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Abstract 

 

Many pathological proteins related to neurodegenerative diseases are misfolded, aggregating 

to form amyloid fibrils during pathogenesis. These pathological proteins can spread through neural 

network where the pathological proteins function as templates or “seeds” to misfold normal proteins. 

One pathological protein, alpha-synuclein (α-syn), accumulates in the brains of people with 

synucleinopathies, including Parkinson disease (PD), dementia with Lewy bodies (DLB), and multiple 

system atrophy (MSA). Recently, it has been suggested that structural properties of abnormal 

accumulated proteins determine the disease phenotype. However, the biochemical and structural 

characteristics of these accumulated proteins are still unclear due to an insufficient amount of fibrils 

for analysis. Previous studies in our group have reported on the sequence- and seed-structure-

dependent polymorphic fibrils of α-syn and that their polymorphisms can be differentiated through 

their proteinase K-resistant fibril cores by mass spectrometry (MS) analysis. 

This MS analysis was applied to investigate α-syn aggregates derived from MSA brains and 

DLB brains. To obtain a sufficient amount of α-syn aggregates for MS, recombinant α-syn fibrils were 

amplified by seeding reaction and protein misfolding cyclic amplification (PMCA) with seeds derived 

from diseased brains. MS analysis demonstrated that the characteristics of the proteinase K-resistant 
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cores of the aggregates pre and post amplification were preserved. Using the SDS-insoluble fraction 

of diseased brains as seeds, enough amplified α-syn fibrils were obtained to perform MS analysis of 

proteinase K-resistant cores. Furthermore, the structures of α-syn fibrils were observed using electron 

microscopy. Although no significant differences between amplified fibrils of MSA and DLB were 

observed by these approaches, the proteinase-resistant core analysis on the amplified abnormal protein 

fibrils with seeds derived from disease brains could be used for future studies of neurodegenerative 

disorders. 
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Chapter 1. General Introduction 

 

 

1.1. Misfolded protein aggregates in neurodegenerative disease 

 

Neurodegenerative disorders have a common pathological feature: the aggregation and 

deposition of abnormal proteins [1]. The proteins most commonly implicated in the accumulation of 

cerebral misfolded aggregates in neurodegenerative diseases are amyloid-beta (Aβ), tau protein, alpha-

synuclein (α-syn), and prion protein. These disease-associated proteins have no obvious similarities in 

respect of sequence, size, structure, expression level, and function [2]. Also, the depositions of these 

proteins exhibit different patterns and locations i.e. the progressive appearance and spread of lesions 

in human diseases [3]. Nevertheless, they all undergo misfolding from their native states to form 

intermolecular β-sheet-rich structures called amyloid in disease brains [4,5]. These amyloids are highly 

ordered fibrils, 100–200 Å in diameter, which consist of arrays of intermolecular β-sheets running 

parallel to the longitudinal axis of the fibrils. The structure is referred to as cross-β [6]. The method 

generally used to recognize amyloids is staining with specific dyes such as Thioflavin T (ThT) [7]. 

The detailed structure of amyloid is thought to differ greatly depending on the protein and the disease 

[5]. However, the biochemical and structural characteristics of these endogenous pathologically 

deposited proteins are still unclear. 
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1.2. Synucleinopathies 

 

The α-syn protein is small, highly conserved, and is composed of 140-amino acids. 

Generally, α-syn is localized in the central nervous system, mainly in presynaptic nerve terminals. This 

protein plays important regulatory roles in areas including synaptic maintenance, mitochondrial 

homeostasis, proteasome function, dopamine metabolism, and chaperone activity [8]. 

α-syn was found to adopt a continuous α-helix from residues 9–89 on the surface of 

unilamellar vesicles as revealed via electron paramagnetic resonance (EPR) spectroscopy and nuclear 

magnetic resonance (NMR) spectroscopy [9, 10, 11]. Under certain conditions, α-syn spontaneously 

enters the amyloid state and self-assembles into amyloid oligomers and fibrils. Amyloid fibrils of α-

syn were identified as a prominent component of the Lewy body, a molecular hallmark of PD [12, 13]. 

Over 90% of aggregated α-syn is phosphorylated at serine 129 (S129), while only about 4% of α-syn 

from normal brains are phosphorylated at this site [14, 15]. Therefore, antibodies recognizing α-syn 

phosphorylated at S129 are sensitive and can be specific tools for identifying the inclusions of 

synucleinopathies. 

Synucleinopathies, including Parkinson disease (PD), dementia with Lewy bodies (DLB), 

and multiple system atrophy (MSA), are neurodegenerative diseases characterized by abnormal 

accumulation of insoluble α-syn aggregates in neuronal or glial cells in specific brain regions. These 
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pathological intracellular inclusions containing α-syn in selectively vulnerable neurons and glial cells 

are linked both to the onset and progression of clinical symptoms as well as the degeneration of 

affected brain regions (Table 1) [16]. Although the same protein α-syn accumulates in each 

synucleinopathy, the mechanisms and factors giving rise to each phenotype are not well understood. 

Currently, it is unknown whether α-syn amyloids are the cause or a consequence of 

synucleinopathy. However, the neuroinflammation from lipopolysaccharide injections in control mice 

led to a significant loss of tyrosine hydroxylase-positive neurons in the substantia nigra with the 

accumulation of insoluble aggregated α-syn as cytoplasmic inclusions, as compared to α-syn knockout 

mice [17]. Thus, it is likely that α-syn amyloids cause synucleinopathy. 
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Table 1. The differences between the three main synucleinopathies, Parkinson disease (PD), 

dementia with Lewy bodies (DLB) and multiple system atrophy (MSA). 

PD and DLB have intraneuronal α-syn inclusions known as Lewy bodies, and MSA has glial 

cytoplasmic inclusions (GCIs). Photomicrographs show α-syn immunoreactive structures 

counterstained with cresyl violet. NCIs: indicates neuronal cytoplasmic inclusions, SN: substantia 

nigra, scale bar = 25 µm. The images were modified from [16]. 

