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Abstract
Neurodegenerative diseases are associated with the formation of amyloids in the nervous
system. An increasing number of cases where amyloids of the same protein are found in
different dementias is being reported. This observation complicates diagnosis and clinical
intervention. Amyloids of the amyloid-β peptide or the protein α-synuclein are traditionally
considered hallmarks of Alzheimer’s and Parkinson’s diseases, respectively. However, the cooccurrence of amyloids of these proteins has also been reported in patients diagnosed with
either disease. Here, we provide new evidence about the protein composition of aggregates
formed when these two proteins are co-present. We show that soluble species of amyloid-β
can induce the aggregation of α-synuclein. The amyloid fibrils formed under these conditions
are solely composed of α-synuclein to which amyloid-β can be found associated, but not as
part of the core of the fibrils. Our data take us one step closer to understanding the complex
nature of heterogenous aggregation in disease contexts which may aid clinical diagnosis and
the development of therapeutic interventions.
Significance statement
Aggregates of both the amyloid-β peptide and α-synuclein have been detected in up to 50%
of patients diagnosed with either Alzheimer’s or Parkinson’s diseases. This observation has
raised several questions on how the two proteins influence each other’s aggregations.
Recently, it has been shown that amyloid-β and α-synuclein can co-aggregate. Here, we
further clarify this process. We show that amyloid-β can trigger the aggregation of α-synuclein
but is not present in the core of the resulting aggregates. This mechanism is a specific property
of the soluble species of amyloid-β but not of the insoluble fibrillar aggregates. Our findings
indicate that aggregation amyloid-β–α-synuclein co-incubation is a consequence of the
property of amyloid-β to serve as nucleation interface for α-synuclein aggregation.
Keywords: Alzheimer’s disease, Parkinson’s disease, dementia, heterogenous aggregation,
chemical kinetics, amyloid-β, α-synuclein
Introduction
Neurodegenerative diseases, including Alzheimer’s (AD) and Parkinson’s (PD) diseases, are
characterized by the formation of fibrillar protein aggregates, called amyloids, in the nervous
system (1). Amyloids are enriched in cross-β sheet and resistant to degradation (2, 3). In the
case of AD, a key pathological hallmark are the extracellular amyloid plaques made of the
amyloid-β peptide (Aβ) (4). Aβ exist as variants of different lengths (i.e., 38-49 residue-long)
and originate by the proteolytic cleavage of the amyloid protein precursor (5-7). Aβ monomers
undergo a self-assembly process that leads to the formation of amyloids via small transient
intermediates, called oligomers (4). Thus far, Aβ monomers and amyloids are considered less
pathogenic compared to the oligomers (8-11). Several toxic effects of Aβ oligomers have been
identified, including inflammation, synaptotoxicity, membrane permeabilization and oxidative
stress (8, 9, 12-19).
The co-occurrence of amyloids composed of Aβ and of other proteins has been
detected in several neurodegenerative diseases, suggesting an interplay between Aβ and
these amyloid forming proteins (20-26). One such protein is α-synuclein (α-syn), which is
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predominantly found as amyloid fibrils in Lewy bodies (LBs) in PD, Lewy body dementia, and
Multiple System Atrophy (27-29). The identification of Aβ plaques in up to 50% of PD patients
(30, 31) and of LBs in almost 50% of AD patients (32) suggests a crosstalk between Aβ and
α-syn. This hypothesis is further supported by the identification of the non-amyloid-β
component (NAC) region of α-syn in AD plaques (32, 33).
The effects of Aβ and α-syn on each other’s aggregations are not yet fully
characterized at the molecular level. Recently, it has been found that α-syn can either
accelerate or inhibit the aggregation of Aβ. This dual mechanism of α-syn has been observed
on both the 40-residue-long (Aβ40) and the 42-residue-long (Aβ42) isoforms of Aβ (22, 3438). Whether α-syn promotes or inhibits Aβ aggregation seems to depend on the aggregated
state of α-syn. In fact, it has been shown that α-syn monomers can delay the aggregation of
Aβ42, whilst α-syn amyloid fibrils can accelerate it (39). Conversely, it has been shown that
Aβ42 is able to trigger the aggregation of α-syn (40). Furthermore, the formation of heterooligomers made of both Aβ42 and α-syn has been observed in vitro, suggesting that the two
proteins can co-aggregate and form heterogeneous aggregates (41-43).
