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Abstract

Aggregations of β-amyloid (Aβ) and α-synuclein (αS) into oligomeric and fibrillar assemblies are 

the pathological hallmarks of Alzheimer’s and Parkinson’s diseases, respectively. Although Aβ 
and αS affect different regions of the brain and are separated at the cellular level, there is evidence 

of their eventual interaction in the pathology of both disorders. Characterization of interactions of 

Aβ and αS at various stages of their aggregation pathways could reveal mechanisms and 

therapeutic targets for the prevention and cure of these neurodegenerative diseases. In this study, 

we comprehensively examined the interactions and their molecular manifestations using an array 

of characterization tools. We show for the first time that αS monomers and oligomers, but not αS 

fibrils, inhibit Aβ fibrillization while promoting oligomerization of Aβ monomers and stabilizing 

preformed Aβ oligomers via co-assembly, as judged by Thioflavin T fluorescence, transmission 

electron microscopy and SDS- and native-PAGE with fluorescently labeled peptides/proteins. In 

contrast, soluble Aβ species, such as monomers and oligomers, aggregate into fibrils, when 

incubated alone under the otherwise same condition. Our study provides evidence that the 

interactions with αS soluble species, responsible for the effects, are mediated primarily by the C-

terminus of Aβ, when judged by competitive immunoassays using antibodies recognizing various 

fragments of Aβ. We also show that the C-terminus of Aβ is a primary site for its interaction with 

αS fibrils. Collectively, these data demonstrate aggregation state-specific interactions between αS 

and Aβ, and offer insight into a molecular basis of synergistic biological effects between the two 

polypeptides.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common neurodegenerative disease characterized by 

the loss of hippocampal neurons and forebrain cholinergic neurons.1, 2 AD pathology is 

caused by the aggregation of the 40 or 42 residue peptide, β-amyloid (Aβ), leading to the 

formation of the characteristic extracellular amyloid plaques found in the brains of AD 

patients.3, 4 Aβ is generated from the proteolytic degradation of the transmembrane protein, 

amyloid precursor protein (APP), resulting in accumulation of Aβ peptides predominantly in 

the brain extracellular fluid space.3, 4 The wild-type Aβ sequence consists of alternating 

hydrophilic and hydrophobic regions: the hydrophilic N-terminus (Aβ1-16), the 

hydrophobic Aβ17-21, the hydrophilic Aβ22-30, and the hydrophobic C-terminus (Aβ31-40 

or Aβ31-42), where the hydrophobic sequences are thought to drive Aβ aggregation.5, 6 

Monomeric Aβ spontaneously self-assembles into “soluble” oligomeric species, such as 

globular aggregates and protofibrils, which then further aggregate to form mature, 

“insoluble” fibrils.7-15 It has been suggested that the accumulation of soluble oligomeric 

species, rather than the fibrils, disrupt neuronal activity at the synapse, initiating the 

degeneration in AD.13, 16-19

Parkinson’s disease (PD) is the second most common neurodegenerative disease after AD 

and the most common movement disorder.20-23 PD is characterized by the loss of substantia 

nigra dopamine neurons and the presence of Lewy bodies (LB) with intracellular protein 

inclusions that contain a 140 residue-protein, α-synuclein (αS).24, 25 αS consists of three 

distinct regions: the N-terminus (αS1-60) is amphipathic, while the central domain 

(αS61-95) is hydrophobic and the C-terminus (αS96-140) is acidic.26 Following similar 

pathways to Aβ, the aggregation of αS is the hallmark event in the pathology of PD.20, 21 

Similar to AD, αS oligomers, particularly those rich in β-sheets, are thought to be the major 

toxic species in PD, for example, by forming pores across cell membranes, compared to 

monomeric and fibrillar conformers.27-30

Although AD pathology predominates in the cerebral cortex and hippocampus,1 and PD 

pathology mostly affects the substantia nigra,22, 31 there is overlap in the symptoms and 

pathologies of the two diseases. Many (~50%) patients with AD develop signs of PD (e.g., 

LB pathology),32 and conversely, PD patients can be diagnosed with dementia (PDD), and 

diffuse Lewy body disease (DLB) is a neurodegenerative disorder characterized by dementia 

and parkinsonism.32-34 Up to 50% of PDD patients build up Aβ plaques,24 and PDD 

patients typically exhibit more pronounced cognitive dysfunction than AD patients.32, 35 

Consistent with these observations, cognitive decline in transgenic mice and pathological 

features in cultured neurons are accelerated in models with both AD and PD pathology.36-38 

These findings have raised questions about pathological synergy between Aβ and αS.24, 39 

