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Abstract

The intrinsically disordered protein β-synuclein is known to inhibit the aggregation of its 

intrinsically disordered homologue, α-synuclein, which is implicated in Parkinson’s disease. 

While β-synuclein itself does not form fibrils at the cytoplasmic pH 7.4, alteration of pH and other 

environmental perturbations are known to induce its fibrilization. However, the sequence and 

structural determinants of β-synuclein inhibition and self-aggregation are not well understood. We 

have utilized a series of domain-swapped chimeras of α-synuclein and β-synuclein to probe the 

relative contributions of the N-terminal, C-terminal and the central Non-Amyloid-β Component 

(NAC) domains to the inhibition of α-synuclein aggregation. Changes in the rates of α-synuclein 

fibril formation in the presence of the chimeras indicate that the NAC domain is the primary 

determinant of self-association leading to fibril formation, while the N- and C-terminal domains 

play critical roles in the fibril inhibition process. Our data provide evidence that all three domains 

of β-synuclein together contribute to providing effective inhibition, and support a model of 

transient, multi-pronged interactions between IDP chains in both processes. Inclusion of such 

multi-site inhibitory interactions spread over the length of synuclein chains may be critical for the 

development of therapeutics that are designed to mimic the inhibitory effects of β-synuclein.
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1. Introduction

Intrinsically disorder proteins (IDPs) lack stable secondary or tertiary structure, yet are 

important for many biological processes, such as intra-cellular and inter-cellular signaling 

and transcription regulation [1–3]. Much work has been done to try to describe the 

conformations of IDPs, which exist as ensembles of interconverting conformers, through a 

variety of techniques including nuclear magnetic resonance (NMR) spectroscopy, single-

molecule fluorescence, small-angle scattering, and molecular dynamics computational 

modeling [4–12]. Beyond their natural physiological functions, IDPs have also been 

implicated in the progression of several debilitating illnesses, such as Alzheimer’s, 

Parkinson’s, and prion diseases, through a mechanism of self-association to form toxic 

oligomers and amyloid fibrils that accumulate in the brain [1, 13, 14]. Due to their 

conformational heterogeneity and dynamics, IDPs are also difficult drug targets, and few 

promising therapeutic strategies against neurodegenerative diseases involve binding to IDPs 

[15, 16]. One reason for the lack of effective drugs that target aberrant IDP self-association 

is that design strategies that are typically applied to folded proteins are challenging to 

implement in the context of dynamic IDP ensembles [16].

The 140-amino acid α-synuclein (αS) is a monomeric, intrinsically disordered protein that is 

involved in the progression of Parkinson’s disease, with a physiological function that is not 

yet fully understood [17–19]. It self-associates and eventually forms insoluble fibrils of 

parallel, in-register, β-sheet structure [20–23] which form Lewy Bodies (LBs), a 

pathophysiological hallmark of the disease progression [24]. It can also adopt a partial 

helical structure in the presence of a membrane [25, 26]. The mechanism by which αS self-

associates has been extensively investigated [27–37], yet effective therapeutic strategies that 

inhibit αS aggregation processes and prevent the progression of Parkinson’s disease do not 

exist to date. However, several small molecules that interact with αS and alter the 

aggregation process, including phthalocyanine tetrasulfonates [38], epigallocatechin gallate 

[39], N-(4-Fluorophenyl)benzenesulfonamide [40], curcumin [41], CLR01 [42], gallic acid 

[43], and nortriptyline [44] have been identified. Another approach shown to modulate 

aggregation behavior of αS and other IDPs is to use immuno-based therapies of natural or 

designed antibodies ([45–47], also see reviews [48, 49]).

β-Synuclein (βS), an intrinsically disordered protein that co-localizes with αS [19], has been 

suggested to be a ‘natural inhibitor’ of αS aggregation [50]. It is a homologous, 134-amino 

acid IDP that is expressed at similar levels to αS, and has been shown in vitro to delay 

aggregation, and in vivo animal studies to diminish inclusion body formation [18, 27, 29, 

50–52]. We have recently shown that while αS forms fibrils under neutral physiological 

conditions, βS does not, and only forms fibrils under mildly acidic conditions [53]. Other 

studies have also shown that βS forms fibrils under altered environmental conditions [27, 
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54]. Given the observed co-localization of βS and αS in vivo, an interesting therapeutic 

alternative may be to directly target the disease-associated αS IDP with its βS IDP partner, 

as a means to address the issue of targeting the natural plasticity of IDP ensembles. Proposed 

mechanisms for how βS delays fibril formation of αS include early-stage inhibitory head-to-

tail interactions between αS and βS monomers [29, 55], and/or late-stage competitive βS 

binding to secondary nucleation sites [52]. However, effective therapeutic strategies require 

a deeper understanding of the molecular basis of αS self-aggregation versus αS/βS co-

aggregation, and in particular, elucidation of the sequence regions that direct self-versus co-

aggregation.