 

1.3. Conformational strains of misfolded protein 

 

Protein aggregation is an important and generic aspect of protein energy landscapes [18]. In 

protein energy landscapes, a polypeptide chain has been proposed to exist not only in native 

conformation but also in alternative structures such as amyloid structures. Compared to the natively 

folded structure, amyloid fibrils have considerably higher stability and relatively lower energy state. 
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The energy landscapes model highlights many different conformational states available to a protein 

(Figure 1) [19].  

The remarkable ability of a small number of proteins such as α-syn and tau give rise to 

multiple diseases called synucleinopathies and tauopathies, each with unique symptoms, progressions, 

and neuropathologies. These diseases are thought to occur as a result of the protein misfolding into a 

distinct conformation [20].  

Identification of the missense mutations in the α-syn gene in some pedigrees of familial PD 

is strongly implicated in the pathogenesis of PD and other synucleinopathies [21]. Recent studies in 

our group have indicated that disease-related mutants of α-syn formed aggregates in vitro, exhibiting 

distinct sequence and structure-dependent biochemical and morphological properties compared to 

normal α-syn [22, 23]. The disease phenotypes are different among patients exhibiting these mutations, 

suggesting that the difference of the structures of α-syn aggregates could be responsible for the various 

pathologies and phenotypes. 

As with viral strains, pathogenic proteins related to diseases with different phenotypes but 

with the same protein accumulation, are also differentiated as strains. To identify a unique pathogenic 

structure for distinct phenotypes, Sanders et al. [24] developed a cell system to isolate tau strains from 

patients with 5 different tauopathies and showed that each disease is associated with different sets of 
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strains. They transduced lysates from each clone into naive tau RD-YFP cells, and monoclonal 

inclusion-containing cells were isolated and amplified. Their findings indicated that an individual 

protein may have variations of misfolded structures. Also, using recombinant human α-syn, it has been 

proposed that distinct α-syn strains display differential seeding capacities, inducing strain-specific 

pathologies and neurotoxic phenotypes. Concretely, ribbon-type fibrils led to Lewy pathology when 

they were injected into the rat substantia nigra [25]. Using cryo-electron microscopy, recent studies 

have shown that full-length recombinant human α-syn has the structures of two predominant species: 

a rod and a twister [26]. The results of these studies suggest the possibility that structural properties of 

abnormal accumulated proteins could determine the disease phenotype. 
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Figure 1. A schematic model of folding and misfolding energy landscapes. 

The blue and orange dotted lines indicate the folding and misfolding landscapes respectively. The 

image was modified from [18]. 
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1.4. Prion protein and other proteins of neurodegenerative diseases 

 

Misfolded aggregates of amyloid fibrils are associated with neurodegenerative diseases. 

Among these, prion diseases are unique in that the pathology can cause host-to-host transmission via 

infection [27]. Prions are infectious proteins that may transmit biological information by propagating 

misfolded proteins and aggregations [28]. According to several studies, the molecular mechanism of 

prion conversion bears a strong resemblance to the amyloid formation process, indicating that 

misfolded aggregates possess an inherent ability to be transmitted [29]. At the molecular level, the 

template-induced conversion of natively folded proteins by misfolded proteins results in autocatalytic 

growth of protein aggregates [30]. At the cellular level, the pathology spreads from cell to cell via 

transfer of misfolded protein aggregates between adjacent cells, resulting in regional spreading of the 

dysfunctions [31]. At the organ level, the progressive transmission and spread of the pathology occur 

between remote areas of the brain, either through cell-to-cell contact or via biological fluids such as 

the interstitial fluid, the cerebrospinal fluid, or the blood [32, 33]. However, unlike prion diseases, in 

which host-to-host transmission occurs like infection, it appears that in other protein misfolding 

disorders, these misfolded proteins spread only at the molecular, cellular, and tissue levels, but not at 

the individual level [29]. 
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1.5. Seeding reaction and protein misfolding cyclic amplification (PMCA) 

 

At the molecular level, aggregated proteins function as templates or "seeds" to facilitate 

misfolding of substrate proteins during fibrillization. This reaction is known as the amyloid seeding 

reaction. From a biophysical perspective, the process of protein misfolding and aggregation involves 

the structure of the protein being rearranged into a series of rich β-sheets (Figure 2) [34]. Protein 

Misfolding Cyclic Amplification (PMCA), a practical application of the seeding reaction originally 

developed for prions, enables efficient amplification of the amyloid seeds by repeating cycles of 

ultrasonic fragmentation of seeds and fibrillization in vitro. Amplification is based on multiple cycles 

of incubation of misfolded proteins in the presence of an excess of natively folded proteins, followed 

by sonication. During incubation, the size of the oligomeric misfolded proteins increases due to the 

structural change of native proteins into the aggregated misfolded proteins. With aggregate disruption 

during sonication, an expanded population of converting units produced (Figure 3) [35]. Although 

PMCA promotes the rate of self-aggregation, it helped in detecting pathological proteins at extremely 

low concentrations.  

For the past several years, PMCA was used only for amplification of misfolded prions as 

recombinant prions may not cause self-aggregation. However, a recent study has shown that misfolded 
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tau proteins may also be amplified with PMCA [36], suggesting the possibility that PMCA could 

amplify misfolded α-syn [37].  

As of now, few studies have been performed to test the accuracy of PMCA as a tool for 

diagnosing synucleinopathies. While the ideal detectable concentration of misfolded α-syn has been 

simulated, these previous studies did not show high signals of misfolded α-syn. Accordingly, to verify 

the hypothesis that misfolded α-syn could be detected from concentrations as low as 2 pg using PMCA 

as a diagnostic tool, various concentrations of misfolded α-syn were seeded in recombinant human α-

syn. 

 

 

Figure 2. The mechanism of seeding reaction 

The formation of fibrillar aggregates (orange squares) is accelerated greatly by recruiting native 

proteins (blue circles) into the aggregates (seeds; orange squares). 
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Figure 3. Diagrammatic representation of the PMCA procedure. 

The blue circles denote folded proteins, and the orange squares denote misfolded proteins. The PMCA 

procedure was repeated until self-aggregation occurred.  