Expression levels of αS are high in brain regions where AD lesions are abundant,40 and αS 

load is associated with Aβ plaques in cortical areas.41 In addition, the hydrophobic region of 
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αS (i.e., αS61-95), known as the non-amyloid component (NAC), was one of the first 

constituents of amyloid plaques to be discovered.42 Recently, localized proteomics also 

revealed the presence of full-length αS within Aβ plaques, which likely plays a role in 

rapidly progressive AD.43 Although Aβ is primarily extracellular, a growing body of 

evidence indicates that Aβ can also be accumulated intraneuronally.44 Likewise, αS initially 

produced intracellularly can be excreted from cells.45 Thus, Aβ-αS interactions can occur 

both intracellularly and extracellularly. Given their potential roles in the pathology of AD, 

PD and PDD, it is important to define these interactions, which have not been properly 

addressed by anti-amyloid drugs, and thereby illuminate new paths for the development of 

effective therapeutic strategies.24

Several studies have demonstrated Aβ-αS interactions.37, 40, 46-52 For example, Aβ has been 

shown to enhance αS aggregation and Lewy body inclusions in transgenic mice and cultured 

neurons.37, 38 Analogously, αS can promote Aβ aggregation both in vivo and in vitro.36, 40 

Aβ aggregates can seed αS aggregation, and vice versa.51, 53, 54 Unfortunately, aggregation 

has often been poorly defined in these previous studies, with no distinction between 

oligomerization and fibrilization. Moreover, these previous studies have provided limited 

insight into Aβ-αS interactions and how they lead to amyloid aggregation − including the 

impact on distinct amyloid assembly states (monomers, oligomers, and fibrils), and the 

interplay among these Aβ and αS species. Such comprehensive examination is critical to 

understand outcomes of Aβ-αS interactions, including the origin of toxic synergistic effects 

in AD and PD. Surprisingly, experimental, rather than computational, evidence of co-

assembled oligomerization between Aβ and αS in formation of potentially toxic oligomeric 

conformers is lacking. Moreover, in previous studies, amyloid aggregation was often 

characterized under denaturing conditions (e.g., in the presence of SDS), which could 

introduce undesired artifacts during amyloid aggregation,49, 55 and/or in the excess of Aβ, 

which is not physiologically relevant.50, 51

In the present study, we experimentally examined amyloid assembly resulting from 

interactions between Aβ and αS in their respective monomeric, oligomeric, and fibrillar 

forms under aqueous conditions in excess αS. Our comprehensive characterization 

demonstrates that αS monomers and oligomers, but not fibrils, inhibit Aβ fibrillization. 

Moreover, the soluble αS species promote Aβ oligomerization and stabilize pre-formed Aβ 
oligomers by co-assembly with Aβ. We also provide evidence that the Aβ-αS interactions 

are mediated primarily by the Aβ C-terminus. Overall, these data reveal a novel molecular 

mechanism by which synergistic toxic effects can be generated through Aβ-αS interactions.

RESULTS

We examined amyloid assembly in samples containing Aβ only and αS only, and their 

mixtures. The Aβ isoform containing 40 rather than 42 amino acids was chosen because (i) 

isoform 40 is 10-fold more abundant than isoform 42,56 and (ii) the plaque level of the 

shorter Aβ isoform was greater with αS aggregates.57 Given that αS is more abundant than 

Aβ,58, 59 αS in excess was co-incubated with Aβ in mixture samples, unless otherwise 

mentioned. A concentration of 70 μM Aβ was chosen to facilitate aggregation within a 

reasonable timeframe under static incubation at 37 °C. Note that the in vitro concentrations 
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used in this study are higher than apparent physiological concentrations of Aβ and αS (≤ 

low nM for Aβ60 and ≤ low μM for αS61), at which levels concentration-dependent 

aggregation may be disfavored kinetically and thermodynamically.62, 63 However, in vivo, 

Aβ and αS can be concentrated locally in various ways by several orders of magnitude, 

which facilitates aggregation.60, 64-71. Moreover, any aggregates formed as a result of 

interactions between Aβ and αS could act as seeds to facilitate aggregation, even at low 

concentrations. Therefore, despite the difference between overall Aβ and αS concentrations 

in vivo and those required to monitor aggregation in vitro, our investigations provide 

valuable information on how Aβ and αS interact and consequences thereof.

For comprehensive examination of interactions between Aβ and αS, samples containing Aβ 
only, αS only or a mixture of Aβ and αS in their three representative aggregation states (i.e., 

monomers, oligomers and fibrils) were prepared and characterized for assembly. For specific 

monitoring of Aβ and αS by fluorescence in their mixtures, samples containing HiLyte 

Fluor 488-labeled Aβ or Alexa Fluor 647-labeled αS were also prepared. Similar N-terminal 

labeling did not affect aggregation properties of Aβ or αS during their fibrillizations, as 

judged by Thioflavin T (ThT) fluorescence and size exclusion chromatography26, 72-75. 

Furthermore, our samples containing the labeled polypeptides exhibited electrophoretic 

mobility as expected according to identity and aggregation state of the samples (Figs. S1A 

and S1B). Aggregation behaviors of our samples containing the labeled Aβ and exclusively 

unlabeled Aβ were similar during oligomerization (Fig. S2), further conforming the lack of 

significant effect of the labeling on aggregation.

