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Abstract
Increasing evidence suggests that the process of alpha-synuclein (α-syn) aggregation 
from monomers into amyloid fibrils and Lewy bodies, via oligomeric intermediates 
plays an essential role in the pathogenesis of different synucleinopathies, including 
Parkinson's disease (PD), multiple system atrophy and dementia with Lewy bod-
ies (DLB). However, the nature of the toxic species and the mechanisms by which they 
contribute to neurotoxicity and disease progression remain elusive. Over the past two 
decades, significant efforts and resources have been invested in studies aimed at iden-
tifying and targeting toxic species along the pathway of α-syn fibrillization. Although 
this approach has helped to advance the field and provide insights into the biological 
properties and toxicity of different α-syn species, many of the fundamental questions 
regarding the role of α-syn aggregation in PD remain unanswered, and no therapeu-
tic compounds targeting α-syn aggregates have passed clinical trials. Several factors 
have contributed to this slow progress, including the complexity of the aggregation 
pathways and the heterogeneity and dynamic nature of α-syn aggregates. In the ma-
jority of experiment, the α-syn samples used contain mixtures of α-syn species that 
exist in equilibrium and their ratio changes upon modifying experimental conditions. 
The failure to quantitatively account for the distribution of different α-syn species in 
different studies has contributed not only to experimental irreproducibility but also 
to misinterpretation of results and misdirection of valuable resources. Towards ad-
dressing these challenges and improving experimental reproducibility in Parkinson's 
research, we describe here a simple centrifugation-based filtration protocol for the 

Read the Editorial Highlight for this article on page 7.  

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction 
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2020 The Authors. Journal of Neurochemistry published by John Wiley & Sons Ltd on behalf of International Society for Neurochemistry

www.wileyonlinelibrary.com/journal/jnc
mailto:﻿￼
https://orcid.org/0000-0001-7682-8320
mailto:hilal.lashuel@epfl.ch
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1111/jnc.14973


104  |     KUMAR et Al.

1  | INTRODUC TION

Alpha-synuclein (α-syn) is a 14 kDa protein that is found abundantly 
in the pre-synaptic terminals of neurons, but is also expressed in the 
heart, muscles and other tissues (Iwai et al., 1995; Jakes, Spillantini, 
& Goedert, 1994). While the precise function of α-syn is not yet well 
understood, accumulating evidence from genetic and neuropatho-
logical studies point to a central role of α-syn in several neurodegen-
erative disorders that are collectively referred as synucleinopathies 
(Spillantini & Goedert, 2000). These disorders include Parkinson's dis-
ease (PD), dementia with Lewy bodies (DLB), the Lewy body variant 
of Alzheimer's disease, multiple system atrophy (MSA) and neurode-
generation with brain iron accumulation (Galvin, Lee, & Trojanowski, 
2001; Jellinger, 2003). A common pathological link connecting these 
disorders is the intracytoplasmic accumulation of misfolded and ag-
gregated forms of α-syn in neurons and in glial cells (Baba et al., 1998; 
Spillantini & Goedert, 2000; Spillantini et al., 1997; Takeda et al., 
1998). Despite differences in the cell types and affected brain regions, 
the fibrillar structures of α-syn enriched in the neuronal inclusions is 
a salient feature of these diseases (Goedert, 2015). α-syn aggregates 
(oligomers and fibrils) are released by neurons and, upon internaliza-
tion by the neighbouring cell, induce the misfolding and/or seed the 
aggregation of endogenous α-syn in the host cells (Danzer, Krebs, 
Wolff, Birk, & Hengerer, 2009; Mahul-Mellier, Altay, & Burtscher, 
2018). This process is thought to be the underlying mechanism for 
the cell-to-cell spreading and propagation of α-syn to different brain 
regions during the different stages of disease progression (Braak et al., 
2003; Hansen, Angot, & Bergstrom, 2011; Li et al., 2008). Although 
there is a consensus that the process of α-syn fibril formation plays a 
central role in the initiation and progression of PD and other synucle-
inopathies, the nature of the toxic species and how they contribute to 
the different putative disease mechanisms underlying the pathogene-
sis of PD and other synucleinopathies remain unknown.

Several studies have shown that the presence and/or abundance 
of Lewy bodies (LBs) do not always correlate with the development 
of PD symptoms (e.g. the presence of LBs in healthy brains) (Duffy 
& Tennyson, 1965; Forno, 1969; Gibb & Lees, 1988; Lipkin, 1959; 

Mikolaenko et al., 2005; Schmidt et al., 1991) or disease severity. These 
observations, combined with the absence of a direct correlation be-
tween α-syn fibril formation and neurodegeneration in different mod-
els of PD and the detection of soluble oligomeric forms of α-syn in the 
cerebrospinal fluid, have led to a shift of interest from fibrils towards 
prefibrillar aggregates (oligomers) (Park, Cheon, Bae, Kim, & Kim, 
2011). Therefore, significant efforts and resources have been devoted 
to dissecting the different steps of α-syn fibril formation in vitro and 
isolating individual species along the pathway of α-syn fibrillization. 
These efforts led to the development of several protocols for the gen-
eration and isolation of α-syn oligomeric preparations with a distinct 
secondary structure, size and morphological distributions (Table S2).

Despite many attempts over the past two decades, it has been 
possible to generate homogeneous preparations that comprise a sin-
gle type of oligomer of a specific size or morphology (Alam, Bousset, 
Melki, & Otzen, 2019; Lansbury & Lashuel, 2006; Lashuel, 2005; 
Lashuel & Lansbury, 2006). Most of the existing methods and pro-
tocols led to the generation of a population of oligomers with vari-
able size and morphological distribution that is often in equilibrium 
with monomers. Depending on the ratio of oligomers to monomers, 
the propensity for fibril formation in these preparations varies. Very 
often, chemical cross-linking is used to stabilize oligomers, but this 
significantly alters their dynamic properties (Nasstrom, Fagerqvist, 
& Barbu, 2011) and the ability to undergo conformational changes 
that may be required for exerting their biological activity. Therefore, 
the vast majority of α-syn oligomeric preparations used in research 
today are heterogeneous in terms of the size distribution of the 
oligomers and the ratio of monomers, oligomers and fibrils.

During the past 6–8 years, α-syn fibrils have made a comeback, 
mainly because of the emergence of the prion-like hypothesis for 
the pathological spreading during the progression of PD. This hy-
pothesis suggests that α-syn aggregates (fibrils or oligomers) are 
secreted by neurons (Desplats et al., 2009; Lee, Patel, & Lee, 2005; 
Lee et al., 2008), and exhibit a potent seeding capacity that allows 
them to induce aggregation and inclusion formation upon internal-
ization into neighbouring neurons and other cell types (Karpowicz, 
Trojanowski, & Lee, 2019; Luk et al., 2009; Luna, Decker, & Riddle, 

