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ABSTRACT 

Proteinaceous deposits of α-synuclein amyloid fibrils are a hallmark of human disorders 

including Parkinson’s disease. The onset of this disease is also associated with five familial 

mutations of the gene encoding α-synuclein protein. However, the mechanistic link between 

single point mutations and the kinetics of aggregation, biophysical properties of the resulting 

amyloid fibrils and an increased risk of disease is still elusive. Here, we demonstrate that the 

disease-associated mutations of α-synuclein generate different amyloid fibrillar polymorphs 

compared to the wild type protein. Furthermore, the α-synuclein variants forming amyloid 

fibrils of a comparable structure, morphology and heterogeneity show similar microscopic 

steps defining the aggregation kinetics. These results demonstrate that a single point mutation 

can significantly alter the distribution of fibrillar polymorphs in α-synuclein, suggesting that 

differences in the clinical phenotypes of familial Parkinson’s disease could be associated with 

differences in the mechanism of formation and the structural characteristics of the aggregates. 
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INTRODUCTION 

Over the past two decades, the conversion of soluble proteins into misfolded amyloid fibrils 

has generated a very great deal of attention because of its link with neurological disorders such 

as Parkinson’s disease.1, 2 Furthermore, it is now recognized that the formation of amyloid 

deposits in organs and tissues is associated with more than fifty human diseases1 and the 

existence of different strains and structural conformations of the protein aggregates has been 

related to variations in pathological phenotypes and to the onset of different pathologies.3, 4 The 

toxicity of protein aggregates associated in particular with neurodegenerative diseases is widely 

believed to be a result of their ability to disrupt membranes,5 interact with receptor proteins,6 

sequester cellular components7 or to generate highly reactive damaging species 8. The process 

of amyloid formation has, however, not only been related to pathology, as functional amyloid 

structures have also been found, for example in the context of the reversible formation of 

structures for the storage of hormones.9 Defining the underlying mechanisms of fibril formation 

and identifying the structures present on the pathways through which they are formed, are 

therefore important factors in the development of potential treatments for protein misfolding 

diseases.10 In addition, an enhanced understanding of the factors affecting the formation of 

amyloid structures provides opportunities for the development of novel materials and 

devices.11-14 

 The overall architecture of amyloid fibrils has been found to be independent of the 

protein sequence, and of their native state structures.1 Indeed, amyloid fibrils formed from 

different proteins have often been found to possess strikingly similar structural characteristics, 

including long, unbranched and twisted morphologies and diameters in the range of a few 

nanometers with lengths of the order of micrometers.15, 16 A universal characteristic of amyloid 

fibrils is a cross-β sheet structure in the individual protofilaments that together form the final 

structures.1 Despite the high degree of overall structural similarity of amyloid fibrils formed 

from different proteins, the details of individual structures are dependent on the sequences 

involved and the conditions under which they are formed, and a high degree of polymorphism 

and heterogeneity is frequently observed.17-20 Moreover, single amino acid substitutions or 

small changes in pH have been reported to result in a change in a variety of distinctive structural 

features of amyloid fibrils and their precursors.21-24 

 Misfolding diseases are in many cases sporadic, but they can also be promoted by 

mutations in the proteins concerned. In the case of Parkinson’s disease (PD), sporadic onset of 

pathology is closely associated with the misfolding and aggregation of the protein α-synuclein, 

which has been found to be a major constituent of deposits in brains of individuals suffering 
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from PD.25 This protein is composed of 140 amino acid residues and has an intrinsically 

disordered structure in solution. It has been found to be expressed in nerve cells where it is 

primarily localized at synaptic terminals and the protein appears to play a role in synaptic 

plasticity.26, 27 Its sequence can be subdivided into an amphipathic N-terminal region that 

interacts with negatively charged surfaces, such as lipid bilayers, and induces α-helical 

secondary structure, a central region referred to as the non-amyloid β-component (NAC) that 

has a high aggregation propensity, and an acidic C-terminal domain that is typically highly 

disordered. A series of mis-sense mutations in the SCNA gene encoding -synuclein have been 

found to be associated with familial forms of the disease. These mutations result in the 

replacement of a single amino acid residue at different positions in the sequence, namely 

A30P,28 E46K,29 H50Q,30 G51D31 and A53T.27, 32 The mutations have been reported to alter 

the rate of α-synuclein aggregation in vitro, changing to varying extents one or more 

microscopic steps in the aggregation mechanism.21 It has also been suggested that the mutations 

may influence the morphology of the resulting aggregation products,21 although the extent of 

such changes remains to be explored. Furthermore, the link between the aggregation kinetics 

and the aggregate structures is of considerable interest as it is likely that this relationship is an 

important factor contributing to the onset of disease. 

 The properties of amyloid fibrils in vitro have been investigated by a range of bulk 

biophysical techniques, such as X-ray diffraction patterns and circular dichroism. These 

methods provide averaged measurements, which are not generally able to define the complex 

heterogeneous mixture of amyloid aggregates. In order to gain insight into the individual 

structural species present under given solution conditions, techniques such atomic force 

microscopy (AFM) can be applied to study individual fibrils.33, 34 In particular, AFM has been 

demonstrated to be a powerful technique able to provide high resolution information at the 

single molecule level about the 3-D morphological properties of individual amyloid fibrils, 

such as their cross-sectional dimensions and periodicity.10, 35-37 

 In the present work, we set out to characterize systematically the influence of the 

disease-associated mutations on the structural characteristics of amyloid fibrils formed by α-

synuclein. To achieve this objective, it was necessary to generate the fibrils from the 

monomeric forms of all variants under identical and highly controlled conditions such that the 

