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ABSTRACT: The quantification of α-synuclein aggregates has emerged as a promising biomarker for synucleinopathies. Assays that
amplify and detect such aggregates have revealed the presence of seeding-competent species in biosamples of patients diagnosed
with Parkinson’s disease. However, multiple species, such as oligomers and amyloid fibrils, are formed during the aggregation of α-
synuclein; these species are likely to coexist in biological samples, and thus it remains unclear which species(s) are contributing to
the signal detected in seeding assays. To identify individual contributions to the amplification process, recombinant oligomers and
preformed fibrils were produced and purified to characterize their individual biochemical and seeding potential. Here, we used single
molecule spectroscopy to track the formation and purification of oligomers and fibrils at the single particle level and compare their
respective seeding potential in an amplification assay. Single molecule detection validates that size-exclusion chromatography
efficiently separates oligomers from fibrils. Oligomers were found to be seeding-competent, but our results reveal that their seeding
behavior is very different compared to that of preformed fibrils, in our amplification assay. Overall, our data suggest that even a low
number of preformed fibrils present in biosamples is likely to dominate the response in seeding assays.

KEYWORDS: α-Synuclein, Parkinson’s disease, single molecule detection, oligomers, preformed fibrils, seed amplification assay,
real time quaking induced conversion, protein misfolding cyclic amplification assay, RT-QuIC, PMCA

■ INTRODUCTION

Parkinson’s disease (PD) is characterized by the loss of
neurons within the substantia nigra pars compacta, resulting in
motor symptoms of tremors and rigidity to limbs, bradykinesia,
and stooped postures.1 Although the etiology of PD is still not
well understood, it is established that α-synuclein (α-syn) plays
a central role in both idiopathic and familial forms of the
disease. α-Syn is a 14 kDa synaptic protein found across many
cells of the central nervous system and highly enriched in
dopaminergic neurons.2 Missense mutations of the α-syn
encoding gene SNCA lead to an increased propensity of α-syn
to aggregate into fibrils and are linked to familial forms of the
disease.3−5 Allele duplication of the SNCA gene also leads to
PD.6 It is hypothesized that α-syn aggregates are the catalysts
that lead to the eventual formation of dense and compact
intraneuronal inclusions known as Lewy bodies, the patho-

logical hallmark of PD.7 Dementia with Lewy bodies (DLB)
and multiple system atrophy (MSA) are also clinically related
to PD with the presence of intracellular α-syn aggregates. The
consistent presence of α-syn aggregates in these pathologies
and the demonstrated ability of these aggregates to spread to
other cells with prion-like behavior make pathogenic forms of
α-syn both a promising biomarker of synucleinopathies and a
likely pathogenic mechanism of disease progression. Recent
developments, such as real time quaking induced conversion
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(RT-QuIC) assay or protein misfolding cyclic amplification
(PMCA) assay utilize the self-templated amplification of α-syn
to detect the presence of α-syn aggregates in biofluids, in
particular, cerebrospinal fluid (CSF). Using these seed
amplification assays (SAAs), different groups have successfully
identified patients with diverse synucleinopathies.8−10 Impor-
tantly, recent studies suggest that SAAs could identify PD
patients in the prodromal phase,11 offering new hope to the
community.
The further development of amplification methods and

quantitative assays requires the use of well-defined standards
that recapitulate the behavior of the biological samples. Such
standards have been difficult to identify when working with α-
syn. For example, α-syn aggregates isolated from brains
encompass a range of post-translational modifications,
including truncations,12,13 phosphorylation,14 acetylation,12

nitration,15 and ubiquitination.16 These modified α-syn
aggregates are too heterogeneous to become reliable standards.
Preformed aggregates generated from recombinant proteins
have been utilized, but even this material can be difficult to
standardize between laboratories.4,17−20 One object of debate
in using preformed aggregates has been the relevance of using
α-syn fibrils compared to oligomers. Indeed, during the self-
association process, both in vitro and in vivo, α-syn is thought
to change from a mainly unstructured monomer to form small,
soluble oligomers (consisting of 30−50 monomers). A
structural switch to antiparallel β-sheet is required for the
oligomers21 to form protofibrils that can “grow” by recruiting
and incorporating more α-syn monomers, generating long
amyloid fibrils. The pathological relevance of α-syn oligomers
and fibrils remains undecided. α-Syn oligomers appear to be
the more toxic species, at least in the short term, as they have
been shown to bind and disrupt cellular membranes and
participate in mitochondrial and lysosomal dysfunction.4,22−25

Oligomers also affect proteasome activity26 and vesicular
trafficking or induce endoplasmic reticulum stress by toxic
gain-of-function changes.27 Furthermore, α-syn fibrils con-
stitute the majority of Lewy bodies and participate in the
sequestration of important cellular factors such as mitochon-
dria,28 driving cell dysfunction and cell death. Early products
from the aggregation process are partially reversible, and α-syn
fibrils could serve as a reservoir of oligomers.29,30 Because of
the difference in biological activity, the question of whether
oligomers or fibrils are the most relevant species to serve as
biomarkers arose. The high sensitivity of the seed amplification
assays, in the low femtomolar range, makes this question more
pressing, as even a minority species present in minute
quantities could dominate the amplification outcome.
Here we use a newly developed single molecule fluorescence

method to determine the “fingerprints” of α-syn oligomers and
fibrils and assess their seeding potential in an amplification
assay. Single molecule imaging is emerging as a powerful tool
to study molecular dynamics with the ability to resolve
microscopic events that are otherwise hidden in ensemble
average measurements (see review by Priest et al.31). In this
study, we profiled α-syn aggregates as they diffuse freely in
solution using a 3D printed confocal microscope.32 This plug-
and-play device is designed to detect single aggregates labeled
with the established fluorescent dye thioflavin T (ThT). When
ThT reactive species cross the small excitation/detection
confocal volume (∼1 fL), individual peaks of fluorescence are
detected above background. In addition to counting
aggregates, this method also determines the ThT reactivity

(prominence) and apparent size (residence time) for each
event. We used this fingerprinting approach to track the
formation and purification of oligomers that are currently
evaluated as standards for seed amplification assays.17,19 Our
single molecule measurements revealed the rapid formation of
oligomers and fibrils within 5 h of a standard aggregation
reaction and demonstrated that size exclusion chromatography
(SEC) was necessary to completely separate monomeric,
oligomeric, and fibrillar species of α-syn. We then compared
purified α-syn oligomers to sonicated α-syn fibrils, before and
after an isothermal incubation with α-syn monomers to assess
their amplification potentials. Our single molecule data show
very different amplification profiles and seeding propensity for
purified oligomers and fibrils. Our results suggest that in
heterogeneous samples, a positive response in SAA would be
mainly driven by the presence of fibrils.

