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ABSTRACT 

The majority of neurodegenerative diseases (NDDs), including Alzheimer’s Disease 

(AD) and Parkinson’s Disease (PD) are caused by protein misfolding. The general mechanism 

consists of an initial misfolding event of tau and amyloid-ß (AD patients) and α-synuclein (PD 

patients) to a ß-sheet rich amyloid fibril seed. Following the formation of the misfolded seed, 

subsequent rounds of templating and propagation of the amyloid fibril leads to aggregate 

formation and ultimately cell death. Improved structural techniques have enabled the resolution 

of many amyloid structures, illustrating the diverse amyloid conformations a single protein can 

adopt, termed strains, with each structure having distinct biochemical and pathological properties 

evidenced in cellular, mouse, and cell-free studies. While many studies are investigating the 

process of templating among misfolded proteins, the question of how initial misfolding occurs 

and how that contributes to strain formation remains unclear. The aim of this study was to survey 

structures of amyloid proteins deposited in the Protein Data Bank (PDB), an open source 

repository for three-dimensional nucleic acid and protein structures, and employ a 

Ramachandran-based analysis to investigate strain formation. The conservation of the dihedral 

angles phi and psi were analyzed across residues of amyloid structures. Initial analyses revealed 

the presence of multiple chain redirection/reversal motifs in the α-synuclein amino acid 

sequence, often forming at consistent residue locations. The presence of extrinsic and intrinsic 

factors including particular chain redirection/reversals, mutations/post-translational 

modifications, cofactor presence, and fibril sources were investigated to see how they correlated 

with dihedral angle variability. Combining these findings, a hierarchy was generated to 

determine which of the tested factors would have the greatest influence on strain formation, 

hypothesized as having the lowest dihedral angle variability. There appeared to be little 



 

 

statistically significant difference between dihedral angles of fibrils with mutations/post-

translational modifications and those without, suggesting that factor to perhaps be the least 

influential on misfolding. The other three comparisons were unable to be ranked due to varying 

results with phi and psi. The findings will help to elucidate the factors that drive initial strain 

formation, contributing to an overall better understanding of prion characterization. 
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INTRODUCTION 

Neurodegenerative diseases (NDDs) are a class of diseases involving the dysfunction and 

loss of neurons, resulting in severe motor/cognitive symptoms and death. Over the years, NDDs 

have become a growing health concern, especially among aging populations. These diseases are 

generally classified based on the clinically presenting symptoms, as well as the type(s) of 

neuropathology observed in patient brains upon autopsy. Although the exact mechanism of many 

of these diseases remains unknown, various proteins have been identified as playing a key role in 

the pathogenesis of different NDDs (Dugger and Dickson, 2017). The most prevalent NDDs are 

Alzheimer’s Disease (AD) and Parkinson’s Disease (PD), which are caused by misfolding and 

accumulation of the proteins tau and Aß, and α-synuclein respectively (Martin, 1999). 

Subsequent templating and propagation of the misfolded conformation among neuronal and glial 

cells result in the formation of aggregates that ultimately lead to cell death. 

The concept of protein misfolding leading to a fatal disease was first proposed by Dr. 

Stanley Prusiner, describing a proteinaceous infectious particle, termed prion, capable of 

spreading and propagating disease (Prusiner, 1982). The general mechanism followed by all 

amyloid forming proteins starts off with the initial misfolded seed formation, whereby the 

soluble native state protein (such as proteins like tau, or α-synuclein) somehow adopts a 

misfolded confirmation enriched in ß-sheet content. This change from a generally more α-helical 

or disordered state to one with more ß-sheets can occur upon exposure to the misfolded protein, 

such as in prion diseases like bovine spongiform encephalopathy (where transmission through 

consumption of infected meat is observed) as well as spontaneously among human patients with 

NDDs. Additional factors such as familial mutations in PD have been observed to increase the 

propensity of this. 
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Following initial seed formation, additional monomers of the soluble protein can template 

off of the misfolded seed, propagating this prion conformation. After repeated rounds of 

templating, this can result in the formation of aggregates. As evidenced by the structural data 

published over the last decade, the initial misfolding of the seed can give rise to multiple 

different conformations, termed strains, as explained by the strain hypothesis (Collinge and 

Clarke, 2007). PD and multiple system atrophy (MSA) both arise from the misfolding of α-

synuclein, however differences between the two diseases (which include contrasting pathological 

and biochemical characteristics) are attributed to the ability of α-synuclein to adopt multiple 

different amyloid conformations, a quality observed among other amyloid proteins as well. 

While the templating aspect in the second part of the misfolding mechanism of prion 

diseases has been studied, one of the biggest questions remains: what are the intrinsic and 

extrinsic factors that drive the initial misfolding of the amyloid forming protein to the misfolded 

seed, and are some more influential than others? Intrinsic factors such as the presence of 

mutations associated with familial cases of diseases, as well as post-translational modifications 

can potentially play a role in the initial seed formation of an amyloid. Extrinsic factors like the 

presence of a cofactor (Schweighauser et al., 2020) as well as the type of buffer used to generate 

recombinant fibrils published in structural studies can likewise contribute to strain formation. 

The degree to which each of these factors have influence on the initial misfolding process 

remains unclear. The aim of this study is to survey structures of amyloid-forming proteins 

deposited in the Protein Data Bank (PDB) and employ a Ramachandran-based analysis in order 

to characterize structural elements among amyloids, as well as analyze the impact of each of 

these extrinsic and intrinsic factors described above on dihedral angle variability. 
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Ramachandran plots are scatterplots mapping the phi and psi angles (dihedral angles) of 

each variable (R) group in a polypeptide chain. These angles represent the orientation of the R 

group projection relative to the backbone and amino and carboxyl termini of the amino acid, with 

phi (ɸ) being the torsional angle of the amino group and central alpha-carbon, and psi (Ѱ) being 

the torsional angle of the central alpha-carbon and carbonyl carbon. The ranges for each of the 

angles span from -180º to 180º (as theoretically the groups can rotate in a full circle about the 

bond. Data from the Ramachandran plots can be used to infer secondary structural elements (ß-

sheets and α-helices) based on the distributions generated (Ramachandran et al., 1963).  

Preliminary Ramachandran plots were generated to compare amyloid proteins published 

in the PDB to their non-amyloid counterparts, looking for potential differences in distribution. 

Following the generation of these plots, each of the amyloids were analyzed for all of the chain 

redirections/reversals present in each structure, noting their shape and location along the amino 

acid sequence in order to categorize them. These findings culminated in conducting a dihedral 

angle variation comparison across four different categories based upon intrinsic/extrinsic factors 

within the amyloid proteins in order to identify which particular factors may contribute to a 

lower phi/psi angle variability across the structures and thus likely play a more influential role in 

the initial misfolding process. The intrinsic and extrinsic factors analyzed were the fibril source 

(patient or recombinant), the presence of mutations or post-translational modifications, the 

presence of a chain redirections/reversals at the 65-70 residue region, and the potential for a 

small molecule/cofactor. These factors were selected due to their potential in shaping the 

misfolding pathway of α-synuclein and thus its final conformation. It is hypothesized that the 

factors that correlate with a lower phi/psi angle standard deviation are more influential in 

comparison to the other tested factors in the initial misfolding process. The reasoning behind this 
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is due to the idea that a more conserved phi/psi angle would likely indicate some kind of steric 

restriction for a particular structure and thus for any factors that correlate with this reduced 

variability, those factors would likely play a larger role in dictating structure. Building off of this, 

these conserved regions could potentially be an initial structure or even requisite for successful 

amyloid formation and templating. 

 

Significance of this Research 

As described earlier, the general process followed by protein misfolding diseases consists 

of the initial misfolded seed formation, whereby the original disordered or soluble state protein 

adopts an amyloid conformation rich in ß-sheet structures, stabilized by a hydrogen bonding 

network (Figure 1D). After the initial misfolding, the seed can then serve as a template for 

subsequent protein monomers to misfold and propagate the amyloid confirmation, ultimately 

resulting in aggregate formation. While many studies over the years have focused on the 

propagation process (Woerman et al., 2015; Woerman et al., 2018a; Watts et al., 2013), the key 

drivers in the initial misfolding process remains unclear. The study aims to address this challenge 

through the use of phi/psi angle variability to understand the influence of each of these extrinsic 

and intrinsic factors on amyloid formation. 

In recent years, structuctural analysis technology such as cryo-electron microscopy (cryo-

EM) and solid state nuclear magnetic resonance spectroscopy (ssNMR) have been greatly 

improved. This has opened the possibility of capturing and analyzing the structure of various 

fibrils, especially those isolated from human patient samples. Structural diversity has already 

been widely observed among the published conformations of amyloid forming proteins. Even 

among the protein α-synuclein, a variety of elements, including salt-bridges and protofilament 
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interface interactions are present across amyloids (Li et al., 2018a, Rodriguez et al., 2015, Li et 

al., 2018b). Differences in these interactions are particularly observed among fibrils generated 

from recombinant proteins expressing the familial PD mutations H50Q (Boyer et al., 2019) and 

E46K (Boyer et al., 2020). 

Along with structural characterization, Ramachandran plots have been used to 

characterize secondary structural elements of proteins (Najibi et al., 2017). Previous work 

analyzing tripeptide residues within various turns have used dihedral angles to differentiate 

between various ß- and -turns (Venkatachalam, 1968; Némethy and Printz, 1972). These 

findings demonstrate the possibility of using data extracted from primary sequences to make 

inferences on overall protein structure, which can be similarly applied to amyloid proteins as 

well. 