Here, we investigate the structures of the aggregates formed when Aβ42 and α-syn
co-aggregate in vitro. Using a combination of biophysical and biochemical techniques, we
report the presence of fibrillar aggregates, whose core is solely made of α-syn. Aβ42 is found
to be associated to these fibrils, suggesting that it provides the hydrophobic surface required
for α-syn to nucleate. Our findings take us one step closer to understanding the complex
nature of heterogenous aggregation in disease contexts which may aid clinical diagnosis and
the development of therapeutic strategies.
Results
Amyloid fibrils are formed in α-syn–Aβ42 co-incubation. To assess the effects of Aβ42
and α-syn on each other’s aggregations, we carried out thioflavin T (ThT) assays on solutions
containing 60 μM monomeric α-syn in the presence of a sub-stoichiometric concentration (2
μM) of monomeric Aβ42 (Fig. 1). Hereafter, we will refer to this condition as the co-incubation
sample. As controls, we performed ThT experiments on solutions containing either 60 μM αsyn or 2 μM Aβ42. Under our experimental conditions, α-syn alone did not aggregate, while
Aβ42 alone aggregated in approximately 4 h (Fig. 1a), as previously reported (44). When αsyn and Aβ42 were incubated together, the resulting aggregation was slower than that of Aβ42
alone. In particular, the aggregation half-time (t50) of the co-incubation sample was
approximately 1.4 times shorter than that of Aβ42 alone (3.2 ± 0.4 and 2.3 ± 0.4 h, respectively)
(Fig. S1).
To characterize the structures of the aggregates formed at the endpoint of aggregation,
we carried out negative staining transmission electron microscopy (TEM) (Fig. 1b). The
electron micrographs confirmed that α-syn alone does not form visible aggregates. On the
contrary, both Aβ42 only and the co-incubation sample contained fibrils. Analysis of the width
of these fibrils revealed 25th and 75th percentiles of width distributions as 8/13 and 12/16 nm
for Aβ42 and the co-incubation sample respectively (Fig. 1c). The difference in fibril widths
provided first insights that fibrils formed by co-incubation are likely not Aβ42 fibrils.
The fibrils formed in α-syn–Aβ42 co-incubation are made of α-syn. To investigate the
protein composition of the aggregates, we performed immunogold TEM on samples collected
at the aggregation endpoints (Fig. 2a and Fig. S2). To do so, the samples were simultaneously
probed for Aβ42 with antibodies conjugated to 10 nm gold nanoparticles (Ab–10AuNPs) and
α-syn with antibodies conjugated to 6 nm gold nanoparticles (Ab–6AuNPs). We found no or
very low signal for Aβ42 in the sample with α-syn alone and for α-syn in the samples with Aβ42
alone, verifying that our staining is specific (Fig. S2). The sample containing α-syn alone
showed a diffuse distribution of small clusters of Ab–6AuNPs, confirming the presence of αsyn and the lack of fibrils (Fig. S2a), similarly to previous reports (40) and in agreement with
our ThT and negative staining TEM data. The sample with Aβ42 contained fibrils decorated
by Ab–10AuNPs, i.e., made of Aβ42 (Fig. S2b). Fibrils were also present in the co-incubation
sample (Fig. 2a). However, similarly to our TEM analysis (Fig. 1b and c), these fibrils had a
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larger diameter than the fibrils of Aβ42 alone (Fig. S2d). Furthermore, they were
predominantly decorated by 6Ab–AuNPs, i.e., made of α-syn. However, some Ab–10AuNPs
could be detected on the fibrils as well, suggesting that Aβ42 was co-aggregated with α-syn.