Aβ only and αS only

As described in detail in the Supporting Text and Figs. S3-S6, Aβ monomers and oligomers 

readily aggregated into insoluble fibrils and Aβ fibrils remained fibrillar during the 7-day 

incubation. The results are summarized in Table 1. In contrast, all three αS only samples 

remained relatively stable during the incubation (see Supporting Text and Fig. S4-S8).

Aβ monomers and αS monomers

The effect of αS on the aggregation of Aβ monomers (70 μM) was investigated by co-

incubation (Fig. 1A-F). The co-incubation with αS monomers (350 μM) reduced the lag 

phase to <1 day (Fig. 1A) with lower ThT fluorescence intensity of the mixture compared to 

the Aβ monomer only samples after the 7-day incubation. TEM reveals that the aggregates 

of the mixture included mostly globular oligomeric assemblies, with no fibrillar aggregates 

(Fig. 1B). The inhibition of fibrillization from Aβ monomers by αS monomers, together 

with the ThT data, indicates a direct interaction between the two species that alters the 

aggregation pathway of Aβ.

During incubation of the mixture, most αS species remained soluble and monomeric (Figs. 

1E-F; left panels), as seen with the aforementioned αS only samples. However, in contrast to 

Aβ only samples, there was no noticeable loss of Aβ to insoluble material in the presence of 

αS (Fig. 1E; left panel). Instead, formation of soluble oligomeric Aβ was observed as a 

smeared band in the upper portion of the native-PAGE gel, while major fractions of Aβ and 

αS remained monomeric (Fig. 1F; left panel). Note that the relative positions of the major 
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bands on both SDS- and native-PAGE gels appeared consistent across all individual and 

mixture samples of Aβ and αS (Fig. S5). Collectively, αS monomers inhibited Aβ 
aggregation into fibrils while promoting formation of ThT-positive soluble oligomeric 

aggregates (Table 1).

The aggregation-modulatory effect was weakened with decreasing αS concentrations after 7 

day incubation reflecting: (i) greater conversion of monomeric Aβ to insoluble aggregates 

and reduced formation of oligomeric Aβ with ≤ 70 μM of αS (Fig. S9); and (ii) aggregation 

of monomeric αS at 7 μM to insoluble materials, possibly facilitated by Aβ fibrils, during 

co-incubation with Aβ (Fig. S9). Note that the total mass of labeled αS was kept constant 

for all three concentrations tested (7, 70, and 350 μM) in the mixtures, while the fraction of 

unlabeled (i.e., non-fluorescent) αS was modified. As such, the total fluorescence intensity 

of αS at the three concentrations before the incubation would be relatively similar with 

slight positional differences of bands on SDS-PAGE depending on the amount of total 

protein loaded (Fig. S9A).

Aβ monomers and αS oligomers

The effects of αS oligomers on the aggregation of Aβ monomers were also examined. 

Similar to αS monomers at 350 μM, mixing with αS oligomers at 17 μM significantly 

hindered aggregation of Aβ monomers into insoluble fibrils, while promoting the formation 

of ThT-positive soluble oligomeric assemblies when judged by ThT fluorescence (Fig. 1A), 

TEM (Fig. 1C), SDS-PAGE and native-PAGE (Figs. 1E-F; middle panels). Note that such 

aggregation-modulatory effects of αS monomers were significantly weakened when αS 

concentrations dropped to 70 μM, as described above. Thus, αS oligomers appear to be 

more potent modulators than αS monomers, based on the relative αS concentrations of each 

required for these effects. The oligomeric band on the native-PAGE indicates the presence of 

each fluorophore at the same location (Fig. 1F; middle panel), which may result from co-

assembly of Aβ and αS.

Aβ monomers and αS fibrils

To study the aggregation state-dependency of the modulatory effects of αS further, we 

examined whether αS fibrils also interfere with aggregation of Aβ monomers. When Aβ 
monomers were mixed with αS fibrils, ThT fluorescence and morphology were similar to 

those of the αS fibril only samples (Fig. 1A and Fig. 1D; compare to Fig. S7B). Similar to 

results with the Aβ monomer only samples, Aβ monomers in the mixture were lost to 

insoluble aggregates after the incubation period (Figs. 1E-F; right panels). A majority of αS 

remained insoluble in the presence of Aβ monomers (Fig. 1E; right panel).

Aβ oligomers and αS monomers

The results described above demonstrate that soluble (i.e., monomeric and oligomeric) rather 

than fibrillar αS promotes oligomerization of Aβ monomers and prevents Aβ fibrillization. 

Next, we examined the effects of αS on pre-formed Aβ oligomers (Fig. 2A-F). During 

incubation, the mixtures of Aβ oligomers and αS monomers displayed a significant increase 

in ThT fluorescence, greater than the mathematical sum of Aβ and αS only samples (Fig. 