 

1.6. Homogenates isolated from human brain 
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brain also have post-translational modifications, including ubiquitination. All in all, these hinder the 

study of structural and biochemical properties of α-syn aggregates. In the current study, α-syn fibrils 

were amplified by seeding reaction and PMCA using the insoluble protein fractions of α-

synucleinopathies, and their properties were investigated. 
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Chapter 2. Materials and Methods 

 

Purification of recombinant α-syn: Purification of His-tagged human and mouse α-syn has been 

described previously [38]. E. coli BL21 (DE3) were transformed using the expression vector pET-15b, 

encoding either human or mouse α-syn, and were then cultured overnight in 25 ml LB medium 

including 50 μg/ml ampicillin (LB amp+) and transferred to 250 ml LB amp+ until the measured optical 

density (OD = 600 nm) reached 0.6 using BioSpectrometer® (Eppendorf). 1 mM Isopropyl-β-D-

thiogalactopyranoside was added, and the mixture was incubated for 6 h at 37 °C and then centrifuged 

at 3,000xg for 30 min at 4 °C. Phosphate-buffered saline (PBS) with 2% TritonX-100 was added to 

the resulting pellet, and centrifugation at 20,000xg for 30 min at 4 °C was performed. Ni-sepharose 

beads (1 ml, GE Healthcare) were added to the supernatant obtained to capture the α-syn and incubated 

rotating for 1 h, at 4 °C. The beads were washed using buffer A (50 mM Tris-HCl pH 8.0, 100 mM 

NaCl) containing 10 mM imidazole, and the α-syn was then eluted using buffer A including 250 mM 

imidazole. The eluted samples were concentrated via centrifugation at 3000xg for 15 min with 

Vivaspin Turbo tubes (15 K MW) (50 ml, Sartorius). The collected α-syn was treated with thrombin 

agarose (Sigma) and rotated for 20 h at 20 °C to cleave the N-terminal His-tag. The α-syn with the 

His-tag removed was obtained via filtration using a 0.22 μm filter. The concentration of α-syn protein 

was ascertained by its absorption at 280 nm with the BioSpectrometer® (Eppendorf). The monomeric 
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forms of α-syn adjusted to 100 μm were stored at −80 °C. Before these α-syn monomers were used, 

thawed samples were ultracentrifuged at 153,700xg for 1 h at 4 °C to avoid the effects of self-

aggregation.  

 

Preparation of seeds from recombinant α-syn: The method for the formation of seeds from 

recombinant α-syn has been described previously [22]. Purified α-syn monomers (100 µM, 150 µl) 

were agitated in buffer A with plastic beads (Sanplatec) using DWMax M•BR-034 (TAITEC) at 1,000 

r/min for 7 d at 37 °C. Aggregates were pelleted via ultracentrifugation at 153,700xg for 1 h at 4 °C, 

resuspended in buffer A (150 µl) and then ultracentrifuged once more. These aggregates were 

resuspended in buffer A (150 µl) and sonicated using Bioruptor (Biorad). They were used in 

experiments as “pre-formed fibrils (PFFs).”  

 

Seeding reaction and PMCA: For a seeding reaction, 5 μl (5%vol) of either PFF or P4 fraction from 

brain homogenate was added to the monomeric form of α-syn (20 μM) in 95 μl of buffer A. Seeding 

efficiencies were evaluated every 1 min by Thioflavin-T fluorescence (25 μM) using Spectra Max 

(Molecular Devices). The species (either mouse or human) for the monomeric form of α-syn 

corresponded to that for the seed. Once aggregates were formed, the solution was ultracentrifuged at 
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153,700xg for 1 h at 4 °C. After 40 h and 100 h seeding reactions for mouse α-syn and human α-syn, 

respectively, the aggregations obtained were resuspended in 25 μl buffer A and sonicated using 

Bioruptor. For PMCA, 5 μl of the resuspended solution was added to 95 μl of the monomeric forms of 

α-syn (20 μM). ELESTEIN 070-CPR (ELEKON SCIENCE CO.) was used for PMCA, with sonication 

set for 25 sec and incubation set for 30 min at 37 °C. The reaction cycles were set 80 times for mouse 

α-syn and 200 times for human α-syn. Kinetics of aggregation of α-syn were assessed by Thioflavin-

T fluorescence (25 μM) using Spectra Max both before and after PMCA reaction. After PMCA, the 

solution was ultracentrifuged at 153,700xg for 1 h at 4 °C, and the obtained aggregates were 

resuspended in 25 μl of buffer A and sonicated.  summarizes the procedure. 

 

Mass spectrometry analysis of the proteinase K-resistant core: The method has been described 

previously [19]. α-syn aggregates were treated with proteinase K (4 µg/ml) for 120 min at 37 °C for 

analysis of the amyloid core. Proteinase-resistant amyloid fibrils were pelleted via ultracentrifugation 

at 153,700xg for 30 min. The pellets were dissolved in 3.33 mM Tris-HCl, 2 M Guanidine 

hydrochloride, and 0.033% Trifluoroacetic acid. The dissociated amyloid fibril peptides were desalted 

using self-made C18 (3 M Empore solid phase extraction disk) Stage Tip and analyzed using MALDI-

TOF MS (autoflex speed TOF/TOF, Bruker Daltonics). 
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Preparation of mouse brain: 8-week-old male C57BL/6J mice were obtained from CLEA Japan, Inc. 

The mice were housed under a 12-h light/12-h dark cycle with access to food and water and at a 

maximum of five per cage. The breeding and housing of the mice were done according to the 

guidelines for Animal Care of Doshisha University and were approved by the Doshisha University 

Animal Care and Use Committee. The method of mouse brain injection has been described previously. 

For intracerebral injection, α-syn PFFs were sonicated until an isocratic solution was obtained using 

Bioruptor (Biorad). Mice were anesthetized via peritoneal injection of pentobarbital, and 5 μg/ μl of 

recombinant mouse α-syn PFFs were injected unilaterally into the right striatum (A-P: 0.3 mm; M-L 

+ 2 mm; D-V: − 2.5 mm, from bregma) using a 10 μl Hamilton syringe at a rate of 0.5 μl per min. 

instead of PFFs, PBS was injected into control mice. After three months, the injected mice were 

sacrificed by cervical dislocation. The brains were removed from the injected mice and stored in 

separate brain hemispheres. 

 

Preparation of brain homogenates: All mouse samples included tissue from the injection-side brain 

for mouse α-syn PFF injected mice and PBS injected mice. Human brain tissue samples were obtained 
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from Brain Bank in Japan. The samples included tissues from the insular gyrus of MSA patients, DLB 

patients, and controls (Table 2 lists the information about the brains).  