Given that amyloid fibrils are SDS-insoluble, to assess whether Aβ42 was peripheral
or within the core of the fibrils, we quantified Aβ42 and α-syn in the SDS-insoluble protein
fraction at the aggregation endpoint. To do so, we washed the fibrils with SDS to remove any
associated soluble aggregates and then treated the fibrils with guanidine hydrochloric acid (GHCl). This was then analyzed by SDS-PAGE and western blotting (Fig. 2b). Detection with
the anti-Aβ 6E10 antibody revealed that Aβ42 was present in the soluble and SDS-soluble
fractions. On the other hand, α-syn was clearly detected by the anti-α-syn antibody in all pellet
and supernatant fractions, including the G-HCl treated pellet. These results indicate that the
fibrils formed under co-incubation are composed of only α-syn. While the immunogold labelled
TEM showed some Aβ42 labelling (Fig. 2a), this is due to Aβ42 being associated to rather
than within the core of the fibrils.
To further characterize the conformations of Aβ42 and α-syn after aggregation, we
performed native-PAGE and western blotting on the endpoints of aggregation (Fig. 2c). We
found that Aβ42 alone forms high molecular weight species that remain in the well of the gel,
suggesting they are large fibrillar aggregates. Instead, α-syn alone is mainly monomeric as
compared to freshly purified α-syn. In the co-incubation sample, more Aβ42 can enter the gel
as compared to the Aβ42 alone condition. In particular, the protein forms high molecular weight
species compatible with oligomers. In the co-incubation sample, α-syn is largely monomeric.
However, it also forms high molecular weight species, some of which stay in the well of gel
suggestive of fibrillar aggregates. While not all the α-syn aggregates in the presence of Aβ42,
this is unsurprising and reminiscent of α-syn aggregation in the presence of lipids where the
α-syn to lipid ratio is key in α-syn conversion during aggregation (45). Additionally, the same
analysis of the samples at earlier time points showed that higher molecular weight assemblies
of α-syn are not detected until Aβ42 oligomers are formed (Fig. S3). This further strengthens
our hypothesis that it is the Aβ42 oligomers that are nucleating the aggregation of α-syn.
To better understand the solubility of Aβ42 and α-syn in co-incubation conditions, we
carried out immuno-dot blots on the soluble protein fractions at the endpoints of aggregation
(Fig. S4). Soluble Aβ42 and α-syn were detected using the 6E10 and anti-α-syn primary
antibodies respectively and quantified by densitometry. Our data show that, when Aβ42 is
incubated alone, there is a significant decrease in the amount of soluble Aβ42 by ~70% after
aggregation when compared to freshly purified monomeric Aβ42. However, when Aβ42 is
incubated with α-syn, the amount of soluble Aβ42 does not significantly change during
aggregation. On the other hand, when α-syn is incubated alone, the protein remains largely
soluble during the incubation; when compared to freshly purified α-syn, there is only a ~10%
decrease in the amount of soluble protein. In the presence of Aβ42, the amount of soluble αsyn is further reduced by ~33%. This is in line with our observations that a small portion of αsyn aggregates in these co-incubation conditions, however, the amount of aggregated
insoluble protein represents only a small portion of the total α-syn.
Together, these data indicate that, in co-incubation conditions, Aβ42 is mainly in a
soluble oligomeric conformation, while α-syn aggregates into amyloid fibrils. Furthermore, it is
likely that the soluble Aβ42 found associated to α-syn fibrils are the nucleation site for α-syn
aggregation due to their hydrophobic surface.
Aβ42 fibrils do not trigger the aggregation of α-syn. To assess whether α-syn aggregation
is triggered by soluble or fibrillar Aβ42, we incubated 60 μM α-syn in the presence or absence
of 2 μM pre-formed Aβ42 fibrils (Fig. 3). We measured the ThT fluorescence of samples
containing α-syn alone, Aβ42 fibrils alone, and α-syn in the presence of Aβ42 fibrils (Fig. 3a).