2A). The result demonstrates interactions between the Aβ and αS species, which is also 
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supported by TEM imaging, where it appears that protofibrils are surrounded by clumps of 

globular aggregates (Fig. 2B). SDS-PAGE and native-PAGE analyses revealed that αS 

monomers stabilized most soluble Aβ species (e.g., oligomers) and inhibited Aβ fibrilization 

(Fig. 2E-F; left panels). There was an overlap of oligomeric bands after 7-day incubation 

(Fig. 2F; left panel), which may result from co-assembly of Aβ and αS.

Aβ oligomers and αS oligomers

When Aβ and αS oligomers were co-incubated at 70 and 17 μM, respectively, ThT 

fluorescence of the mixture samples remained relatively constant during 7-day incubation, in 

contrast to the 50% increase with the Aβ oligomer only samples (Fig. 2A). Thus, Aβ 
oligomers were stabilized by αS oligomers, which was confirmed with TEM images (Fig. 

2C). This analysis revealed the presence of globular and annular oligomers (similar to αS 

oligomers shown in Fig. S7B), as well as protofibrils (similar to fresh Aβ oligomers shown 

in Fig. S3B, top middle panel) rather than mature fibrils. The formation of aggregates, 

presumably co-assemblies of Aβ and αS (see below), with hydrodynamic diameter being 

~300 nm was detected after mixing samples of Aβ and αS oligomers (Fig. S6C). The 

mixture of Aβ and αS oligomers was A11-positive, similar to samples of Aβ oligomer only 

and αS oligomer only, implying that their conformations remained mostly intact upon 

mixing (Fig. S6D). Enhanced stability of Aβ oligomers in the presence of αS oligomers was 

also confirmed with in-gel fluorescence imaging of SDS-and native-PAGE (Fig. 2E-F; 

middle panels). On native-PAGE, Aβ and αS oligomer bands appeared highly overlapped 

(Fig. 2F; middle panel), which is likely due to co-assembly of the two species, possibly 

exemplified by a small fraction of (presumably Aβ) protofibrils being “capped” at one end 

with (presumably αS) globular or annular oligomers (Fig. 2C; inset). After the 7-day 

incubation of the Aβ and αS mixture, two bands were seen on the native-PAGE gel 

indicating non-oligomeric, low molecular weight Aβ species (Fig. 2F; lower portion of the 

middle panel). The two bands presumably reflect formation of two different monomeric Aβ 
conformers or the establishment of an Aβ monomer-dimer relationship, as suggested by 

others.63, 76

Aβ oligomers and αS fibrils

No noticeable effect on Aβ oligomers was observed when the samples were incubated with 

αS fibrils, similar to the results when Aβ monomers were mixed with αS fibrils, assessed by 

ThT fluorescence (Fig. 2A) and in-gel fluorescence imaging of SDS-PAGE and native-

PAGE (Fig. 2E-F; right panels). Additionally, TEM of the mixture after the incubation 

shows fibrils (Fig. 2D), similar to αS fibrils in morphology (Fig. S7B). During incubation, 

most αS fibrils remained insoluble regardless of the presence or absence of Aβ (Fig. 2E; 

right panel).

Aβ fibrils and αS in varying aggregation states

The effect of αS on preformed Aβ fibrils was also investigated (Fig. 3A-F). Upon addition 

of αS monomers (350 μM), oligomers (17 μM), and fibrils (350 μM), Aβ fibrils remained 

ThT-positive at a level of corresponding theoretical controls (i.e. a mathematical sum of 

fluorescence intensities of Aβ and αS; Fig. 3A) and insoluble without any significant 

dissociation (Fig. 3E-F). Fibrils were found in all the mixture samples though their 
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morphologies appeared different depending on aggregation states of added αS (Fig. 3B-D). 

Clumping of non-fibrillar species at the tip of fibrils was observed when Aβ fibrils and αS 

monomers were mixed (Fig. 3B). Aggregates in samples of Aβ fibrils mixed with αS 

oligomers or fibrils were not similar in morphology to Aβ (Fig. 3C-D). This observation 

might reflect either αS-induced morphology changes and/or the low abundance of Aβ fibrils 

on TEM. Interestingly, unlike the αS oligomer only samples, αS oligomers were lost to 

insoluble aggregates in the presence of Aβ fibrils during the incubation (Fig. 3E-F; middle 

panel), suggesting that Aβ fibrils induced fibrillization of αS oligomers.

Data on the overall impact of αS on Aβ aggregation are summarized in Table 1.

