase of mouse a-syn was shorter than those of human
a-syn and other mutants. Final ThT fluorescence intensity of A53T
mutant is similar to that of mouse a-syn. Overall, no correlation of fibril
structure of a-syn with nucleation phase nor aggregation rate except
with final ThT intensity was observed (Fig. 4B).

3.3. Transmissibility of morphological and biochemical features by seeding
The results of the single substitutions experiments suggest the pri-

mary sequence of a-syn is a strong structural determinant for fibrils
generated by spontaneous aggregation; however, it can be possible that
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Fig. 7. Human, A53T, and human a-syn seeded with
A53T (hu-(A53T)) fibrils showed distinct suscept-
ibility against digestion by lysyl endopeptidase.

(A) The spectra of lysyl endopeptidase-resistant core.
13-140 M hu Obtained spectra were shown in Supplementary
' 11-140 Tables 2-4. (B) Schematic representation of the lysyl
endopeptidase cleavage sites of human a-syn. The
color of the lysine residues in human a-syn is
Full-length changed into red (K6, K10, K12, K21, K23, K32, K34,
K43, K45, K58, K60, K80, K96, and K97). The clea-
' vage sites are calculated using a software, FindPept.
“ A Red and blue arrowheads indicate human and A53T
24-140 cleavage sites with lysyl endopeptidase, respectively.
I A53T The size of arrowheads reflects the intensity of ob-
tained mass spectra. The mutation site of A53 is
22-140 FulI-Iength underlined.
33-140
35-140 ' 7-140 '
i Y
L J |
24-140
[ hu-(A53T)
22-140 Full-length
33-140 ' '
vl L
4000 6000 8000 10000 12000 14000 16000 18000 20000
m/z
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| | | |
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| | | |
90 100 110 120
DNEAYEMPS]?! EGYQDYEPEP]x
130 140
Table 1 morphologies of hu-(hu), hu-(S87N), hu-(L100M), and hu-(N122S) ag-
Summary of the results in this study. gregates are twisted-type of fibrils as observed in the PFF seeds (Group
Group A Group B Group C A) (Fig. 5). In conltrast, the pred.orr.unant morphology of hu-(A53T) and
hu-(mo) are straight-type of fibrils as observed in those PFF seeds
Morphology Twisted Straight Twisted with (Group B). Furthermore, hu-(N103G), hu-(A107Y), and hu-(D121G)
bundling showed both twisted and bundles of straight fibrils (Group C). Although
Protease-resistant core Long core Short core  Long core the population was minor, we also observed twisted fibrils in all the
Mutant hu, S87N, A53T, mo N103G, A107Y, . ’ . )
L100M, N122S DI21G seed-induced aggregates even in hu-(mo) and hu-(A53T), possibly be-
Seed-induced structural N.D. Yes Yes cause of spontaneous aggregation of human WT a-syn. These results

transmission

Note: N.D.: we could not determine the seed-induced structural transmission.

other factors regulate this process. In this respect, we performed
seeding experiments to investigate whether seeds could induce struc-
tures different from the spontaneously-formed aggregates. We seeded
human WT a-syn with the aggregates (PFF) of human, mouse or human
point mutants (designated the pairs as hu-(seeds)). The predominant
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indicate that the morphological structure of the PFF seeds could be
transmitted to the substrate (human WT a-syn), generating the different
structures from spontaneously formed aggregates of human WT a-syn.

We also examined the seeding efficiencies between human and
mouse a-syn (Fig. 4B). As we expected, cross-seeding (hu-(mo)) resulted
in a lower seeding efficiency than self-seeding (hu-(hu)), which was
consistent with previous reports [16,19]. To examine the amino acid
regulation of these interspecies seeding differences, we also performed
the seeding experiments using the mutants with single substitutions.
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Although all seeds shorten the delay of the initiation of the aggregation,
the seeding efficiencies related to the propagation rate of aggregates in
all mutant seeds were between that of human WT and mouse a-syn
(Fig. 4C). When comparing the final ThT intensity in seed-induced
aggregates, their values varied (Fig. 4D). Focusing on the morpholo-
gical differences, these data indicated that the seeding efficiencies be-
tween human and mouse a-syn were irrespective of the morphologically
difference.

To analyze the further biochemical properties of seed-induced ag-
gregates, we performed protease digestion experiments using protei-
nase K as performed in Fig. S3. Upon protease partial digestion, the
digestion patterns of mouse and N122S fibrils showed the different
patterns from hu-(mo) and hu-(N122S) (Figs. S3A and S4A). However,
other seed-induced aggregates showed band patterns nearly identical to
those of the seeds. Thus, under these seeding conditions, human a-syn
partly adopted the biochemical properties of the seeds, that was also
shown in trypsin digestion patterns (Figs. S3B and S4B).