As expected, we observed that α-syn alone does not aggregate. Aβ42 fibrils alone have a
steady ThT fluorescence as does the co-incubation sample. Immunogold TEM showed that
the fibrils in the co-incubation sample are largely labelled with the Ab–10AuNPs specific for
Aβ (Fig. 3b and Fig. S2c). This result confirms that there is no aggregation of α-syn and,
conversely, that Aβ42 fibrils are not affected by soluble α-syn. Strengthening this observation,
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dot blot analysis on the soluble and insoluble protein fractions revealed that no soluble Aβ42
was present in the sample containing Aβ42 fibrils alone (Fig. 3c). Soluble Aβ42 was also not
detected in the co-incubation sample confirming that α-syn had no effect on fibrillar Aβ42,
which is in sharp contrast to the effect of incubating α-syn with soluble Aβ42. Additionally, no
difference in the amount of soluble α-syn between the co-incubation and α-syn alone samples
was detected. Native-PAGE and western blotting on the endpoints of aggregation (Fig. 3d)
revealed no soluble Aβ42 in the Aβ42 alone and co-incubation samples. No difference in the
molecular weight of α-syn was observed in the α-syn alone and co-incubation samples. This
evidence indicates that fibrillar Aβ42 does not affect the aggregation of α-syn or vice versa.
All our data together suggest that soluble Aβ42 provides an accessible hydrophobic surface
to promote α-syn aggregation which is no longer accessible in mature Aβ42 fibrils.
The extent of α-syn–Aβ42 co-aggregation depends on available Aβ42. The data
discussed so far indicate that soluble Aβ42 catalyzes the aggregation of α-syn. To further
investigate this mechanism, we performed ThT fluorescence experiments on solutions
containing increasing initial concentrations of monomeric α-syn (ranging from 20 to 140 μM)
and 2 μM Aβ42 (Fig. 4a). We found that, up to 80 μM α-syn, the lag phase of aggregation
decreased at increasing concentrations of α-syn. Additionally, the ThT fluorescence
increased, suggesting the more fibrils were generated. Above 80 μM α-syn, the aggregation
kinetics did not differ significantly which we confirmed by analysis of the t50 of these
aggregations and compared them to the 1:70 Aβ42:α-syn molar ratio (Fig 4b). This result
indicates that above a molar ratio of approximately 1:40 (Aβ42: α-syn), Aβ42 does not catalyze
additional α-syn aggregation. Furthermore, we confirmed that Aβ42 remains largely oligomeric
at each of these α-syn concentrations by native-PAGE and western blotting analysis (Fig. 4c).
Conclusions
Understanding protein co-aggregation is crucial for developing diagnostic and therapeutic
strategies for neurodegenerative diseases. Recently, the identification of LBs in up to 50% of
AD patients and Aβ plaques in up to 50% of PD patients has led to research interest on the
heterogenous aggregation of these two peptides.
Although it has previously been reported that α-syn aggregation is triggered by Aβ42
(40) and that Aβ42 aggregation is inhibited by α-syn (37), our findings unify the mechanism of
this co-aggregation which has previously remained elusive (Fig. 5). Here, we report that when
Aβ42 and α-syn are co-incubated in vitro, homogenous amyloid fibrils of α-syn are formed.
We also show that under these conditions, Aβ42 is associated to but not part of the core of αsyn fibrils and mainly in the oligomeric conformation. Additionally, we observed that Aβ42 can
nucleate a limited number of α-syn monomers (approximately 40:1 molar ratio in terms of initial
monomeric concentrations). This result suggests an upper bound number of α-syn monomers
that Aβ42 can nucleate. We hypothesize that this is likely due to the fact that, upon inducing
the formation of α-syn fibrils, Aβ42 remains associated to their surface. Thus, Aβ42 is
progressively depleted from solution and unable to catalyze further α-syn aggregation. Of
note, Aβ42 and α-syn hetero-oligomers have also been previously identified (41-43). As fibrils
composed of both proteins have not been identified in vivo or in vitro, based on our data we
speculate that Aβ42 oligomers and α-syn interact to form hetero-oligomers which likely serve
as nucleation sites for the formation of homogenous α-syn fibrils.