Binding between Aβ and αS

To decipher the Aβ region that might interact directly with αS, a competitive binding dot 

blot assay with Aβ sequence-specific antibodies was performed (see Figs. 4 and S10). In this 

experiment, Aβ was mixed with excess αS at a 1:10 ratio to ensure that most of the Aβ is 

bound to αS, if there is an interaction. Aβ, αS, and the mixtures of their respective 

aggregation states were dotted on membranes, and then incubated with Aβ sequence-specific 

antibodies to varying epitopes on Aβ. The panel of antibodies was carefully chosen to 

comprehensively evaluate parts of the Aβ sequence involved in αS binding, and included 

6E10 (for Aβ1-16), 4G8 (for Aβ17-22), anti-Aβ (22-35) (for Aβ22-35) and 5C3 (for 

Aβ32-40). If αS binds to Aβ in a given location, the antibody will be hindered from binding, 

leading to a reduced or no signal on the membrane. As desired, the four antibodies were 

bound to Aβ, but not to αS (Fig. S10). While the antibody 4G8 was previously shown to 

bind to αS fibrils prepared by incubation of αS in water,77 no such binding was observed in 

our study, suggesting that the discrepancy might result from different incubation conditions 

to prepare αS fibrils.

By analyzing the membranes, most of the interactions with αS were found to occur at 

Aβ32-40, which is the C-terminus of Aβ, rather than the other parts of Aβ (Fig. 4A-D). 

Specifically, our competitive binding assay results indicate that binding of antibody 5C3 to 

the C-terminus of Aβ in monomeric or oligomeric states was significantly weakened with 

αS monomers or αS oligomers present (see intersections between the first two columns and 

rows in Fig. 4D); in contrast, there was no such interference for 6E10, 4G8 and anti-Aβ 
(22-35) antibodies (see intersections between the first two columns and rows in Fig. 4A-C).

Thus, binding interactions occurring at the Aβ C-terminus mediate promotion of Aβ 
oligomerization and stabilization of Aβ oligomers by soluble αS (i.e., monomers and 

oligomers) as described above. The detected binding between Aβ and αS soluble species 

(i.e., monomers and oligomers) is consistent with a view that the overlapping oligomeric 

bands on native-PAGE (Figs. 1F and 2F; left and middle panels), another manifestation of 

the interactions, represent co-assembled oligomers consisting of Aβ and αS.

The competitive binding assay also provides evidence for binding of Aβ in all three 

aggregation forms to αS fibrils via the Aβ C-terminus (Fig. 4D). Note no notable change in 

ThT fluorescence and/or morphology of αS fibrils when mixed with Aβ monomers and 

oligomers (Figs. S7B, 1A, 1D, 2A and 2D). This is presumably because most αS molecules 
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are buried inside in a fibrillar state, leaving only a small fraction available for interaction 

with Aβ soluble species. Interactions between Aβ and αS fibrils also occurs primarily via 

the Aβ C-terminus (Fig. 4D), but a part of Aβ22-35 is also likely involved, as judged by the 

competitive binding assay (Fig. 4C).

Interestingly, no direct binding between fibrillar Aβ and oligomeric αS species was detected 

in the competitive binding assay (Fig. 4), despite the observed facilitation of αS oligomer 

aggregation by Aβ fibrils (Fig. 3E-F; middle panel). One possible explanation for this 

seeming inconsistency is that interaction of αS oligomers with Aβ fibrils may occur across 

multiple Aβ molecules constituting fibrils, as is the case for other small Aβ fibril binders,78 

rather than consecutive amino acids in a single Aβ chain. Alternatively, Aβ fibrils might 

induce conversion of αS oligomers to insoluble aggregates as a catalytic surface without 

strong binding, as they do with Aβ oligomers.79 Our observation that the Aβ C-terminus was 

primarily utilized for interaction between αS fibrils and soluble (i.e., monomeric and 

oligomeric) Aβ species, but not between Aβ fibrils and soluble αS species, might be related 

to a difference in cross-seeding effects of the two fibrils.51

We also carried out similar competitive binding assays with mixtures at a high concentration 

ratio of Aβ to αS using αS sequence-specific antibodies, which recognizes αS2-24, 

αS61-95, αS121-125 and αS112-140, respectively. Though no significant binding inhibition 

was observed from the experiments (data not shown), the study was limited by the rather 

long antibody epitopes or incomplete coverage of αS. We also attempted to examine 

interactions between soluble species of Aβ and αS using CD; however, the CD spectra of 

the mixtures were similar to sum of those for unmixed Aβ and αS with our incubation 

condition and concentrations (data not shown), and so were not analyzed further.