In the current work, we probe the contributions of different sequence regions (three 

domains) of βS towards the interaction with, and inhibition of, αS fibril formation. We 

previously developed a library of αS/βS domain-swapped chimeras [53]. Comparison of the 

rates of fibril formation by these chimeric constructs with and without co-incubation with 

αS allows the delineation of the contribution of the three synuclein domains to self-

association and fibrilization inhibition. We find that αS self-fibrilization is directed primarily 

by its central NAC domain, whereas inhibition by the highly homologous βS requires all 

three domains of βS. Thus, molecular design strategies that seek to mimic βS-based 

inhibition may require inclusion of similar multi-pronged interactions spread over the entire 

IDP chain for effective inhibition.

2. Results

The synuclein family of proteins are composed of three domains: a 60-residue N-terminal 

domain, a 24–35 residue NAC domain, and a 31–50 residue C-terminal domain. The N-

terminus is highly conserved between αS and βS, with only 6 amino acid differences (Fig. 

1a). The NAC domain forms the hydrophobic core of each synuclein, with the largest 

difference being that the βS NAC is 11 residues shorter than αS. The C-terminal domain is 

the least conserved between αS and βS, but share similar characteristics, with both being 

comparatively more acidic and proline-rich than the N and NAC domains. In the remainder 

of this work, we use a system of XXX to define the domains (Fig. 1a) of each synuclein 

chimera, where each X indicates either an αS-domain (A) or a βS-domain (B), with the 

domains specified in a N-terminal, NAC, and C-terminal order. For example, BAA refers to 

a chimera with an N-terminal βS-domain sequence, a NAC αS-domain sequence and a C-

terminal αS-domain sequence. The AAA or BBB chimeras refer to the wild-type αS or βS 

respectively.

Chimeras of αS and βS Exist as Intrinsically Disordered Proteins

To assess whether the domain swapped chimeras maintain the identity of an unfolded, 

intrinsically disordered protein, we measured the 1H-15N HSQC spectrum of each chimera 

and compared them to the HSQC spectra of WT αS and βS. Full backbone assignments of 

αS and βS have been performed previously [56, 57], and both spectra show the sharp peaks 

and a narrow chemical shift distribution characteristic of an IDP (Fig. 1b). The 6 domain-

swapped chimeras all show the same spectral characteristics as the wild-type synucleins, 

confirming that they also exist as intrinsically disordered ensembles in solution. The 
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chimeras all show minimal chemical shift perturbations relative to their respective domains 

from the wild-type AAA and BBB proteins, suggesting that they may retain some of the 

conformational characteristics of these αS and βS ensembles, but further analysis of the 

motion and dynamics of the chimeras is needed for detailed comparison between these 

disordered proteins.

Co-incubation of αS with βS NAC Domain-Containing Chimera Delays αS Aggregation

We utilized a thioflavin T (ThT) fluorescence assay to monitor the amyloid fibril formation 

rates in order to determine the fibril formation propensities and inhibitory potential of the 

chimeras. Our ThT fluorescence assays were performed under conditions of constant 

agitation, which promotes fragmentation of fibrils and aggregates, a mechanism that 

contributes to an accelerated fibril formation fluorescence profile relative to non-seeded 

fibrilization under quiescent conditions [28, 58]. Our previous work showed that the NAC 

domain was the primary determinant of self-aggregation of synuclein constructs: XBX 

chimeras did not form fibrils at pH 7.3, whereas XAX chimeras formed fibrils at the same 

pH [53]. To determine the contributions of the three βS domains to inhibition, we 

investigated the ability of βS NAC-domain containing chimeras (XBX) to affect αS fibril 

formation when present in a 5:1 stoichiometric excess (chimera : αS) under aggregation 