 

Case Age Sex LB score 

MSA-1 76 Male 0 

MSA-2 71 Female 0 

MSA-3 77 Male 0 

MSA-4 59 Male 0 

MSA-5 68 Male 0 

DLB-1 77 Male 5 

DLB-2 74 Female 5 

DLB-3 74 Male 5 

DLB-4 76 Male 4 

DLB-5 72 Male 4 

Control-1 70 Male 0 

Control-2 70 Male 0 

Control-3 70 Female 0 

Control-4 75 Female 0 

Control-5 69 Male 0 

 

Table 2. Information about the human brains used in this study. 

Note. Human brain tissue samples were obtained from Brain Bank in Japan. Human samples were 

from the insular gyrus of MSA patients, DLB patients, and controls. The brains were assessed 
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pathologically for their LB scores calculated from sections and stained with H&E and anti-ubiquitin 

immunohistochemistry, as recommended by the consensus guidelines for DLB [31]. 

 

 

The pathology of the insular cortices in DLB at the stage of dementia has been described in previous 

study [29]. Moreover, previous studies have reported that the GCIs were discovered with the insular 

cortices. Following the protocols reported previously [40, 41], mouse and human brains in nine 

volumes (v/w) of ice-cold buffer B [10 mM Tris-HCl pH 7.6, 0.8 M NaCl, 10% sucrose, 0.1% Triton 

X-100, 50 mM NaF, 1 mM Na3Vo4, cOmpleteTM (Sigma-Aldrich, 1 tablet/ 50 ml)] were homogenized 

on ice 10 times each via extrusion through 18 and 21 gauge needles. The homogenates were 

centrifuged at 1000xg for 5 min at 4 °C. The supernatants (S1) were collected, and the pellets were 

rehomogenized for 10 times in 9 volumes (v/w) of buffer B through a 21-gauge needle. 

Rehomogenized samples (S2) were centrifuged at 1000xg for 5 min at 4 °C and combined with S1 

(S1+S2). S1+S2 was incubated with 1% Sarkosyl and 0.2% dithiothreitol at room temperature for 2.5 

h, rotating. The samples were ultracentrifuged at 180,000xg for 3 h at 4 °C, and the pellets were 

resuspended in buffer A and ultracentrifuged again. The resultant pellet was designated as P3. P3 was 

suspended with buffer A including 1% SDS and 1% mercaptoethanol, sonicated, and heated for 5 min 

at 100 °C. After heat treatment, the samples were ultracentrifuged at 180,000xg for 3 h at 20°C and 
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washed with buffer A. The pellet (P4) was then resuspended in one volume (v/weight of the original 

brain) of buffer A, sonicated, and stored at -80 °C. Figure 8B summarizes the procedure. 

 

Antibody: The antibodies used in this study were anti-phospho-alpha-synuclein antibody (anti-p-syn 

#64, Wako) and anti-alpha-synuclein antibody [MJFR1] (ab209420, Abcam). 

 

Immunostaining: SDS-insoluble pellets (P4) of human brain tissue samples were smeared on a 

microscope slide and dried overnight. The smears were fixed with 4% paraformaldehyde (PFA)/ PBS 

for 20 min and blocked for 30 min with TBS-T (20 mM Tris–HCl, pH 8.0, 150 mM NaCl, 0.05% 

Tween-20) containing 0.1% TritonX-20 and 2.5% goat serum. The sections were then incubated 

overnight at 4 °C with the primary antibody (anti-p-syn #64, Wako) diluted with TBS-T containing 

0.1% bovine serum albumin (BSA). They were incubated with the biotinylated secondary antibody, 

followed by ABC reagent (Vector), and then detected with diaminobenzidine (DAB) staining. 

 

SDS-polyacrylamide gel electrophoresis and Western Blotting: For SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE), 5 μl of samples were mixed with 5 μl of 2xSDS-PAGE sample buffer 

(100 mM Tris-HCl, pH 6.8, 4% SDS, 2% 2-Mercaptoethanol, 20% Glycerol, and 0.01% bromophenol 
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blue). Before electrophoresis, the samples were heated for 5 min at 100 °C. 12% SDS containing 

polyacrylamide gels (6.25% stacking gel) were used for electrophoresis at 20 mA for 75 min at room 

temperature with running buffer (100 mM Tris, 100 mM glycine, and 0.1% SDS). The gels were 

stained with Coomassie Brilliant Blue (CBB). For Western blotting (WB), The proteins were 

transferred from the gel to the transfer membrane, Immobilon-P (Merck). The membrane was fixed 

with 4% PFA and 0.01% glutaraldehyde/ PBS for 20 min [42] and blocked with 5% skim milk in TBS-

T. The membrane was incubated overnight at 4 °C with a primary antibody (anti-p-syn #64, Wako) 

diluted with TBS-T containing 3% goat serum. The proteins were then reacted with horseradish 

peroxidase (HRP)-secondary antibody in the same buffer. Chemiluminescent signals were obtained 

using Immobilon Forte Western HRP Substrate (Merck) and quantified with ImageQuant LAS-4000 

(GE). 

 

Filter trap assay: A filter trap assay (FTA) was conducted to detect the amount of insoluble high 

molecular weight α-syn aggregates using a Hybri-Dot Vacuum manifold (No.1050MM, BRL) and a 

cellulose acetate membrane filter with a pore size of 0.2 μm (Advantec), as described previously [43]. 

5 μl of fractionated brain samples were mixed with in 100 μl of TBS-T and applied to the apparatus. 

Soluble proteins were removed via vacuum suction, and the SDS-resistant aggregates remained 
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trapped. Wells were washed three times with PBS, and suction was maintained for 20 min. The 

membranes were then blocked with 5% skim milk, and immunostaining and detection were carried 

out for WB. 