DISCUSSION

These studies show for the first time that soluble αS species, including αS monomers and 

oligomers, inhibit the fibrillization of Aβ monomers and oligomers. Additionally, the data 

indicate that the αS species promote Aβ oligomerization and stabilized pre-formed Aβ 
oligomers by co-assembly with Aβ. By contrast, when αS fibrils were mixed with the Aβ 
species, no such effect was realized. Indeed, no significant dissociation of Aβ fibrils to 

oligomers was observed in the presence of αS monomers and oligomers, indicating that the 

co-oligomerization requires both Aβ and αS to be soluble. Although our study does not 

provide direct evidence of strong binding between Aβ fibrils and αS soluble species (Fig. 4), 

we did find interactions between the two for αS oligomers (Fig. 3E-F; middle panels), and 

previous studies have provided evidence for αS monomers.51 Indeed, Aβ in all three forms, 

including fibrils, can be incorporated into αS fibrils, indicated by results from competitive 

binding immunoassays. It is interesting to note that incorporation of Aβ into αS fibrils and 

vice versa, when determined by ThT fluorescence, was relatively minor or slow compared to 

co-assembled oligomerization under most circumstances in our study. This finding may be 

associated with a difference in concentrations of monomeric units, depending on their 

aggregation states, exposed and available for the co-assembly. The implication is that cross-

interaction might occur more drastically for formation of small, soluble rather than large, 
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insoluble aggregates, as is the case with co-assembly of two different Aβ isoforms.80 Effects 

of αS on Aβ aggregation are summarized in Fig. 5.

According to our competitive binding assay, interactions between Aβ and αS, including 

those inhibiting Aβ fibrilization, are mediated primarily through the C-terminus of Aβ. The 

result is consistent with previous data showing that soluble αS can bind to Aβ1-38, but not 

Aβ1-28.46 Evidence in the literature also suggests that the C-terminus is critical in 

fibrillization of Aβ and Aβ fragments.46, 52, 81 Our immunoassay data indicate the C-

terminus is exposed in all three forms of Aβ for binding to antibodies (Fig. S10D), although 

possibly to different extents. The Aβ C-terminus may readily serve as the site for formation 

of fibrillar nuclei, as well as additional Aβ binding during fibrillization. Thus, αS binding at 

the C-terminus of Aβ may interfere with Aβ fibril formation. In addition, the Aβ C-terminus 

could be directly involved in αS binding, which leads to co-assembly into stable oligomers, 

likely those kinetically trapped from further aggregation into fibrils. While exact locations 

on αS for interaction with the Aβ C-terminus are currently unknown, the αS sites are likely 

to be hydrophobic given that the Aβ C-terminus contains primarily hydrophobic residues 

without any charged ones. Computational modeling has also identified hydrophobic 

interactions important in association between Aβ and αS.48 In addition, the Aβ C-terminus 

might interact with at least a portion of αS N- or C-termini,49 because these Aβ and αS 

fragments display high probabilistic sequence consistency.39 In particular, Aβ binding to the 

C-terminus of αS may have direct biological consequences in PD, as this αS region is a key 

domain in modulation of αS aggregation-related pathology.82 We did not attempt to 

determine Aβ binding sites on αS using αS fragments as competitive inhibitors because of 

previously reported differences between the molecular behavior of αS and its fragments on 

Aβ aggregation.52

The data reported here demonstrate that αS must be in a soluble form to exert modulatory 

effects on Aβ aggregation. Interestingly, αS oligomers appeared to be more effective 

modulators than were αS monomers. The difference may be, at least in part, of structural 

origin. For example, the Aβ and αS oligomers tested were β-sheet structured, whereas their 

monomers were structurally disordered (Fig. S4). As such, interaction with Aβ oligomers 

might be energetically favored for αS oligomers over αS monomers. Alternatively, the 

presence of multiple αS chains in close proximity in oligomeric states (i.e., multivalency) 

might make αS oligomers more effective than monomers for modulation of Aβ aggregation. 

Multivalent interactions collectively can be stronger than the corresponding monovalent 

interactions.83 In particular, multivalent rather than monovalent interactions should be 

preferred for binding to Aβ multimers, such as oligomers, due to the high degeneracy of 

bound states.83 While both Aβ and αS oligomers are rich in β-sheets, they differ in terms of 

ThT fluorescence. In the present studies, Aβ oligomers displayed ThT fluorescence intensity 

more than 10 times greater than αS oligomers, when the data (Figs. S3A and S7A) were 

normalized by monomer-equivalent concentration, suggesting a difference in local structure 

and amino acid composition of their ThT binding sites. Notably, ThT fluorescence of 

mixtures containing Aβ and αS oligomers remained at a similar level during incubation as 

fresh Aβ oligomers (Fig. 2A), suggesting that structural features of Aβ oligomers might be 

kept mostly intact upon interaction with αS oligomers, which was also supported by the A11 

dot blot assay result (Fig. S6D).
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Our results on Aβ-αS interactions has significant biological implications in the pathology of 

AD and PD as well as DLB and PDD, in which overlapping symptoms of AD and PD have 

been identified.32-34 In particular, promotion of Aβ oligomerization and stabilization of Aβ 
oligomers by soluble αS species – a synergistic mechanism to produce oligomeric agents – 

could have common biological consequences in AD, PD, DLB and PDD, given that 

oligomers of both species, particularly those rich in β-sheets, are neurotoxic.13, 16-18, 27-29 

This mechanism could explain the observed acceleration of AD-related cognitive decline by 