■ RESULTS AND DISCUSSION
Principle of Single Molecule Profiling of α-Syn

Aggregates. We and others have previously demonstrated
that single molecule fluorescence assays were compatible with
the use of thioflavin T (ThT) to observe and characterize
human α-syn oligomers and larger soluble aggregates (Figure
1A).8,33,34 We have shown that single molecule detection
enables a >100000-fold increase in sensitivity over traditional
plate reader measurements for ThT.32 Traditionally, single

Figure 1. Single molecule fingerprinting for the characterization of α-
synuclein species. (A) (left) Schematic of the microscope setup. The
inset shows ThT stained and unstained (dark) α-syn oligomers or
fibrils (green and white colored particles) diffusing across the confocal
volume. Monomeric α-syn and some assemblies do not bind ThT.
(right) Photograph of the microscope for recording the fluorescence
traces. (B) Characterization of fluorescence traces. A fluorescence
trace is analyzed to report the total number of peaks (events) and the
prominence of individual peaks, residence time (full width half-
maximum), and area under the curve (yellow). The inset shows a
region denoted by (*) in the trace.
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molecule measurements are performed on expensive commer-
cial microscopes or on homemade setups that are difficult to
replicate between laboratories. To improve access to this
method, we designed a small device (“AttoBright”) to perform
counting and characterization of single aggregates; the device
can be easily replicated by 3D plastic printing.32 ThT-stained
(ThT+) particles are detected on this AttoBright microscope as
they diffuse across the confocal volume, producing large bursts
of fluorescent intensity (event) in the trace (Figure 1A). α-Syn
aggregates containing β-sheets bind strongly to ThT, while
monomeric α-syn does not bind to ThT. Fluorescence traces
can then be quantitatively analyzed using an automated
algorithm to report the number of ThT+ events per trace, as
well as the prominence (burst intensity), residence time, and
total intensity (i.e., the sum of all intensities to calculate the
area under the curve) of each event (Figure 1B). The
prominence and total intensity report on the number of ThT
molecules bound per particle, while the residence time,
extracted using the full width at half-maximum (fwhm, time
difference taken at half prominence), shows changes in size or
compactness of ThT-labeled α-syn aggregates. Overall, the
algorithm designed here can extract biophysical properties of

individual α-syn aggregates to generate a profile or fingerprint
of α-syn subspecies in the population.

Rapid Kinetics and Heterogeneity in the Early
Aggregation Process. The AttoBright’s ability to detect
and characterize α-syn aggregates at single molecule level
provided the opportunity to examine the early molecular
events of aggregation. Monomeric α-syn was incubated with
shaking to produce oligomers.17 Aliquots were taken at
different time points during the reaction and diluted for single
molecule fingerprinting experiments. Individual ThT+ peaks
were detected as early as 2.5 h into the experiment (Supporting
Figure 1). The number of events subsequently increased
exponentially over time, generating a heterogeneous popula-
tion of ThT+ particles up to a maximum of 71 events per 100 s
trace after 5 h (Figure 2A,B). The short lag phase observed
here is reasonable given the high starting concentration of α-
syn (12 mg/mL), which would increase the probability of
primary nucleation.
The prominence of each event was plotted against its

respective residence time to examine population heterogeneity
and provide a single-molecule profile (fingerprint) of the
sample, as previously described.34 Briefly, ThT+ particles were

Figure 2. Single molecule aggregation kinetics and fingerprinting of species. (A) Number of ThT+ species detected during the time course of α-syn
aggregation. Each curve corresponds to an independent aggregation experiment. Error bars represent the standard deviation. (B) Single molecule
fingerprinting of ThT+ peaks detected. Peak prominence is plotted against residence time from 2.5 h. Four types of particles can be defined: small
(S), high (H), long (L), and neutral (N). The cut-offs were set at 250 ms and 300 photons, on the x- and y-axis, respectively. (C−E) Scatter plots
comparing prominence (C), residence time (D), and total intensity (E). Blue line represents the median values. Each symbol represents an
individual peak detected in the fluorescence traces generated from five independent experiments in panel A. Statistics used Kruskal−Wallis one-way
ANOVA, p ≤ 0.0001 (****).
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classed based on their distribution in each quadrant (Figure
2B) where events were defined as small (S, low prominence,
short residence time), high (H, high prominence, short
residence time), long (L, low prominence, long residence
time), or neutral (N, high prominence, long residence time)
with thresholds set at 300 photons and 250 ms, respectively.
Our data showed that S type particles were the first to be
synthesized during the in vitro oligomer-inducing protocol. A
total of 13 particles, pooled from 5 experiments, were recorded
at 2.5 h. These species likely represent small α-syn oligomeric
aggregates and are characterized by a median prominence of
188 photons and median residence time of 130 ms (Figure
2C). The scatter profile showed significantly more particles
after a further 30 min incubation and revealed the emergence
of H type particles, from the possible conversion of S type

oligomers. Interestingly, a small increase in prominence was
noted with no change in the residence time (Figure 2B−D),
possibly due to a conformational or structural change that
increases ThT binding or fluorescence. Beyond 3 h incubation,
we observed the appearance of higher order assemblies of N
and L type (Supporting Figures 1 and 2) corresponding to
larger particles with variable bound ThT ratios.
As expected, the total intensity increased over time (Figure

2E). Interestingly, our analysis shows a multistep assembly
process. The first ThT+ species at early time points (<3 h) are
fast-diffusing, but after 3 h, their residence time increased
significantly (median of 124 to 281 ms, Figure 2D) while their
prominence remained unchanged (median 378 to 360
photons, Figure 2C). In the following step, a significant
change in prominence became the main contributor to total