Establishing a hierarchy of extrinsic and intrinsic factors that dictate strain formation will 

hopefully help redefine prions based upon their protein chemistry, and serve as a critical tool in 

better understanding prion diversity from a structural perspective. Elucidating the impact each of 

these factors have on fibril formation will contribute to an overall clearer picture of the 

misfolding mechanisms of prions, and what exactly drives strain formation. Thus the formation 

of fibrils leading to various different diseases caused by the same amyloid forming protein can 

be understood mechanistically, and overall how a particular disease arises in order to ultimately 

develop a treatment plan that targets these mechanisms. 
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SUMMARY OF WORK OF PREVIOUS RESEARCHERS 

A REVIEW ON SYNUCLEINOPATHY STRAINS 

While protein misfolding contributing to disease is observed among numerous amyloid 

forming proteins, this review is focused primarily on α-synuclein due to the availability of 

structural data. Synucleinopathies are a class of neurodegenerative disorders (NDDs) 

characterized by the misfolding and spreading of different conformations of the protein α-

synuclein, a 140-amino acid intrinsically disordered protein. Although its specific function 

remains unclear, α-synuclein is thought to be involved in presynaptic signaling by regulating the 

release of neurotransmitters (Stefanis et al., 2012). Previous studies have elucidated the role α-

synuclein plays in the SNARE-complex, a protein complex that is required for mediating vesicle 

interactions at the presynaptic terminal (Burré et al., 2015). Earlier investigations by Burré et al. 

revealed that α-synuclein interacts directly with synaptobrevin-2/VAMP2 within the SNARE 

complex (Burré et al., 2010), promoting its assembly through the binding and clustering of 

synaptic vesicles and subsequent fusion of vesicles to the presynaptic membrane (Burré et al., 

2015). 

 

Introduction to Synucleinopathies 

James Parkinson authored the earliest published case study of PD in, “An essay on the 

shaking palsy.” Parkinson described a disorder observed across multiple patients with common 

symptoms including weak limbs, convulsions, speech impediment, difficulty chewing food, 

involuntary excretion/urination, as well the hallmark symptom of an uncontrollable tremor, 

(Parkinson, 1817). The majority of PD cases occur in individuals fifty years of age and older, 

and are observed to progressively worsen over time. Interestingly, the onset of motor deficits 
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occurs asymmetrically in some patients, with one side of the body experiencing more severe 

motor decline. Such deterioration poses substantial challenges in everyday tasks such as writing, 

holding utensils for eating, standing, and walking. Speech articulation is also an obstacle among 

patients, as drooling and a droopiness in facial expression develop. Upon autopsy, swelling 

within certain areas of the brain is observed, including the medulla oblongata. It was not until the 

early 1900s that Fritz Jacob Henrich Lewy identified the presence of aggregates, now termed 

Lewy bodies (LBs), in the neurons of PD patients, which are now recognized as the defining 

hallmark of PD (Forster and Lewy, 1912). 

Around the same time, Dejerine and Thomas published a case study of a patient who had 

developed the disease olivopontocerebellar atrophy (OPCA). In the report, the authors described 

the slow progression of a disease with initial symptoms including tiredness and dizziness while 

walking, difficulty maintaining balance, and tremor (Dejerine and Thomas, 1900). Over time the 

symptoms progressed to difficulty speaking, jerky movements, and changes in personality. Shy 

and Drager published a report of a similar NDD characterized by orthostatic hypotension, along 

with limb rigidity and tremor, which was later named Shy Drager syndrome (SDS) (Shy and 

Drager, 1960). van der Eecken and colleagues reported a third NDD, termed striatopallidal-nigral 

degeneration (SND), which exhibited several crossover symptoms with OPCA and SDS (van der 

Eecken et al., 1960). Initially recognized as separate NDDs, the similarity in clinical symptoms 

led to the suggestion by Graham and Oppenheimer that the three conditions (OPCA, SDS, and 

SND) be reclassified under the unifying disorder MSA (Graham and Oppenheimer, 1969). While 

patients displayed variation in symptoms and lesions, all developed a CNS-targeting neuronal 

atrophy that led to a progressive degenerative disorder. 
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Using silver staining techniques on brain and spinal cord samples collected from 

deceased MSA patients, Papp and Lantos identified the presence of glial cytoplasmic inclusions 

(GCIs) twenty years after the reclassification of MSA. All MSA patient samples were 

characterized by wide-spread GCI distribution throughout the putamen, pallidum, lateral caudate 

nucleus, pons, middle cerebellar peduncle, cerebellar white matter, and spinal cord intermediate 

grey. This finding established GCIs as the hallmark of MSA neuropathology and reaffirmed the 

classification of OPCA, SDS, and SND as variants of the same underlying disorder (Papp et al. 

1989). 

In contrast with GCIs in MSA, LBs and Lewy neurites are the pathological hallmark of 

PD. These lesions are predominantly found in the substantia nigra early in disease, but spread to 

other brain regions as the disease progresses. Immunostaining of PD patient samples revealed 

that a major component of LBs is the protein α-synuclein (Spillantini et al. 1997). One year later, 

it was determined that α-synuclein is also a component of GCIs in MSA patient samples. This 

provided important evidence for the classification of both PD and MSA as synucleinopathies 

(Spillantini et al. 1998). 

At the same time Robert Nussbaum and his team conducted a large scale genomic study 

tracing mutations related to the cases of familial PD among the Contursi kindred in Italy 

(Polymeropoulos et al. 1997). Using a contig constructed from an artificial yeast chromosome 

aligned to the family DNA sequence, the group identified the gene coding for α-synuclein. The 

sequencing results revealed a base pair substitution G209A in the fourth exon of the α-synuclein 

gene (SNCA), resulting in the A53T point mutation. This mutation, which was not present in the 

non-PD family members, was identified in four additional families with a history of PD, 

highlighting the critical role of α-synuclein in PD pathogenesis (Polymeropoulos et al. 1997). 
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Structure of α-synuclein 

 The 140-amino acid sequence of α-synuclein can be categorized into three general 

domains: the N-terminal domain (residues 1-60), the non-amyloid-ß component (NAC; residues 

61-95), and the C-terminal domain (residues 96-140; Figure 1A). Upon binding of the lysine rich 

N-terminal domain to a lipid or membrane (Bussell and Eliezer, 2003), α-synuclein shifts from 

its disordered state to one consisting of two antiparallel alpha helices (Elizer, 2001; Ulmer, 

2005), while the acidic C-terminal domain remains disordered and free to interact with metal 

binding partners (Eliezer, 2001; Figure 1B). Upon exposure to a misfolded seed, or through 

spontaneous means involving factors such as a familial mutation, buffer conditions, or cofactor 

presence facilitating amyloid formation, α-synuclein shifts from an alpha-helical rich 

conformation to one high in ß-sheet content, with the NAC region forming the hydrophobic core 

of the amyloid fibril (Figure 1C, 1D). The N- and C-terminal regions remain disordered, termed 

the “fuzzy coat” (Tuttle et al., 2016). 

 

Synuclein Prions 

In 1982, Dr. Stanley Prusiner first proposed the idea that misfolded proteins are capable 

of transmitting NDDs, introducing the term ‘prion’ to describe the ‘proteinaceous infectious 

particle’ responsible for scrapie in sheep and goats and Creutzfeldt-Jakob disease (CJD) in 

humans (Prusiner, 1982). Using a series of experiments to selectively degrade DNA, RNA, and 

protein, Prusiner demonstrated that the infectious material in scrapie samples is resistant to heat 

inactivation and nuclease digestion. However, proteinase K (PK) digestion, as well as extraction 

with stringent chemical denaturants rendered the scrapie agent inactive. Combined, these 

findings supported the hypothesis that the infectious and transmissible species in scrapie and 



Liu 10 

 

CJD is a protein-based particle that develops from the prion protein (PrP). Analysis of brain 

samples from healthy individuals revealed that only the cellular isoform (PrPC)  was present, and 

was successfully digested by PK. Diseased brains, however, contained a mixture of the PrPC 

isoform and the scrapie (PrPSc) isoform, which is partially PK-resistant (Basler et al., 1986) 

In line with prion disease research and the strain hypothesis, α-synuclein misfolds into 

distinct disease-causing conformations characterized by unique strain-specific properties that 

give rise to different synucleinopathies, behaving just like a prion. The earliest pieces of 

evidence suggesting synucleinopathies exhibit prion behavior arose from neuropathological 

observations of PD patients who received fetal tissue grafts of dopaminergic neurons as a 

treatment for neuronal loss (Kordower et al., 1995). While the treatments were ultimately unable 

to extend lifespan, patients that lived more than ten years after receiving tissue transplants 

developed LB pathology that spread from the host to the grafted tissue (Li et al., 2008; Kordower 

et al., 2008), demonstrating that α-synuclein can propagate intracellularly, similar to PrPSc. 

The ability of α-synuclein to form aggregates in both PD and MSA patients has also 

raised the question of how α-synuclein gives rise to discrete diseases and neuropathologies, a 

phenomenon observed among other protein misfolding disorders. To explain this observation, 

the strain hypothesis was introduced, proposing that different conformations, or strains, of 

misfolded PrP give rise to different diseases (Collinge and Clarke, 2007).  

 

The Strain Hypothesis of Synucleinopathies 

Like PrP, α-synuclein has the ability to misfold into multiple different amyloid 

conformations. More recently, structurally-focused methods have been used to characterize and 

define distinct α-synuclein strains in PD and MSA. New cryo-electron microscopy (cryo-EM) 
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data of samples isolated from patients with confirmed cases of MSA revealed two types of 

filament structures, denoted as Type I and Type II MSA conformations. Each structure is 

composed of asymmetrical protofilaments, with three positively charged residues (K43, K45, and 

H50) surrounding a non-proteinaceous molecule (Schweighauser et al., 2020). To date, no 

structures have been successfully isolated from PD patient samples. Protein misfolding cyclic 

amplification (PMCA), which uses serial rounds of shaking and sonication to facilitate 

amplification of misfolded proteins, is a technique that was first developed to investigate PrPSc 

strains in vitro. Recently, multiple groups have adapted PMCA to amplify and characterize α-

synuclein strains, as well. Transmission electron microscopy (TEM) analysis of PMCA 

amplified PD- and MSA-derived fibrils revealed that both contain a twisted and flat ribbon 

structure, however, a related disease, dementia with Lewy bodies (DLB), induced cylindrical 

fibrils. These structural differences are consistent with the variation in PK digestion results 

observed across the three patient samples (Van der Parren et al., 2020). 