We further examined the amyloid fibrils cores of seed-induced ag-
gregates (Fig. 6). Group A and C (hu-(hu), hu-(S87N), hu-(L100M), hu-
(N103G), hu-(A107Y), hu-(D121G), and hu-(N122S)) showed human-
type long core peaks (a, b, c). In contrast, protease-resistant core of
Group B (hu-(A53T) and hu-(mo)) showed two major peaks, which
corresponded to the mouse-type short core. Because spontaneous ag-
gregation of human WT a-syn could occur under our experimental
condition, seed-induced aggregates in Group B also included a and b or
¢ peak(s) in addition to d and e peaks. These results suggest that the
protease resistant core of human a-syn seeded with mutant aggregates
included the core of the spontaneous aggregates of human a-syn.
However, other mass peak(s) of hu-(A107Y) core (m/z 10,925.2, c*) did
not correspond to those of human WT a-syn (m/z 10,914.7, c¢) and
A107Y aggregates core (m/z 9217.3, a). At this moment, it is hard to
explain this different peak pattern observed between PFF seeds and
seed-induced aggregate of A107Y. One possibility is that A107Y PFF
seeds include multiple conformational species and amplification of
minor species, in which their cores are different from that of the seeds,
occurred. Although minor differences were observed, the core patterns
are highly consistent with those of the PFF seeds, strongly suggesting
core structure transmission by seeding.

Because of low specificity of the digestion site by proteinase K, the
protease-resistant core region is hardly identified. We used a sequence
specific protease, lysyl endopeptidase to digest the obtained aggregates
followed by MALDI-TOF-MS analysis (Fig. 7A and Tables S2-4). We
found different peaks of the mass spectra between human and A53T
mutants. The location of the peaks was clearly differed (human:
13125.8 and 13,325.9, A53T: 12069.5 and 12,299.0 (m/z)). We esti-
mated the lysyl C-resistant cores by calculation from the mass spectra
using a software, FindPept, indicating that the difference of two types of
lysyl C-resistant cores were based on N-terminal regions of a-syn
(human; 13,125.8: 13-140 and 13,325.946: 11-140, A53T; 12,069.4:
24-140 and 12,099.0: 22-140, (m/z): (amino acid)) (Fig. 7B). A53T
lysyl C-resistant core was transmitted to human a-syn (hu-(A53T)) by
seeding reaction (hu-(A53T): 12041.0 (m/2)). The minor differences in
the peaks between A53T and hu-(A53T) were observed because the
mass shifts were caused by amino acid substitutions. These data clearly
suggested that human WT a-syn and A53T contain different protease-
resistant core regions and could be cleaved at different N-terminal re-
gions, and these structural features could be transmitted to human WT
a-syn by seeding reaction.

4. Discussion

In this study, we found that spontaneous aggregation of human and
mouse a-syn generated fibrils with distinct morphological and bio-
chemical properties. In contrast, a-syn monomers were able to adopt
the various structures upon seeding with different PFF seeds (Table 1).
Particularly, a single interspecies substitution, A53T, one of the familial
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PD mutations, was responsible for formation of mouse-type structures
including straight morphology and short protease-resistant core, which
was completely transmitted to human a-syn by seeding. We thus
identified novel structural properties of a-syn fibrils showing sequence-
and seed-structure-dependent polymorphisms. Our results could be the
structural basis for the polymorphic aggregates of a-syn involved in
distinct pathogenicity of synucleinopathies [9,29].

Previous reports showed that human and mouse a-syn occasionally
formed two types (straight and twisted) of fibrils [20,30], which might
be due to subtle difference in fibrillization conditions [31]. In contrast,
our present study showed the almost homogenous morphologies for
human (twisted) and mouse (straight) a-syn fibrils (Fig. 1C and D, and
Fig. S2). One possible reason for this discrepancy may be because the a-
syn constructs used in this study are codon136 mutants (TAC to TAT),
which avoid mis-incorporation of Cys at this position instead of original
Tyr residue in E. coli [23]. Non-mutant a-syn, probably used in those
previous studies, partially produces a-syn including C136, which could
induce artificial a-syn dimerization to produce different types of fibrils.
Alternatively, our a-syn constructs lack first Met but leave artificial N-
terminal Gly-Ser residues after His-tag removal, which might affect
some morphological organization of a-syn fibrils. Although we could
not conclude why we could obtain homogenous morphology for human
and mouse a-syn fibrils, using this construct, we could obtain the
condition suitable for differentiating substitution effects between
human and mouse a-syn.