 

Electron microscopy: Morphological observations of α-syn fibrils were made using an electron 

microscope H-7000 (Hitachi) at an accelerating voltage of 100 kV. The samples were adsorbed on 

400-mesh grids coated by a glow-charged supporting amorphous carbon film and negatively stained 

with 2% uranyl acetate. 
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Chapter 3. Results 

 

3.1 The detection of seed fibrils amplified by protein misfolding cyclic amplification (PMCA) 

using recombinant human α-syn 

 

The efficiency of PMCA with misfolded recombinant human α-syn was examined. ThT 

fluorescence intensity was measured from seeding using misfolded recombinant human α-syn at a final 

concentration ranging from 0.5 nM to 50 fM in the presence of buffer A (Figure 4). Amyloids form 

much more rapidly when misfolded recombinant human α-syn was added to the reaction. The ThT 

fluorescence intensity of PMCA began to increase at 24 h, whereas that of unseeded reactions showed 

no increase even at 70 h. 
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Figure 4. PMCA of misfolded recombinant human α-syn is concentration-dependent. 

PMCA was conducted in the presence of buffer A with a distinct concentration of recombinant human 

α-syn seeds. The lowest concentration of seeds was 50 fM, and the highest was 0.5 nM. The 

concentration of the native recombinant human α-syn substrates was 50 μM. 

 

3.2 Amplification of recombinant α-syn 

 

Spontaneously aggregated recombinant mouse and human α-syn were obtained and used 

as seeds. Amplified aggregates were obtained after seeding reaction (A1) and PMCA (A2) with 

recombinant α-syn (Figure 5). In the seeding reaction, the concentration of recombinant α-syn pre-

formed fibrils (PFFs) was 100 μM, and the substrate concentration was 20 μM. The seed and the 
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substrate were reacted in a ratio of 1 to 19 (Table 3). Amyloid fibrils were formed readily, as measured 

via ThT fluorescence intensity.  

 

 

Figure 5. Schematic description of the procedure of seeding reaction and PMCA using 

recombinant α-syn aggregates. 

A1 solution: amplified aggregates after seeding reaction; A2: amplified aggregates after PMCA.  
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Table 3. A list of seeds and substrates for seeding reaction and PMCA. 

Note: The list numbers in this table are used in Figure 6, Figure 7, Figure 11 and Figure 16. 

 

When PFFs was added to the reaction, amyloid formation accelerated considerably. For the 

recombinant mouse α-syn, the reaction cycles of PMCA after the seeding reaction were set for 80 

times, sonication for 25 sec, and incubation for 30 min at 37 °C. There was a large increase in the ThT 

fluorescence signal in PMCA seeded by mouse PFFs compared to that of the control (Figure 6A). On 

the other hand, for the recombinant human α-syn, the reaction cycles of PMCA were set for 100 times, 

sonication set for 25 sec, and incubation set for 30 min at 37 °C after the seeding reaction. There was 

also a great increase in the ThT fluorescence signal for PMCA seeded by human PFF compared to the 

control (Figure 7A). SDS-PAGE was conducted using those amplified products. As shown in Figure 
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6B and Figure 7B, mouse and human recombinant α-syn fibrils respectively were amplified 

sufficiently by seeding reaction and PMCA using recombinant PFFs. Misfolded α-syn were amplified 

with the synergistic method of both seeding reaction and PMCA. 

 

 

Figure 6. Recombinant mouse PFFs enable native recombinant mouse α-syn to form amyloid 

aggregates.  

(A) ThT fluorescence intensity of PMCA at 0 h and 40 h (4: Mouse PFF after seeding reaction; 5: 

Buffer after seeding reaction; 6: Buffer). ＊p < 0.01(B) PFF (1), aggregations after seeding reaction (2), 

and PMCA (4) were detected by SDS-PAGE. The gels were stained with CBB. 
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Figure 7. Recombinant human PFFs enable native recombinant human α-syn to form amyloid 

aggregates. 

(A) ThT fluorescence intensity of PMCA at 0 h and 100 h (10: Human PFF after seeding reaction; 11: 

Buffer after seeding reaction; 12: Buffer). ＊p < 0.01(B) PFF (7), aggregations after seeding reaction 

(8), and PMCA (10) were detected by SDS-PAGE. The gels were stained with CBB. 

 

3.3. The preparation of seed-enriched fraction from the B6J mouse brains 

 

Either aggregated α-syn (5 μg/μl) or PBS were injected into B6J mice. 90 d after injection 

(Figure 8A), the mouse brains were fractionated (Figure 8B). The WB of sarkosyl-insoluble pellets 

(P3) from B6J mouse brains of 90 d after the aggregated α-syn injection were stained with anti-

phosphorylated-α-syn antibodies. The bands of α-syn (monomer, dimer, and aggregation) in the P3 

fraction of aggregated-α-syn-injected mouse brains were detected (Figure 9). A higher molecular 

weight polypeptide around 30 kDa may correspond to either ubiquitinated α-syn species [45] or non-
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specific binding due to the mouse derived antibody. Amyloid seeding reactions using the P3 fractions 

and SDS-insoluble pellets (P4) from B6J mouse brains 90 days after the injection with aggregated α-

syn as seeds were monitored via ThT assay (Figure 10). The seeding reaction of the P4 fractions was 

more effective than that of the P3 fractions. This indicates that the P4 fractions were more seed-

enriched than the P3 fractions. Amyloid seeding reactions of the P4 fractions from additional B6J 

mouse brains 90 days after the injection with aggregated α-syn were monitored via ThT assay (Figure 

11A). After the seeding reaction and PMCA, a large increase in the ThT fluorescence signals was 

observed in the samples seeded by the P4 fractions of the mouse brain injected with mouse α-syn, 

compared to the control (Figure 11B). The P4 fractions of the mouse brain injected by mouse α-syn 

seeds did not display α-syn bands with WB stained by an anti-α-syn antibody [ab209420 (Abcam)]. 

Aggregates of mouse α-syn amplified by seeding reaction and PMCA were examined with SDS-PAGE 

stained by CBB. Although the amplified fibrils of all samples of mouse brain injected with mouse α-

syn seeds showed no α-syn bands in CBB staining with only using the seeding reactions (A1), after 

PMCA (A2), α-syn bands could be detected (Figure 11C). Sufficient amounts of aggregates for 

proteinase digestion and MS analysis were therefore obtained. 
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Figure 8. Preparation of seed-enriched fractions from the B6J mouse brains. 

(A) Schematic illustration of the injection with either aggregated α-syn (5 μg/μl) or PBS into B6J mice. 