Analysis of aggregate formation among PMCA amplified PD and MSA samples has also 

revealed differences in maximum emission and overall absorption spectra based on thioflavin T 

(ThT) fluorescence, a conformational dependent amyloid binding dye (Shahnawaz et al., 2020). 

Structural analysis studies conducted using circular dichroism and FTIR spectroscopy techniques 

revealed the prevalence of ß-sheet rich structures in both PD- and MSA-derived patient samples. 

However, cryo-electron tomography (cryo-ET) analysis revealed differences in fibril twist length 

between the two samples, suggesting a more tightly coiled structure among MSA α-synuclein 

aggregates than PD derived aggregates (Shahnawaz et al., 2020). These findings are in 

agreement with previously published data using hydrogen-deuterium (HD) exchange and 

changes in emission spectra following incubation of the amyloid-binding dye curcumin with 
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PMCA-amplified α-synuclein aggregates isolated from PD and MSA patient samples (Strohäker 

et al., 2019). Altogether, these analyses provide compelling evidence that structural diversity 

among α-synuclein fibrils likely contributes to biochemical and clinical differences among PD, 

DLB, and MSA patients (Strohäker et al., 2019).  

 

Development of Strain-Specific Cellular Assays  

Several cell-based models exist to investigate α-synuclein misfolding and propagation in 

disease. The most frequently used cell model is human embryonic kidney 293T (HEK293T) 

cells, which express human α-synuclein containing the A53T mutation with a C-terminal yellow 

fluorescent protein (YFP) tag (α-syn140*A53T-YFP cells; Woerman et al., 2015). Under normal 

culture conditions, α-synuclein is distributed throughout the cytoplasm of the cell, as visualized 

by the YFP tag via live-cell microscopy. In the presence of α-synuclein prions isolated from 

MSA patient samples via phosphotungstic acid (PTA) precipitation, the cells develop bright 

yellow puncta (Woerman et al., 2015). Interestingly, while PD, PD with dementia (PDD), and 

DLB patient samples contain similar concentrations of α-synuclein as MSA samples, they are 

unable to propagate in the α-syn140*A53T-YFP cells, which could be explained by the 

hypothesis that distinct α-synuclein strains give rise to MSA and PD. Other studies have also 

reported variations in the toxic effects caused by infection with different patient samples. 

Primary oligodendrocytes expressing α-synuclein-mCherry infected with α-synuclein aggregates 

derived from GCIs of MSA, LBs of PD patients, or preformed fibrils (PFFs) made from 

recombinant protein revealed that MSA-infected cells had nearly 1000 times more pathogenic α-

synuclein than LB- or PFF-infected cells (Peng et al., 2018). These results suggest the difference 

in aggregate potency arises due to distinct strains. 
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To further investigate the strain differences between PD and MSA, a panel of cell lines 

expressing various PD familial mutations was created to test the effect of other PD-causing 

mutations on MSA prion propagation in vitro. While the MSA samples were able to propagate in 

cells expressing WT α-synuclein or the A30P mutation, the E46K mutation, which was identified 

in a Basque Country patient cohort of confirmed DLB cases (Zarranz et al., 2004), blocked MSA 

infection (Woerman et al., 2018a). Co-expression of the A53T and E46K mutations was unable 

to rescue the inhibitory effect of the E46K mutation on MSA infection (Woerman et al., 2018a), 

demonstrating that the misfolded α-synuclein conformation in MSA must be distinct from the 

conformation in E46K patients. 

This result is supported by the recently published cryo-electron microscopy (cryo-EM) 

structures of misfolded α-synuclein isolated from MSA patient samples (Schweighauser et al., 

2020). In all three structures, a salt bridge between the glutamic acid at residue 46 and the lysine 

at residue 80 stabilizes the “central” and “outer” layers of each protofilament, forming the 

characteristic Greek key motif (Schweighauser et al., 2020). Consequently, the E46K mutation 

would produce a charge-charge repulsion with residue K80 that would likely destabilize this 

fold, indicating a structural incompatibility between the E46K mutation and the published MSA 

conformations. 

 

Evidence of Multiple α-Synuclein Strains in Mouse Models 

In addition to cell models, animal models have been used to study transmission of α-

synuclein. The most commonly used transgenic mouse model of synucleinopathy is the TgM83 

mouse, which uses the mouse prion promoter to express human α-synuclein with the A53T 

mutation (Giasson et al., 2002). Homozygous TgM83+/+ mice spontaneously develop weight 
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loss, reduced grooming, decline in ambulation, freezing of hindlimbs, limb paralysis 

(progressing from hind to forelimbs), passive movement resistance, tremors, back hunching, 

inability to stand upright, and difficulty feeding as early as 8 months of age (Watts et al., 2013). 

Initial studies investigating α-synuclein transmissibility used brain homogenates obtained from 

symptomatic 12-18 month old homozygous TgM83+/+ mice to inoculate 7-9 week old TgM83+/+ 

mice (Mougenot et al., 2011). This resulted in accelerated disease onset and death in the infected 

mice, as well as formation of hyperphosphorylated (pS129) α-synuclein aggregates (Mougenot et 

al., 2011, Luk et al., 2012). Inoculation of PFFs into young M83 mice also led to 

hyperphosphorylated α-synuclein inclusions spreading from the injection site along major axonal 

pathways, demonstrating the ability of α-synuclein to propagate in vivo (Luk et al., 2012). 

As the TgM83+/+ mice develop spontaneous disease, one criticism of these studies is that 

the inoculations could simply be accelerating disease onset, rather than demonstrating 

transmissibility. Notably, the hemizygous TgM83+/- mice do not spontaneously develop 

neurological signs or pathological α-synuclein inclusions within 600 days (Watts et al., 2013). 

However, inoculation of α-synuclein isolated from MSA or TgM83+/+ mouse samples into the 

hemizygous mice induces motor deficits and detergent-insoluble hyperphosphorylated α-

synuclein aggregates, supporting the initial conclusions that misfolded α-synuclein transmits 

disease, similar to PrP prions, rather than simply accelerating disease progression (Watts et al., 

2013). Importantly, TgM83+/- mice infected with TgM83+/+ prions develop deficits ~180 days 

post inoculation (dpi), while mice infected with MSA prions develop symptoms ~120 dpi (Watts 

et al., 2013). The different incubation times between the two prion sources, likely characterized 

by unique biochemical properties, suggests they are two distinct strains. 
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In contrast, inoculation studies using PD patient samples failed to transmit disease to the 

TgM83+/- mice (Prusiner et al., 2015). In unpublished experiments, MSA inoculations in mice 

expressing the familial PD E46K mutation (TgM47+/- mice) did not transmit disease, whereas 

PFFs expressing the E46K mutation induced neurological symptoms in the animals. These 

findings are consistent with the cell culture studies and cryo-EM structures (Schweighauser et 

al., 2020) previously discussed. 

Additional studies investigating α-synuclein strain biology in the TgM83 mice were 

recently published by Joel Watts’ group (Lau et al., 2020). PFFs were prepared in either salt (S) 

or no salt (NS) conditions to generate two distinct fibril strains with unique conformations and 

biochemical properties. The S and NS fibrils induced two different incubation periods after 

inoculation in TgM83 mice, resulting in different clinical presentations and inclusion 

distributions. These findings were in line with differences also observed among mice inoculated 

with either TgM83+/+ or MSA brain homogenates (Watts et al., 2013, Lau et al., 2020), and were 

maintained throughout a second and third passage, establishing strong support for the hypothesis 

that specific disease characteristics are encoded by prion strain rather than the host organism 

(Lau et al., 2020). 

 

Structural Variation Among α-Synuclein Amyloids 

In general, amyloid structures consist of repetitive protofilaments rich in ß-sheets that 

stack into layers along the fibril axis (with each polypeptide perpendicular to the fibril axis), 

stabilized by hydrogen bonding between the residues (Eisenberg and Jucker, 2012). Additional 

characteristic features of amyloids include in-register alignment, as well as the ability to form 

parallel structures (Eisenberg and Jucker, 2012). Several α-synuclein amyloid structures have 
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been reported using various fibril sources and imaging methods, which are discussed in detail 

below. 

Micro-electron diffraction (micro-ED) was used to resolve the structure of 11-residue 

crystals of the non-amyloid ß component (NAC) core of α-synuclein, which is known to play a 

significant role in the aggregation and toxicity of the protein (Rodriguez et al., 2015). Structural 

analysis revealed that these short segments form steric zipper structures, with X-ray diffraction 

patterns comparable to those of full length α-synuclein polymorphs (Rodriguez et al., 2015). In 

2016, the first solid state nuclear magnetic resonance (ssNMR) structure of recombinant full-

length human α-synuclein revealed a Greek-key motif within the fibril core (Tuttle et al., 2016), 

which has remained a characteristic feature in subsequent α-synuclein structures. Several notable 

interactions stabilize the structure, including the salt bridge between residues E46 and K80, a 

hydrophobic core with residues I88, A91, and F94, and hydrogen bonding networks between ß-

sheets, and steric zippers. More recently, numerous cryo-EM studies have reported common 

morphological characteristics of stacked ß-sheet rich structures with the characteristic bent ß-

arch and Greek key motifs revealed in the original ssNMR structure (Guerrero-Ferreira et al., 

2018, Li et al., 2018a, Li et al., 2018b). Fibril structure can also vary greatly, with differences in 

overall shape, pitch, twist, number of protofilaments, and filament diameter (Guerrero-Ferreira et 

al., 2019). In contrast to the ssNMR structure, the cryo-EM structures of α-synuclein fibrils 

contain two stacked filaments, instead of a single protofilament, with residues 38-95 forming the 

templating region, as well as an interface region between the two protofilaments (Guerrero-

Ferreira et al., 2018). These cryo-EM structures for both WT and mutant α-synuclein also 

generally contain a hydrophobic core flanked by hydrophilic segments termed the “fuzzy coat” 
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region, which is more disordered, similar to the ssNMR structure (Guerrero-Ferreira et al., 2018, 

Tuttle et al., 2016).  

