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            Abstract
Synucleinopathies are neurodegenerative diseases that are associated with the misfolding and aggregation of α-synuclein, including Parkinson’s disease, dementia with Lewy bodies and multiple system atrophy1. Clinically, it is challenging to differentiate Parkinson’s disease and multiple system atrophy, especially at the early stages of disease2. Aggregates of α-synuclein in distinct synucleinopathies have been proposed to represent different conformational strains of α-synuclein that can self-propagate and spread from cell to cell3,4,5,6. Protein misfolding cyclic amplification (PMCA) is a technique that has previously been used to detect α-synuclein aggregates in samples of cerebrospinal fluid with high sensitivity and specificity7,8. Here we show that the α-synuclein-PMCA assay can discriminate between samples of cerebrospinal fluid from patients diagnosed with Parkinson’s disease and samples from patients with multiple system atrophy, with an overall sensitivity of 95.4%. We used a combination of biochemical, biophysical and biological methods to analyse the product of α-synuclein-PMCA, and found that the characteristics of the α-synuclein aggregates in the cerebrospinal fluid could be used to readily distinguish between Parkinson’s disease and multiple system atrophy. We also found that the properties of aggregates that were amplified from the cerebrospinal fluid were similar to those of aggregates that were amplified from the brain. These findings suggest that α-synuclein aggregates that are associated with Parkinson’s disease and multiple system atrophy correspond to different conformational strains of α-synuclein, which can be amplified and detected by α-synuclein-PMCA. Our results may help to improve our understanding of the mechanism of α-synuclein misfolding and the structures of the aggregates that are implicated in different synucleinopathies, and may also enable the development of a biochemical assay to discriminate between Parkinson’s disease and multiple system atrophy.
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                    Fig. 1: Differential interaction of amyloid-binding dyes with α-syn aggregates derived from patients with PD or patients with MSA.[image: ]


Fig. 2: Protease resistance and epitope mapping of α-syn aggregates derived from the CSF or the brain of patients with PD or patients with MSA.[image: ]


Fig. 3: Structural differences between α-syn aggregates derived from patients with PD or patients with MSA.[image: ]


Fig. 4: Cytotoxicity of amplified α-syn aggregates from the CSF of patients with PD or patients with MSA.[image: ]
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                Data availability

              
              All data generated and/or analysed during this study are included in the Article, Supplementary Fig. 1 (uncropped blots) and the Source Data files for Figs. 1, 3, 4 and Extended Data Figs. 1–3. Any additional information required are available from the corresponding author on reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Kinetics of α-syn aggregation in the presence of CSF from patients with PD, patients with MSA or healthy control individuals.
a–c, Individual α-syn aggregation curves are shown in the presence of CSF samples (40 μl) from all study participants, including healthy controls (a; n = 56), patients with MSA (b; n = 75) and patients with PD (c; n = 94). The α-syn-PMCA assay was started by adding α-syn monomers (1 mg ml−1) and ThT (5 μM) to 100 mM PIPES, pH 6.5 containing 500 mM NaCl. The plate was incubated at 37 °C with intermittent shaking for 1 min every 30 min at 500 rpm. The extent of aggregation was monitored using a fluorometer to measure ThT fluorescence, with an excitation of 435 nm and emission of 485 nm. The colours represent the expected aggregation curves for patients with PD (red), patients with MSA (blue) and healthy controls (black), regardless of clinical diagnosis.
Source Data


Extended Data Fig. 2 Serial propagation of α-syn aggregates derived from patients with MSA and patients with PD.
For serial propagation of α-syn aggregates, an aliquot of the final product of the first α-syn-PMCA reaction (starting from CSF samples) was diluted 100-fold into a solution containing fresh α-syn monomers (1 mg ml−1). A second round of amplification was done in the same buffer (100 mM PIPES, pH 6.5 containing 500 mM NaCl) at 37 °C with intermittent shaking for 1 min every 30 min at 500 rpm. The extent of aggregation was monitored by the increase in ThT fluorescence. The maximum fluorescence value at the plateau of aggregation was recorded and plotted in the graph as the second round of amplification (R2). Similarly, the third and fourth rounds of amplification (R3 and R4) were performed by diluting the product 100-fold on amplification each time into fresh α-syn monomer substrate and repeating the α-syn-PMCA assay. The results shown are from one patient with PD and one patient with MSA. The experiment was carried out in duplicate, each dot represents an individual technical replicate and data are mean ± s.e.m.
Source Data