After 90 d, the mouse brains were fractionated. (B) The scheme was used in from Figure 9 to Figure 

17. 
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Figure 9. Cerebral misfolded α-syn aggregates are detected in the sarkosyl-insoluble fraction of 

the aggregated α-syn-injected mouse brain. 

(A) WB of the sarkosyl-insoluble fractions (P3) derived from aggregated α-syn-injected mouse brain 

stained by anti-p-syn antibody (Wako). Bands of α-syn (monomer: 18kD; dimer: 36kD; aggregation: 

high molecular) in lane 9 (sarkosyl-insoluble fraction) were detected. (B) WB of PBS-injected mouse 

brain fractionations by anti-p-syn antibody (Wako). No bands of α-syn observed in (A) were detected 

in lane 9. 

 

 

Figure 10. Seeding reactions with the seed derived from the P3 fraction and the seed of the P4 

fraction in mouse brains. 
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(A) The kinetics of recombinant mouse α-syn amyloid formation monitored by ThT fluorescence using 

the P3 fraction as seeds. Recombinant mouse α-syn was incubated in solution A1 with 5% of the P3 

fraction in α-syn injected brain (circle). As control, the P3 fraction derived from PBS-injected brain 

(square) and only monomer (dot) were used for the reactions. (B) The kinetics of recombinant mouse 

α-syn amyloid formation monitored by ThT fluorescence using the P4 fraction as seeds. Recombinant 

mouse α-syn was incubated in solution A1 with 5% of the P4 fraction in α-syn-injected brain (circle). 

As control, the P4 fraction derived from PBS-injected brain (square) and only monomer (dot) were 

used for the reactions.  

 

 

 

Figure 11. The P4 fractions of mouse α-syn-injected mouse brains induce formation of amyloid 

aggregates from native recombinant mouse α-syn.  
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Three mice (a-c) were injected with mouse α-syn PFF. Their P4 fractions were used for seeding 

reaction; As control, the P4 fractions of PBS injected mouse brains (d, e) were used for seeding reaction. 

(A) The kinetics of recombinant mouse α-syn amyloid formation were monitored by ThT fluorescence. 

Recombinant mouse α-syn was incubated in solution A1 with 5% of the P4 fraction of mouse α-syn-

injected mouse brain (circle). As control, the P4 fraction of PBS-injected mouse brain and only 

monomer were used for the reactions (diamond). (B) ThT fluorescence intensity of α-syn fibrils 

amplified by PMCA at 0 h and 40 h. (C) Fractions of mouse brains and amplified products using them 

as seeds were analyzed by WB stained with anti-α-syn antibody [ab209420(Abcam)]and CBB. After 

the seeding reaction and PMCA (A2) using the P4 fraction as a seed, mouse α-syn aggregates were 

amplified to a detectable level with CBB staining. ＊p < 0.01 

 

3.4 The preparation of seed-enriched fraction from the human brains. 

 

The samples obtained from Brain Bank in Japan were from the insular gyrus of MSA 

patients, DLB patients, and controls (Table 2). SDS-insoluble pellet (P4) fractions were obtained 

from these human brain tissue samples (Figure 8B). To examine in which fraction of the human 

brain the pathologic α-syn accumulated, the S1+S2, P3 and P4 fractions of human brain 

homogenates were analyzed by WB. Solubilized monomeric p-syn in S1+S2 fractions was detected 

in for 4 out of 5 cases of MSA, 2 out of 5 cases of DLB, and 2 out of 5 cases of controls. The P3 

fraction, which corresponds to the sarkosyl–insoluble fraction, displayed enriched p-syn in 4 out of 5 

cases of MSA and 4 out of 5 cases of DLB (Figure 12). As signals of phosphorylated α-syn could not 

be detected in the WB of the P4 fraction, a filter trap assay (FTA) was performed for each fraction, 

as well as immunostaining of the smears of the P4 fraction. In the FTA, very weak signal of 
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phosphorylated α-syn was detected in the P4 fractions of DLB-4 by anti-p-syn antibody #64 (Wako) 

(Figure 13).  
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Figure 12. The S1+S2, P3 and P4 fractions were analyzed by Western blot (WB). 

Signals of phosphorylated α-syn were detected in WB for the S1+S2 and the P3 fractions of α-

synucleinopathy and some control brains, but they were not detected in WB of the P4 fraction. Anti-

p-syn antibody #64 was used.  

 

 

Figure 13. All fractions were analyzed by FTA 

Signals of phosphorylated α-syn were detected in FTA of the P3 fractions of several diseased brains.  

 

Furthermore, to detect the presence of disease-brain derived α-syn aggregates, immunochemical 

analysis was performed on the smears of the P4 fraction with anti-p-syn antibody. Immunostaining 

of the smears revealed p-syn immunoreactive materials in all of the diseased brains and in some of 

the control brains (Control-2 and Control-3) (Figure 14). The amyloid seeding reactions of the P4 

fractions from human brains were monitored with ThT (Figure 15). The ThT fluorescence intensity 

of products after seeding reaction (A1), with the P4 fraction using human brains as seeds, revealed 
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an increase in 5 out of 5 MSA cases, 4 out of 5 DLB cases, and 3 out of 5 control cases. After the 

seeding reaction and PMCA (A2), using the P4 fraction of the disease brains as seeds, a considerable 

increase in the ThT fluorescence signal was observed compared to the control (Figure 16). The ThT 

fluorescence intensity showed an increase in 5 out of 5 MSA cases, 5 out of 5 DLB cases, and 2 out 

of 5 control cases. The amplified fractions by seeding reaction (A1) with the P4 fraction of the 

diseased brains as a seed displayed α-syn immunoreactivity by WB stained with anti-α-syn antibody 

[ab209420(Abcam)] in 5 out of 5 MSA cases, 5 out of 5 DLB cases, and 2 out of 5 control cases. 

After PMCA amplification, CBB bands were detected in 5 out of 5 MSA cases, 5 out of 5 DLB, 

cases and 1 out of 5 control cases (Figure 17). A sufficient amount of aggregates for proteinase 

digestion experiments and MS analysis were obtained. 
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Figure 14. Immunostainings of the P4 fraction smears.  