It is important to note that α-syn is not normally highly aggregation-prone. In fact, in
general, the protein requires the interaction with other biomolecules to aggregate (45-49).
Therefore, Aβ42 oligomers triggering α-syn aggregation is not surprising and a similar
stochiometric relationship has been reported for α-syn and exosomes (50) and
glycosaminoglycans (51).
It is plausible that the interaction of α-syn and Aβ42 drives Aβ42 to form highly stable,
possibly off-pathway, oligomers that could have additional toxic effects besides triggering αsyn aggregation (52). We believe triggering the aggregation of α-syn is likely a secondary toxic
mechanism of Aβ42 oligomers. While oligomers of Aβ are widely accepted as the neurotoxic
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species in AD, we show that it is important not to overlook their consequences in other disease
contexts.

Methods and Materials
Expression and purification of Aβ42. Purification of Aβ42 was carried out as previously
described (44). Briefly, the Aβ42 peptide conjugated with the spider silk domain (known as the
fusion protein, 20 kDa) was expressed by heat-shock transformation in BL21 Escherichia coli
(E. Coli). Cells were grown in LB supplemented with kanamycin (50 μg/ml) at 37°C with
shaking at 200 rpm until they reached an OD of 0.8 and were then induced overnight with 0.1
mM IPTG at 20°C with shaking at 200 rpm. Cells were collected the following day by
centrifugation and the pellet was resuspended in 20 mM Tris-HCl, 8 M Urea, pH 8. The
resuspended cells were sonicated on ice for 20 minutes and centrifuged once more to clear
cellular debris. The supernatant was filtered using a 0.22 μm filter and loaded onto two HisTrap
HP 5 ml columns (Cytiva, Little Chalfont, UK) in tandem that had been pre-equilibrated with
20 mM Tris-HCl, 8 M Urea, pH 8 supplemented with 15 mM imidazole (binding buffer).
Following sample application, the columns were washed with several column volumes of
binding buffer. The fusion protein was then eluted with 5 column volumes of 20 mM Tris-HCl,
8 M Urea, pH 8 supplemented with 300 mM imidazole (elution buffer). This was then collected
and dialyzed overnight against 20 mM Tris-HCl, pH 8. After dialysis, the concentration of the
fusion protein was measured using a nanodrop. TEV protease was added to the fusion protein
at a 1:15 molar ratio overnight at 4°C. Following this, 7 M Guanidine-HCl was added to the
sample and incubated on ice for 2 h before applying the sample on to a Superdex 75 Increase
pg 10/600 column (Cytiva, Little Chalfont, UK) pre-equilibrated with 20 mM phosphate buffer
supplemented with 200 μM EDTA, pH 8 for size-exclusion chromatography. Peaks were
collected manually. The concentration of monomeric Aβ42 was determined from the
chromatogram using the following calculation:
[(A280/2)/0.2]/1490 x 1000 x 1000
Where 0.2 is the pathlength (cm) of the ATKA Pure (Cytiva, UK), 1490 M-1cm-1 is the molecular
co-efficient of Aβ42.
The stock concentration was diluted to 2 μM for experiments in 20 mM Phosphate buffer
supplemented with 200 μM EDTA, pH 8. For Aβ42 fibrils, monomeric Aβ42 was incubated for
24 h after size- exclusion at 37°C.The fibrils were collected by centrifugation at max speed for
30 min after which the concentration of the supernatant was measured with a Nanodrop
(Thermo Fisher Scientific, Waltham, MA, USA). The concentration of the supernatant was
subtracted from the initial monomeric Aβ42 concentration to obtain the fibril concentration.
These were then diluted to 2 μM for experiments in 20 mM Phosphate buffer supplemented
with 200 μM EDTA.
Expression and purification of α-syn.