Figure 3. Isolation of α-syn oligomers. (A) Schematic of the experimental protocol to isolate and detect ThT+ α-syn oligomers. After 5 h of
aggregation, the reaction sample was centrifuged. The supernatant was further purified using size exclusion chromatography. Collected fractions
were supplemented with monomers for amplification reactions and single molecule detection with ThT. (B) Representative fluorescence traces of
supernatant and pellet fraction with corresponding electron micrographs of each fraction shown in panel D. (C) Gel filtration chromatogram
identifying the elution peaks containing α-syn oligomers and monomers. A representative fluorescence trace corresponding to a fraction containing
oligomers is shown. (D) Electron micrographs of the pellet, supernatant, and a SEC fraction containing oligomers. Scale bar is 200 nm. Histogram
plot of the diameters of negatively stained particles from the [9.2−9.7 mL] SEC fraction; 12.6 ± 2.5 nm; 1544/2 (mean ± standard deviation;
number of particles/fractions stained).
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intensity increase, at 4−5 h. The L and N particles likely
correspond to fibrils and fibrillar aggregates, respectively, and
this was eventually verified by transmission electron micros-
copy (Figure 3). We were unable to assert whether L and N
particles were produced from the direct conversion of S or H
particles or both.
Overall, these observations agreed with the α-syn nucleation

cascade hypothesis that aggregation is a stepwise process
driven by conversion of monomeric α-syn to small seeds (S-
type) that will catalyze the formation of more ThT reactive

particles (H-type), possibly protofilaments, eventually forming
fibrils and fibrillar aggregates (L- or N-type).21,35,36 Impor-
tantly, these data demonstrate that in vitro synthesis generates
a heterogeneous population of particles in the early aggregation
process. Specifically, we show that a significant number of
fibrils are produced within the first 5 h. These data emphasize
the importance of performing additional steps to remove fibrils
if a study makes explicit use of α-syn oligomers only.
Next, we were interested in isolating the oligomeric species,

to compare their seeding potential with fibrils. To do so, we

Figure 4. Single molecule characterization of α-syn oligomers. (A) Quantification of ThT+ events detected in each fraction after size exclusion,
before (black) and after an amplification step (red) in PBS. Negative control is monomeric α-syn and ThT in PBS. A gel filtration profile is shown
in the inset for reference. Error bars represent the standard deviation. This color scheme is applied across all figures in this study. (B) Bar graph of
the number of ThT+ events detected in fractions containing oligomers (elution volume 7.7−10.2 mL) collected from four assembly reactions (R1−
R4). (C) Single molecule fingerprinting of oligomers, before (left) and after amplification (right), is obtained by plotting the prominence against
residence time. Each symbol represents an individual event with the shape corresponding to R1−R4 coded in panel B. Quadrant numbers report
the number of particles in each quadrant and abundance. (D) Logarithmic scatter plot comparing peak prominence, residence time, and area under
the curve before and after amplification. Each symbol represents an individual event (N = 34/34 traces before/after amplification). The median
value is highlighted in blue. Statistics used Mann−Whitney t test, p ≤ 0.0001 (****), nonsignificant (n.s.).
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first removed the large fibrils and aggregates by centrifugation,
followed by size-exclusion chromatography using the two-step
purification protocol prescribed by Kumar et al.17 (Figure 3A).
Removal of α-Syn Fibrils Is Incomplete by Low-Speed

Centrifugation. We centrifuged the 5 h reaction mixture at
high speed (18000g, 10 min) to separate fibrils and smaller
oligomers or aggregates. This centrifugal speed was slightly
higher than the 12000g prescribed by Kumar et al.17 As
expected, single molecule fingerprinting of the pellet showed
slow diffusing ThT+ species (broad, high intensity events), in
agreement with the presence of large fibrils observed under
EM (Figure 3). Single molecule analysis of this low-speed
supernatant shows the presence of bright particles (Figure 3B)
and revealed a significant population of slow diffusing species,
large aggregates or small fibrils (Supporting Figure 2). EM
showed a heterogeneous population of small protofibrils and
oligomers (Figure 3D). This observation is consistent with the
suggestion by Kumar et al.17 to use SEC to further purify the
small oligomers.
Coupling Single Molecule Detection on Size Ex-

clusion Chromatography Demonstrates That Isolation
of α-Syn Oligomers Is Efficient and Highly Reprodu-
cible. Next, we coupled our single molecule detection system
with size exclusion chromatography to visualize the isolation of
oligomers and validate that all residual fibrils were removed.
To do this, we simply collected all eluted fractions and
characterized the number and size of aggregates by single
molecule fingerprinting. The SEC chromatogram revealed two
elution peaks, at 8.5 and 14.5 mL, corresponding to oligomers
and monomers in agreement with what has previously been
reported (Figure 3C).17,18,37 As shown in Figure 4A, we
identified a cluster of ThT+ events averaging 5.5 events per
trace at the first elution peak in the SEC chromatogram, which
corresponds to α-syn oligomers, according to previous
publications.17 In contrast, the low number of ThT+ species
in the α-syn monomers peak (14−16 mL) was comparable to
background level, confirming that α-syn monomers were, as
expected, not ThT reactive. Surprisingly, we did not detect the
slower diffusing fibrillar ThT+ species that were originally
present in the supernatant in any eluted fractions (compare
Figure 3B,C). We ascribed this discrepancy either to the poor
stability of α-syn protofibrils and oligomers29,37 with the
dilution effect of gel filtration facilitating their disassembly30 or
to the loss of these fibrils due to sticking to the column matrix.
Chromatograms obtained from four separate experiments
showed identical profiles, demonstrating robust reproduci-
bility.
EM observation of the 8.5 mL fraction (center of the

oligomers peak) revealed particles with a narrow distribution
of 12.6 ± 2.5 nm diameter (Figure 3D). The ultrastructure and
dimension of these particles is within range of previous
measurements of 12 nm.17 Our single molecule fingerprinting
reveals that only a fraction of the oligomers appears as ThT+

species and that their profiles correspond exclusively to S- and
H-type particles. Indeed, based on the concentration, not all of
the α-syn oligomers are ThT reactive, and we later
demonstrate the appearance of more ThT+ species upon
amplification. In conclusion, gel filtration is a valid and very
reproducible approach for isolating α-syn oligomers (catego-
rized as S and H fingerprints) as identical elution profiles were
observed across purification of different batches of α-syn
aggregation experiment.