Solid-state NMR revealed that human a-syn amyloid fibrils contain
core residues (44-96) arranged in parallel -sheets with a Greek-key
topology [32]. Similar analysis using mouse a-syn indicate the presence
of a structurally conserved motif comprising residues 61-80 [31]. In
addition, recent research suggested that the mouse a-syn fibrils adopts a
very similar core structure (residues 38-97) to that of human a-syn fi-
brils [21]. Recent Cryo-EM research demonstrated that human a-syn
protofilaments were packed with two different regions, that is, NAC
(residues 68-78) or pre-NAC (residues 46-56) regions, generating
polymorphic a-syn fibrils with rod or twister structure, respectively
[33]. Our identified twisted and straight types of fibrils mostly resemble
these fibrillar polymorphs (twister and rod). These observations suggest
that the protofilament core structure is conserved in mouse a-syn fibrils,
but the interface for protofilament interaction may be different from
that of human a-syn, resulting in generation of morphologically distinct
straight fibrils. More precise structural analysis such as cryo-EM is,
however, necessary.

We further found the difference in proteinase K-resistant core re-
gions, longer in human twisted fibrils but shorter in mouse straight fi-
brils, which was highly corresponding to the morphological differences
of the fibrils. Experiments using lysyl endopeptidase suggest that N-
terminal 21-24 amino acid region is additionally resistant in human a-
syn fibrils (Fig. 7). Previous research suggested possible roles of N-
terminal region in determining the morphology of the fibrils
[30,31,34]. Indeed, hydrogen—-deuterium exchange mass spectrometry
revealed that flat, ribbon-like fibrils had additional regions (residues
4-17 and 18-38) resistant for deuterium incorporation compraed with
helical fibrils [34]. How N-terminal core is associated with the struc-
tural property is unclear. One possibility is the formation of an addi-
tional protofilament interface to alter the fibrillar morphology. Alter-
natively, it reflects the alteration of pre-existing interface because A53T
substitution in mouse a-syn is located in the pre-NAC interface de-
scribed above [33].

A series of experiments using human a-syn point mutants revealed
that A53T was sufficient for structural conversion to straight fibrils.
AS53T substitution also shortened the N-terminal protease core region. A
previous report described that PD-associated mutations such as A53T in
human a-syn may affect pre-NAC-mediated protofilament interaction to
alter the fibril morphology to twisted type [33]. However, our A53T
mutant favored straight but not twisted morphology, implying A53T
mutation could strengthen the protofilament interaction. In addition,
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we recently found that most disease-associated mutants, including
A30P, H50Q, G51D and A53E but not E46K, also favored straight fi-
brillar morphology [35]. Future cryo-EM analysis for these mutants
may clarify this point.

In contrast to the previous reports describing that A53T substitution
enhanced a-syn spontaneous aggregation [20], we observed decreased
in aggregation rate of A53T as compared to human WT a-syn measured
by ThT fluorescence (Fig. 4A). Although the reason of this partial dis-
crepancy is uncertain, our data indicate the aggregation kinetics is not
directly related to the structural properties.

In the experiments for short-term protease digestion, we found the
high sensitivity of mouse a-syn fibrils against proteinase K, which was
mimicked by N122S substitution (Fig. 1E and Fig. S3A). Interestingly,
the N122S did not affect the protease-resistant core obtained by long-
term incubation with proteinase K, and also did not alter the fibrillar
morphology (Figs. 2 and 3). The short-term incubation may digest the
surface amino acids composing fuzzy coat of amyloid fibrils [11]. We
thus suggest that region around residue 122 composes the fuzzy coat
and is not directly involved in the fibrillar morphogenesis. Again, A53T
substitution slightly suppressed the digestion by short-term incubation
but the band pattern was totally unaffected (Fig. S3A).

Finally, we observed transmission of the structural properties of
straight fibrils after their seeding to human a-syn; this phenomenon was
more prominent for A53T fibrils. Because A53T is one of disease-asso-
ciated mutations, the structural transmission suggests the propagation
of potentially pathogenic conformer once the fibrils were formed. The
A53T mutation may alter property of the interphase for protofilament
interactions, leading to alteration of fibrillar morphology. In addition to
A53T, we recently reported that disease-related other mutants in-
cluding A30P, H50Q, G51D and AS53E also formed straight types of fi-
brils containing different protease-resistant cores [35]. Further studies
focused on disease-associated mutants and their structural propagation
may deepen our understanding of how a-syn structural polymorphism
mediates distinct pathogenicity of synucleinopathies.
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