αS without enhancing the extracellular deposition of Aβ fibrillar plaques.37 In particular, we 

show that αS oligomers at 17 μM (close to physiological concentrations) were effective for 

inducing Aβ to form oligomers in vitro, indicating that preformed αS oligomers might act as 

seeds to facilitate oligomerization of Aβ at low concentrations in vivo. Once formed, 

oligomers are kinetically stable even at sub-micromolar concentrations.63 Compared to 

individual oligomers, co-assembled oligomers may more readily escape from cellular 

clearance machinery by shielding proteolytic sites and, thus, make proteolysis less efficient.
53 Assuming that co-assembled oligomers rather than fibrils are toxic, interactions between 

Aβ and αS may play either a toxic or protective role depending on their respective 

aggregation states before binding. Recent evidence supports both intracellular and 

extracellular Aβ-αS interactions.44 In particular, αS can be taken up by or secreted from 

both neuronal and non-neuronal cells.45 It would be interesting, therefore, to study whether 

αS soluble species might promote Aβ oligomerization, and also serve as a carrier for the 

resulting oligomers in a biological context. Due to concentrating effects,60 intracellular 

rather than extracellular Aβ-αS interactions (e.g., those in vesicles rather than extracellular 

fluid) can promote oligomerization more drastically, which may otherwise be kinetically and 

thermodynamically unfavorable at low concentrations.62 An additional study with Aβ and 

αS variants in the presence of membranes will further elucidate the impact of sequence 

variation and local environment on Aβ-αS interactions. Lastly, the pathological synergy 

between Aβ and αS could be applicable for other amyloid proteins, including tau and islet 

amyloid polypeptide, which are also associated with AD and PD,36, 84 thereby extending the 

potential impact of the interactions reported here.
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Aβ β-amyloid

AD Alzheimer’s disease
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APP amyloid precursor protein

αS α-synuclein

CD circular dichroism

CF correction factor

DLB dementia with Lewy body disease

DOL degree of labeling

HFIP hexafluoroisopropanol

IPTG isopropyl-β-ᴅ−1-galactopyranoside

LB Lewy bodies

NAC non-amyloid component

PAGE polyacrylamide gel electrophoresis

PBSA phosphate buffered saline with azide

PD Parkinson’s disease

PDD Parkinson’s disease with dementia

SDS sodium dodecyl sulfate

TEM transmission electron microscopy

ThT Thioflavin T
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Figure 1. 
Characterizations of Aβ monomers (M) mixed with αS monomers (M), αS oligomers (O) or 

αS fibrils (F) incubated for 7 days at 37 °C, as examined by (A) ThT fluorescence, (B-D) 

TEM, and (E-F) in-gel fluorescence imaging of (E) SDS-PAGE and (F) native-PAGE. In (A-

F), the concentration of Aβ monomers was 70 μM. The concentrations of αS monomers and 

αS fibrils were 350 μM and that of αS oligomers was 17 μM. Concentrations of oligomers 

and fibrils were monomer-equivalent concentrations. In (A), the data on Aβ monomers 

mixed with αS monomers (filled red diamonds), αS oligomers (filled blue triangles) and αS 

fibrils (filled gray circles) are shown along with those on αS monomers alone (empty red 

diamonds), αS oligomers alone (empty blue triangles) and αS fibrils alone (empty gray 

circles) taken from Figure S7A. The data on Aβ monomers alone (filled black squares) taken 

from Figure S3A are also shown for comparison. Error bars: 1 standard deviation of 

triplicates. In (B-D), representative TEM images of mixtures containing (B) Aβ monomers 

and αS monomers, (C) Aβ monomers and αS oligomers and (D) Aβ monomers and αS 

fibrils are shown with scale bars of 200 nm. In (E-F), samples contained HiLyte Fluor 488-

labeled Aβ (green) and Alexa Fluor 647-labeled αS (red). Each panel was taken from a 

bigger gel image (see Figure S5) and reassembled for better presentation. In (E), T: total 

fraction and S: soluble fraction. In (F), the images in the right provide brighter upper 

portions of the native-PAGE gels – enclosed by a blue box in the left – obtained by 
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renormalizing the brightness from the monomer to the oligomer bands, which often 

contained lower percentages of fluorophores. G: green channel and R: red channel.
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Figure 2. 
Characterizations of Aβ oligomers (O) mixed with αS monomers (M), αS oligomers (O) or 

αS fibrils (F) incubated for 7 days at 37 °C, as examined by (A) ThT fluorescence, (B-D) 

TEM, and (E-F) in-gel fluorescence imaging of (E) SDS-PAGE and (F) native-PAGE. In (A-

F), the concentration of Aβ oligomers was 70 μM. The concentrations of αS monomers and 