promoting conditions. We chose to use a 5-fold excess of chimera in our assays since 

previous work had shown that this ratio provides a maximal effect on modulating fibril 

formation behavior [29], and would provide the best chance to distinguish differences 

between the chimeras. The ThT fluorescence curves of amyloid fibril formation follow the 

form of a general logistic function, and have three parts: a lag phase, a growth phase, and an 

equilibrium phase. The lag phase can be described by a lag time (tlag), which is a reflection 

of the rate of the initial nucleation of monomers to form growth competent aggregates and 

eventually ThT active amyloid fibrils. The growth phase generally describes the rate of fibril 

elongation, as monomers are added to the ends of existing fibrils, which allows for more 

ThT binding and fluorescence. The maximal ThT fluorescence intensity at the plateau is 

proportional to the amount of amyloid fibrils formed as the fibril formation reaction reaches 

equilibrium. However, because of the variability of the absolute fluorescence intensities due 

to the differential ThT binding to the various chimeras, we chose to normalize the ThT 

curves to the maximal intensity and observe the lag times of fibril formation. Thioflavin T 

fluorescence curves show varying degrees of inhibition of fibril formation by XBX chimeras 

co-incubated with WT αS at neutral pH (Fig. 2a, red), conditions under which XBX 

chimeras do not form fibrils (Fig. 2a, black). The WT βS (BBB) construct appears to be the 

best inhibitor as indicated by the largest difference in lag time (Δtlag approximately 9 hours) 

for fibril formation under the conditions of our assay. Mixtures of αS with constructs BBA, 

ABA and ABB, in contrast, feature shorter lag times (Δtlag time between 3–5 hours), 

indicating that while the presence of βS NAC domain is still inhibitory, the identity of 

flanking domains modulates the inhibitory ability of the chimeric protein. Notably, the 

ability of βS-NAC containing constructs to inhibit fibril formation is retained at pH 5.8, 

where these constructs also form fibrils (with relatively longer tlag compared to αS). At both 

pH values the BBB construct is consistently a robust inhibitor of αS aggregation, indicating 

that all three βS domains contribute to the inhibitory potential of βS.

Williams et al. Page 4

J Mol Biol. Author manuscript; available in PMC 2019 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



As all co-incubated mixtures eventually formed fibrils (as evidenced by saturation of ThT 

fluorescence), we investigated the incorporation of the inhibitor constructs in the fibrils by 

mass spectrometry. Strikingly, BBB and other XBX chimera were sparingly incorporated in 

the fibrils (Table 1) in spite of initially being present in 5:1 (chimera : αS) excess. Taken 

together, lag times and mass spectrometry results indicate that interactions between αS and 

βS-NAC containing chimeras (and WT βS) compete with the fibrilization-promoting self-

interactions between αS chains.

Inhibitory Potential of the βS N-Terminal and C-Terminal Domains

To delineate the contribution of synuclein N- and C-terminal domains to amyloid formation, 

we next investigated the inhibitory ability of XAX chimeras on αS fibril formation with 

identical experimental conditions under which the βS-NAC domain containing constructs act 

as inhibitors. As these constructs themselves form fibrils (Fig. 2b, black), albeit with longer 

tlag compared to αS, two-plateau ThT-fluorescence curves are expected if self-interactions 

dominate over chimera-αS interactions. On the other hand, if significant chimera-αS 

interactions exist, a single-plateau is expected in the ThT-fluorescence curves. Indeed, we 

observed single plateau fluorescence curves of XAX chimeras, indicating the presence of 

significant chimera-αS interactions in the mixtures.

Further examination of the fibril formation rates at pH 7.3 reveals that for all αS-chimera 

mixtures, tlag either decreases or stays the same relative to the tlag of chimera self-incubation 

(Fig. 2, 3a). For example, the co-incubated AAB chimera has a significantly shorter tlag, 

decreasing by 11 hrs from the self-incubated state (Fig. 2b). In stark contrast, the BAB 

chimera shows the greatest resistance to fibril formation in the presence of αS with an 

apparent tlag that is approximately equal to its self-association. Thus, while the presence of 

αS NAC domain promotes fibril formation in the presence of at least one other αS domain, 

the presence of two flanking βS domains (BAB) is sufficient to overcome the effect of αS-

NAC domain. These results highlight the significant inhibitory potential of βS N- and C-

terminal domains especially when both are simultaneously present in the inhibitor IDP.