Among the various polymorphs of α-synuclein, differences in the steric zipper 

interactions between the protofilament faces exist across structures. In a structural analysis by Li 

et al. 2018a, two general populations of full-length human α-synuclein recombinant polymorphs 

were observed, termed the rod and twister species (Li et al., 2018a). Both structures contained 

the characteristic ß-arch and Greek-Key motif in the symmetric protofilaments, however the 

steric interface in the rod polymorph occurred within the preNAC region of α-synuclein (residues 

47-56), while the twister polymorph protofilament interface involved the NACore region 

(residues 68-78) (Li et al., 2018a, Rodriguez et al., 2015). Six familial PD mutations are located 

within the preNAC region (E46K, H50Q, G51D, A53E, A53T, A53V), which would likely 

disrupt the steric zipper interaction between the protofilaments of the rod species. In contrast, the 

exclusion of the preNAC region at the steric interface of the twister protofilaments reduces the 

effect these mutations would have on the structural integrity of twister fibrils (Li et al., 2018a). 

Similar findings have been observed among other published cryo-EM structures as well, 

with one recombinant full length α-synuclein structure forming a steric interface between its two 

protofilaments at residues 50-57 (Li et al., 2018b). Mutations G51D and A53T/E lead to the 

substitution of a hydrophilic residue within the hydrophobic interface, while the H50Q mutation 

disrupts electrostatic interactions with residue E57. As previously mentioned, the E46K mutation 

disrupts the salt bridge formed with K80, which stabilizes the ß-arch structure (Li et al., 2018b). 

Thus the presence of familial PD mutations have been hypothesized to disrupt the WT 

conformations of α-synuclein. It has since been proposed that fibrils with these mutations adopt 

alternate conformations that promote aggregate formation, leading to increased toxicity. In 
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published structures of α-synuclein fibrils with the H50Q mutation, two new polymorphs were 

revealed: a narrow fibril containing one protofilament, and a wide fibril containing two 

protofilaments. Both fibrils have overall folding structures similar to the WT fibril (Boyer et al., 

2019), however, the H50Q mutation contributes to a structure containing a smaller protofilament 

interface with a steric zipper outside of the NACore and preNAC regions (Boyer et al., 2019). In 

several WT α-synuclein fibril structures, residue H50 forms a salt bridge with residue E58 which 

stabilizes the steric zipper. The glutamine mutation disrupts this interaction, impacting the 

stability of the interface interactions (Li et al., 2018a) or shifting intramolecular bonding (Boyer 

et al., 2019). 

A key observation shared among the published cryo-EM structures of recombinant and 

patient fibrils is the presence of an unknown molecule in the core of the filaments. Positively 

charged residues (K43, K45, H50) can be observed surrounding a cavity located between the two 

protofilaments of the fibril structure (Schweighauser et al., 2020), with the addition of K58 

flanking this region among the recombinant fibrils (Guerrero-Ferreira et al., 2018). It is 

postulated that a non-proteinaceous molecule, likely negatively charged, resides within this 

region, offering stability to the overall filament structure (Guerrero-Ferreira et al., 2018). 

 

Modeling Protein Misfolding 

The importance of misfolded protein structure in prion diseases has led to considerable 

research on the dynamics and interactions of protein misfolding. Multiple studies have developed 

modelling techniques to predict folding activity and changes that may occur as a consequence of 

a mutation. Christopher M. Dobson’s team developed a mathematical model that predicts the 

aggregation propensity of different amyloids, as well as globular proteins that have the potential 
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to form aggregates, based on the primary structure of the polypeptide. Taking several factors into 

account, including hydrophobicity and the potential to form ß-sheets or α-helices, the team was 

able to construct aggregation propensity profiles by analyzing each amino acid in the polypeptide 

sequence and predicting aggregation-prone regions (Pawar et al., 2005; Tartaglia et al., 2008). 

Analysis of α-synuclein using this model predicted that residues 34-97 have a higher aggregation 

propensity, which corresponds to the templating region of α-synuclein prions (Pawar et al., 

2005). 

Some of these models, such as the AGGRESCANS3D (A3D) model, are available for 

public use (Zambrano et al., 2015). Unlike many other models that use a purely linear approach 

to determining aggregation propensity, A3D accounts for exposed soluble/insoluble regions in 

the folded structure to determine whether or not a certain sequence is capable of forming 

aggregates. In addition, it is important to classify types of protein structures, preferably in a 

quantitative manner, which has long been a challenge for protein modeling. Many groups have 

designed servers that can classify proteins based on their structure, including FSSP, CATH, and 

SCOP, by comparing secondary structure and shape of the protein surface; however, as these 

servers base their classification on visual observation, qualitative elements are introduced (Getz 

et al., 2004).  

One quantitative approach to analyze protein structures utilizes the Ramachandran plot, 

which is a scatterplot of the dihedral angles along the peptide backbone designated as phi ( ) 

and psi ( ) (Najibi et al., 2017). These plots can be used to characterize secondary structural 

elements, such as α-helices and ß-sheets based on the allowable dihedral angles for each amino 

acid. Ramachandran plots across the twenty amino acids vary due to differences in structure and 

chemistry of the individual R groups (Hovmöller et al., 2002). Dihedral angle measurements 
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have also been employed to characterize different ß- and -turns, with certain allowable angles 

for each of the tripeptide residues comprising each structure (Venkatachalam, 1968; Némethy 

and Printz, 1972). This approach can be applied to amyloid forming proteins as well, to model 

and describe structural similarities among known prion structures in a quantitative manner.  

 

Conclusion 

Critical advancements in the prion and NDD fields have been made in the past two 

decades. Structural, cellular, and animal studies have revealed the diverse conformations and 

biochemical characteristics of α-synuclein strains, adding to the evidence of the existence of 

multiple strains described by the strain hypothesis of the prion field. Despite this growing data on 

the variety of strains that can exist, little is known about the mechanisms of strain formation and 

the specific factors that drive the initial misfolding process. Factors such as familial mutation, 

buffer composition, fibril source, as well as the presence of a cofactor have been thought to 

influence the conformation of the α-synuclein amyloid, however the degree of impact each of 

these variables have in comparison to one another remains unclear, demonstrating a need for 

further investigation on the intrinsic and extrinsic factors that drive strain formation. 

 

COVID-19 Impact Statement 

Due to the ongoing COVID-19 pandemic, the nature of this thesis project was completely 

altered from the original plan prior to Spring 2020. In the absence of COVID-19, the original 

thesis project aimed at further developing a cell-based assay to be used to discriminate between 

different strains of α-synuclein amyloids. Due to possible risk of campus-wide closures during 

this time, a new fully remote project was designed aimed at utilizing data extracted from 
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published amyloid structures in order to analyze potential relationships between dihedral angle 

data and amyloid structure. This involved delving into an area of research new to the lab, in 

addition to learning a new background and software to be able to characterize structures of 

amyloids published in the PDB.  
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METHODS 

Mining PDB 

The Protein Data Bank (PDB) is a public web-based repository filled with published 

protein structures solved using a variety of structural techniques including but not limited to X-

ray crystallography, NMR, and cryo-EM. All amyloid structures published in the PDB were 

mined, noting characteristics such as fibril source, presence of mutations, length of templating 

region, method used, resolution, and if they were involved in any diseases (among others). This 

information was compiled into a spreadsheet, sorting by amyloid protein type. In general, 

amyloids were defined as structures that were rich in ß-sheets and formed filamentous stacks. 

Notably the PDB also contained small peptides that were fragments of amyloid forming proteins, 

which were omitted from the structural analyses due to their short length. 

In addition, the globular “counterparts” were mined from PDB, however it is important to 

note that many of the amyloid forming proteins did not have a non-amyloid counterpart, or were 

intrinsically disordered proteins (such as α-synuclein) that only had structures bound to another 

molecule. In the case of α-synuclein this included α-synuclein bound to a micelle in its soluble 

state (non-amyloid form). 

 

Extracting Phi/Psi Angles and Generating Preliminary Ramachandran Plots 

Each amyloid structure was loaded into PyMol software, a molecular visualization tool, 

and using the phi_psi command, the dihedral angles of all of the residues were extracted 

(excluding the terminal residues as those by definition do not have phi/psi angles). Preliminary 

Ramachandran Plots were generated by making scatter plots of the phi and psi angles for each of 

the 20 amino acids to see if they followed the same distribution as those obtained from globular 
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proteins. Ramachandran plots were also generated using the Molecular Operating Environment 

(MOE) software, which is another molecular visualization and analysis tool. Notably however, 

plots of only glycine, proline, and general amino acid residues could be generated using MOE, so 

plots of other amino acid residues were generated by making scatter plots manually. Several of 

the published amyloid structures in the PDB include short 6-11 residue segments. For the 

purpose of the subsequent analyses, these structures were omitted as they did not contain any 

chain redirections/reversals motifs, and likely could not provide enough information to the 

questions being asked in this study. 

 

Categorizing Chain Redirections and Reversals Among Amyloids 

Upon mining of the structures deposited in the PDB, chain redirections/reversals motifs 

in the amyloid structures were particularly characteristic. To further investigate these elements, 

amyloid structures were analyzed for the presence of chain redirections/reversals, noting the 

residues that comprise a particular chain redirections/reversals, and where within the chain 

redirections/reversals they were located (at the point/vertex, or before/after by a certain number 

of residues, as well as if the structure was left or right handed). For the purpose of this 

investigation, a chain reversal is defined as a bend in the backbone of the polypeptide sequence, 

resulting in an antiparallel interaction of the main chain (about 180º), while a chain redirection is 

a less than 180º orientation of this and closer to 90º. Two general classifications of turns for 

typical proteins utilizing dihedral angle measurements have been previously defined by 

Venkatachalam (1968), Richardson (1981), and Némethy & Printz (1972): ß-turns and -turns. 

In general, a ß-turn is defined by four consecutive residues (designated as i, i+1, i+2, 1+3 where i 

is the first residue in the turn), with a distance smaller than 7Å between the alpha carbon if i and 
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i+3. -turns are defined as three consecutive residues (designated as i, i+1, i+2, 1+3 where i is 

the first residue in the turn), with a hydrogen bond stabilizing residues i and i+2 (Hutchinson & 

Thornton, 1996). The ß-turns and -turns are further sub classified into specific turn types based 

on specific ranges of phi/psi angles for each turn (Table I). 