The P4 fractions of all of the diseased brains and a few of the control brains (Control-2 and Control-

3) displayed positive signals with immunostaining with anti-p-syn antibody. Scale bar: 200 μm.  

MSA-1 MSA-2 MSA-3 MSA-4 MSA-5

DLB-1 DLB-2 DLB-3 DLB-4 DLB-5

Control-1 Control-2 Control-3 Control-4 Control-5
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Figure 15. The seeding reactions of the P4 fractions of human brains. 

 

The kinetics of recombinant human α-syn amyloid formation using the P4(A, B, C) fractions of human 

brains as seeds, monitored by ThT fluorescence. For the reaction control, no seeds buffer only were 

added. P4 fractions of diseased brains showed varying increases in fluorescence. 
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Figure 16. ThT fluoresc ence intensities of products after PMCA at 0 h and 100 h. 

ThT fluorescence intensity of PMCA at 0 h and 100 h (10: Human PFF after seeding reaction; 11: 

Buffer after seeding reaction; 12: Buffer). ＊p < 0.01 
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Figure 17. Amplified products using seeds derived from diseased and control brains were 

analyzed by WB and CBB. 

WB was conducted with anti-α-syn antibody [ab209420(Abcam)]. After seeding reaction and PMCA 

(A2) using the P4 fraction as a seed, human α-syn aggregates were amplified to a detectable level via 

CBB staining. 
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3.5 The MALDI-TOF-MS analysis of proteinase K-resistant core 

 

Spontaneously aggregated recombinant mouse and human α-syn were obtained and used  

as seeds. Amplified aggregates after seeding reaction (A1) and PMCA (A2) from recombinant α-syn 

were obtained. The properties of these aggregates were analyzed using proteinase digestion 

experiments. Proteinase K digestion-resistant cores of mouse and human α-syn aggregates after 120 

min digestion were analyzed by MALDI-TOF-MS. The peaks were detected mostly at m/z 8.00 ×103, 

m/z 9.18 ×103, and m/z 1.11 ×104 for mouse α-syn PFFs and at m/z 8.00 ×103 and m/z 9.18 ×103, for 

aggregates after seeding reaction alone (A1) and for aggregates after both seeding reaction and PMCA 

(A2). The findings are similar to the previous findings of our group on the proteinase-resistant cores 

of mouse α-syn fibrils [22, 23]. The peaks were detected at m/z 6.36 – 6.38 ×103, m/z 1.09 ×104, m/z 

1.13-1.14 ×104, and m/z 1.27-1.28 ×104 for human α-syn PFFs, aggregates after seeding reaction alone 

(A1) and after both seeding reaction and PMCA (A2). For A2, the peaks were also observed at m/z 

7.32 ×103 and m/z 8.86 ×103. The results are also similar to those reported for the proteinase-resistant 

cores of human α-syn fibrils [23]. These findings indicate that the properties of PFFs are preserved 

after seeding reaction and PMCA.  
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Figure 18. Preserved properties of recombinant mouse and human α-syn aggregates after 

seeding reaction and PMCA. 

 (A) MALDI-TOF MS spectra (m/z 6,000–20,000) of core peptides from mouse α-syn PFF and 

aggregates after only seeding reaction (A1) and both seeding reaction and PMCA (A2). The peaks for 

the proteinase-resistant fragment are indicated on the horizontal axis (m/z). (B) MALDI-TOF-MS 

spectra (m/z 6,000–20,000) of core peptides from human α-syn PFF and aggregates after only seeding 

reaction (A1) and both seeding reaction and PMCA (A2). The peaks for the proteinase-resistant 

fragment are indicated (m/z). 

 

As a sufficient amount of aggregates for proteinase digestion experiments and MS analysis were 

obtained, proteinase digestion experiments were conducted to examine the differences in the 

biochemical properties of amplified α-syn aggregates from mouse brains and disease brains. Proteinase 
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K digestion-resistant cores were then examined with MALDI-TOF MS analysis. In mouse brains, the 

peaks were detected mostly at m/z 8.00 ×103, m/z 9.18 ×103, and m/z 1.11 ×104. The peaks are similar 

to those of the proteinase-resistant cores of mouse α-syn fibrils (Figure 19). In disease brains, the main 

peaks were detected at m/z 6.36 – 6.38 ×103, m/z 1.09 ×104, m/z 1.13-1.14 ×104, and m/z 1.27-1.28 

×104. The results are similar to that of human recombinant α-syn aggregates (Figure 20). No specific 

peaks for either MSA or DLB were observed. No data was obtained from MSA-3 due to technical 

errors. No data was obtained for normal brains, apart from Control-3, which exhibited p-syn signals in 

the P4 fraction and a CBB-positive α-syn band for A2. 
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Figure 19. MS analysis of the proteinase K-resistant cores of mouse brain aggregates. 

MALDI-TOF MS spectra (m/z 6,000–20,000) of proteinase K-resistant core peptides of A2. The same 

cores were detected among recombinant mouse α-syn aggregates and mouse brain aggregates. 
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Figure 20. MS analysis of the proteinase K-resistant cores of MSA and DLB aggregates. 

MALDI-TOF MS spectra (m/z 6,000–20,000) of proteinase K-resistant core peptides of A2. No 

obvious difference between cases was observed. 
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3.6 Electron microscopy 

 

To identify the structural differences between synucleinopathies, EM was used to observe 

A2 between MSA and DLB brains. No obvious structural differences between fibrils of A2 derived 

from MSA and DLB brains were observed. No fibrils as a result of A2 were detected from Control-1, 

Control-4, and Control-5, as well as MSA-5 and DLB-2. However, for MSA-5 and DLB-2, it is 

suspected that the reason no fibrils were detected is due to technical errors. 

 

Figure 21. Electron microscopy of amplified α-syn derived from synucleinopathies 

N.D.

N.D.

N.D.