Kumar et al. have also suggested the use of higher
centrifugation (100000g for 30 min) to remove α-syn fibrils
and simplify the isolation of oligomeric species. We collected
the supernatant of reactions after this high-speed centrifugation
and analyzed them by single molecule analysis. As expected,
this supernatant presents significantly fewer N and L particles.
However, our analysis reveals that the distribution of ThT+

species is quite different from that of the SEC-purified fraction:
the high-speed supernatant presents a larger number of
aggregates with high ThT reactivity (species H, Supporting
Figure 3). The profile of these peaks resembles the ones found
in sonicated PFFs (see Figure 5B,C). One interpretation is that
these species represent protofilaments or small protofibrils
rather than oligomers, and we chose to focus on SEC-purified
oligomers to assess their seeding potential.

Amplification Potential of α-Syn Oligomers. We
speculated that oligomers isolated in the early steps of the

Figure 5. Single molecule fingerprinting of sonicated α-syn fibrils. (A)
Negatively stained EM images of human α-syn fibrils before and after
sonication. White arrows point at filamentous twists. Violin plot of
tubular diameters of the fibrils prior to sonication and length of fibrils
after sonication. Scale bar is 200 nm. (B) Representative fluorescence
traces of sonicated fibrils before (black) and after a 5 h amplification
(red). (C) Single molecule fingerprinting of sonicated mature human
α-syn fibrils before and after amplification (red). Each symbol
represents an individual event in the fluorescence traces. Quadrant
numbers represent the number of ThT+ events. Data are from three
independent experiments.
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aggregation process would be seeding competent given that
they are hypothesized to be aggregation intermediates. To test
this, we used an amplification assay where we added
monomeric α-syn to all the SEC fractions and measured
changes in ThT fluorescence after amplification. In this assay
adapted for sensitive single molecule detection in small
volumes, we use a single incubation step at 55 °C in
nonshaking conditions and measure the same sample 5 h
later (Supporting Figure 4).34 We observed that amplification
greatly enhanced the number of ThT+ species in purified
oligomers. Incubation at 37 °C produced a similar increase in
ThT+ species when seeded with oligomers (Supporting Figure
5). As shown in Figure 4A, the increase in ThT+ reactivity was
strictly limited to fractions containing α-syn oligomers (p <
0.002). In contrast, negative controls and monomeric α-syn
displayed insignificant changes in ThT+ species. Amplification
of the oligomeric fractions obtained from 4 independent
chromatographic runs (R1−R4) showed that the number of
events consistently increased by at least 3 times in the
oligomeric fractions (Figure 4B). Before amplification, single
molecule profiling of these pooled particles showed that S-type
particles (low prominence, low residence time) were the
dominant species (63%, Figure 4C) followed by H type
aggregates (25%). Importantly, large α-syn oligomers (>250
ms residence time, 12%) were in low abundance.
The increase in the number of S-type oligomers after the

amplification step indicated the existence of dark (i.e., non-
ThT reactive or has insufficient number of bound ThT

molecules to overcome the background noise) seeding
competent oligomers (Figure 4C). The absence or insignificant
increase in ThT+ events detected post-amplification in the
negative control (30 μM α-syn monomers) and in SEC
fractions containing α-syn monomers (EV ≈ 15 mL, Figure
4A) further indicate that these new S particles do not arise
from de novo oligomerization. Concomitantly, we also observed
an increase in the number of H particles (47 to 385), which
represented the dominant species after amplification, while the
N and L populations remained unchanged. The isolated
oligomers therefore amplified with a distinctive pattern where
the increase in total intensity (peak area) was only contributed
by an increase in ThT reactivity with limited change in
residence time (Figure 4D). The molecular signature of early
oligomeric species can thus be best described by an upward
transition from S to H particles (Figure 4C).

The Amplification Profile of α-Syn Is Distinct
between Sonicated Fibrils and Oligomers. Next, we
sought to characterize the amplification profile of α-syn PFFs
and compare it with that of amplified α-syn oligomers to
discern if they have a distinct in vitro signature. PFFs were
created in vitro as described,32 producing fibrils of 15.2 ± 2.1
nm in diameter (mean ± SD, Figure 5A) with longitudinal
twists. This diameter is consistent with the “high salt strain”
reported by Bousset et al.38 To reduce the length of each fibril
and make them amenable to spectroscopy measurement, PFFs
were sonicated into smaller objects ranging from 10 to 120 nm
(Figure 5A). Fluorescence measurement identified these

Figure 6. Time course amplification assay comparing α-syn oligomers and sonicated preformed fibrils. (A) Time course measurements of oligomers
or fibrils amplified for 2.5, 5, 7.5, and 24 h (orange to red) in the presence of excess α-syn monomers and ThT in PBS. Scatter dot plots comparing
the prominence and residence time. Each symbol represents an individual ThT+ event. Data were collected from two independent experiments.
The median value is highlighted in blue. (B) Bar graphs comparing the fold-change in median AUC of fibrils and oligomers of panel A. Value were
normalized to the median total intensity collected at time 0. (C) Time comparison of the number of ThT+ species of panel A detected from seeding
experiment using α-syn oligomers or sonicated PFFs before and after 2.5 h incubation. Each type of ThT+ species is coded by different shades of
red.
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particles as fast diffusing objects (<250 ms) with variable ThT
reactivity (Figure 5B). Approximately 51% of these particles
were H species with a maximum prominence of about 1 log
larger compared to that of oligomers (Figure 5C). In the
absence of heating (i.e., unamplified), the sonicated PFFs
diffuse rapidly and their single molecule profile does not
contain L and N particles. The residence times measured for
sonicated PFFs and oligomers are relatively similar. This is not
unexpected as for small rod-like fibrils, the diffusion time
increases slowly as the fibril elongates (as predicted by
hydrodynamic equations, see Supporting Information and
Supporting Figure 6). Overall, sonicated PFFs with lengths up
to 50 nm would only diffuse ∼2-fold slower than oligomers. In
contrast, a 5 h amplification of sonicated PFFs produced a
significant right-ward lateral shift (longer residence time) in
the profile where L and N particles became predominant,
accounting for 78% of the detected species. This lateral shift in
the profile was not attributed to heat induced aggregation or
sonicated PFF seeds rejoining as only incubation in the
presence of α-syn monomers produces this profile (see
Supporting Results and Supporting Figure 7). This molecular
fingerprint contrasts strongly with the amplification signature
of α-syn oligomers that was previously characterized as an
upward shift in ThT reactivity with little change in residence
time.
We expanded our analysis by performing amplification