Utilizing the PROMOTIF Turn Predictor program (Hutchinson & Thornton, 1996), α-

synuclein amyloids were loaded into the PROMOTIF software on the JPred4 site (Drozdetskiy et 

al. 2015) in order to determine if chain redirections/reversals motifs could be detected and obey 

the predefined turn classification system. While the program appeared to detect some of the 

chain redirections in the MSA structures published and classify them based on the defined 

phi/psi angles, many of the chain redirections/reversals were classified as a Type IV ß-turn, 

which includes all turns that did not fall under any of the other definitions and thus were outliers. 

In addition, some of the chain redirections/reversals motifs visually detected on the structures 

were not picked up by the program either, demonstrating a need for a separate classification 

specific to amyloids like α-synuclein. 

Using visual observations, the geometry of the chain redirections/reversals was noted 

based on a new designed criteria. The first aspect was splitting the chain redirections/reversals by 

symmetry based on the two protofilaments involved in the overall amyloid structure. For 

structures that only had one protofilament this was indicated instead of a “symmetrical” or 

“asymmetrical” designation. Following sorting of the structures based on symmetry, the chain 

reversals were categorized by their shape into different classifications. Notably, a residue often 

observed in these chain redirections/reversals motifs were glycines. The location of glycine 

residues in each chain redirection was plotted by structure type for both α-synuclein and tau 

amyloids.  
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Analyzing the Impact of Extrinsic and Intrinsic Factors on Phi/Psi Variability 

 Considering the presence of chain redirections/reversals motifs across these amyloid 

structures, this raised the question regarding the variability in the dihedral angle measurements 

across these amyloids, and if there were particular factors that could potentially contribute to 

more or less variability in the phi/psi angle distribution. The standard deviation of the dihedral 

angles for all a-synuclein structures were calculated for each residue. To determine which 

intrinsic and extrinsic factors have the greatest impact on strain formation, F test (Levene’s Test) 

was used to compare the difference in phi and psi variability across structures. With this analysis, 

I compared differences in standard deviation between patient vs. recombinant/synthetic fibril, the 

presence or absence of a small molecule or cofactor, presence of either a chain redirections or 

reversals at the 65-70 residue region, as well as the presence of a mutation or post-translational 

modification on phi/psi variability. This approach was used to stratify factors from strongest to 

weakest influence on strain, as determined by a decrease in dihedral angle variability. I used 

these findings to generate a hierarchy for how each factor influences strain formation. With the 

data generated from the published α-synuclein structures, a protein misfolding hierarchy was 

created to rank the effects of each of these variables on the adoption of an amyloid conformation 

starting from the disordered/soluble state. 
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RESULTS AND DISCUSSION 

Results 

The Role of Glycines in Amyloid Structures 

 When considering the distribution of points on a Ramachandran plot, one of the most 

notable residues that occupies the largest space on the chart are glycines. The lack of an R group 

(since glycines have two hydrogens attached to the alpha carbon), reduces steric hindrance, 

resulting in a wider range of allowable conformations and thus greater variance in phi/psi 

occupancy. In general, glycines make up 12.86% of the 140-amino acid long α-synuclein protein 

sequence, and 10.82% of the 758-amino acid long isoform PNS-tau protein sequence. Focusing 

on the Ramachandran distributions for α-synuclein, the amyloid structures appear to occupy a 

larger region on the plot than the globular α-synuclein structures mined from the PDB. Notably, 

there are a lot fewer globular structures available (21 amyloid compared to 2 globular structures 

for α-synuclein), which does limit this interpretation. Comparing the α-synuclein amyloid plot to 

the general Ramachandran plot published for glycines from general globular proteins, there 

appears to be a higher occupancy particularly in the upper right quadrant among glycines from 

the amyloid structures (Figure 2). This widespread distribution of glycine residues was also 

observed among other amyloid forming proteins as well including tau, amyloid-ß, TDP-43, prion 

protein, and HET-s during initial Ramachandran analyses. The flexibility afforded by the 

hydrogen residue likely contributes to the wider distribution among the glycine residues and thus 

a greater number of conformations that it can adopt compared to other residues. Considering the 

flexibility of glycines, the presence of chain redirections/reversals commonly observed across 

amyloid structures were analyzed in relation to the presence of glycine residues. In this 

investigation, the term “chain redirection” generally referred to any bending or curvature of the 
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protein backbone that was closer to around a 90º angle, while “chain redirection” referred to a 

change in backbone directionality resulting in a 180º curve and antiparallel strand interactions. 

We looked at the percentage of chain redirections/reversals with glycine residues in α-synuclein 

amyloid structures (Table II). For both chain redirections and reversals, the majority of these 

motifs contained at least one glycine residue. 

Among the chain redirections that included a glycine, the location of glycine within chain 

redirections was then analyzed, with the goal of determining whether or not there was a 

preference as to where in a chain redirection glycine residues tended to reside. This was done by 

sorting the locations within a chain redirection as before the vertex, at the vertex, or after the 

vertex, with the vertex being defined as the convex point of a chain redirection. Going through 

each of the tau and α-synuclein amyloid structures, the location of the glycines within a chain 

redirection was marked, and tallied below. Recognizing the differences in fibril source, the data 

was additionally split by recombinant and patient derived fibril to see if differences in the fibril 

source would perhaps alter the placement of a glycine residue along the amyloid protein 

sequence (Figure 3). Among chain redirections with glycines for α-synuclein amyloid structures, 

the majority of glycines within these chain redirections were located at the vertex position of the 

chain redirections, at an over 50% among all α-synuclein amyloid structures (Figure 3A). 

Splitting the structures by fibril source (recombinant and patient derived), the recombinant α-

synuclein fibrils follow a similar distribution with a little under 50% of glycines falling at the 

vertex position (Figure 3B). The patient derived α-synuclein fibrils however are much heavily 

shifted towards having glycines being located at the vertex of the chain redirections (Figure 3C). 

Interestingly, tau amyloid structures appear to show the opposite in terms of comparing 

recombinant versus patient derived fibrils, whereby the recombinant fibrils have a much greater 
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population of glycines located at the vertex position (Figure 3E) than the patient derived fibrils 

(Figure 3F), which show a distribution much more similar to that of all of the tau amyloids in 

general (Figure 3D). While this distribution is different between α-synuclein and tau, the shift 

observed with fibril source (patient-derived versus recombinant/synthetic fibrils) provides further 

evidence that fibril source impacts strain formation. As the location of glycines appear to be 

skewed towards certain areas of a chain redirection, correlated with the fibril source, this could 

potentially influence the type of chain redirection able to form, considering the flexibility offered 

by a glycine residue as observed earlier (Figure 2A). 

 In addition to chain redirections, the presence of chain reversals contribute to an 

additional element of structural diversity observed across amyloids. Chain reversals, generally 

defined in this paper, refer to the inversion of the main polypeptide chain, so that the backbone 

bends 180º, resulting in two antiparallel strands. As aforementioned, there exists classical turn 

definitions which utilize the dihedral angle measurements to subcategorize ß- and -turns. 

Utilizing the PROMOTIF program, which detects and categorizes turns in proteins loaded onto 

the software, it appears that not all of the chain redirections/reversals are detected, and if they 

were, they were categorized as Type IV, which was designated as a classification for turns that 

did not fall into any of the other categories (Table I). In the example shown below, the MSA II 

Type I filament was loaded onto JPred4 (a site that includes multiple structural analysis 

softwares), and the PROMOTIF program was run (Figure 4). Analyzing a single chain from each 

of the two asymmetrical filaments that make up this amyloid, the detected chain redirections are 

denoted by corresponding color coding. Notably, while several chain redirections are detected by 

the program, four chain redirections on each of the filaments are classified as Type IV beta turns. 

Additionally, several of the chain redirections were not detected by the program (areas of the 
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structure not highlighted/without residues shown in Figure 4). These results suggest that perhaps 

the chain redirections/reversals observed among amyloids don’t fall under the classical 

definitions for these structural motifs. Given this output, we went through the chain 

redirections/reversals of the amyloid structures extracted from the PDB and came up with our 

own classification system based on visual observations. 

 

New Chain Redirections/Reversals Classifications Among Amyloids 

 For this analysis, chain reversals were focused on instead of chain redirections, due to the 

greater structural diversity among chain reversals. Going through the length of each amyloid 

protein mined from the PDB, the location and geometry of the chain reversals were noted. 

Starting off with symmetry, chain reversals were designated as either symmetrical or 

asymmetrical, and then sub categorized based on their features. Chain redirections/reversals were 

noted across all of the amyloid structures. Shown in the figure below are example chain reversal 

types observed among α-synuclein amyloids (Figure 5). From these definitions, ongoing 

collaborations with Chemical Computing Group (CCG) are aimed at translating these working 

criteria into a tool for chain redirections/reversals analysis among amyloids and hopefully build a 

stronger definition specific to prions. From these findings, a better understanding of these 

structural motifs and their contributions to strains can be obtained. 