isolation, quantification and assessment of the distribution of α-syn monomers, oli-
gomers and fibrils, in heterogeneous α-syn samples of increasing complexity. The pro-
tocol is simple, does not require any special instrumentation and can be performed 
rapidly on multiple samples using small volumes. Here, we present and discuss several 
examples that illustrate the applications of this protocol and how it could contribute to 
improving the reproducibility of experiments aimed at elucidating the structural basis 
of α-syn aggregation, seeding activity, toxicity and pathology spreading. This protocol 
is applicable, with slight modifications, to other amyloid-forming proteins.
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2018; Volpicelli-Daley et al., 2011). Consistent with this hypothe-
sis, inoculation of fibrils produced in vitro (Abdelmotilib, Maltbie, & 
Delic, 2017; Luk et al., 2012; Shimozawa, Ono, & Takahara, 2017) or 
α-syn aggregate-enriched extracts from diseased brains is sufficient 
to induce α-syn fibrillization in neurons, rodent models and non-hu-
man primates (Masuda-Suzukake et al., 2013; Peng, Gathagan, & 
Covell, 2018; Recasens & Dehay, 2014; Recasens, Dehay, & Bove, 
2014; Tu, Galvin, & Baba, 1998; Watts et al., 2013). This has led to 
a resurgence in the number of studies focusing on fibrils and strat-
egies to interfere with their seeding capacity and role in pathology 
spreading. The vast majority of this research relies on the ability 
to reproducibly generate fibril preparations of the desired proper-
ties. While incubating concentrated samples of α-syn (3–5 mg/ml) 
at 37°C with agitation reproducibly leads to the formation of fibrils, 
very often these preparations contain different amounts of mono-
mers and oligomers. Given that most of these samples are analysed 
using electron microscopy (EM) or atomic force microscopy (AFM), 
which are not quantitative imaging techniques, the presence of the 
monomers and oligomers is either not detectable (monomers) or 
under-appreciated. Because of the differences in the dynamic and 
structural properties of each of the three species, the nature of the 
samples could change dramatically from one preparation to another 
and even for the same preparation when exposed to different con-
ditions. Furthermore, all fibril preparations that are used to inves-
tigate cellular toxicity, α-syn seeding mechanisms and pathology 
spreading are usually subjected to sonication or mechanical disrup-
tion procedures to generate short fibril seeds with a similar size dis-
tribution (50–200 nm). This procedure leads to fibril fragmentation 
resulting in the generation of more fibril ends and an increase in 
the amounts of monomers/oligomers released from the fibrils. The 
levels of monomers/oligomers in fibril seed preparation have been 
shown to be a critical determinant of their dynamics, growth and 
toxicity (Mahul-Mellier et al., 2015), and if not account for, could 
contribute to significant experimental variability.

The increasing reliance on α-syn aggregate preparations (fibrils 
and oligomers) in the development of PD models and their use to 
investigate the mechanisms linked to α-syn dysfunction and toxicity 
underscore the critical importance of using high quality and repro-
ducible preparations in such studies. However, experience teaches 
us that it is nearly impossible to generate oligomer and fibril prepa-
rations of identical species, size and morphology distribution. This 
challenge could be easily addressed by (1) developing protocols and 
methods that allow the separation and proper quantification of the 
amount of each of the three species, and (2) providing basic morpho-
logical and structural characterizations of the crude mixtures and 
isolated species by imaging techniques (EM and AFM) and circular 
dichroism spectroscopy (CD) respectively. This level of characteriza-
tion would at least enable better interpretation of the structure-ac-
tivity studies and improve the reproducibility by allowing accurate 
comparison of data and results across different laboratories.

Towards achieving these goals, we present here a straightforward 
protocol based on centrifugation and filtration procedures, which al-
lows rapid quantitative and qualitative assessment of the different 

types of α-syn species such as monomers, oligomers and fibrils in 
samples of different complexities. This protocol is based on years 
of experience in our group (Fauvet, Mbefo, & Fares, 2012; Khalaf, 
Fauvet, & Oueslati, 2014) and the evidence that it has been success-
fully applied in α-syn research by other groups (Ghosh et al., 2015; 
Kumar, Das, & Mohite, 2018; Zhang, Griggs, Rochet, & Stanciu, 2013). 
The flexibility of this method relies on the fact that it can be used to 
characterize purified α-syn samples at different time points during 
α-syn aggregation. The protocol only requires a minimum sample vol-
ume (100 μL) and can be implemented using basic laboratory tools. 
The total running time of the protocol is 3–4 hr, including (1) isolation 
of all three species (fibrils, monomers and oligomers, (2) assessment 
of the distribution of three species by sodium dodecyl sulphate–poly-
acrylamide gel electrophoresis (SDS-PAGE) and (3) concentration de-
termination using ultra-violet (UV) absorbance and/or bicinchoninic 
acid (BCA) assay. Biophysical characterization of the α-syn species 
using CD and EM is necessary to allow batch to batch comparison 
and to improve experimental reproducibility. Below, we present and 
discuss several examples that illustrate the potential applications of 
this protocol, how it could contribute to improving the reproducibility 
of experiments aimed at elucidating the structural basis of α-syn ag-
gregation, seeding activity, toxicity and pathological spreading.

2  | MATERIAL S AND METHODS

2.1 | Key equipment and materials

Equipment/material Company Catalogue

Centrifuges
Benchtop
Ultracentrifuge

Eppendorf 5417R
Beckmann Coulter 

Optima Max XD

 

Spin filters
30 kDa
50 kDa
100 kDa

Microcon−30 Ultracel 
YM 30

Amicon Ultra−2 ml, 
Ultracel−50K

Microcon DNA fast flow 
Ultracel

Vivaspin 500 (GE 
healthcare)

MRCF0R030
UFC205024
MRCF0R100
28–9322–37

Sonicator Sonics Vibra-Cell™ VCX 130
630–0422 

(microtip)

2.2 | Recombinant over-expression and  
purification of wild-type (WT) α-syn and 
cysteine variants

BL21 (DE3) cells transformed with the pT7-7 plasmid encoding the 
WT α-syn or M1C or A140C α-syn mutants were grown in LB me-
dium at 37°C and induced with 1 mM 1-thio-β-d-galactopyranoside 
(AppliChem) at an O.D. between 0.4–0.6 and continued to grow 
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for 4 hr at 37°C. Induced bacterial cultures were pelleted and soni-
cated for the lysis of the cells. After centrifugation at 18,000 g for 
20 min, the supernatant was boiled for 5 min and centrifuged again 
for 20 min. The supernatant was purified by anion exchange chroma-
tography (HiPrep 16/10 Q FF, GE Healthcare Life Sciences), followed 
by reverse-phase HPLC (Jupiter 300 C4, 20 mm I.D. × 250 mm, 
10 µm average bead diameter, Phenomenex) and lyophilized. The 
M1C α-syn mutant was purifed as thiazolidine adducts from bacterial 
expression. To make cysteine residue available for the formation of 
disulphide-linked homodimer, purified M1C α-syn was dissolved in 
reaction buffer (0.1% trifluoroacetic acid, 5% acetonitrile, 5% acetic 
acid in water) to a final concentration of 0.5 mM. To this solution 
100 eq of Silver trifluoromethanesulphonate (Sigma) from 1 M solu-
tion in 0.1% trifluoroacetic acid H2O was added. The solution was 
then incubated at RT without shaking. After 30 min, the reaction 
was analysed by electron spray ionization mass spectrometry which 
showed quantitative deprotection of thiazolidine adducts. The reac-
tion mixture was desalted using a PD-10 column (GE Healthcare) and 
lyophilized.

2.3 | Preparation WT α-syn oligomers

To prepare WT α-syn oligomers, 60 mg of lyophilized protein was 
dissolved in 5 ml of phosphate-buffered saline (10 mM disodium hy-
drogenphosphate, 2 mM potassium dihydrogen phosphate (pH 7.4), 
137 mM NaCl and 2.7 mM potassium chloride) and followed by in-
cubation for 5 hr at 900 rpm constant shaking at 37°C. Then, the so-
lution was centrifuged to remove any insoluble particles at 12,000 g 
for 10 min at 4°C. 5 ml of supernatant was loaded onto a HiLoad® 
26/600 Superdex® 200 preparation grade (GE lifesciences) XK pre-
packed column equilibrated with phosphate-buffered saline, and 
protein was eluted as 2.5 ml fractions at a flow-rate of 1 ml/min. 
Fractions corresponding to the void volume peak (oligomers) were 
split to 500 μL aliquots, snap-frozen and stored at −20°C.