The pT7-7 α-syn WT plasmid (a gift from Hilal Lashuel, Addgene, Watertown, NY, United
States (53)), with codon Y136 mutated from TAT to TAC to prevent cysteine misincorporation,
was transformed into BL21-Gold (DE3) competent E. coli (Agilent Technologies, Santa Clara,
CA, USA) according to the manufacturer's instructions. Expression of α-syn was induced using
1 mM IPTG at 28°C overnight, ampicillin (100 µg/ml) was included as necessary. The cells
were harvested by centrifugation and resuspended in buffer A (20 mM Tris-HCl, 1 mM EDTA,
pH 8.0) and protease inhibitors (Roche, Basel, Switzerland). α-Syn was then purified as
previously described (54).
ThT fluorescence assays.
20-100 μM α-syn, 2 μM freshly purified monomeric or fibrillar Aβ42 and the two peptides
incubated together were prepared with a final concentration of 10 μM ThT dye, gently vortexed
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and pipetted into non-binding surface black 96-well plates (Greiner Bio-One, Frickenhausen,
Austria) in triplicates. The plate was read in a ClarioStar Plus microplate reader (BMG
LabTech, Ortenberg, Germany) at 37°C. The excitation and emission wavelength were set to
440nm and 480nm respectively and fluorescent intensity measurements were taken using
spiral averaging (3 mm diameter). Buffer only values were subtracted from the sample
readings. Readings were taken every 2-5 min. The data were plotted using GraphPad Prism
version 9.3.1 for Windows (GraphPad Software, San Diego, CA, United States)
Immunogold labelling and negative stain transmission electron microscopy
Samples were prepared and incubated for 24 h at 37°C before 4 μl were spotted onto a
Formvar/Carbon coated 300 mesh copper grids for 1 minute. Excess sample was removed by
blotting dry with Whatman filter paper and the grid was allowed to dry to 2 min. Samples for
negative stain TEM were then washed with 4 μl water and stained with 4μl 2% w/v uranyl
acetate. Samples for immunogold labelling were blocked using normal goat serum—1:10
dilution in PBS+ [1% BSA, 500 ml/L Tween-20, 10 mM Na EDTA, and 0.2 g/L NaN3] for 15
min after which the grids were incubated on a 20 μl drop of primary antibodies—1:10 dilution
of 6E10 (Biolegend, San Diego, CA, USA) and anti-αSyn MJFR1 (Abcam, Cambridge, UK) in
PBS at room temperature for 2 h. The grids were then washed with PBS+ three times for 2
min and incubated on a 20 ul drop of secondary antibodies conjugated with gold particles (1:20
dilution of anti-mouse and anti-rabbit secondary antibodies conjugated with 10nm and 6nm
gold particles respectively, Abcam, Cambridge, UK). Finally, the grids were washed fives with
PBS+ and five times with water for 2 min before being stained with 2% w/v uranyl acetate.
Grids were imaged on a T12 Spirit electron microscope (Thermo Fisher Scientific (FEI),
Hillsboro, OR, USA). Fibril width was measured using Fiji. All data were plotted using
GraphPad Prism version 9.3.1 for Windows (GraphPad Software, San Diego, CA, United
States).
Dot blotting
Dot blots were carried out on samples that were aggregated in the microplates without ThT at
the endpoint of aggregation. Samples were collected and centrifuged at max speed (~17,000
g) for 30 min on a benchtop centrifuge to separate the soluble and insoluble aggregates. 3-5
repeats of each sample were spotted onto 0.45 μM nitrocellulose membrane and blocked in
5% non-fat milk in 0.1% PBS-Tween for 1 h at RT. The membranes were then incubated in
primary antibodies (1:1000 dilution in 0.1% PBS-Tween for both anti-α-syn and 6E10)
overnight at 4°C under constant shaking. The following day, the membranes were washed
three times for 10 min each in 0.1% PBS-Tween. Membranes were then incubated in
secondary antibodies conjugated with an AlexaFluor tag (anti-mouse 647 and anti-rabbit 555,
diluted 1:2000 and 1:5000 0.1% PBS-Tween, respectively, Thermo Fisher Scientific, Waltham,
MA, USA) at room temperature for 1 hour, protected against light. Following three further
washes for 10 min each in 0.1% PBS-Tween, the membranes were detected with the
appropriate laser using the Typhoon scanner (GE Healthcare, Amersham, UK).