At pH 5.8, the ThT fluorescence profiles of the mixtures of αS and XAX chimeras are very 

similar to those observed for the chimeras and αS individually (Fig. S1), and there is little 

difference in the tlag between the self-incubated and co-incubated assays (Fig. 3b). Thus, the 

inhibitory potential of the BAB chimera is significantly diminished under mildly acidic 

conditions, and fibril-promoting interactions induced by the αS NAC domain, a well-known 

determinant of αS aggregation [32, 53], prevail over inhibitory ones. As such, at low pH, 

Δtlag times follow a NAC-determined dichotomy, with the XAX chimeras showing 

essentially no effect while the XBX chimeras show a 4–5 hour increase in tlag. These trends 

are also reflected in the relative amounts of the chimeric protein detected in the fibrils by 

mass spectrometry. At neutral pH, the XAX chimeras are detected as being in near-

stoichiometric excess over αS in the fibrils, in contrast with fibrils obtained from mixtures 

of αS with the XBX chimeras where αS is in excess. The XAX chimeras, as well as the 

ABB chimera, are obtained in stoichiometric ratios in fibrils formed by mixtures at pH 5.8, 

where fibrilization of the chimeras is induced by αS. Taken together, results obtained with 
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XAX chimeras highlight how N-terminal and C-terminal domains of βS contribute to 

fibrilization inhibition.

Co-Incubated βS E61A Shows a Large Increase in Lag Time

At pH 7.3, the BAB construct leads to the longest delay in αS fibril formation under co-

incubation conditions, but the fibril formation rates of the αS-ΒΑΒ mixture closely follow 

that of BAB self-aggregation. To investigate the relationship between self-aggregation and 

inhibitory potential, we next utilized a βS variant with a single substitution in the NAC 

domain, E61A. This substitution at the interface between the N-terminal and NAC domains 

in βS, renders its fibril formation insensitive to environmental pH: WT βS does not form 

fibrils at neutral pH, but βS E61A does so at a rate similar to WT αS (Fig. 4a) [53]. Thus, 

we reasoned that the inhibitory behavior of βS E61A, with a self-fibrilization-promoting αS-

like NAC domain, should allow the delineation of the relationship between inhibitory 

potential and self-associated fibril formation. If inhibition by a variant is largely a reflection 

of its own fibril formation propensity, a mixture of βS E61A and αS should show a small 

(αS-like) tlag. On the other hand, if inhibition and self-association are decoupled, given the 

high similarity between βS E61A and the BBB construct, a long tlag (indicative of 

inhibition) is expected. Indeed, when βS E61A is co-incubated with WT αS at pH 7.3, the 

resulting ThT fluorescence curve has a tlag comparable to both co-incubated BBB and BAB 

chimeras (Fig. 4b), and shows the largest increase in tlag (~9 hrs) between self-incubated and 

co-incubated mixtures of any of the protein constructs observed here (Fig. 3a). The Δtlag 

time shows a comparable increase on par with BBB, however the fluorescence curves show 

more complex behavior relative to BBB (Fig. 4b). The increase in Δtlag of βS E61A, along 

with that of BAB and BBB, further supports the view that the N- and C-terminal regions 

enhance the inhibition potential independent of the fibril formation propensity of the 

chimeric inhibitor.

Fibril Morphologies of Co-Incubated Chimeras from AFM

Atomic force microscopy (AFM) was used to gather information on the overall morphology 

of the mature fibrils formed at the end points of the ThT assays. The representative AFM 

images (Fig. S2) show that BBB, ABB and ABA co-incubated fibrils at pH 7.3 have a 

similar morphology to the control AAA, with long fibrils which are not clumped together. In 

contrast, the AAB, BAA, BAB, and BBA co-incubated fibrils show long fibril morphologies 

that are clumped together.