2.4 | Step-by-step explanation of the centrifugation-
based filtration protocol

This protocol can be applied to the characterization of α-syn prepa-
rations containing variable amounts of α-syn monomers, oligomers 
or fibrils, such as the freshly dissolved purified protein, oligomers or 
fibrils. The protocol has been divided into three steps: (1) a centrifu-
gation step for the isolation of the fibrils from the soluble species; (2) 
a filtration step for the separation of monomers and oligomers and 
(3) recovery of the soluble oligomers. A standard procedure for the 
application of this protocol is described below:

1. A total sample volume between 50 μL and 500 μL is subjected 
to ultracentrifugation at 100,000 g for 30 min at 4°C.

2. After centrifugation, a careful pipetting of the supernatant from 
the pellet is carried out to isolate the soluble species. The isolated 

pellets can be used for further analysis after resuspension in the 
buffer of interest.

3. Next, the supernatant is transferred into the filtration membrane 
unit (100 kDa), placed into a new collection tube and centrifuged 
at 15,300 g for 20 min at 4°C.

4. After centrifugation, the membrane unit is separated from the 
collection tube. The sample which passes through the membrane 
and enters the new tube, is named as filtrate sample and contains 
predominantly monomeric or dimeric α-syn species.

5. To collect the oligomeric species that were retained on the mem-
brane unit, named retentate, nine parts of the buffer from the 
initial volume of the sample is added to the membrane (e.g. use 
450 μL of buffer if 500 μL was the initial volume of the sample), 
pipette gently 2–3 times and place the filtration membrane unit 
into a new collection tube by carefully turning it upside-down. 
Next, pipette one part of the buffer (e.g. 50 μL) into the inverted 
bottom and centrifuge at low speed at 425 g for 4 min to recover 
the retentate sample.

In all cases, the spin filters were equilibrated with the sample 
buffer and subjected to a short centrifuge run prior to applying the 
samples to filtration.

The different α-syn species separated during the centrifu-
gation-based filtration protocol are obtained in standard buffer 
solutions and thus can be characterized, without the need to ex-
change buffer, using common protein concentration determination 
methods, SDS-PAGE analysis, CD spectroscopy, light scatter-
ing, sedimentation velocity or electron microscopy, among other 
techniques.

2.5 | Filtration analysis of WT α-syn monomers 
using different MWCO filter membranes

WT α-syn was dissolved in 600 μL of Tris-buffered saline (TBS) pH 
7.5 to give a final concentration of 35 μM while placing it on ice cold 
condition. The solution was ultracentrifuged for 30 min at 100,000 g 
at 4°C to remove any preformed insoluble aggregates (both fibril-
lar and amorphous aggregates). The supernatant was collected and 
filtered through different MWCO centrifugal filters (30 kDa, 50 kDa 
or 100 kDa). 100 µl of the supernatant solution was used for each 
filtration. The sources of the centrifugal filter membranes used are 
described in the table above.

For 30 kDa and 100 kDa filtration, 100 μL of the supernatant 
solution was centrifuged at 15,300 g for 20 min and the filtrate 
was collected. The retentate was collected by inverted centrifu-
gation using 40 µl of TBS (pH 7.5) at 425 g for 4 min at 4°C. The 
volume is diluted to 100 µl using TBS. For the 50 kDa filter, 100 μL 
of the supernatant was centrifuged at 4000 g for 20 min at 4°C in 
a swinging bucket. The filtrate was collected and diluted to 100 μL 
using TBS. Next, 100 μL TBS was added to the membrane, pip-
peted up and down for few times and collected back into a new 
Eppendorf tube using pippete as the retentate.
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Twenty microlitre of each filtrate and retentate for each membrane 
was mixed with 20 μL of 2 × Laemmli buffer for SDS-PAGE analysis 
and heated at 95°C for 5 min. The samples were analysed by SDS-
PAGE (1.5 mm thickness) immediately or snap frozen in liquid nitrogen 
and stored at −80°C until further use. 10 μL of the SDS-PAGE samples 
were loaded onto a gel. The remaining filtrate and retentate for each 
membrane were snap-frozen in liquid nitrogen and stored at −80°C.

2.6 | Filtration analysis of WT α-syn monomers 
using 100 kDa membranes of different material

WT α-syn was dissolved in 600 μL of TBS (pH 7.5) to a final con-
centration of 35 μM while placing it on ice-cold condition. The 
solution was ultracentrifuged for 30 min at 100,000 g at 4°C to 
remove any insoluble aggregates (both fibrillar and amorphous ag-
gregates). The supernatant was collected and filtered through a 
100 kDa centrifugal filter composed of a Microcon 100 kDa mem-
brane made of regenerated cellulose or a Vivaspin 500 (100 kDa) 
made up of polyethersulphone membrane. As stated earlier in the 
methods section, 100 μL of WT α-syn supernatant was centrifuged 
at 15,300 g for 20 min at 4°C. The filtrate was collected and di-
luted to 100 μL using TBS. The retentate from the Microcon mem-
brane was recovered following the usual procedure. However, for 
Vivaspin, the retentate was collected by addition of 100 μL TBS to 
the membrane, pippeted up and down for 3-4 times and collected 
back into a new Eppendorf tube. The SDS-PAGE samples were 
prepared and analysed as described earlier. SDS-PAGE analysis 
was performed on a 1-mm-thick gel.

2.7 | Filtration analysis of M1C and A140C α-sSyn 
mutants (dimers) using 100 kDa filter membrane

M1C α-syn was dissolved in 270 μL of TBS, and A140C α-syn was 
dissolved in 560 μL of TBS (pH 7.5) to reach a final concentration of 
35 μM. Both solutions were kept at RT for 3 day without shaking and 
analysed using mass spectrometry for validation of dimer formation. 
After 3 day, the solutions were centrifuged at 100,000 g for 30 min 
at 4°C to remove any insoluble aggregates (both fibrillar and amor-
phous aggregates). The supernatants were collected and subjected to 
the usual filtration analysis using Microcon 100 kDa as follows. 100 µl 
of supernatant was centrifuged at 15,300 g for 20 min at 4°C. The 
filtrate was collected, and the retentate was collected by inverted 
centrifugation at 425 g for 4 min at 4°C using 40 μL of TBS and the 
volume diluted to 100 μL using TBS. Fractions were collected at each 
step and equal volumes of samples were used for SDS-PAGE analysis.

2.8 | Transmission electron microscopy

Prior to the application of the sample, Formvar and carbon-coated 
200 mesh-containing copper EM grids (Electron Microscopy 

Sciences) were glow-discharged for 30 s at 20 mA using a PELCO 
easiGlow™ Glow Discharge Cleaning System (TED PELLA, Inc). 
Subsequently, 5 μL of the sample was placed onto the EM grid for 
a minute. Then, the sample was carefully blotted using filter paper 
and air-dried for 30 s. Then, the grids were washed three times with 
ultrapure water and stained with 0.7% (w/v) uranyl formate solution. 
Grids were examined using a Tecnai Spirit BioTWIN electron micro-
scope. The microscope was equipped with a LaB6 gun operated at 
an acceleration voltage of 80 kV, and images were captured using a 
4K × 4K charge-coupled device camera (FEI Eagle). The length (ln) or 
diameter (d) of respective α-syn oligomeric fractions was measured 
using ImageJ software (NIH).