Extended Data Fig. 3 Analyses of the quantity of α-syn aggregates after amplification from patients with MSA and patients with PD by sedimentation assay.
Aggregates of α-syn that were obtained after two rounds of α-syn-PMCA amplification (starting from CSF samples from patients with MSA (n = 43) and patients with PD (n = 43)) were centrifuged at 20,000g for 30 min. a, The resultant pellets were separated on a 12% Bis-Tris gel, and protein bands were visualized by silver staining as per the manufacturer’s protocol. Molecular weight markers (kDa) are indicated on the left of the gel. b, Resuspended pellets (2 µl) were spotted onto nitrocellulose membranes and air-dried for 30 min at room temperature. After blocking with 5% w/v non-fat dry milk at room temperature for 2 h, membranes were probed with an anti-α-syn antibody (BD Bioscience, 1:2,000) and anti-rabbit HRP-conjugated secondary antibodies (1:5,000). The blots were visualized using enhanced chemiluminescence and a western blotting detection kit. The dot blot shows each of the 86 samples (n = 43, PD; n = 43, MSA) and a positive control using non-aggregated α-syn monomer (dotted box). The results are representative of two independent experiments with similar results. c, Protein concentration in the supernatants was determined by a BCA assay kit as per the manufacturer’s instructions. Each dot represents an individual sample (n = 43, PD; n = 43, MSA) in each disease group and data are mean ± s.e.m.
Source Data


Extended Data Fig. 4 Proteinase K digestion profiles of α-syn aggregates derived from samples of CSF from patients with PD and patients with MSA.
This is the same experiment as Fig. 2a–c, showing proteinase K digestion profiles of other representative samples from patients with PD (n = 3) and patients with MSA (n = 3). The amplified product from the second round of α-syn-PMCA in samples of CSF from patients with MSA or patients with PD was incubated either without (–) or in the presence of increasing concentrations of proteinase K (0.001, 0.01, 0.1 and 1 mg ml−1) at 37 °C for 1 h. Proteins were separated on a 12% Bis-Tris gel and immunoblotted with the same antibodies as in Fig. 2 (SC N-19 (top), BD anti-α-syn clone 42 (middle) and SC 211 (bottom)). Each blot represents an individual sample. Molecular weight markers (kDa) are indicated on the left of the blot.


Extended Data Fig. 5 Proteinase K digestion profiles of α-syn aggregates derived from samples of CSF from all 43 patients with PD and 43 patients with MSA.
This is the same experiment as Fig. 2d, showing proteinase K digestion profiles of all 86 (n = 43, PD; n = 43, MSA) biologically independent samples analysed. Aliquots of the product of the second round of the α-syn-PMCA assay were treated with proteinase K (1 mg ml−1) at 37 °C for 1 h. Proteins were separated on a 12% Bis-Tris gel and immunoblotted with the BD anti-α-syn clone 42 antibody. Molecular weight markers (kDa) are indicated on the left of the blot. The third blot on the top row is the same as that shown in Fig. 2d.


Extended Data Fig. 6 Proteinase K digestion profiles of α-syn aggregates after several rounds of α-syn-PMCA.
This is the same experiment as Fig. 2e, showing the results obtained with samples from different patients with PD (n = 3) and patients with MSA (n = 3). The first round corresponds to direct amplification from the CSF of the patients. For the second round of amplification, aggregates produced in the first round were diluted 100-fold into fresh α-syn monomer substrate and a new round of α-syn-PMCA was performed. The assay was then repeated for the third and fourth rounds using amplified α-syn aggregates (1%) from the previous round. Amplified aggregates were treated with proteinase K (1 mg ml−1) for 1 h and proteins were separated on a 12% Bis-Tris gel and immunoblotted with the BD anti-α-syn clone 42 antibody. Molecular weight markers (kDa) are indicated on the left of the blot.


Extended Data Fig. 7 Electron microscopy images of PD-associated fibrils and MSA-associated fibrils.
Representative images of fibrils produced after two rounds of α-syn-PMCA in samples from different patients with PD (n = 3) and patients with MSA (n = 3). The negative-stained fibrils were imaged with a 300 kV electron microscope. Scale bar, 10 nm (applies to all of the images).


Extended Data Fig. 8 Reaction scheme for the chemical synthesis of HS-199.
HS-199 was synthesized by mixing 0.462 mM methyl 5′-bromo-[2,2′-bithiophene]-5-carboxylate with 0.508 mM (5-formylthiophen-2-yl)boronic acid, K2CO3 (1.39 mmol) in 1,4-dioxane/methanol (8: 2, 8 mL/mM, degassed) and PEPPS-IPr (2 mol %).


Extended Data Table 1 Number of samples and basic demographic information for all study participantsFull size table


Extended Data Table 2 Demographic information for the 43 patients with PD and 43 patients with MSA whose CSF samples were used to characterize amplified α-syn aggregates in detailFull size table
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Supplementary Figures
Main and extended data figures: uncropped blots with size marker indications.
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