At low pH (Fig. S3), the control AAA fibrils are much shorter and more clumped relative to 

the high pH AAA image, as observed previously [53]. The fibrils formed by AAB and BBA 

chimeras co-incubated with αS share a similar morphology as the low pH AAA. In contrast, 

the BAA and ABA co-incubated chimeras show only globular oligomeric species under 

AFM. The observed ThT intensity increases for these samples (Fig. S1) indicate that these 

globular oligomeric species are likely composed of non-fibrillar aggregates that retain the 

ability to bind ThT [59, 60], or that the fibrils present in the sample did not adhere to the 

mica surface. AFM images of the ABB co-incubated sample shows both long, thin fibrils as 

well as globular oligomeric species, while the BBB and BAB co-incubated samples share 

similar morphology to the BBB pH 7.3 co-incubated fibrils.
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These AFM imaged fibril morphologies correlate with the amount of chimera retained in the 

mature co-incubated fibril at pH 7.3; the appearance of smaller fibrils, oligomers, and more 

fibril clumping roughly correlate with chimeras being retained at ratios greater than or equal 

to 50% (Table 1). However, co-incubated fibril morphology does not seem to indicate the 

ability of a chimera to inhibit αS aggregation, since BBB and BAB have distinctly different 

morphologies yet share a similar tlag in the pH 7.3 ThT assays.

3. Discussion

Previous studies have shown that the IDP βS interacts with its close homolog αS and is 

capable of delaying or preventing αS fibril formation both in vitro and in vivo. However, the 

molecular-level determinants of the inhibition by βS are not well understood. Unlike folded 

protein-protein interactions that are determined by select “hot-spot” residues (which 

contribute disproportionately to the binding free energy [61]), IDP-based protein-protein 

interactions are generally spread over stretches of contiguous residues, and determined 

primarily by composition of these segmental domains [62]. The importance of determining 

the sequence regions that mediate protein-protein interactions has been highlighted in other 

investigations of the islet-amyloid polypeptide (IAPP) [63–66], β2-microglobulin [67, 68], 

and tau and Αβ peptides from Alzheimer’s disease [66, 69, 70], where co-polymerization 

between distinct species can have drastic effects on aggregation [71]. Therefore, we used 

αS/βS chimeric constructs and the E61A βS variant to probe the determinants of the 

observed inhibition of αS fibril formation by βS. Our results enable the delineation of the 

contribution of the three βS domains to its inhibitory effects, and provide support for a 

model in which fibrilization of αS (or chimeric constructs) and its inhibition by βS (or 

chimeric constructs) involves a balance between homotypic self-association and heterotypic 

co-association between IDP chains, both on- and off- the fibril formation pathway (Fig. 5a). 

At physiological pH, the self-associated fibril formation propensities of chimeric constructs 

are primarily determined by their NAC domains, with constructs containing βS NAC 

domains being largely resistant to forming fibrils, while constructs with αS NAC domains 

are prone to fibril formation. However, the inhibition potential of different chimeric 

constructs is determined to a large extent by the presence of βS N-terminal and C-terminal 

domains as evidenced by (1) the largest tlag being observed for mixtures of BBB and BAB 

chimera with αS, and that (2) the βS E61A mutant, which has an altered, self-fibrilization 

promoting NAC domain but wild type N- and C-terminal domains, continues to be a robust 

inhibitor of αS fibrilization. A comparison of the effects of single-domain swaps in the N-

terminal and C-terminal domains (Fig. 5b) relative to a fixed NAC domain indicates that the 

contribution of each domain is context-dependent, and the greatest inhibitory potential is 

observed for constructs featuring both these domains simultaneously (BAB and BBB), 

suggesting that their effects may be cooperative. While the NAC domain appears to 

primarily determine self-association propensity, it also determines the amount of chimeric 

proteins incorporated in the mature fibrils. Chimeras featuring a βS NAC domain are 

significantly less abundant in the co-incubated fibril than those with the αS NAC domain. 

Thus, our results suggest that all three synuclein domains contribute to the balance of 

stabilities between homotypic interactions, leading to fibril formation, and heterotypic 

interactions, leading to inhibition of fibril formation.
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What is the underlying structural basis for the observed aggregation promoting and 

aggregation inhibiting effects in our study? One possibility is that the βS N-terminal and C-

terminal domains may stabilize the off-pathway head-to-tail dimers between inhibitors and 

αS, whereas αS NAC promotes on-pathway head-to-head association to yield fibrils. For the 

BAB construct, the off-pathway head-to-tail interactions may be stronger than the head-to-

head configurations otherwise stabilized by the αS NAC, and thereby inhibit fibril formation 

to a greater extent. Evidence for βS N-terminal to αS C-terminal transient interactions was 

previously observed in solution NMR experiments with these IDPs [29], and more recently 

single-molecule fluorescence experiments have shown the importance of early αS-βS 

monomer interactions in inhibiting the assembly and propagation of αS fibrils [55]. Our 

inhibition data, which shows that multiple domains are important for efficient inhibition, are 

consistent with these scenarios where multi-pronged, weak interactions spread over the 

synuclein chain contribute to its inhibitory potential. However, future NMR investigations of 

the interactions between our chimeric constructs and αS will provide more detailed insight 

into the residue-level contributions to the observed inhibition induced by the different βS 

domains.