2.9 | SDS-PAGE analysis

Samples for SDS-PAGE were mixed with 2 × Laemmli buffer (4% SDS, 
20% glycerol, 0.004% bromphenol blue, 0.125 M Tris-Cl, 10% 2-mer-
captoethanol pH 6.8) and loaded onto 15% polyacrylamide gels. The 
gel was run at 180 V for 1 hr in running buffer (25 mM Tris, 192 mM 
Glycine, 0.1% SDS, pH 8.3), followed by staining with a solution of 25% 
(v/v) isopropanol, 10% acetic acid (v/v) and 0.05% (w/v) Coomassie 
brilliant blue R (Applichem) and destaining with boiling distilled water.

2.10 | Protein concentration estimation

Concentration of α-syn samples such as monomers, oligomers and 
fibrils are estimated using BCA assay and amino acid analysis. For 
BCA assay, microplate measurements were carried out using BCA 
protein assay reagents (Pierce, catalog number: 23227). Briefly, trip-
licates of known concentrations (from 10 μg/mL to 1000 μ g/mL) 
of bovine serum albumin (concentration standard) and equal volume 
of α-syn samples were pipetted into microplate wells. To which, 
200 μL of BCA working reagent was added and incubated at 37 C 
for 30 min. Absorbance at 562 nm was measured using Tecan plate 
reader. Using BCA assay-based concentration estimation as stand-
ards, known concentrations (2–3 μg) of α-syn samples were pipetted 
into a conical insert, flash-frozen and lyophilised. The dried form of 
α-syn samples were shipped to Functional Genomic Center Zurich 
for subjecting for amino acid analysis (AAA) for absolute quantifica-
tion of α-syn samples concentrations. Destained gels were imaged 
and analysed (only in the case of figure 2) using ImageJ software (U.S. 
National Institutes of Health, Maryland, USA; RRID:SCR_001935) 
and GraphPad Prism was used to present statistical results.

2.11 | Mass spectrometry analysis

To perform MALDI-TOF (matrix-assisted laser desorption/ioniza-
tion- time-of-flight) mass spectroscopy analysis, 5 μL of the protein 
was mixed with 5 μL of sinapinic acid (100 mM) and 2 μL from the 
reaction mixture was directly spotted on a opti-TOF MALDI plate 

info:x-wiley/rrid/RRID:SCR_001935
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(384 spots) and dried under vacuum. Then the intact mass of the 
proteins was measured on a 4,800 MALDI TOF/TOF™ Analyzer 
(from Applied Biosystems).

2.12 | Far-UV circular dichroism spectroscopy

CD spectra of α-syn were obtained by loading 150 microlitres of 
samples into a quartz cuvette with a 1-mm path length and col-
lected using a Jasco J-815 CD spectrophotometer or Chirascan 
spectropolarimeter (Applied Photophysics) operated at 20°C within 
the range 198–250 nm. When employing the Jasco J-815 CD spec-
trophotometer, data acquisition used the following parameters: data 
pitch, 0.2 nm; bandwidth, 1 nm; scanning speed, 50 nm/min; digital 
integration time, 2 s. A spectrum of each sample is the average of 10 
repeats followed by a binomial approximation.

3  | RESULTS

3.1 | A simple centrifugation-based filtration 
protocol for the separation and characterization 
of distinct α-syn species (fibrils, monomers and 
oligomers)

Although different methods have been shown to be effective in sep-
arating insoluble α-syn aggregates (both fibrillar and amorphous ag-
gregates) from soluble α-syn species and monomers from oligomers, 
(Conway et al., 2000; Cremades, Cohen, & Deas, 2012; Gao, Carroni, 
& Nussbaum-Krammer, 2015; Lashuel et al., 2002), these methods 
suffer from the requirement of large sample volumes and/or lead to 
significant dilution of the sample of interest. Furthermore, many of 
these methods require at least 1–2 hr of processing time per sample 
and are thus not amenable to rapid analysis of large number of sam-
ples. They also require access to specialized instruments (e.g. fast 
protein liquid chromatography (FPLC)) and expertise that may not be 
available in all laboratories.

The protocol described here addresses these limitations and 
takes advantage of (1) the large differences in the size of the three 
α-syn species (monomers at 14 kDa, oligomers between 28 kDa–1 
MDa and fibrils > 2 MDa), and (2) the difference in solubility of the 
fibrils compared to the monomers and oligomers. The fibrils, but 
not the oligomers and monomers, can be sedimented by centrif-
ugation. For samples containing the three forms of α-syn, the first 
step involves the sedimentation and separation of the fibrils from 
the monomers and oligomers by ultracentrifugation of the sample 
at 100,000 g for 30 min (scheme 1 (1)). This allows for the separa-
tion of the sedimentable fibrils as a pellet from the soluble superna-
tant, which contains both monomers and oligomers of different sizes 
(scheme 1 (2)). The supernatant (scheme 1 (3)) is then separated into 
monomers and mixtures of oligomers by filtration through a 100 kDa 
molecular weight cut-off (MWCO) filter, which allows only the mono-
mers to pass through (scheme 1 (4)). The oligomers are retained on 

the filter membrane are then recovered, as shown in scheme 1 (5). 
Determination of the concentration of each species after isolation, 
using UV absorbance and/or BCA assay, allows for the robust esti-
mation of the distribution of the different species in the original sam-
ple. For more accurate determination of the concentration of each 
species, we recommend using amino acid analysis (AAA). The re-
quirements for the implementation of this protocol are having access 
only to: (1) the spin filters (Microcon (100 kDa MWCO, Ireland)); (2) a 
benchtop centrifuge or an ultracentrifuge; (3) a UV absorbance-based 
spectrometer or a plate reader; and (4) a gel electrophoresis setup. 
These are standard pieces of equipment to which research labora-
tories have easy access. Most importantly, this procedure could be 
performed on sample volumes ranging from 50 to 500 μL.

The protocol described in Scheme 1 can be used to: (1) pre-
pare α-syn monomeric solutions that are free of any pre-formed 
aggregates which may have formed during the process of storage, 
lyophilization or resolubilization of α-syn samples, (2) separate the 
non-fibrillized α-syn species (monomers and oligomers) from fibrils 
and quantify both species and (3) assess the amount of released 
monomers or the formation of oligomers because of sonication of 
the fibrils or treatment with chaperones or small molecule disaggre-
gases (Bieschke et al., 2010; DeSantis et al., 2012; Gao et al., 2015) 
and (4) enable more comprehensive profiling of the complexity of 
α-syn samples. These capabilities should enable the assessment of 
batch to batch variations of α-syn sample preparation, comparison 
of data from different research groups and improving experimental 
reproducibility across different laboratories. However, for accurate 
interpretation of the results using this protocol, it is crucial to verify 
by EM that this separation protocol works for the sample/protein of 
interest of under the experimental conditions used.