kinetics to examine the evolution of species over time in
seeded experiments. In longitudinal analysis, we noted that,
again, the increase in total fluorescence upon α-syn oligomer
seeding occurs through an increase in ThT reactivity with little
change in residence time over the course of 24 h (Figure 6A).
In contrast, the incubation of sonicated PFFs promoted rapid
elongation of fibrils as evident from the 3-fold increase in
median residence time after 2.5 h of incubation. Incubation of
2.5 h was sufficient to induce a 5-fold increase in the number of
total ThT+ events when seeded with oligomers whereas no
significant generation of new ThT+ species was observed when
seeded with sonicated fibrils (Supporting Figure 8A). Again,
this points to the likelihood that oligomers are first converting
into ThT+ species through a refolding event to become
structurally more β-sheet enriched, while fibrils amplify by
elongating. Furthermore, seeding experiments with oligomers
had an increased proportion of S and H particles within 2.5 h
and maintained close to a 1:1 ratio (S/H) throughout the
prolonged incubation (Supporting Figure 8B). In contrast,
PFFs saw a redistribution of the population toward slower
diffusing L and N particles.
To test whether the amplification of α-syn oligomers led to

the formation of fibrils, we performed a second round of
amplification, resupplementing the reaction with additional α-
syn monomers. In these conditions, we observed an increase in
the number of L- and N-type particles and a right-shift in the
scatter plot upon the second round of amplification, suggesting
that the first amplification created fibrillar species (Supporting
Figure 9).
Sonicated Preformed Fibrils Amplify More Efficiently

than Oligomers. The apparent increase in total ThT
fluorescence in the amplification assay is much larger for
PFFs than for oligomers. When we calculate the increase in
median ThT fluorescence of each particle over time, we found
that the fluorescence signal has increased by 30-fold when the
reaction was seeded with PFFs while seeding with purified
oligomers only resulted in a 3-fold increase in fluorescence

over a period of 24 h (Figure 6B). The enhanced efficiency of
PFFs to amplify is even more dramatic when comparing the
effective concentration of seeds, with PFFs used at 2.6 nM
(monomer equivalent) or three-orders of magnitude lower
concentration than oligomers (2 μM monomer equivalent).
We titrated the concentration of oligomers in seeding

experiments to examine whether a higher α-syn monomer/
seed ratio may promote faster elongation. As shown in Figure
7A, almost no ThT+ species were detected after amplification

Figure 7. Single molecule amplification assay at different concen-
tration of seeds. (A) Bar graphs showing the number of ThT+ events
detected before (black) and after 5 h incubation at 55 °C (red)
seeded with oligomers (0.59−2100 nM) and fibrils (0.52 and 2.6
nM). Negative control (no seed) was included. (B) Scatter dot plot of
residence time of the ThT+ events detected in panel A showing no
change in residence time for oligomers but with significant increase in
apparent molecular weight when seeded with fibrils. Blue bar
represents median and is omitted when there is <2 data points.
Each symbol represents an individual event. (C) Scatter dot plot of
total intensity (AUC) for oligomers and PFFs, before (black) and
after (red) amplification.
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at <2 nM of oligomers. The lowest seeding concentration of
117 nM of oligomers produced particles with a median
residence time that was identical to the one observed in the
sample seeded with 2100 nM of oligomers (116 and 119 ms,
respectively, Figure 7B). In contrast, seeding at 2.6 nM and
0.52 nM fibrils both resulted with significant increase in
apparent diffusion to ∼750 ms in residence time (Figure 7B).
Importantly, we observed that changes in overall fluorescence
(AUC) is much larger for PFFs than for oligomers at all
seeding concentrations tested (Figure 7C).
We also validated that presence of ThT in situ during the

seeding experiment did not interfere with the ability of
oligomers to seed as single molecule results were identical
between ThT+ particles stained in situ or after the seeding
reaction (see Supporting Results and Supporting Figure 10).
ThT does not interfere with the elongation and remodeling of
oligomers and improved the seeding efficiency for fibrils. Thus,
it appears that oligomers can seed to form small protofibrils
but are significantly slower in polymerization compared to
mature fibrils. We conclude that fibrils have significantly higher
amplification (seeding) potential in comparison to their earlier
oligomeric precursors.
Lyophilization of Oligomers. We also examined the

seeding potential of oligomers that were lyophilized given that
many therapeutic proteins can benefit from long-term storage.
We took α-syn oligomers obtained by SEC from two
independent batches of α-syn aggregation experiments and
lyophilized the frozen oligomers in the same ways that
monomers were prepared. The lyophilized oligomers were
reconstituted by adding water to restore the original salt
concentration (1× PBS) and single molecule amplification was
performed to assess their seeding potential compared to those
in nonlyophilized state. We observed that the lyophilization
process produced significantly more ThT+ aggregates in the
fluorescence traces of non amplified oligomers (Supporting
Figure 11). However, the number of ThT+ species after
amplification is identical between the two samples. Non-
lyophilized samples produced about 6-fold change in ThT+

events compared to a 2-fold change for lyophilized oligomers
suggesting that the lyophilization produced species may not be
seeding competent.
One of the main challenges of performing in vitro studies to

model Parkinson’s disease is the heterogeneity of α-syn
preparations, which can have direct consequences on
experimental reproducibility. Increasingly, observations that
amyloid strains, including in α-syn fibrils, play decisive roles in
disease presentation and progression further increase this
concern. The notion of “oligomers” itself remains ill-defined
and has been used to describe subspecies of different sizes,
shapes, and properties of α-syn aggregates depending on the
preparation protocol used. For these reasons, a better
definition of the subspecies and a standardization of protocols
is needed so that data can be more robustly reproduced and
compared. Significant efforts in recent years have been directed
to standardize or characterize α-syn oligomers or PFFs.
Approaches such as electron microscopy, atomic force
microscopy, dynamic light scattering, and circular dichroism
have been used for the physical characterization of α-syn
subspecies while biochemical assessments include proteinase
digestion and the examination of aggregation kinetics.4,5,17,25