αS fibrils were 350 μM and that of αS oligomers was 17 μM. Concentrations of oligomers 

and fibrils were monomer-equivalent concentrations. In (A), the data on Aβ oligomers 

mixed with αS monomers (filled red diamonds), αS oligomers (filled blue triangles) and αS 

fibrils (filled gray circles) are shown along with those on αS monomers alone (empty red 

diamonds), αS oligomers alone (empty blue triangles) and αS fibrils alone (empty gray 

circles) taken from Figure S7A. The data on Aβ oligomers alone (filled black squares) taken 

from Figure S3A are also shown for comparison. Error bars: 1 standard deviation of 

triplicates. In (B-D), representative TEM images of mixtures containing (B) Aβ oligomers 

and αS monomers, (C) Aβ oligomers and αS oligomers and (D) Aβ oligomers and αS 

fibrils are shown with scale bars of 200 nm. In (E-F), samples contained HiLyte Fluor 488-

labeled Aβ (green) and Alexa Fluor 647-labeled αS (red). Each panel was taken from a 

bigger gel image (see Figure S5) and reassembled for better presentation. In (E), T: total 

fraction and S: soluble fraction. In (F), the images in the right provide brighter upper 

portions of the native-PAGE gels – enclosed by a blue box in the left – obtained by 
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renormalizing the brightness from the monomer to the oligomer bands, which often 

contained lower percentages of fluorophores. G: green channel and R: red channel.
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Figure 3. 
Characterizations of Aβ fibrils (F) mixed with αS monomers (M), αS oligomers (O) or αS 

fibrils (F) incubated for 7 days at 37 °C, as examined by (A) ThT fluorescence, (B-D) TEM, 

and (E-F) in-gel fluorescence imaging of (E) SDS-PAGE and (F) native-PAGE. In (A-F), the 

concentration of Aβ fibrils was 70 μM. The concentrations of αS monomers and αS fibrils 

were 350 μM and that of αS oligomers was 17 μM. Concentrations of oligomers and fibrils 

were monomer-equivalent concentrations. In (A), the data on Aβ fibrils mixed with αS 

monomers (filled red diamonds), αS oligomers (filled blue triangles) and αS fibrils (filled 

gray circles) are shown along with those on αS monomers alone (empty red diamonds), αS 

oligomers alone (empty blue triangles) and αS fibrils alone (empty gray circles) taken from 

Figure S7A. The data on Aβ fibrils alone (filled black squares) taken from Figure S3A are 

also shown for comparison. Error bars: 1 standard deviation of triplicates. In (B-D), 

representative TEM images of mixtures containing (B) Aβ fibrils and αS monomers, (C) Aβ 
fibrils and αS oligomers and (D) Aβ fibrils and αS fibrils are shown with scale bars of 200 

nm. In (E-F), samples contained HiLyte Fluor 488-labeled Aβ (green) and Alexa Fluor 647-

labeled αS (red). Each panel was taken from a bigger gel image (see Figure S5) and 

reassembled for better presentation. In (E), T: total fraction and S: soluble fraction. In (F), 

the images in the right provide brighter upper portions of the native-PAGE gels – enclosed 

by a blue box in the left – obtained by renormalizing the brightness from the monomer to the 
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oligomer bands, which often contained lower percentages of fluorophores. G: green channel 

and R: red channel.
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Figure 4. 
Competitive binding dot blot assay using Aβ sequence-specific antibodies of (A) 6E10 

recognizing Aβ1-16, (B) 4G8 recognizing Aβ17-22, (C) Anti-Aβ (22-35) recognizing 

Aβ22-35, and (D) 5C3 recognizing Aβ32-40 of Aβ monomers (top row), Aβ oligomers 

(middle row), and Aβ fibrils (bottom row) mixed with αS monomers (left column), αS 

oligomers (middle column), and αS fibrils (right column). M, O and F represent monomers, 

oligomers and fibrils, respectively.
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Figure 5. 
Summary of experimental findings described in this study. Aβ monomers self-assemble into 

Aβ oligomers, which then further aggregate to form Aβ fibrils. Addition of αS soluble 

species (i.e., monomers and oligomers) promotes oligomerization of Aβ monomers and 

stabilizes pre-formed Aβ oligomers via co-assembly. Monomeric, oligomeric and fibrillar 

forms of Aβ can be incorporated to αS fibrils. M, O and F represent monomers, oligomers 

and fibrils, respectively.
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Table 1.

Summary of the effects of αS on the aggregation of Aβ

Sample The major aggregate species observed
after 7 day incubation

Aβ M

only Insoluble fibrils

+ αS M Soluble oligomers

+ αS O Soluble oligomers

+ αS F Insoluble fibrils

Aβ O

only Insoluble fibrils

+ αS M Soluble oligomers

+ αS O Soluble oligomers

+ αS F Insoluble fibrils

Aβ F

only Insoluble fibrils

+ αS M Insoluble fibrils

+ αS O Insoluble fibrils

+ αS F Insoluble fibrils

M, O and F represent monomers, oligomers and fibrils, respectively.
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