3.2 | Separation of fibrils from soluble α-syn species 
(oligomers and monomers)

Here, we provide an overview of the standard methods for the gen-
eration and characterization of α-syn fibril preparations and discuss 
some of the factors that could influence batch-to-batch variations. 
Because of their simplicity, centrifugation-based sedimentation pro-
tocols have emerged as a substitute for SEC-based methods, and 
are commonly used to study protein aggregation by monitoring and 
quantifying the amount of sedimentable aggregates and the remain-
ing soluble proteins in the supernatant (Fauvet et al., 2012; Khalaf 
et al., 2014). These protocols have proven to be reliable and effec-
tive in separating fibrils or sedimentable aggregates from the solu-
ble protein species. However, it is crucial to validate such protocols 
(through analysis of the supernatant) to ensure that fibrils formed by 
the protein of interest are sedimentable. In most studies, a relatively 
short and low centrifugal force of approximately 14,000–16,000 g 
is sufficient to sediment mature, fully-grown insoluble α-syn fibrils 
and other large amorphous aggregates (Table S1), but not small fi-
brils that are < 150 nm in length. For example, the pre-formed fibril 
(PFF) seed preparations that are commonly used in cellular seeding 
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assays and animal models of pathology spreading are usually sub-
jected to sonication prior to use. This procedure is used to induce fi-
bril fragmentation with the aim of obtaining a fibril preparation with 
an average length of 50–150 nm (Mahul-Mellier et al., 2018, 2015; 
Tarutani et al., 2016). Once fragmented to this size, the fibrils are 
non-sedimentable at this centrifugal force (Table S1). For such prep-
arations, high centrifugal force at 100,000 g is generally applied to 
sediment and separate the shortened/fragmented fibril seeds from 
the soluble α-syn species.

Figure 1 illustrates how the protocol described above can be 
used to ensure reproducible preparations of PFF seeds for use in 
seeding-based aggregation assays (Polinski et al., 2018; Tarutani et 
al., 2016) or in cellular and animal studies to investigate aSyn pathol-
ogy formation and spreading (Abdelmotilib et al., 2017; Luk et al., 
2012, 2009; Shimozawa et al., 2017; Volpicelli-Daley et al., 2011). 
This is achieved by assessing the following parameters for each PFF 
preparation: (1) the percentage of fibril formation; (2) the percentage 
of remaining soluble α-syn species in each preparation and (3) the 
relative stability of the fibrils as determined by the amount of soluble 
α-syn species released after sonication of the fibrils. The protocol 

can be also modified to assess the presence and amounts of oligo-
mers in such preparations (see Figures 4 and 5, Figure S3).

An important criterion for improving the reproducibility of 
PFF-based experiments is to ensure that the PFF batches are well 
characterized. The major source of variation between different PFF 
preparations is differences in the stability of the fibrils and distri-
bution of α-syn species in the PFF preparations. However, a large 
concern with the commonly used methods to characterize PFFs is 
the focus on assessing the morphology of the fibrils and their size 
distribution rather than focusing on the sample heterogeneity, that 
is the presence of other α-syn species (e.g. monomers and oligo-
mers). Below, we present a series of examples that illustrate how 
the protocol described here allows for a more in-depth character-
ization of the PFF preparations and enables the assessment of the 
levels of the different α-syn species (monomers and oligomers) aSyn 
PFF preparations.

For the generation of different batches of α-syn fibril prepara-
tions, we follow the standard protocol (Mahul-Mellier et al., 2018). 
Our experience shows that despite following the same method care-
fully, it is not unusual to observe variations between different fibrils 

F I G U R E  1   Schematic depiction of the centrifugation-based filtration protocol. Briefly, the protocol includes a centrifugation step for the 
isolation of the fibril (pellet) from soluble α-syn (monomers and oligomers), a filtration step (through 100 kDa MWCO) for the separation of 
the monomers from the oligomers, and a final step for the recovery of the oligomers from the spin filters. A depiction of the sodium dodecyl 
sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the samples at each step is shown in the middle. Quantification of band 
intensity should allow for a quick assessment of the distribution of coexisting α-syn species
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batches with respect to the extent of the amount of monomers con-
verted to fibrils (Figure 2a, c and d) and/or the stability of the fibrils. 
This is indeed the case for all α-syn fibrillization protocols. Thus, we 
strongly recommend quantitative assessment of the amount of both 
fibrils and soluble α-syn species in each PFF preparation. This can 
be achieved by quantifying (1) the amount of monomers before ini-
tiating the fibrillization reaction; (2) the amount of α-syn converted 
to fibrils (Figure 2a scheme, pellet) and the remaining aSyn soluble 
species at the end of fibrillization (Figure 2a scheme, supernatant). 
After 5 days (Figure 2c), we typically see >90%–95% conversion 
of α-syn monomers to fibrils, as evidenced by the almost total ab-
sence of an α-syn band in the supernatant lane for the fibril batches 
1–4. Figure 2d shows the quantitative analysis of the extent of fi-
bril formation from 12 independent fibril preparation experiments, 
estimated by quantifying the amounts of remaining soluble α-syn 
species by SDS-PAGE. Two of the fibril preparations, batch 5 and 
6, show higher levels of soluble α-syn species (batch 5:12.3% and 
batch 6:19.5%), which could indicate either incomplete fibrillization 
or the formation of less stable (SDS-sensitive) fibrils. Importantly, 
such variations are not captured by the standard qualitative analysis 
of fibril preparation using techniques such as EM and CD. Figure 2e 
shows the EM images three different fibril batches which reveal pre-
dominantly straight and long fibrils and the absence of any amor-
phous structures. α-syn monomers are not detectable by EM and 
when present as minor species, their existence and levels cannot be 
easily discerned by CD. Finally, it is important to emphasize that the 
fibrils exists in equilibrium with monomers and further manipulation 
of the fibrils could influence this equilibrium. For example prior to 
their use in seeding-based assay, PFFs are subjected to sonication 
to induce the fibril fragmentation and to generate homogeneous (in 
terms of their average length, 50–150 nm) PFF resuspensions that 
are easily taken up by cells (Figure 2b). Figure 2f and g show an ex-
ample of the average fibril lengths before and after sonication for a 
typical PFF preparation based on EM analysis. For the great major-
ity of seeding-studies, only the average length and morphology of 
the fibrils are usually assessed. We strongly recommend that the 
amount of soluble α-syn species should also be assessed prior to 
and after sonication and preferably on the day the PFF preparations 
are used.

To illustrate how this could be done, the sonicated fibril sam-
ple shown in Figure 2b was subjected to ultracentrifugation at 
100,000 g for 30 min, as described above. SDS-PAGE analysis 

showed the differences between the levels of sedimented fibril 
seeds and soluble α-syn species released after sonication for differ-
ent PFF batches (Figure 2h). For stable fibril preparations, we typi-
cally see ~5%–10% soluble α-syn after sonication (Figure 2h, batches 
1–4). The stability of fibrils here is defined by their propensity to 
disassociate and the amount of soluble α-syn species detected after 
sonication. Depending on the stability of the fibrils, the amount of 
soluble α-syn released after sonication could vary significantly. For 
instance, batches 5 and 6 show approximately more than 30% solu-
ble α-syn species in the supernatant after sonication.

Modifying the sonication parameters such as the length of son-
ication time has been shown to strongly influence the length of 
the fibrils in the PFF preparations (Tarutani et al., 2016). We have 
also observed that variations in these parameters strongly influ-
ence the extent of soluble aSyn species released from the fibrils. 
For example, when using handheld sonicators, the position of the 
sonicator with respect to both the sample and the wall of the tube 
were found to influence the release of soluble α-syn species from 
the fibrils. Therefore, we highly recommend exercising extreme care 
when performing this procedure and assessing fibril morphology, 
size and the ratio of soluble-to-fibrillar α-syn species in all aSyn fibril 
preparations.