Most of these methods perform measurements in bulk and
thus do not easily reveal the heterogeneity of the preparations.
We have established that the detection limit for PFFs using

AttoBright was 1 pM monomer equivalent.34 Our highly
sensitive single molecule method was used here to track the
aggregation at different steps and to compare the size and
reactivity of the different α-syn species (monomers, oligomers
and fibrils). After low-speed centrifugation of a 5 h aggregation
reaction (18000g for 10 min), many fibrils were still present in
the supernatant and dominated the fluorescence time trace
(Supporting Figure 2). High speed centrifugation (100000g for
30 min) effectively removed large fibrils, but the supernatant
profile remained different from the SEC isolated oligomers.17

Size exclusion chromatography was the preferred approach to
obtain oligomers as it excluded both monomeric and fibrillar
α-syn. The complete removal of fibrils is important as we
propose that minute quantities of fibrils will dominate the
signal of oligomers in seed amplification assays.
Here we provided single molecule profiles of the different α-

syn subspecies and showed their relative distribution at
different steps of their preparation and purification. We first
tracked α-syn aggregation kinetics, and observed that self-
assembly occurred rapidly, with ThT+ events detectable as
early as 2.5 h into the incubation. Single molecule finger-
printing showed that small ThT+ species eventually trans-
formed into slower diffusing protofibrils over time, producing a
heterogeneous population of ThT+ amyloids. The resolution to
track the evolution of ThT+ species over time lends support to
the α-syn cascade hypothesis where α-syn monomers generate
a population of oligomers that subsequently assemble into
larger aggregates. The subsequent isolation of oligomers using
gel filtration revealed that a fraction of these oligomers was
indeed ThT+. The estimated concentration of ThT reactive
oligomers was ∼0.6 nM (5 events per trace, Supporting Figure
8A) by comparison with sonicated PFFs as our standard (19
events per trace at 2.6 nM). This would imply that only
<0.03% of α-syn (of 2 μM) was incorporated into ThT+

oligomers. We subsequently identified another population of
α-syn (∼0.06% of 2 μM obtained from SEC) that became ThT
reactive upon incubation with additional monomeric α-syn.
We believe that these may correspond to dark oligomers that
changed conformation to bind to ThT more efficiently. It
could also be that these oligomers converted to short soluble
protofibrils, thereby reaching the critical size for detection.21

Overall, the low proportion of seeding competent oligomers
suggests that most of the purified oligomers are possibly off-
pathway from fibril formation.
Oligomers principally convert to form more fluorescent

species (H-type), both during the initial aggregation process
and after purification. This increase in ThT fluorescence of
individual aggregates likely stems from remodeling or
elongation of the aggregate to form protofibrils. Within a
limited range, protofibril growth would occur without
significantly affecting the residence time of the object but
addition of subunits would increase the number of binding
interfaces for ThT. This observation was supported by in silico
simulation revealing that a magnitude increase in fibrillar
length would only produce at most 4-fold increase in residence
time (Supporting Figure 6). The single molecule fingerprint of
sonicated fibrils was similar to that of α-syn oligomers even
though the sonicated PFFs were more heterogeneous and
often longer than the oligomers (12 ± 2 nm vs 10−120 nm for
the α-syn oligomers and sonicated fibrils, respectively). In the
final phase of the kinetics, we observed a conversion of species
from S/H to L/N types from the addition of new monomers
(Supporting Figure 7). This was similar to the amplification
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profile of the sonicated PFFs and differs from the amplification
profile of the oligomers. Overall, these data support the recent
observations by Ruggeri et al.35 where the authors concluded
that α-syn aggregation proceeds by an initial elongation of
oligomers into single-strand protofibrils that then associate as
“double-strand cross-section” protofilaments before forming
mature fibrils.
Freeze-drying or lyophilization currently represents almost

half of the protein therapeutic market due to its considerable
enhancement in stability compared to solution state (see
review by Butreddy et al.39) This solid-state form also allows
the proteins to be shipped at room temperature especially
when a dry ice shipping option is not available or is costly or
unreliable during long transit. We thus explored the influence
of lyophilization on the stability of α-syn oligomers and their
seeding ability. We observed that the reconstitution of
lyophilized α-syn oligomers significantly increases the number
of ThT+ particles, with no apparent change in the final number
of amplifiable oligomers (Supporting Figure 11).
The biological implication of toxicity between fibrils and

oligomers remains controversial. On one hand, certain types of
α-syn oligomers were demonstrated to trigger calcium influx
induced cell death in SH-SY5Y cell lines.25,30 Similarly, the
oligomer-forming mutants E35K and E57K have higher
affinities to interact with liposomes in vitro, and in a rat
model of synucleinopathies higher rates of cell death have been
reported with these mutations.4 On the other hand, fibrils are
the accumulated species in Lewy bodies that are pathogno-
monic of PD with higher seeding potential for cell−cell
transmission.40,41 These differing observations emphasize the
need to correctly segregate and characterize each species prior
to biological experiments. While these in vitro and ex vivo
experiments have provided interesting insights in α-syn
aggregation, the biological relevance of α-syn oligomers or
fibrils in human biofluids remains an open question. We
previously observed that α-syn aggregates amplified from CSF
had a specific fingerprint compared to control34 (albeit in
different reaction conditions compared to this study). We hope
that further definition of the α-syn species will inform on the
biologically relevant assemblies that are found in biofluids.