SDS-PAGE and western blotting
Fibrils from the co-incubation sample were collected by centrifugation at max speed for 30 min
and the supernatant (S1) was removed and separated from the pellet (P1). The pellet was
washed with 50 µl 2% SDS and centrifuged. The supernatant was again removed (S2) and
the pellet was resuspended in 50 µl buffer to remove any residual SDS (P2), the pellet was
centrifuged, and the supernatant (S3) and pellet were separated (P3) after which the pellet
was treated with 50 µl 4 M guanidine hydrochloric acid (G-HCl) for 2 h at RT before SDSPAGE and western blot analysis. Samples were prepared in 4X LDS sample buffer and 10X
reducing agent after which they were boiled at 95°C for 5 min. Samples were then run on 412% Bis-Tris NuPAGE gels (Thermo Fisher Scientific, Waltham, MA, USA) and transferred
onto a 0.45 µm nitrocellulose membrane for 7 min at 20 V with the i-Blot 2 (Thermo Fisher,
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Waltham, MA, USA). Blocking, incubation with antibodies and detections were carried out as
described above.
Native-PAGE and western blotting.
Samples were prepared and aggregated in 96-well microplates with a non-binding surface for
24 h after which 20 μl of each sample was prepared in native sample buffer and run on Novex
Tris-Glycine gels (Thermo Fisher Scientific, Waltham, MA, USA) in native running buffer as
per the manufacturer’s instructions. The gel was then transferred onto a 0.45 μM nitrocellulose
membrane using an iBlot2 (Thermo Fisher Scientific, Waltham, MA, USA) for 7 min at 25 V.
The membrane was then blocked, incubated with primary and secondary antibodies, and
imaged as described above.
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Figures
Figure 1.

Figure 1. Aggregation of α-syn–Aβ42 co-incubation (a) ThT fluorescence assay of 60 μM α-syn
(black), 2 μM Aβ42 (green) and α-syn aggregated with Aβ42 (purple). The average of three replicates
for each condition are shown. Error bars represent standard deviation. (b) TEM images of α-syn, Aβ42
and α-syn incubated with Aβ42 at the end of aggregation. No aggregates are seen for α-syn, however,
fibrillar aggregates are seen for both Aβ42 and the co-incubated sample sample. (c) Width distribution
of Aβ42 fibrils (black, n = 32) and fibrils in the co-incubation sample (grey, n = 32).
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Figure 2.

Figure 2. Homogenous α-syn fibrillar aggregates are formed in co-incubation conditions. (a)
Immunogold labelling and negative stain electron micrograph α-syn aggregated with Aβ42 at the end
point of aggregation. Schematic created on Biorender. Fibrils are highly decorated with 6nm gold
particles (Ab–6AuNPs, red arrows) specific for α-syn as opposed to 10nm gold particles labelling Aβ
(Ab–10AuNPs, blue arrows) which are sparse. (b) Schematic of G-HCl treatment of SDS insoluble
fraction (top) created on Biorender. Fibrils from the co-incubated sample were collected by
centrifugation and the supernatant (S1) was removed and separated from the pellet (P1). The pellet
was washed with 2% SDS and centrifuged. The supernatant was again removed (S2) and the pellet
was resuspended in buffer (P2). The pellet was centrifuged, and the supernatant (S3) and pellet were
separated (P3) after which the pellet was treated with 4M G-HCl for 2h at RT before SDS-PAGE and
western blot analysis. Detection with the 6E10 antibody (bottom left) revealed no Aβ42 in the G-HCl
treated pellet, however, α-syn was detected with the anti-α-syn antibody (bottom right). Monomers of
the proteins are indicated by the black arrows (c) Native-PAGE and western blot analysis of total
samples after aggregation. Detection with the 6E10 antibody (left) revealed α-syn is not detected by
this antibody and Aβ42 ran as a smear of higher molecular weight assemblies and fibrils in the well that
could not enter the gel (black arrow). In contrast, Aβ42 in the co-incubation sample ran as higher
molecular weight assemblies (purple arrow), as compared to freshly purified monomeric Aβ42 (blue
arrow). Detection with the anti-α-syn antibody (right) revealed that after aggregation α-syn is detected
as monomers as compared to freshly purified monomeric α-syn (blue arrow) and Aβ42 is not detected
by this antibody. In the co-incubation sample however, there are monomers as well as higher molecular
weight species and fibrils stuck in the well of the gel (black arrow).