3.3 | Detection and quantification of α-syn 
oligomers in PFF preparations

While the protocol described above could be used to quantify the 
levels of α-syn monomers and fibrils before and after sonication 
of each preparation, it is not suitable for quantifying oligomers in 
these PFF preparations. Given the potent toxicity of α-syn oligomers 
(Danzer et al., 2009; Fusco, Chen, & Williamson, 2017; Mahul-Mellier 
et al., 2015), the presence of small amounts of oligomers could be a 
major contributor to experimental variability. In the following sec-
tions, we describe the extension of the protocol explained above to 
allow for the separation and quantification of oligomers from differ-
ent α-syn samples, including PFF preparations.

Several protocols for the preparation of α-syn oligomers have 
been developed (Table S2). Analysis of the size distribution of the 
oligomers obtained using these preparations suggests that it is still 
possible to develop a single simple protocol that allows for the sep-
aration of monomers from oligomers (greater than a dimer). Based 

F I G U R E  2   Schematic illustrations of (a) the separation of α-syn fibrils from a crude mixture of total α-syn fibrils following fibrillization and 
(b) following sonication (20% amplitude, one-second ON/OFF pulse cycle for 20 s), to assess the amounts of monomers/oligomers present 
in the supernatant fraction. (c) sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the different batches of 
α-syn fibrils during fibrillization; mono: α-syn monomers prior to initiating fibrillization; p. fibrils: pelleted fibrils after resuspension; and sup: 
supernatant α-syn species following centrifugation at the end of fibrillization. (d) Bar chart displaying the percentage of α-syn monomers 
converted to fibrils in different batches of fibril preparation. Bullet points represent the different batches of fibril preparation (n = 15). (e) EM 
images of total α-syn fibrils at the end of fibrillization showing three representative images from three random batches of fibril preparations. 
(f) EM images of sonicated α-syn fibrils showing three representative images from three random batches. (g) Differences in the lengths of 
the fibrils before and after sonication. (h) SDS-PAGE analysis of different batches of α-syn fibrils following sonication; pf. seeds: the fibril 
seeds sedimented as pellets after sonication; sup: the soluble supernatant α-syn species following centrifugation. * in (c) and (h) denotes the 
increase in the amount of soluble α-syn species in the supernatant fractions in some non-reproducible fibril batches
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on the method of preparation, oligomers generally show different 
shapes (such as spherical, chain-like and annular structures), a wide 
range of sizes (usually ranging from 2 to 60 nm in diameter), and a 
molecular weight distribution ranging from 88 to 5,800 kDa (Table 
S2). The large difference in the size and molecular weight between 
monomers and oligomers suggests that spin filters with a MWCO of 
30 kDa or greater should retain the oligomers on the membrane while 
allowing the monomers to pass through. However, when dealing with 
natively unfolded proteins such as α-syn, one must consider that they 
exhibit a higher hydrodynamic radius, which makes aSyn behave as 

a globular protein of a larger size. For example the α-syn monomer, 
which has a theoretical molecular weight of 14.46 kDa, behaves like 
a 57–60 kDa protein in size exclusion chromatography (Fauvet et al., 
2012; Weinreb, Zhen, Poon, Conway, & Lansbury, 1996).

To determine which MWCO and membrane material are best 
for separating aSyn monomers from oligomers, we screened mem-
branes with different MWCO (30 kDa, 50 kDa and 100 kDa) and 
material properties (Figure S1). We found that 100 kDa MWCO 
cellulose membranes (Microcon) enabled the complete separa-
tion of oligomers and recovery of the monomers into the filtrate 

F I G U R E  3   Size-based separation of α-syn oligomers using Superose 6 column and filtration analysis. (a) Superose 6 based purification 
of α-syn oligomers. Oligomeric fractions (highlighted in red box) eluted from 8 ml to 14 ml and monomeric fractions from 16 ml to 19 ml. (b) 
Highlighted oligomeric peak from (a) showing the elution of different fractions (fraction 1, fraction 2, fraction 3 and fraction 4 in varying 
colours) of oligomers collected for filtration analysis. (c) EM images based size distribution analysis of different fractions of oligomeric 
populations. (d, e, f and g) EM analysis of total (left) and filtrate (right) of oligomeric fraction 1 (d), fraction 2 (e), fraction 3 (f) and fraction 
4 (g). Scale bars of total and filtrate samples are 50 nm. Zoomed EM images (scale bars: 25 nm) on the top right of each fraction shows the 
length (ln) or diameter (d) of differently sized oligomers measured in (c). Coomassie-stained sodium dodecyl sulphate–polyacrylamide gel 
electrophoresis (SDS-PAGE) gel in the middle of each oligomeric fraction shows the total (tot) oligomeric fraction used for filtration analysis 
using 100 kDa MWCO membrane, filtrate (fil) and retentate (ret) samples following the filtration protocol
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fraction. Next, we sought to determine if oligomers of different 
size distribution can be separated from α-syn monomers. We 
used a Superose 6 column to subfractionate our α-syn oligomer 
preparations into fractions of different size distribution. As shown 
in Figure 3a (total chromatogram) and b (oligomer peak), the 
oligomeric peak was fractionated into four oligomeric fractions 
(Figure 3b). Using EM analysis, we measured the average size of 
the oligomers in each fraction (Figure 3c). Despite the heteroge-
neity of each oligomer fraction, they exhibited different size distri-
bution ranging from 33 to 3 nm. Fraction 4 showed predominantly 
spherical oligomers as small as 3–4 nm. Next, we applied the filtra-
tion protocol on all these different oligomeric fractions separately. 
Figure 3d–g show the EM images (total and filtrate) and SDS-PAGE 
analysis of total, filtrate and retentate samples of each oligomeric 
fraction. We did not observe any significant release of monomers 
from all the oligomeric fractions. In addition, we did not detect 
any oligomeric band in the filtrate samples as evidenced by SDS-
PAGE gel and EM analyses (Figure 3d–g). These results show that 
filtration through 100 kDa MWCO filters allows for the efficient 
separation of aSyn monomers and recovery of α-syn oligomers of 
different sizes greater than a dimer. Similar result was obtained 

using unfractionated oligomers using Superdex 200 SEC column, 
which is commonly used to purify α-syn (Figure S2).

Several studies have shown that using monomeric aSyn prepara-
tions that are free of any preformed fibrils or oligomers are essential 
to obtain reproducible and reliable aggregation kinetic profiles and 
results (Buell et al., 2014; Fredenburg et al., 2007; Singh et al., 2013). 
This is commonly achieved using SEC. However, this procedure re-
quires at least 2–5 hr and is not suitable for experiments that involve 
comparative analysis of multiple samples or the use of highly precious 
aSyn samples, for example site-specifically modified synthetic or 
semi-synthetic proteins. Here, we show that a simple protocol based 
on filtration through a 100 kDa MWCO membrane provides an effi-
cient method for generating an aggregate-free aSyn preparation and 
the rapid removal or isolation of aSyn oligomers (>aSyn dimers).