Another key observation from our study is that inhibition by the WT βS protein and 

chimeric constructs is abolished at a moderately low pH 5.8, a condition we have previously 

shown allows βS to fibrillate [53]. Taken together, these results suggest that pH decrease 

along the endosomal-lysosomal pathway, which can induce fibrilization of both synucleins, 

may serve as a mechanism for homeostasis in the cell by removing these synucleins from the 

soluble protein pool and inducing their degradation in the lysosomal compartment. Indeed, 

evidence from recent work [72] suggests that cells may utilize small pH changes to induce 

phase separation of proteins as a mechanism for storing, protecting, or inactivating proteins.

It is also worth noting that the timescales of synuclein aggregation in vivo and in vitro are 

significantly different; βS presumably exerts its inhibitory effect for decades in healthy 

individuals, whereas under the conditions of our assay, fibril formation is observed within a 

few days. However, our biochemical assays are performed under aggregation promoting 

experimental conditions, yet the relative effects of various chimeric proteins relative to βS 

may indicate their relative physiological inhibitory potential. Previous studies on SOD1 

aggregation found a remarkable correlation between disease progression in vivo and 

biochemical kinetics of aggregation [73]. Trends in aggregation delay induced by different 

chimeras (i.e. tlag) in vitro and their inhibitory potential in vivo will need to be elucidated for 

deriving a more quantitative relationship between these factors.

As the inhibitory potential of βS against αS fibril formation has long been recognized, 

several therapeutic strategies have sought to mimic its binding effects using molecules such 

as βS-derived peptides [74, 75] or small molecules [38–42, 44] as leads. Our results with 

chimeric constructs highlight the challenges in designing effective inhibitors by peptide/

small-molecule mimicry of βS: the inhibition by βS is not localized to a single domain, such 

as the NAC domain, but arises due to multiple interactions spread throughout the three 

domains of the protein. Therefore, low-molecular weight compounds are unlikely to mimic 

and improve upon these interactions, and protein-based inhibitors are likely to be more 

promising mimics of inhibitory βS interactions with αS.
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4. Materials and Methods

Protein Expression and Purification

Domain swapped αS/βS chimeras were obtained via a Gibson assembly protocol as 

described previously [53]. Plasmids were transformed into Escherichia coli BL21 DE3 for 

expression in LB media, or M9 minimal media containing 15NH4C1 for 15N labeling. 

Purification followed a “harsh” protocol as described previously [76]. Briefly, cultured cells 

were pelleted at 4.5k rpm for 30 minutes, suspended in 10 mM PBS buffer (pH 7.4), and 

homogenized three times at 10–15k psi. Cell lysates were pelleted (20k rpm, 30 minutes), 

and streptomycin sulfate was added to the supernatant (10 mg/mL) and mixed for 10–15 

minutes at 4 °C. This mixture was pelleted (20k rpm, 30 minutes), and ammonium sulfate 

was added to the supernatant (0.361 g/mL) and mixed for 60 minutes at 4 °C, then 

centrifuged (20k rpm, 30 minutes). The pellet was suspended in 10 mM PBS buffer (pH 

7.4), boiled for 15 minutes and cooled to room temperature. After final centrifugation (20k 

rpm, 30 minutes), the supernatant was dialyzed (6–8 kDa MWCO, Spectrum Laboratories 

Inc.) against 15 mM Tris overnight. The dialyzed protein solution was then loaded onto a 

HiTrap Q HP anion-exchange column (GE Life Sciences, Pittsburgh, PA) pre-equilibrated at 

pH 7.4 (25 mM Tris-HCl) on an Akta pure FPLC system (GE Life Sciences, Pittsburgh, PA), 

and eluted with 200–300 mM NaCl gradient. The purified protein was dialyzed against 15 

mM ammonium biocarbonate, with four buffer changes, then lyophilized and stored at 

−20 °C until use. Purity and identity of the protein was checked via SDS-PAGE and ESI-

MS.