 

Conserved Chain Redirections/Reversals Regions Among Tau and α-synuclein Amyloids 

 Chain reversal motifs appear to be a great contributor to amyloid structural diversity, with 

the presence of these motifs. Beyond the shape of the chain reversals contributing to variation in 

amyloids, the number and location of chain reversals appeared to differ across structures of the 
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same protein. This raised the question of whether or not there were particular regions of the 

protein sequence that consistently formed chain redirections/reversals motifs, and if so, whether 

or not they were observed perhaps in combination with other chain redirections/reversals 

domains. It was hypothesized that chain reversals that consistently formed at a particular region 

of residues within an amyloid protein could perhaps be conferring some level of stability to the 

overall fibril structure. Thinking of the overall misfolding process, these conserved regions could 

potentially be forming an initial step during the actual mechanism to achieve the final amyloid 

structure. Following categorization of the chain reversals, the placement and location of the 

chain redirections/reversals, as well as the combination of chain redirections/reversals observed 

in each of the structures (this was done for α-synuclein and tau) was analyzed (Figure 6). Among 

α-synuclein amyloids, the first major chain reversal combinations included chain reversals at 

residues 65-70 and 80-88 (note there are some variations in chain reversal locations across the 

structures by a few residues). In addition, structures with chain reversals at these two residue 

locations also have a chain redirection at residues 72-76 as well. Another chain reversal 

combination that was observed across multiple structures was at residues 56-61 and 72-76 

(except for the Y39 phosphorylated fibrils). Notably, these five structures were also the only 

structures that did not contain a chain reversal at the conserved residue 65-70 region, but instead, 

all had a chain redirection. Four of these structures came from the same publication, raising the 

question of how much of a role the preparation protocol for these recombinant fibrils influenced 

structure formation, however one of the structures (6UFR) came from a separate publication. The 

65-70 chain reversal is also conserved in the three MSA patient samples (also have the 83-88 

chain reversal, as well as 19-26 or 32-38 depending on which filament as they are asymmetrical). 

Looking at the Y39 phosphorylated fibrils (6L1T and 6L1U), these contain the 16-22, 56-62, and 



Liu 31 

 

65-71 chain reversals. This could suggest that phosphorylation could change the folding pattern 

of the amyloid, as they do not contain the 72-76 chain reversal for example despite also 

containing the 56-62 chain reversal, deviating from the second chain reversal combination 

described above. 

 

The Influence of Extrinsic and Intrinsic Factors on Phi/Psi Angle Variability 

 Tying together all of the various observations made across amyloid (and their non-

amyloid counterparts), the aim of this investigation was to utilize these findings to build a 

hierarchy that ranks factors and their influence in the protein misfolding pathway starting from 

the disordered or soluble state of the protein. After averaging the phi/psi values for each of the 

residues along the length of identical filaments (separating them as described in the materials & 

methods section if they were asymmetrical filaments), the standard deviation was taken across 

each of the average values and plotted against the residue number for the full length of the 

proteins. This process was done for all α-synuclein and tau amyloids. The goal of this part of the 

project was to determine if particular fibril comparisons could correlate with a reduction in 

dihedral angle variability, which would be quantified across all fibril structures of that particular 

category using standard deviation as a measurement. 

 The exclusion criterias selected were: fibril source (patient vs. recombinant/synthetic), 

the presence (or absence) of mutations and/or post translational modifications (PTMs), the 

potential for a cofactor, and the presence of a chain redirections/reversals at the previously 

identified 65-70 residue region. Recombinant fibrils included all structures that were 

synthetically produced, while the patient derived firbils included the 3 MSA structures (as those 

are the only ones currently available among α-synuclein amyloids). The second comparison 
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looks at the structures that have either a mutation or PTM in contrast to structures with neither. 

These mutations/PTMs include E46K, H50Q, A53T, and a phosphorylated T39 residue. Based 

on previous analyses, the impact of having a chain reversal compared to a chain redirection at the 

65-70 residue region was also compared to test the impact of these two structures on dihedral 

angle variance, considering the observation that the majority of the published structures contain a 

chain reversal instead of a chain redirection at that location. The fourth category compares the 

presence, absence, as well as potential of a small molecule at the interface of the fibrils. Of the 

structures obtained, only the three MSA structures are confirmed to contain a non-proteinaceous 

cofactor at the protofilament interface, however three recombinant structures appear to have a 

cavity at the interface region, despite not being explicitly described as having a molecule in that 

region, instead of a flat interface observed among the rest of the recombinant fibrils. As the 

involvement of a cofactor appears to be quite important for strain formation especially when 

considering differences in fibril source, its relationship with phi/psi angle variability was tested. 

Differences in variability of dihedral angle measurements across α-synuclein fibrils were 

analyzed by plotting the standard deviation across filaments (asymmetrical filaments were 

separated and treated as individual structures in order to best capture their own set of dihedral 

angles) against the corresponding residue number (Figure 7). Looking at dihedral angle variation 

across all α-synuclein amyloids, there does appear to be regions of alternating lower and higher 

variability. Many of the highest standard deviations appear to come from psi angle variability, 

however upon conducting a Levene’s test on the standard deviation between phi and psi angles 

of all α-synuclein amyloids, there was no statistically significant difference between the two 

angles (p = 0.239951219; p* = 0.05). 
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Focusing on the comparison between recombinant vs, patient derived α-synuclein 

structures, the recombinant and general plot are nearly identical (Figures 7, 8A), while the 

patient structures had reduced variability among both phi and psi angle measurements (Figure 

8B). Splitting all of the α-synuclein amyloids by structures without mutations or PTMs and those 

with either/or resulted in a lower variance in general for structures with mutations or PTMs 

(Figure 9). This could tie with the hypothesis (described in Boyer et al. 2019 as well) that 

perhaps the introduction of a mutation or PTM would disrupt certain key interactions that 

facilitate structure formation for specific conformations, and by doing so, reduces the pool of 

possible conformations that amino acid sequence can adopt. Similarly, the introduction of a 

small molecule (or potential for one) also appeared to reduce variation across the residues for α-

synuclein amyloids, with lower standard deviation values and peaks in general among those 

categories compared to α-synuclein classified as not having any small molecules (Figure 10). 

Looking at the presence of a chain redirections/reversals at residues 65-70 in particular, 

comparison of structures with a chain reversal at this location compared to ones with a chain 

redirection reveal that there is a lower standard deviation across the residues for structures with a 

chain redirection at this location (Figure 11). Once again however, four of the five structures in 

the chain redirection category came from the same publication, highlighting a limitation with this 

comparison. 

To quantify the standard deviation in the comparisons in order to determine which factors 

may potentially contribute more to strain formation, a Levene’s Test was conducted to analyze 

the differences in variance. Sorting the fibrils into the four aforementioned comparisons, the 

analysis was performed (p* = 0.05) for variance across angles phi and psi, and the percentages 

above and below the p value were calculated (Table III). Notably the comparison only included 
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the dihedral angles across residues 15 - 98 (or 96) depending on data availability, as some of the 

groupings only had one structure that spanned a particular templating region and thus did not 

have a standard deviation value to be used for the analysis. It is hypothesized that the 

comparisons with a greater percentage of values less than 0.05 would likely be a more influential 

factor in contributing to strain formation. For each of the comparisons, it was generally observed 

that one of the categories appeared to be less variable than the other (patient structure, with 

mutations/PTMs, patient or potential for a small molecule, and the presence of a chain 

redirection at residue 65-70). Thus the reasoning behind this analysis was that comparisons with 

a statistically significant difference in standard deviation would indicate that the factor being 

compared did have an influence on the dihedral angle variability. A high percentage of residues 

that were influenced by this would “rank” that factor higher than the others, accounting for both 

phi and psi angles. 

Across all comparisons, there was a greater percentage of p values greater than 0.05 for 

both angles phi and psi. For both angles phi and psi, the category of mutation/PTM vs. none had 

the smallest percentage of significant differences between variance. The Recombinant vs. 

Patient, 65-70 Chain Reversal vs. Redirection, and Small Molecule categories however had more 

similar distributions, however the values were not consistently the same between phi and psi 

angles. In general, the psi angles for all four categories had a higher percentage of p-values less 

than 0.05, which is an interesting contrast to the previous analyses suggesting there was no 

significant difference between phi/psi angle variance among α-synuclein amyloid 

structures.When looking at the particular location of the significant differences in variance across 

the comparisons, the only residue that was consistently different across all four categories for 

both angles phi and psi was ALA76 (Supplemental Figure S1). The regions of significant 
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difference in standard deviation appear to vary, even between the phi and psi comparisons for a 

particular category.  

 

Discussion/Conclusions 

 In this investigation, we initially sought out to see if data extracted from dihedral angle 

measurements could be used to analyze and characterize amyloid forming proteins in order to 

gain a better understanding of prion biology from a structural perspective. Initial observations of 

glycine distributions on a Ramachandran plot comparing amyloid α-synuclein structures to 

globular α-synuclein structures revealed a higher population of residues in the disallowed regions 

among the amyloid derived glycines. Considering the reduced steric implications the variable 

group hydrogen confers, it was also expected that the majority of chain redirections/reversals 

both had at least one glycine present (Table II), in order to provide added stability. With the 

location of glycines within chain redirections in particular, the majority of glycines appeared to 

be located at the apex/vertex point of a chain redirection, followed by somewhere before the 

vertex point then after (Figure 3A). When splitting the data to compare the distributions between 

recombinant and patient derived α-synuclein amyloids, the position of glycines was extremely 

skewed towards the vertex position among patient derived amyloids (Figures 3B, 3C). This 

raises the question with regards to the impact of fibril source on amyloid structure, with a clear 

difference in this aspect between the patient derived fibrils and those recombinantly generated. 

Intriguingly however, one element that was observed to be conserved across the majority of 

recombinant α-synuclein fibrils and all of the patient derived fibrils was the presence of a chain 

reversal at residues 65-70.  
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 As the observation of conserved chain reversal motifs in particular regions of the α-

synuclein protein sequence was observed, this raised the question regarding the extent to which 

the dihedral angles themselves were conserved, and if this variance could be compared across 

various classifications of amyloids. One of the largest questions in the prion field revolves 

around the initial misfolding process (Figure 1D) and the specific intrinsic and extrinsic factors 

that drive this process as the exact mechanism of misfolding remains unclear. Theoretically, 

elements within an amyloid fibril that are highly conserved across various structures of a 

particular amyloid protein are likely critical to fibril stability, and could potentially be a priority 

in terms of what is formed first during misfolding. Focusing dihedral angle measurements when 

approaching this question, the influence of four extrinsic/intrinsic factors on phi/psi variability 

was analyzing differences in standard deviation across various comparisons among α-synuclein 

amyloids. Among the four factors, the comparison between structures with a mutation/PTM 

compared to those without either had the lowest differences in standard deviation for both angles 

phi and psi. Focusing on the phi angle comparisons, both the 65-70 chain redirection/reversal and 

small molecule comparisons had the same percentage of significant differences in variation, but 

were outweighed by the recombinant vs. patient comparison. These trends differed slightly 

however looking at the psi angle comparisons, with the 65-70 chain redirections vs. reversals 

having the highest percentage of significant differences (Table III). Based on these findings, 

while out of these four comparisons the presence of mutations/PTMs appear to be the least 

influential factor on dihedral angle variance, it is difficult to make a conclusive statement with 

regards to the ranking of the other three based on differences between the phi and psi percent 

variances. Drawing from the differences in the glycine positioning analysis (Figure 3), fibril 

source could likely be a top contributing factor to strain formation, however this comparison was 
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not performed for the other two variables as well and would need to be in order to make a more 

conclusive statement. 