3.4 | Analysis and separation of α-syn mixtures 
containing monomers, oligomers and fibrils

To demonstrate the robustness of the protocol, we tested it on 
an α-syn sample mixture composed of known concentrations 

F I G U R E  4   (a) A scheme illustrating the experimental setup for assessing efficiency to separate α-syn species from a prepared mixture 
containing known concentration of α-syn monomers, oligomers and fibril. (b) sodium dodecyl sulphate–polyacrylamide gel electrophoresis 
(SDS-PAGE) analysis of the samples collected at each step of the protocol. Red arrow head points the band of SDS-resistant oligomers. (c) 
Comparison of protein concentration estimation (μM; based on BCA assay and AAA) of α-syn samples (fibrils, oligomers and monomers) 
from the initial concentrations, that is before the preparation of α-syn mixture versus the obtained concentrations of α-syn fractions isolated 
from the α-syn mixture during the steps of the protocol. (d–h) CD spectra of the total α-syn mixture (d), fibrils (e), monomers and oligomers 
(mono + oligo) in the soluble α-syn supernatant (f), monomers (mono) in the filtrate (g) and oligomers (oligo) in the retentate (h) samples. (i–m) 
Representative electron micrograph images of the α-syn mixture (i), fibrils (j), monomers and oligomers (mono + oligo) in the soluble α-syn 
supernatant (k), monomers (mono) in the filtrate (l) and oligomers (oligo) in the retentate (m) samples isolated from the different steps of the 
protocol
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(determined by BCA assay and AAA) of monomers, oligom-
ers and fibrils (referred to as the aSyn mixture), as illustrated in 
Figure 4a. This mixture was then subjected to a centrifugation-
based filtration protocol, and the α-syn species isolated in each 
step of the protocol were characterized using SDS-PAGE analysis, 
amino acid analysis, CD and EM. Figure 4b shows the SDS-PAGE 
analysis of the mixture as well as aSyn samples recovered from 
each step of the protocol, that is the pellet (fibrils), supernatant 
(monomers and oligomers), filtrate (monomers) and retentate 
(oligomers). This analysis shows that we are able to recover each 
species. Figure 4c shows the initial concentrations of individual 

α-syn samples (fibrils, oligomers and monomers) used in the α-syn 
mixture, and the concentrations of the recovered α-syn species 
isolated during the different steps of the protocol (determined by 
BCA and AAA). Comparison of the initial protein concentration es-
timation between BCA assay and AAA reveals that there is not any 
significant difference on the concentrations except for oligomers. 
However, comparing the concentrations of initial versus recovered 
α-syn species shows the almost total recovery of the oligomers 
(10 μM was the initial concentration and 9.0 μM was the recov-
ered concentration from BCA assay, and with AAA 5.9 μM was 
the initial and 7.7 μM was the recovered) and monomers (20 μM 

F I G U R E  5   (a) Schematic illustration showing the experimental setup of the centrifugation-based filtration analysis of lyophilized and 
resuspended α-syn fibrils (lyophilized fibrils). (b) sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) analysis of α-syn 
samples isolated from the different steps of the protocol. Red arrow head points the band of SDS-resistant oligomers. (c–f) CD spectra of 
lyophilized fibrils (c), soluble α-syn (d), monomers (filtrate, e) and oligomers (retentate, f) in the samples. (g–i) Representative EM images of 
lyophilized fibrils (g), soluble α-syn (h), and oligomers (retentate, i) in the samples from the different steps of the protocol. The top insert on 
(i) is the zoom of the EM images of the oligomer sample. The bottom insert of I shows the distribution of the diameter of oligomeric particles 
based on the quantification from EM images
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was the initial and 21.4 μM was the recovered concentration with 
BCA assay, and with AAA both initial and recovered has 15.2 μM 
concentration), confirming that there was no significant reduction 
in the concentrations of soluble α-syn species during the recovery. 
Using AAA, the concentration of fibrils recovered (20.9 µM) was 
also close to that of initial concentration (22.4 μM) added to the 
mixture.

The importance of this protocol is emphasized by the results 
obtained from CD and EM analyses. Figure 4d and I show the CD 
and EM analyses of the total mixture of α-syn before applying our 
protocol (Figure 4d and i) and the fibrils (Figure 4e and j), mono-
mers (Figure 4g and l) and oligomers (Figure 4h and m) after separa-
tion after applying the protocol. The EM image of the aSyn mixture 
is dominated by the fibrils (Figure 4i). The oligomers are seen in 
the background and are often underestimated or overlooked in 
samples that are rich in fibrils, whereas the monomers cannot be 
detected by EM. The CD spectra are characterized by a minimum 
at 221 nm, which is consistent with a secondary structure that 
is dominated by β-sheets (Figure 4d). This signal comes primarily 
from the oligomers and fibrils, both of which are rich in β-sheet 
structures which have been previously shown in several studies 
(Iyer et al., 2017; Khalaf et al., 2014; Del Mar, Greenbaum, Mayne, 
Englander, & Woods, 2005; Skamris, Marasini, Madsen, Foderà, & 
Vestergaard, 2019). The relative contribution of the monomers to 
the CD spectra is not easy to delineate. This illustrates the difficul-
ties in assessing the complexity and heterogeneity of α-syn sam-
ples containing multiple species by EM or CD, and underscores the 
critical importance of using protocols that provide a quantitative 
assessment of the distribution of the different α-syn species. The 
data in Figure 4e–h and j–m show how this is achievable using the 
protocol described here. Figure 4e and j show the CD spectra and 
EM images of the α-syn fibrils separated by ultracentrifugation 
of the α-syn mixture at 100,000 g for 30 min at 4°C (Figure 4a). 
As expected, and because of their enriched cross-β structure, the 
CD spectra of the sedimented and resuspended fibrils show the 
classical signal for the β-sheet structure (minimum at 221 nm, 
Figure 4e), and the EM image (Figure 4j) shows the appearance of 
straight and twisted fibrils. Analysis of the supernatant fraction 
containing soluble α-syn species (monomers and oligomers) by CD 
spectroscopy revealed a spectrum (Figure 4f) that is dominated 
by a minimum at 200 nm and a shoulder minima band at 223 nm, 
consistent with the presence of both disordered (monomers) and 
structured (oligomers) α-syn species. Analysis of this sample by EM 
shows the presence of oligomers, but their morphological and size 
diversity is challenging to discern (Figure 4k). Upon separation of 
the oligomers from the monomers by filtration through a 100 kDa 
MWCO filter, the CD spectra for the isolated monomer shows a 
single with minimum at 199 nm (without a shoulder), indicating 
the effective removal of all oligomers, which was also further con-
firmed by the absence of any oligomers in the sample (Figure 4g 
and l). The recovered oligomers were resuspended in the same 
volume as the supernatant. They exhibited a CD spectrum with 
a broad minimum centred at 219 nm (Figure 4h), consistent with 

the presence of mixed secondary structure contents dominated 
by β-sheet structures. EM analysis of the recovered oligomers al-
lowed more easy assessment of their morphological diversity and 
revealed the presence of spherical, annular and tubular-shaped 
structures (Figure 4m). Taken together, these data show that ap-
plying our protocol to α-syn samples could help unmask their com-
plexity, and that relying solely on CD or EM analyses may lead to 
incorrect conclusions about the heterogeneity of the sample. This 
could partially explain some of the variations and/or irreproduc-
ibility of experimental observations in the field.