Thioflavin T Fluorescence Assay

Lyophilized protein powder was dissolved in the desired buffer, either at pH 5.8 (20 mM 

phosphate, 100 mM NaCl) or pH 7.3 (10 mM PBS). Any large oligomers were removed by 

using a 50 kDa filter, and the protein solution was concentrated using a 3 kDa filter 

(Millipore Sigma, St. Louis, MO). Samples were diluted to either 1 mg/mL or 5 mg/ml 

protein concentration, mixed with 20 μΜ ThT (Acros Organics, Pittsburgh, PA), and loaded 

into 96 well plates (Corning, Corning, NY). A single Teflon bead (3 mm, Saint-Gobain 

N.A., Malvern, PA) was added to each well, and the wells were sealed with tape. Plates were 

shaken at 37°C and 600 rpm for at least 72 hours, and the increase in ThT fluorescence 

intensity (480 nm) was measured every 33 minutes by a POLAR Star Omega plate reader 

(BMG Labtech, Cary, NC). At least 3 replicates of the ThT assay were recorded for each 

sample. Each fluorescence trace was normalized to the intensity at 72 hours, and the average 

and standard deviation of these traces are presented.

Analysis of Fibrils by ESI-MS

Mature fibril samples were obtained from the end points of the ThT assay, and washed with 

10 mM PBS buffer at least five times to remove residual, un-fibrilized monomer. A single 

wash step consisted of pelleting the fibrils by centrifugation at 14k rpm for 2 hours, 

removing the supernatant, and then re-suspending the fibrils in 1mL of fresh PBS buffer. 

After washing, fibrils were pelleted a final time by centrifugation at 14k rpm for 2 hours. 

The supernatant was removed, and the pelleted fibrils were then dissolved in 1 mL of 4 M 

guanidine hydrochloride (Millipore Sigma, St. Louis, MO) and incubated at room 
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temperature for at least 12 hrs, in order to obtain the fibril’s component monomers. The 

protein solution was dialyzed (3.5 kDa MWCO) overnight against 50 mM ammonium 

acetate with 0.1% formic acid. The sample was diluted to a final protein concentration of 10 

μΜ for electrospray ionization MS.

AFM Sample Preparation Protocol

Mature fibril samples were obtained from the end points of the ThT assay. Each fibril 

sample (20 μL) was coated onto freshly cleaved mica (Ted Pella Inc., Redding, CA) and 

incubated for 15 minutes. The mica surface was then washed with water (200 μL) three 

times to remove any un-adsorbed protein species and salt, and air-dried for 1 hour before 

imaging. All AFM images were obtained with a Park Systems NX-10 (Suwon, South Korea) 

using PPP-NCHR tips (Nanosensors, Neuchatel, Switzerland).

NMR Sample Preparation and Experiments

Lyophilized protein powder was dissolved in buffer at pH 6 (20 mM MES, 100 mM NaCl). 

The protein was filtered through a 100 kDa filter to remove higher order oligomers, and then 

concentrated using a 3 kDa filter (Millipore Sigma, St. Louis, MO). Samples were diluted to 

a final protein concentration of 200–300 μΜ with 10 % D2O added. 1H-15N HSQC spectra 

were recorded on Varian Inova or Bruker Avance III spectrometers at 600 MHz 1Η Larmor 

frequency. Spectra were processed using NMRPipe [77]

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• α-Synuclein aggregation is inhibited by β-synuclein.

• α/β-Synuclein chimeras reveal domain contribution to inhibition.

• The NAC domain is the primary, but not only, determinant of self-

aggregation.

• β-Synuclein N- and C-terminal domains critical for α-synuclein inhibition.