■ CONCLUSION
Seed amplification assays (SAAs) are becoming tractable
approaches for end-point diagnostic detection due to their high
sensitivity to detect α-syn aggregates.8,9,42,43 However, these
tools lack the ability to resolve features that may only be
revealed at a single molecule level. The fluorescence approach
described here is conceptually equivalent to a SAA since it
relies on ThT staining with an amplification step. However,
our procedure does not involve mechanical breaking of fibrils,
compared to standard SAA.9 In our hands, sonicated PFFs are
far more seeding-competent than α-syn oligomers, at least at
early time points of the amplification process. Therefore, it is
very likely that the signal observed in SAA will be mainly
driven by the presence of fibrils in a sample at low
concentration, even if α-syn oligomers were present.
Furthermore, we demonstrated that isothermal amplification
of sonicated PFFs produced very large species, resulting in a
single molecule fingerprint that was distinct from amplified
oligomers. Classifying α-syn subspecies based on their
biophysical attributes adds an additional layer of granularity
in the analysis whereby fingerprinting for different types of
synucleinopathies may be obtained. This method of single

molecule profiling could be applied to the detection and
characterization of other types of amyloids (e.g., tau and prion
proteins),44−47 study of other neurodegenerative diseases, or
mechanistic investigation of putative cross-talks between α-
syn/amyloid-β48 and α-syn/tau.48,49 ThT can fluorescently
mark other large macromolecular assemblies such as
fibrinogen50 and DNA,51 thus emphasizing the importance of
the isothermal incubation step with the appropriate mono-
meric substrate for specific detection of amyloids.

■ MATERIALS AND METHODS
Expression and Purification of Wild-Type Human α-Syn.

The plasmid pT7-7 (Addgene 36046)52 encoding for the human α-
synuclein wild-type (α-syn) was transformed into E. coli BL21 Rosetta
(DE3, pLysS RARE) for expression in Luria−Bertani medium
containing ampicillin (100 μg/mL) and chloramphenicol (34 μg/
mL) at 37 °C. Protein expression was induced with isopropyl β-D-1-
thiogalactopyranoside (IPTG, 1 mM) at an optical density (600 nm)
of 0.5 and allowed to proceed at 18 °C for 16 h with shaking. Cells
were harvested with centrifugation, resuspended in cold lysis buffer
(25 mM Tris, pH 8, 0.02% w/v NaN3, Complete protease inhibitor,
Roche, 04693132001) and lysed using the CF cell disruptor
(Constant Systems Ltd.) at 20000 PSI. Lysate was supplemented
with EDTA (10 mM) and incubated at 90 °C for 20 min to
precipitate bacterial proteins. Lysate was clarified by centrifugation
(Thermo Fisher Scientific, SS-34 rotor, 19000 rpm, 30 min, 4 °C).
The supernatant was retained and supplemented with streptomycin
sulfate (10 mg/mL, Sigma-Aldrich, S6501-25G), stirred for 20 min at
4 °C and then centrifuged at 19000 rpm (SS-34 rotor, 20 min, 4 °C)
to recover the clarified supernatant. These incubation and
centrifugation steps were repeated with 20 and 30 mg/mL of
streptomycin sulfate. The clarified supernatant was then incubated
with ammonium sulfate (0.4 mg/mL) for 30 min at 4 °C and
centrifuged at 13600 rpm, 20 min, 4 °C (SS-34). The pellet was
resolubilized in buffer A (20 mM Tris, pH 7.7, 0.02% w/v NaN3) and
dialyzed overnight at 4 °C (Thermo Fisher Scientific, 68700).
Dialyzed solution was filtered (0.22 μm) and further purified by anion
exchange chromatography using 2 HiTrap Capto Q ImpRes columns
(Cytiva, 17547055). The column was equilibrated with buffer A
before injecting the sample at 1 mL/min. α-Syn eluted at
approximately 175 mM NaCl using a linear 300 mL gradient from
0 to 1 M NaCl in buffer A (3 mL/min). Fractions containing α-syn
were identified using reducing SDS-PAGE, combined, and concen-
trated using Amicon Ultra 15 filters (Merck, UFC901024) for size
exclusion chromatography. Elution was performed using a HiLoad
16/600 Superdex 200 column (GE Healthcare, 28989335) equili-
brated with buffer A at 1 mL/min. Purity was assessed using reducing
SDS-PAGE, and samples were concentrated to >343 μM (4.9 mg/
mL). Protein concentration was determined spectroscopically at 280
nm absorbance with an extinction coefficient of 5960 M−1 cm−1.
Purified α-syn was aliquoted, flash frozen with liquid nitrogen, and
stored at −80 °C. The yield was 4.2 mg/g of cell mass.

Preparation of α-Syn Oligomers. Generation of α-syn
oligomers was based on a protocol by Kumar et al.17,19 and Rösener
et al.53 Purified α-syn was lyophilized with the LyoQuest freeze-dryer
(Telstar) or evaporated at RT with the SpeedVac SC250 (Thermo
Fisher Scientific) under vacuum overnight. Tris salts and NaN3 from
buffer A are present in the lyophilized proteins as dialysis was not
performed prior to lyophilization. Lyophilized proteins were
solubilized in phosphate buffer saline (PBS, 2 mM KH2PO4, 10
mM Na2HPO4, 2.7 mM KCl and 137 mM NaCl, pH 7.4) to a final α-
syn concentration of 12 mg/mL (830 μM) and incubated at 37 °C for
5 h in a vortexer, shaken horizontally at 900 rpm in a 2 mL cryovial.
An aliquot of the reaction mixture was withdrawn at different time
points for single molecule measurements, flash frozen in liquid
nitrogen, and stored at −80 °C until measurement. Approximately
500 μL of aggregation reaction at 5 h was frozen for SEC to purify α-
syn oligomers. Five individual α-syn assemblies were performed across
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two different days. Products of the 5 h reactions were thawed at room
temperature and centrifuged at 18000g, 10 min, 4 °C (Beckman
Coulter F301.5 rotor), to remove large aggregates. Pellets were
resuspended in PBS and kept for negative staining transmission
electron microscopy (EM). The α-syn oligomers and free α-syn
monomer from the supernatant were separated using a Superdex 200
Increase 10/300 GL (GE Healthcare, 28990944) equilibrated with
PBS. The concentration of α-syn in the different fractions was
determined using gel densitometry (see Materials and Methods), and
fractions were estimated to contain 0.2−3.1 μM α-syn (monomer
equivalent). Afterward, ThT (10 μM) and monomeric α-syn (30 μM)
were added to the different fractions, and ThT+ (ThT reactive)
species were measured before and after amplification. Note that the
supplementation of α-syn monomer may also minimize the
disassembly of oligomers back to monomers after separation17,54,55