 Looking closer at the residue 26-35 region, this appeared to have a pretty big difference 

in significant variance between the recombinant vs. patient and mutation/PTM vs. none 

comparisons (Supplementary Figure S1). For both the phi and psi angles in the recombinant vs. 

patient comparison, the majority of residues in this range were significantly different between the 

two categories, whereas for the mutations/PTM vs. none comparison, the majority of residues in 

this range did not significantly differ from each other. These residues are absent from the other 

two comparisons due to the distribution of the data including structures that did not span those 

residues for the templating region. Notably however, the only amyloids that actually span that 

templating region are the 3 MSA structures (6XYP, 6XYO, 6XYQ), the Tuttle et al. 2016 

ssNMR structure (2N0A), and the dimer/trimer structures of the T39 phosphorylated amyloids. 

In all of these structures that contain these residues, there appears to be a chain redirection or 

reversal present at that location as well, which is towards the edge of the protofilament interface 

region. Considering that this region is absent from the majority of the structures, this could also 

conceptually reduce an element of constraint amongst those structures, from the perspective of 

requiring fewer residues to have to accommodate in a tightly packed fibril structure. 

While the regions of variance seem to generally be in similar locations across the 

comparisons, one residue that is consistently significantly variable across all of the columns 

(Supplementary Figure S1) is residue ALA76 which varies with regards to its positioning within 

each amyloid. Generally however, it does appear to be frequently located right next to or at the 

edge of a chain redirection or reversal motif. This finding perhaps raises the question regarding 
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the extent to which this residue could be altered in order for it to contribute to overall fibril 

instability, considering it is consistently variable across all of the comparisons. 

There are several limitations that should be recognized when interpreting the findings. 

One of these includes the availability of the structures. These analyses were made using the 

structures currently available on PDB, which most likely do not encapsulate all of the structures 

and strains of α-synuclein in existence, limiting the applicability of the findings. And while this 

analysis was performed on α-synuclein amyloids, it is plausible that other amyloid forming 

proteins could potentially obey a different set of rules or be influenced by other factors to 

varying degrees remaining to be tested. Additionally, the four factors chosen to be compared in 

this study are by no means all of the factors that could potentially play a role in initial strain 

formation. In order to ultimately gain a stronger understanding of the initial misfolding 

mechanism of α-synuclein prions, additional factors such as solvent conditions, the presence of 

other structural elements such as particular interface regions or intramolecular interactions, along 

with pairing combinations of these factors (for example structures containing an E46-K80 salt 

bridge, and a chain reversal at residues 65-70) in order to fine tune and parse apart the 

hierarchical organization of these factors. As described above, while the findings direct to the 

presence of mutations/PTMs as the lowest contributing factor, and the other three categories of 

being indifferentiable, including multiple factors at once for comparisons could perhaps shed 

light on this aspect.  

 Here we have employed a Ramachandran-based analysis to characterize structural 

elements of amyloid proteins (specifically α-synuclein). Visual observations of chain reversal 

motifs in particular have highlighted one contributor to structural diversity among amyloid 

structures. However these observations were based on qualitative analyses. Ongoing 
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collaborations with CCP are aimed at quantifying these observations in order to establish a new 

set of rules and definitions specific to amyloid proteins. These could improve upon the 

preliminary classifications defined in this investigation to a more objective definition based 

purely on the dihedral angle data. Future investigation building off of this work should aim to 

expand this analysis to include other factors including those mentioned above, as well as 

extending this to other amyloid forming proteins such as tau, amyloid ß, etc., in order to test if 

these factors contribute to the similar degrees as one another across different amyloid forming 

proteins, or if these elements are specific to proteins. Utilizing this approach, a better 

understanding of the contributors to prion misfolding can be gained, in hopes of ultimately 

elucidating the mechanism of prion propagation and what drives strain formation. 

 In addition to the aforementioned potential future directions, additional analyses that can 

be incorporated into this investigation could be looking at the conservation of hydrophobicity in 

particular structural motifs. Comparisons of particular conserved structural regions in amyloids 

to amino acid chemistry could perhaps reveal relationships between if protein chemistry is a 

requisite or major contributor to the formation of particular structures observed in amyloids. 

Coupling this with the Ramachandran approach, the identification of potential hydrophobic 

regions for example can be analyzed for their degree of conservation of dihedral angles, 

especially as the core region of many amyloid structures appear to be more hydrophobic in 

nature (Tuttle et al., 2016; Guerrero-Ferreira et al., 2018). As the actual process of protein 

misfolding has yet to be captured, static structures such as the ones published in the PDB will 

remain key to understanding this mechanism, through the lens of conserved and variable 

domains across prion strains.  
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FIGURES AND TABLES 

 

 

Figure 1. An Overview of Protein Misfolding Among α-synuclein Amyloids 
(A) The three general domains of the 140-amino acid long polypeptide sequence for α-synuclein 
is shown, with mutations discussed in this paper highlighted in the N-terminal domain. In general, 
the NAC Domain makes up the majority of the hydrophobic core characteristic of amyloid 
structures. (B) The structure of human micelle bound α-synuclein is shown using PyMol software, 
with the 3-domains color coded. (C) The structure of a full length human α-synuclein fibril solved 
via ssNMR is shown using PyMol software. (D) The general process of protein misfolding consists 
of the initial misfolding step whereby the native soluble state protein adopts a misfolded ß-sheet 
rich conformation, followed by rounds of templating that gives rise to aggregates of these fibrils. 
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Table I. Dihedral Angle Classifications for ß- and - turns 

Turn type ,  (i + 1) ,  (i + 2) 

ß-Turnsb   

I -60º, -30º -90º, 0º 

II -60º, 120º 80º, 0º 

VIII -60º, -30º -120º, 120º 

I’ 60º, 30º 90º, 0º 

II’ 60º, -120º -80º, 0º 

VIa1a -60º, 120º -90º, 0º 

VIa2a -120º, 120º -60º, 0º 

VIba -135º, 135º -75º, 160º 

IV Turns excluded from categories above 

   

-Turnsc   

Classic 75º, -64º --- 

Inverse -79º, 69º --- 

* adapted from Hutchinson & Thornton 1996 
a. Values defined by Richardson 1981 
b. Values defined by Venkatachalam 1968, besides noted 
c. Values defined by Némethy and Printz 1972 
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Figure 2. Glycines Occupy a Larger Region on the α-synuclein Amyloid Ramachandran Plot 
Using MOE software, Ramachandran plots of glycine residues from amyloids and globular 
structures for α-synuclein published on the PDB were generated. (A) Ramachandran plot generated 
from all α-synuclein amyloids, omitting short chain residues. (B) All glycines from α-synuclein 
globular structures were plotted. (C) A Ramachandran plot from globular proteins, adapted from 
Hovmöller et al. 2002. 
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Table II. The majority of Chain Redirections and Reversals Among α-synuclein Amyloids 
Do Contain at Least One Glycine 

 

 Percentage with Glycines Percentage without Glycines 

Chain Reversal 83.6% 16.4% 

Chain Redirection 78.9% 21.1% 
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Figure 3. Glycines Tend To Be Located At the Vertex Among α-synuclein Amyloids 
The location of glycine residues within chain redirections of tau and α-synuclein amyloid 
structures were noted and calculated as a percentage of all chain redirection with glycine residues. 
(A) Right and Left (R/L) chain redirection among all α-synuclein amyloids, (B) R/L chain 
redirection among recombinant α-synuclein amyloids, (C) R/L chain redirection among patient 
derived α-synuclein amyloids,  (D) R/L chain redirection among all tau amyloids, (E) R/L chain 
redirection among all recombinant tau amyloids, (F) R/L chain redirection among patient derived 
tau amyloids. 
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Figure 4. Current Turn/Loop Predictor and Definitions Do Not Capture all Amyloid Chain 
Redirections/Reversals 
The MSA II Type I filament (PDB ID 6XYP) was loaded onto the PROMOTIF software (housed 
on the JPred4 online server) in order to determine if the chain redirections and reversals motifs 
could be detected. One chain from each of the asymmetrical filaments are shown with the 
corresponding chain redirections color coded on the table of beta turns (Chain A = green, Chain B 
= light blue).  
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Figure 5. Classification of Chain Reversal Types Observed Among α-synuclein Amyloids 
The classifications for chain reversals observed among α-synuclein amyloids are shown, with 
example images (PDB ID noted). Structures were obtained by loaded PDB ID onto PyMol 
software, and then analyzed by going through the polypeptide chain of each α-synuclein amyloid. 
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 Residues involved in Chain Redirections and Reversals 

Structure 11-14 16-22 19-26 30-34 35-38 38-42 42-48 49-55 56-62 65-70 72-80 81-86 87-95 90 - 

6CU8 -------- -------- -------- -------- -------- -------      -------- -------- -------- 

6CU7 -------- -------- -------- -------- --------          

6OSJ -------- -------- -------- -------- --------          

6OSM -------- -------- -------- -------- --------          

6OSL -------- -------- -------- -------- --------          

6XYP, A -------- --------             

6XYP, B -------- -------- --------            

6XYO, A -------- --------             

6XYO, B -------- --------             

6XYQ, A -------- --------             

6XYQ, B -------- -------- --------            

6PES, A -------- -------- -------- --------           

6PES, B -------- -------- -------- --------           

6PEO -------- -------- -------- -------- --------          

6LRQ -------- -------- -------- -------- --------          

6H6B -------- -------- -------- -------- --------          

6RT0 --------   --------           

6RTB --------   --------           

6FLT -------- -------- -------- -------- --------          

6SST --------   --------           

6SSX --------   --------           

2N0A --------              

6A6B -------- -------- -------- -------- --------          

6UFR -------- -------- -------- -------- --------          

6L4S -------- -------- -------- -------- --------          

6L1T               

6L1U               

            