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Figure 3

Figure 3. Aβ42 fibrils do not trigger the aggregation of soluble α-syn. (a) ThT fluorescence assay
of 60 μM α-syn (black), 2 µM Aβ fibrils (blue) and α-syn aggregated with Aβ fibrils (pink). The average
of three replicates for each condition are shown. Error bars represent standard deviation. (b)
Immunogold labelling and negative stain TEM of α-syn aggregated with Aβ fibrils at the end point of
aggregation. Fibrils are highly decorated with 10nm gold particles (Ab–6AuNPs, red arrows) specific for
Aβ42 as opposed to 6nm gold particles labelling α-syn (Ab–10AuNPs, blue arrows) which are largely
in the surrounding area of the fibrils. (c) Dot blot analysis on the soluble fractions of aggregated samples
detected with 6E10 (top) and anti-α-syn (bottom) primary antibodies. No soluble Aβ42 was detected in
any sample except freshly purified Aβ42 monomers as expected and similar intensities of α-syn were
detected in the α-syn only and α-syn aggregated with Aβ42 fibrils sample. (d) Native-PAGE and western
blot analysis of total samples after aggregation. Detection with 6E10 (left) revealed no detection of (1)
α-syn, (2) that Aβ42 fibrils alone do not enter the gel, (3) the co-incubated sample also has no detectable
Aβ42 in the gel however (4) freshly purified Aβ42 monomers are detectable. Detection with the anti-αsyn (right) revealed no difference in the molecular weight assemblies of α-syn either (5) alone or (7)
aggregated with Aβ42 fibrils. (6) Aβ42 fibrils are not detected by this antibody.
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Figure 4.

Figure 4. The aggregation in co-incubation conditions is limited by the amount of Aβ42. (a) ThT
fluorescence assay of soluble 2 μM Aβ42 with increasing α-syn concentrations (20, 60, 80, 100, 120
and140 μM, light green to dark purple, respectively. 140μM α-syn alone is shown in grey). Individual
replicates are shown for each condition. (b) The half-time of aggregation, t50, was plotted for each
molar ratio and compared the 1:70 ratio. There is no significant difference in the t50 of aggregation
above a 1:40 Aβ42:α-syn molar ratio suggesting a threshold of Aβ42 catalyzed α-syn aggregation. Error
bars are shown as SD. The t50 of aggregations were compared to the 1:70 sample with One-way
ANOVA, Dunnett’s multiple comparison t-test where p = ≥0.05 (ns), 0.01-0.05 (*), 0.001-0.01 (**),
0.0001-0.001 (***) and <0.0001 (****). (c) Native-PAGE and western blot analysis revealed that
compared to monomeric Aβ42, Aβ42 after aggregation was detected only has aggregates stuck in
the well of the gel. In the presence of increasing α-syn concentrations of 20-100 μM), Aβ42 remains
as soluble high molecular weight assemblies.
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Figure 5.

Figure 5. Proposed model for the co-aggregation of Aβ42 and α-syn. When in isolation, Aβ42
undergoes a complete aggregation process that leads to the formation of mature amyloid fibrils . In
the presence of α-syn, Aβ42 fibril formation is inhibited. We speculate that, once Aβ42 oligomers
are formed, these can interact with α-syn monomers. These heterogenous oligomers serve as
nucleation sites for α-syn aggregation and catalyze the formation homogenous α-syn fibrils. The
final yield of α-syn fibrils is limited by the amount of Aβ42 and, in our experimental conditions,
approximately 40 α-syn monomers per monomer of Aβ42 can form fibrils. Created on Biorender.
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