and may prevent binding to the plasticware.56 Negative controls of
monomeric α-syn returned with an average of 1.4 events per trace
despite the filtering of the α-syn stock through a 100000 MWCO
prior to use (Figure 4A). We believe this low-level detection comes
from nonspecific interaction of ThT with reagents trapped in the gel
column as similar values were reflected in fractions in the void volume
(elution volume 0−7 mL, Figure 4A).
Single Molecule Analysis of Aggregation Kinetics. Aliquots

withdrawn at different time points of the oligomer preparation were
diluted by 20-fold in PBS containing 10 μM ThT (Sigma-Aldrich,
T3516-5G), loaded to a custom polydimethylsiloxane (PDMS) plate
adhered to a glass coverslip (ProSciTech, G425-4860) and observed
using the inverted 3D printed confocal microscope, “AttoBright”,
equipped with a 450 nm laser and water immersion 40×/1.2 NA
objective (Zeiss).32 Emitted fluorescence from ThT was filtered by a
dichroic mirror (488 nm) and a long-pass filter (500 nm) before
focusing onto a single photon avalanche diode (Micro Photon
Devices). Fluorescence spectroscopy traces were recorded for 100 s/
trace in 10 ms bins and analyzed using a custom python script (see
Supporting Information) on Spyder version 4.0.1 to extract
information on large intensity bursts (peaks) in the fluorescent traces
in an automated and unbiased manner.
The analysis script reports on the following:

1. The prominence of each burst. This represents the intensity of
a peak corrected for background fluorescence. The prominence
of each peak was determined by extending a horizontal line
from the peak maxima to the left and right to intersect the raw
signal. The lowest intensity value between the peak maxima
and the new intercepts forms the base of a peak. Prominence is
then defined as the difference of the lowest of the two intensity
values of the bases and the peak maximum intensity.

2. The residence time or the full width at half-maximum (fwhm)
of a burst. Equivalently, it is the difference of two time points
in which the intensity values are at 50% of the prominence.

3. The total intensity of each fluorescence burst, defined as the
sum of intensities between the upper and lower limit of the
fwhm to estimate the area under the curve (AUC).

We determined that the fwhm of a peak provided a more reliable
metric compared to using 90% of prominence or 100% (full width).
This is because the latter gave rise to artificially large residence times,
compounded by the fact that a Gaussian peak stretches to infinity in
which peak bases can never be defined. Thus, the total intensity
currently reported is an underestimation of the true intensity of each
burst.
Amplification of α-Syn Oligomers. SEC eluted fractions (in

PBS) were mixed with filtered monomeric α-syn WT (30 μM) and
ThT (10 μM) and were incubated at 55 or 37 °C for 5 h in a PCR
machine (Biorad, C1000) for amplification.34 Fractions comprised of
≥76% of its original volume were mixed with α-syn monomers and
ThT to reach a final volume of 20 μL per reaction. Samples were
loaded without dilution onto the PDMS plate to record fluorescence
on AttoBright. Fluorescence was recorded in 100 s/trace, 10 ms bins
and was analyzed using the custom script as previously described.
Fractions that revealed significant positive increase in the number of

ThT peaks after amplification were designated as fractions containing
α-syn oligomers. These fractions were reproducibly identified across
different SEC experiments, and traces were pooled together for
analysis.

Production and Sonication of α-Syn Preformed Fibrils.
Human α-syn WT preformed fibrils (PFFs) were generated by
incubating a solution of monomeric α-syn WT (208 μM) in PBS at 45
°C with shaking (500 rpm) for 72 h in the presence of a ministirrer.
The solution was sonicated for 15 min at 12 h then every 24 h at
room temperature in a water bath (Ultrasonics, FXP 14M) to induce
fragmentation of the fibrils. PFFs were snap frozen in liquid nitrogen
and stored at −80 °C for future use. PFFs were thawed, loaded to a
Microtube-50 AFA screw capped capsule (Covaris) and sonicated
using a Covaris focused ultrasonicator (M220) for 10 min, 5 s on/off
at 75 W, 12 °C. Samples were kept in the capsule at RT.

Time Course Amplification of α-Syn Preformed Fibrils and
Oligomers. Sonicated PFFs (2.6 nM) and three different elution
fractions containing amplifiable oligomers (0.15−2.4 μM α-syn) were
mixed with α-syn WT filtered through a 100000 MWCO membrane
(30 μM) and ThT (10 μM) in PBS. Reactions were aliquoted for
immediate fluorescence measurements on the AttoBright and for
measurements after 2.5, 5, 7.5, and 24 h incubation at 55 °C.
Fractions seeded with oligomers were pooled during the analysis using
the custom peak analysis script.

Negative Staining Transmission Electron Microscopy. A
copper grid (200 mesh, coated with carbon and Formvar, Ted Pella,
01811) was cleaned by glow discharged and a small solution of
samples, pellet and supernatant of the reaction mixture, oligomeric
fractions from SEC, and preformed and sonicated fibrils, were applied
onto the grid and wicked dry. The grid was washed with a drop of
Milli-Q water and immediately wicked dry to minimize phosphate
deposit. This was repeated two more times. The grid was then stained
with a drop of uranyl acetate (2% w/v) and wicked dry immediately.
This process was repeated twice, and the grid was air-dried.
Micrographs were collected using a FEI Tecnai G2 20 electron
microscopes at 38000-fold magnification. Particle diameters were
measured using ImageJ.

Estimation of Protein Concentration. The concentration α-syn
from the purification was estimated spectrophotometrically with
extinction coefficient of 5930 M−1 cm−1 at 280 nm. The protein
concentration in SEC eluted fractions was spectroscopically too low
for accurate quantification. Therefore, the concentration of α-syn was
estimated using gel densitometry with a known amount of α-syn WT
(100−3200 ng, determined spectroscopically) loaded on reducing
SDS-PAGE as standard. Protein bands were revealed with 1 h staining
with SimplyBlue Safe stain (Thermo Fisher Scientific, LC6065) and
overnight destaining in water. The gel was imaged using the Chemi-
doc system (Biorad) with Cy5.5 filter, which provided a linear readout
for interpolation. The concentration of α-syn in the eluted fractions
containing oligomers was low, in the range 0.2−3.1 μM.
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