• All three β-synuclein domains work in concert to provide effective inhibition.
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Figure 1. 
(a) Comparison of the primary sequences of αS and βS, broken down by the N-terminal, 

non-amyloid β component (NAC) and C-terminal domains. The sequences were aligned 

using EMBOSS Stretcher [78]. Residues that are different between the two aligned 

sequences are indicated in bold font. (b) 1H-15N HSQC spectra of the synuclein chimeras at 

pH 6 (20 mM MES, 100 mM NaCl), at 288 K. The small chemical shift dispersion and 

narrow linewidths indicate that all of the chimeras are intrinsically disordered.
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Figure 2. 
Normalized ThT fluorescence of self-incubated (black) or co-incubated (red) fibril formation 

of (a) XBX chimeras and (b) XAX chimeras at pH 7.3. Each fluorescence trace is an average 

of at least three measurements, and the standard deviation is reported. For the sake of clarity, 

traces that showed no increase in ThT fluorescence from the baseline were normalized and 

shifted to appear near zero by subtracting 1 from the normalized intensities (5ABA, 5ABB, 

5BBB). The stoichiometry for each assay is indicated in parentheses for co-incubated data 

sets, with a 1 indicating a protein concentration of 1 mg/mL, and a 5 indicating a 5 mg/mL 

concentration. In the case of self-incubated data, the stoichiometry is indicated before the 

chimera name (e.g. 5XXX, 5 mg/mL protein concentration).
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Figure 3. 
Comparison of the time it takes the fluorescence intensity to reach 10% of its normalized 

maximum (ie. lag time, tlag) for the chimeras at (a) pH 7.3 and (b) pH 5.8. The lag times of 

the control AAA are subtracted from the co-incubated (middle, red) lag times to give the lag 

time differences (Δtlag) shown in blue at the bottom. In each panel, the lag time is presented 

as a bar with text label, and the error bars shown represent the range of times at which the 

standard deviation reaches 10% normalized fluorescence intensity.
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Figure 4. 
Normalized ThT fluorescence of βS with the E61A mutation (green), showing (a) self-

incubated or (b) co-incubated fibril formation at pH 7.3. AAA (black), BBB (red), and BAB 

(blue) are shown for comparison. The stoichiometry for each assay is indicated in 

parentheses for co-incubated data sets, with a 1 indicating a protein concentration of 1 

mg/mL, and a 5 indicating a 5 mg/mL concentration. In the case of self-incubated data, the 

stoichiometry is indicated before the chimera name (e.g. 5XXX, 5 mg/mL protein 

concentration).
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Figure 5. 
Schematic representation of synuclein aggregation pathways (a), in the cases of self-

incubation (top) and co-incubation (bottom). Synuclein exists as an intrinsically disordered 

monomer in solution. In the case of self-incubation, monomers can interact in a 

predominately head-to-head configuration, which can lead to fibril formation. The 

propensity of the different chimeras to form fibrils falls along a continuum which can be 

generally separated by the NAC domain: XAX chimeras tend to quickly form fibrils at 

neutral pH, while XBX chimeras do not form fibrils (or are very resistant). When co-

incubated together at neutral pH, the αS and chimera monomers can transiently interact in 

either a head-to-head orientation, which leads to on-pathway fibril formation, or in an off-

pathway, head-to-tail orientation, which acts to kinetically trap the αS monomers and 

increase the time it takes to form fibrils. The propensity to inhibit, or slow down (i.e. 

increase Δtlag), fibril formation again falls along a continuum: inhibition is very high for 

BXB chimeras (large Δtlag), and lower for all others (small Δtlag). The relative proportions of 

αS (blue) and chimera (red) found in mature, co-incubated fibrils at pH 7.3 are shown as pie 

charts, and are summarized in Table 1. The BB*B chimera in this figure refers to the βS 

E61A chimera, indicating the fact that this mutant has exactly the same domains as the BBB 

chimera except for the single mutation in the NAC region. (b) Schematic of single-domain 

swaps and their effects on inhibition propensity, relative to A-NAC (left) or B-NAC (right) 
domains.
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Table 1.

Ratios of WT α-synuclein and chimeras obtained from mature fibrils taken from the endpoint of the co-

incubated ThT assays, as determined by ESI-MS analysis of the dissolved fibrils.

pH 7.3 pH 5.8

αS : AAA - -

αS : BAA 1 : 3.4 1 : 3.4

αS : AAB 1 : 2.4 1 : 4.8

αS : BAB 1 : 1.5 1 : 1.5

αS : ABA 3.4 : 1 1 : 1

αS : BBA 1 : 1 1 : 5

αS : ABB 4 : 1 3.5 : 1

αS : BBB 4 : 1 1.2 : 1

αS : βΕ61Α 1.6 : 1 -
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