    Chain reversal Chain 
Redirection 

Neither      
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Figure 6. Location of Chain Redirections and Reversals Among α-synuclein Amyloids 
The residues involved in chain redirections and reversals motifs within each of the α-synuclein 
amyloid structures mined from the PDB were determined and organized on a table. Asymmetrical 
filaments are separated into different rows, designated as the PDB ID followed by A or B to denote 
the separate filaments. Dark grey boxes with dashed lines indicate the absence of those residues in 
the templating region of the amyloid, while light grey boxes with “no” indicate the presence of 
that region in the structure however not being involved in a chain redirections or reversals motif. 
Teal boxes indicate the presence of a chain reversal while orange boxes denote the presence of a 
chain redirection. Note, the exact placement of a chain redirection/reversal varies across the 
structures by a couple residues (and does not strictly adhere to the ranges designated at the top of 
the columns). 
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Figure 7. Standard Deviation of Dihedral Angles Across All α-synuclein Amyloids 
The standard deviation of the dihedral angles phi and psi were plotted against the corresponding 
residues for α-synuclein amyloids in order to analyze for potential differences in variation. The 
plot shown here includes all α-synuclein amyloids, with standard deviation across phi angles 
shown in blue and psi angles in red. Only the residues with data are shown. 
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Figure 8. Standard Deviation Comparison Between Patient Derived and Recombinant α-
synuclein Amyloids 
The standard deviations of the grouped amyloids, (A) recombinant and (B) patient derived, were 
plotted against the corresponding residue, with the phi angles shown in blue and psi angles shown 
in red. 
 
 
 

 
Figure 9. Standard Deviation Comparison Between α-synuclein Amyloids With and Without 
Mutations/Post-Translational Modifications 
The standard deviations of the grouped amyloids, (A) structures with either a mutation or post-
translational modifications (PTMs) and (B) structures without either, were plotted against the 
corresponding residue, with the phi angles shown in blue and psi angles shown in red. Mutations 
include A53T, E46K, and H50Q, while PTMs include a T39 phosphorylated dimer and trimer. 
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Figure 10. Standard Deviation Comparison Between α-synuclein Amyloids With or Without 
a Small Molecule (Cofactor) 
The standard deviations of the grouped amyloids, (A) structures with no small molecule present at 
the protofilament interface, (B) structures with the potential for a small molecule at the 
protofilament interface, and (C) patient derived structures with a small molecule present at the 
protofilament interface, were plotted against the corresponding residue, with the phi angles shown 
in blue and psi angles shown in red.  
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Figure 11. Standard Deviation Comparison Between α-synuclein Amyloids With a Chain 
Redirection or Reversal at the 65-70 Residue Domain 
The standard deviations of the grouped amyloids, (A) structures with a chain redirection at residues 
65-70 and (B) structures a chain reversal at residues 65-70, were plotted against the corresponding 
residue, with the phi angles shown in blue and psi angles shown in red.  
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Table III. Significance in Dihedral Angle Variability Among α-synuclein Amyloids Across 
Extrinsic and Intrinsic Factors 
 

  Recombinant 
vs. Patient 

Mut/PTM 
vs. None 

65-70 Chain 
Redirection vs. 

Reversal 

Small 
Molecule? 

PHI 
p ≥ 0.05 65.48% 79.76% 67.14% 67.14% 

p < 0.05 34.52% 20.24% 32.86% 32.86% 

PSI 
p ≥ 0.05 61.90% 72.62% 55.71% 60% 

p < 0.05 38.10% 27.38% 44.29% 40% 

   Mut = mutation 
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SUPPLEMENTARY FIGURES/TABLES 

Supplementary Table I. Protein Data Bank Codes for all α-synuclein Amyloids 

4 letter 
code 

Description Protein Type Methods Resolution Publication 

6CU8 Alpha Synuclein fibril 
formed by full length protein 

Twister 
Polymorph 

Electron 
microscopy 

3.60 Å Li et al. 2018a 

6CU7 Alpha Synuclein fibril 
formed by full length protein 

Rod Polymorph Electron 
microscopy 

3.50 Å Li et al. 2018a 

6OSJ 

Cryo-EM structure of the N-
terminally acetylated full 
length alpha-synuclein 
fibrils 

Ac1-140 
Electron 
microscopy 2.80 Å Ni et al. 2019 

6OSM 

Cryo-EM structure of the N-
terminally acetylated C-
terminal Alpha-synuclein 
truncation 

Ac1-103 
Electron 
microscopy 3.40 Å Ni et al. 2019 

6OSL 

Cryo-EM structure of the N-
terminally acetylated C-
terminal Alpha-synuclein 
truncation 

Ac1-122 
Electron 
microscopy 3.00 Å Ni et al. 2019 

6XYP 
Multiple system atrophy 
Type II-1 alpha-synuclein 
filament 

Type II-1 
Electron 
microscopy 3.29 Å 

Schweighauser et 
al. 2020 

6XYO 
Multiple system atrophy 
Type I alpha-synuclein 
filament 

Type I 
Electron 
microscopy 2.60 Å 

Schweighauser et 
al. 2020 

6XYQ 
Multiple system atrophy 
Type II-2 alpha synuclein 
filament 

Type II-2 
Electron 
microscopy 3.09 Å 

Schweighauser et 
al. 2020 

6PES Cryo-EM structure of alpha-
synuclein H50Q Wide Fibril 

H50Q Wide Fibril Electron 
microscopy 

3.60 Å Boyer et al. 2019 

6PEO 
Cryo-EM structure of alpha-
synuclein H50Q Narrow 
Fibril 

H50Q Narrow 
Fibril 

Electron 
microscopy 3.30 Å Boyer et al. 2019 

6LRQ 
Cryo-EM structure of A53T 
alpha-synuclein amyloid 
fibril 

A53T amyloid 
Fibril 

Electron 
microscopy 

3.49 Å Sun et al. 2020 

6H6B Structure of alpha-
synuclein fibrils 

alpha-synuclein 
fibril 

Electron 
microscopy 

3.40 Å Guerrero-Ferreira et 
al. 2018 
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6RT0 
Cryo-EM structure of alpha-
synuclein fibril polymorph 
2A 

polymorph 2A 
Electron 
microscopy 3.10 Å 

Guerrero-Ferreira et 
al. 2019 

6RTB 
Cryo-EM structure of alpha-
synuclein fibril polymorph 
2B 

polymorph 2B 
Electron 
microscopy 3.46 Å 

Guerrero-Ferreira et 
al. 2019 

6FLT Structure of alpha-
synuclein fibrils 

alpha-synuclein 
fibril 

Electron 
microscopy 

3.42 Å Guerrero-Ferreira et 
al. 2018 

6SST 
Cryo-EM structure of alpha-
synuclein fibril polymorph 
2B 

polymorph 2B 
Electron 
microscopy 3.40 Å 

Guerrero-Ferreira et 
al. 2019 

6SSX 
Cryo-EM structure of alpha-
synuclein fibril polymorph 
2A 

polymorph 2A 
Electron 
microscopy 2.98 Å 

Guerrero-Ferreira et 
al. 2019 

2N0A Atomic-resolution structure 
of alpha-synuclein fibrils 

alpha-synuclein 
fibrils 

Solid State 
NMR 

----- Tuttle et al. 2016 

6A6B Cryo-EM structure of alpha-
synuclein fiber 

alpha-synuclein 
fiber 

Electron 
microscopy 

3.07 Å Li et al. 2018b 

6UFR 
Structure of recombinantly 
assembled E46K alpha-
synuclein fibrils 

E46K alpha-
synuclein fibrils 

Electron 
microscopy 2.50 Å Boyer et al. 2020 

6L4S 
Cryo-EM structure of alpha-
synuclein fiber mutation 
type E46K 

E46K alpha-
synuclein fibrils 

Electron 
microscopy 

3.37 Å Zhao et al. 2020a 

6L1T 

Cryo-EM structure of 
phosphorylated Tyr39 a-
synuclein amyloid fibril - 
twister dimer of pY39 α-syn 
fibrils 

Residues 1-100 
(largest identified 
core region) 

Electron 
microscopy 

3.22 Å Zhao et al. 2020b 

6L1U 

Cryo-EM structure of 
phosphorylated Tyr39 
alpha-synuclein amyloid 
fibril 
- twist-trimer of pY39 α-syn 
fibrils 

Residues 1-100 
(largest identified 
core region) 

Electron 
microscopy 

3.37 Å Zhao et al. 2020b 

*blue shaded PDB ID boxes indicate patient derived fibrils, while white boxes indicate 
recombinant  
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Supplementary Table II. Protein Data Bank Codes for all α-synuclein Globular Proteins 

4 letter 
code 

Description Protein Type Methods Resolution Publication 

1XQ8 Human micelle-bound 
alpha-synuclein 

Micelle-bound a-
syn 

Solution 
NMR 

----- Ulmer et al. 2005 

2KKW SLAS-micelle bound alpha-
synuclein 

Micelle-bound a-
syn 

Solution 
NMR 

----- Rao et al. 2010 
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Supplementary Figure S1. P-
Values By Residue of Dihedral 
Angle Variability Analysis 
This figure shows the calculated p-
values after the F-test (Levene’s 
Test) performed for each of the 
four comparisons listed at the top 
of the column. Separate F-tests 
were performed for phi and psi. 
Red boxes indicate statistically 
insignificant differences in standard 
deviation (greater than the critical 
value of p = 0.05) while green 
boxes indicate statistically 
significant differences in standard 
deviations between the 
comparisons. White boxes indicate 
regions of the sequence that did not 
contain dihedral angle data for the 
comparison/calculations. 
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