MSA-1 MSA-2 MSA-3 MSA-4 MSA-5

DLB-1 DLB-2 DLB-3 DLB-4 DLB-5

Control-1 Control-2 Control-3 Control-4 Control-5

N.D. N.D.
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Electron microscopy of A2. In those fibrils from MSA-5, DLB-2, Control-1, Control-4 and Control-5 

were not detectable. 
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Chapter 4. Discussion 

 

In this thesis, our established method enabled the amplification and analysis of very low 

amounts of α-syn from synucleinopathies. PMCA made it possible to detect very low concentrations 

of misfolded human α-syn. In addition, the α-syn fibril core was shown to be preserved based on the 

results of MS analysis of the proteinase K-resistant core of the α-syn pre and post not only seeding 

reaction but also PMCA. Phosphorylated α-syn aggregates were detected in SDS-insoluble pellets 

from DLB and MSA brains by immunostaining. The combination method of seeding reaction and 

PMCA allowed for the amplification of α-syn aggregates of synucleinopathies more than ever reported 

previously. 
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4.1 PMCA of misfolded α-syn 

In previous studies, the reaction efficiency of PMCA of misfolded α-syn was investigated 

by computational chemistry, and the possibility to detect up to 2 pg was suggested [37]. However, no 

previous reports have experimentally detected down to this level. PMCA of misfolded prions in 

diseased brains allows detection of femto-level concentrations because self-aggregation occurs 

minimally [46]. In this paper, misfolded α-syn from femto-level could be detected. In addition, by 

carefully choosing the conditions to avoid the effects of self-aggregation, abnormal α-syn from at least 

50 fM used as a seed was detected, which is a smaller amount of misfolded α-syn detected compared 

to previous studies. 

 

4.2 The necessity to amplify misfolded α-syn 

α-syn is a major component of cytoplasmic inclusions, such as Lewy bodies in PD and DLB 

and glial cytoplasmic inclusions in MSA [12, 47]. Several recent studies have presented evidence for 

the existence of conformational strains for misfolded aggregates made of α-syn [25, 48]. These studies 

used either recombinant α-syn aggregates or self-propagated α-syn aggregates induced by either 

recombinant α-syn seeds or Sarkosyl-insoluble proteins in the mouse brains. Our group also recently 
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has reported MS analysis and electron microscopic analysis showing the sequence- and seed-structure-

dependent polymorphism of α-syn fibrils [22, 23]. To apply these methods to α-synucleinopathies, a 

sufficient amount of α-syn aggregates was required for MS analysis.  

PMCA was used to amplify α-syn aggregates from the seed. α-syn aggregates that formed 

spontaneously in vitro from recombinant α-syn and those formed by seeding reaction and PMCA using 

recombinant α-syn aggregates as seeds were obtained. After amplification, sufficient amounts of α-

syn aggregates were obtained, enough to be detected in SDS-PAGE with CBB staining. As a result, 

with those aggregates, proteinase K-resistant cores were detected in distinct ways between human and 

mouse α-syn aggregates by MS analysis. These cores were preserved after the seeding reaction and 

PMCA. As the core structure of the seeds was preserved, analysis of the resulting amplified α-syn 

could be done without worry of structural differences present. 

 

4.3 The detection of phosphorylated α-syn 

Amplified α-syn aggregates were obtained using seeds derived from MSA and DLB brains. 

The fraction which was enriched with α-syn aggregates was examined. For WB, the enhanced method  

via combined fixation with 4% PFA and 0.01% glutaraldehyde was used [42]. This fixation produced 
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an approximately 10-fold increase in sensitivity that enabled us to detect both total and Ser129-

phosphorylated α-syn even at a concentration of approximately 250 pg of total α-syn. The 

phosphorylated α-syn of P4 was not detected in the WB and FTA, but it could be detected by 

immunostaining. Thus, α-syn in the P4 fractions were suspected to be less than 250 pg. Phosphorylated 

α-syn aggregates in P4 fractions were detected by immunostaining that allowed detection of each 

visible aggregate. 

 

4.4 The proteinase-K resistant cores by MS analysis 

As it is suspected that difference in structure leads to different disease phenotypes, core 

structures in amplified samples from MSA and DLB were analyzed. MSA and DLB have distinct 

pathologies despite being both caused by α-syn. 

This P4 fraction was used as a seed to amplify α-syn aggregates, and, after seeding reaction 

and PMCA, CBB detectable α-syn was obtained in the cases exhibiting the immunoreactivity of p-syn 

in the smears of P4. 

After 120 min of proteinase K treatment, MS analyses of those proteinase K-resistant cores 

were conducted. The findings revealed same peaks as those of the proteinase K-resistant cores of 
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recombinant human α-syn aggregates (Figure 18 and Figure 20). There were no significant differences 

between the peaks of MSA and DLB.  

This finding indicates either that α-syn aggregates of MSA and DLB have identical 

structures or that our methods determining the proteinase-K resistant cores by MS are not adequately 

sensitive to distinguish those structures. 

4.5 The structural differences between synucleinopathies by EM 

To identify the structural differences between synucleinopathies, EM was used to observe 

amplified human α-syn derived from MSA and DLB brains. Several studies have presented evidence 

for the existence of conformational strains for misfolded aggregates made up of α-syn [5]. Amplified 

human α-syn from MSA brains are more likely to form twisted types of fibrils. Conversely, amplified 

human α-syn from DLB are more likely to form ribbon types of fibrils [4, in vivo]. However, the long 

α-syn fibrils could not be observed in this paper(Figure 21). This result may be because the excessive 

sonication after PMCA, which reduces the lengths of α-syn fibrils from each synucleinopathy, not 

adequate to differentiate the structural features. 

 

4.6 α-syn of control brain samples 
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P-syn immunoreactivity in P4 of control-2 and control-3 were detected as well as in the WB 

of the S1+S2 brain homogenates. These controls exhibited no clinical symptoms of synucleinopathy 

as well as no LB score (Table 1). It is possible that these control brains have presymptomatic 

synucleinopathies. Recent studies have amplified the cerebrospinal fluid of DLB and PD patients using 

RT-QuIC, detecting misfolded α-syn [49]. In a similar manner, the combined seeding reaction and 

PMCA may be able to detect misfolded α-syn also in presymptomatic brains. Further survey of the 

existence of p-syn immunoreactivity in P4 fraction of control brains is important.  

 

4.7 Further study and recommendation 

Further studies using other methods, such as electron microscope or MS analysis of partial 

digestion by proteinase are needed. However, these analyses on the amplified abnormal proteins from 

disease brains could be used to study other neurodegenerative disorders. 
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