3.5 | Assessing the effect of PFF lyophilization on 
distribution of α-syn species

Very often, fibril and oligomeric preparations of α-syn are shared 
and exchanged between different research groups. The samples 
are usually frozen and shipped, or as more recently, done by Proteos 
(https ://www.micha eljfox.org/grant/ exter nal-valid ation-prote os-
alpha-synuc lein-prefo rmed-fibrils) stored and shipped in freeze-
dried form (lyophilized powder). Previous studies have shown that 
subjecting α-syn samples to freeze/thaw cycles induces/increases 
oligomer/soluble α-syn species formation (Mollenhauer, Batrla, & 
El-Agnaf, 2017; Polinski et al., 2018; Stephens et al., 2018). The 
extent to which these storage procedures alter the biophysical 
properties of the fibrils will most likely depend on the type of fi-
brils present and the number of freeze/thaw cycles. Therefore, it is 
crucial to reassess the properties of the samples after thawing or 
resolubilization.

Here, we applied the centrifugation-based filtration protocol 
to an α-syn fibril sample, which was lyophilized and resolubilized 
in water (referred to as lyophilized fibrils). Figure 5a illustrates the 
steps and analysis we performed on this sample. SDS-PAGE analy-
sis (Figure 5b) revealed that only half of the α-syn protein is present 
as the mature and sedimentable fully grown fibrils as identified in 
the pellet fraction. The CD and EM analyses of the lyophilized fibrils 
show the presence of β-sheet secondary structures (Figure 5c) and 
long and straight α-syn fibrils (Figure 5g). Similar to Figure 4, α-syn 
monomers and oligomers are not easily detectable or quantifiable 
by these techniques. However, once we applied our protocol, one 
can clearly see that this sample of fibrils indeed contained a large 
fraction of monomers and a very small percentage of α-syn oligomers 
(Figure 5b, e, f and i). SDS-PAGE analysis showed that approximately 
5% of the soluble α-syn sample was retained in the spin filter and re-
covered as the oligomer fraction. Filtered α-syn monomers show the 
typical CD spectrum and characteristics of the unstructured α-syn 
species with a minimum signal at 200 nm (Figure 5e). Again, CD and 
EM analyses of the soluble α-syn failed to detect the small percent-
age of existing oligomers, showing an absence of any oligomers-like 
structures by EM (Figure 5h) and a CD spectrum that reflects a pre-
dominantly disordered conformation. However, analysis of the re-
covered oligomers clearly showed the presence of small spherical 
shaped α-syn oligomers with an average diameter of approximately 

https://www.michaeljfox.org/grant/external-validation-proteos-alpha-synuclein-preformed-fibrils
https://www.michaeljfox.org/grant/external-validation-proteos-alpha-synuclein-preformed-fibrils
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12 nm (Figure 5i, inserts) and the CD spectra (Figure 5f) showed a 
peak minimum at 218 nm, revealing the structured oligomeric α-syn 
species. Taken together, this example illustrated how applying the 
centrifugation-based filtration protocol enabled the separation of 
complex mixtures of α-syn aggregate, and facilitated the detection 
and characterization of low abundance species which cannot be 
easily recognized in the EM images and contribute minimially to the 
CD spectra of such complex mixtures. We have also used the same 
protocol on the same lyophilized fibrils sample to assess the pres-
ence and level of α-syn oligomers after sonication as done in Figure 5 
(Figure S3). These results were then used to help improve the proce-
dure for generating stable and reproducible fibril preparations.

In summary, the centrifugation-based protocol presented 
here is flexible, that is it can be easily applied to the same α-syn 
fibrils resuspended after lyophilization and following sonica-
tion. Very importantly, the protocol is robust and shows that 
it is possible to separate the different α-syn species from the 
same α-syn sample, such as fibrils, monomers and oligomers, 
even when present at levels that are not detected by CD and 
EM analyses. Furthermore, the protocol captures changes in the 
concentration of α-syn oligomeric species following manipula-
tion of the samples, for example PFF sonication. Such careful 
characterizations of the samples will improve the reproducibility 
of PFF preparations, which will lead to more reliable and repro-
ducible results from experiments aimed at assessing the struc-
tural properties, interactome, toxicity, seeding capacity and 
pathology spreading of α-syn fibrils.

4  | DISCUSSION

There is a consensus that the heterogeneity and variation in the 
distribution of different species (monomers, oligomers and fibrils) 
in α-syn aggregate preparations are major factors contributing 
to the experimental differences and irreproducibility in α-syn 
research today. Previous efforts to address these experimental 
differences have focused on comparing the polymorphisms and 
structural properties of α-syn fibrils or oligomers as determined 
by TEM or AFM which do not allow for quantitative determina-
tion of the relative ratio of the different species in the sample. 
We believe that advancing our understanding on the role of α-syn 
aggregation in the pathogenesis of PD requires the development 
of reliable methods that not only enable the preparation of dif-
ferent species of α-syn or isolation of distinct α-syn species from 
complex sample mixtures but also quantitative assessment of 
the distribution of different α-syn species in such preparations. 
This is crucial since most α-syn oligomeric and fibrillar species 
are in dynamic equilibrium with monomers and could undergo 
conformational and quaternary structure changes in response to 
changes in their environment. Such methods should be accessi-
ble to most research laboratories and be suitable for the analysis 
of small amounts/volumes of samples. While several biophysi-
cal techniques have been widely used to characterize the size, 

morphology and structural properties of α-syn aggregates, those 
methods usually require high quantities of protein and special 
instrumentation and/or do not allow for the analysis of multiple 
samples within a short period of time (1–2 hr). These limitations 
make it very difficult to achieve detailed analysis of the distribu-
tion of α-syn samples prior to performing biophysical or biological 
studies and/or during these studies.

Herein, we describe a simple centrifugation-based filtration 
protocol that overcomes the aforementioned limitations. The pro-
tocol is based on multiple separations and analytical procedures 
that have been validated by multiple research groups. This protocol 
offers several advantages: (1) it requires only basic laboratory tools 
and equipment, which makes it easy to implement in most research 
laboratories, (2) it can be applied to very low sample volumes (50–
500 μL); (3) it allows for isolation and characterization of each spe-
cies at submicromolar concentrations and (4) it can be performed 
in a very short time (3–4 hr). To illustrate the utility of this protocol, 
we presented several examples that demonstrate how it can be 
used to: (1) assess the distribution of α-syn monomers, oligomers 
and fibrils in α-syn preparations; (2) isolate small amount of each 
of these species from complex mixtures; (3) investigate the extent 
of monomer release from α-syn fibrils; (4) capture the batch-to-
batch variability in α-syn PFF preparations and changes in α-syn 
species upon manipulations of these preparations (e.g. lyophiliza-
tion and sonication). We also showed that it enables the detection 
of small amounts of oligomers in α-syn fibril preparations, the pres-
ence of which is usually undetectable or unappreciated by stan-
dard techniques used to characterize fibril preparations (e.g. CD 
and EM). These capabilities will contribute significantly to improve 
sample-to-sample variations and improve the level of characteriza-
tion of monomeric, oligomeric and fibrillar α-syn samples used in 
structure-function/dysfunction relationship studies. This is crucial 
to allow accurate interpretation of experiments and comparison of 
results obtained using different preparations.

This simple protocol has wide-ranging applications beyond what 
is described above. For example, it can be used to assess the disag-
gregase activity of small molecules and chaperones, allow determi-
nation of amounts of fibrils remaining or monomers release upon 
co-incubation with chaperones or drugs, and allow insight into the 
mechanism by which these disaggregases disassemble the fibrils, 
that is through fibril fragmentation, oligomer formation or monomer 
release. It is worth reminding that this protocol has been developed 
and validated for the characterization of α-syn samples in simple 
buffer solutions. We plan to explore the possibilities to modify it 
and extend its application to the characterization of α-syn species in 
complex samples derived from culture media, cell extracts, biological 
fluids or brain homogenates.
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