differences in the fibril populations can be attributed to the intrinsic differences in the sequence 

of the protein rather than to variations in the growth process. We first investigated the 

biophysical properties of the final products of the aggregation reaction by means of a range of 

conventional biophysical techniques, including X-ray diffraction, circular dichroism and 
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infrared spectroscopies. We then identified morphological differences in the fibril samples 

using TEM imaging. Then, we used 3-D high-resolution mapping by AFM, in combination 

with an unsupervised k-means machine learning clustering, to define the polymorphism and 

heterogeneity of the ensemble of structures formed by the different protein variants with sub-

nanometer resolution. By characterizing the fibrils of the mutational variants in this way, we 

identified distinct morphological categories that have enabled us to observe a correlation 

between the differences in the various mechanistic steps involved in amyloid fibril formation, 

observed in previous studies,21 and the structural nature of the populations of the fibrillar 

aggregates formed by the different variants of α-synuclein. 

  



6 
 

RESULTS 

Preparation of amyloid fibrils from α-synuclein variants 

In order to perform a systematic characterization of the influence of the pathogenic single-point 

mutations on the morphology of the mature fibrils, external factors such as the pH value, salt 

and temperature had to be excluded. Therefore, it was necessary to prepare fibrils from the WT 

protein, and from the mutational variants under identical and specifically designed solution 

conditions (Fig. 1a,b). We chose neutral pH and quiescent incubation conditions in order to 

minimize the influence of surfaces,23, 38, 39 variation in solution conditions21, 22 and fibril 

fragmentation.40 We incubated the monomeric proteins in the presence of pre-formed fibrils of 

their respective variants (SI Appendix Text, Fig. S1). 

The fibrils formed by all variants show classical amyloid characteristics 

The initial analysis of the resulting aggregates was carried out with the fluorescent dyes 8-

anilinonaphthalene-1-sulfonic acid (ANS)41 and Nile Red42. The results revealed shifts of the 

emission wavelengths characteristic of ordered amyloid structures for the aggregates of all the 

variants (SI Appendix Fig. S1).  

The secondary structure of monomeric α-synuclein, observed by methods such as 

circular dichroism (CD) and Fourier transform infrared (FTIR) spectroscopies, is essentially 

random coil in nature (SI Appendix Fig. S1), but upon the formation of fibrils a dramatic 

change in the spectra occurs indicating the formation of a high content of β-sheet structure.15, 

43 The fibrils formed by the G51D variant displayed two distinct minima of the CD spectra at 

208 nm and 222 nm, indicative of a higher level of α-helical structure content compared with 

the fibrils formed from the other variants (SI Appendix, Table S1). 

FTIR spectroscopy was used for a more detailed analysis of the β-sheet structure. We 

recorded spectra of the monomeric and fibrillar states of all the variants (Fig. 1c,d), and 

analysed the amide I band in detail.44-46 The FTIR spectra of all the monomeric variants were 

found to be indistinguishable showing that the monomeric state of each variant adopts a 

natively unfolded structure (Fig. 1c),47 whereas the spectra of the fibrillar state of all variants  

showed a substantial enrichment in β-sheet structure for the fibrils with differences in the 

region of the amide I band revealing distinct structural features (Figure 1e,f and SI Appendix 

Fig. S2, Tables S2,3).  

We first quantified by difference spectroscopy the amount of total structural change of 

the amide band I introduced by each mutational variant, respect to the structure of WT fibrillar 

aggregates (Fig. 1g and SI Appendix Fig. S3). The analysis demonstrates that A30P and A53T 
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mutational variants have much more similar structure than E46K, H50Q and G51D mutations.  

In order to quantify further the relative content of the different types of secondary structure in 

the fibrils formed by the variants, we calculated the second derivative of the amide I band of 

each FTIR spectrum43, 48  (SI Appendix Fig. S3). The α-helical content of the E46K variant 

was lower, and that of the G51D variant higher compared to the other variants. In addition, we 

examined the ratio between the relative content of parallel and antiparallel β-sheet to the 

content of α-helical and -turn structure (Fig. 1h and SI Appendix Fig. S3). While the WT, 

A30P and A53T variants had similar ratios of these structural features, the remaining 

mutational variants (E46K, H50Q, and G51D) were significantly different, demonstrating a 

change in the details of the structural organization. Overall, the analysis of the FTIR data 

demonstrates that the disease related single point mutations of -synuclein form two 

structurally different groups of fibrillar aggregates. The first group of mutations results in 

fibrillar aggregates structurally similar to WT fibrils (A30 and A53T), while the second group 

of point mutations (E46K, H50Q, G51D) results is significant differences in the structure of 

the fibrillar aggregates compared to the WT ones (Fig. 1g-h). 

We next examined the fibrils by X-ray diffraction, to probe the presence of the ordered 

cross-β structure characteristic of the amyloid architecture. All variants showed the 

characteristic anisotropic diffraction pattern with reflections at 4.7 Å (inter-strand spacing) and 

10 Å (inter-sheet spacing) (Fig. 1i).49 Next, we analysed the fibrils using TEM and observed 

the presence of a very significant degree of heterogeneity, showing the presence of both 

straight, rod-like fibrils and twisted rope-like species in each case (SI Appendix Fig. S3).  

Analysis of individual fibrils reveals morphological differences in the fibrils formed by 

the variants  

 We next acquired high-resolution and phase controlled 3-D maps of the fibrils from the 

different variants by using AFM (Fig. 2).50 Our aim was to investigate and quantify the level 

of polymorphism in the fibrillar samples of each variant, performing a statistical analysis of 

the cross-sectional dimensions and packing of the individual fibrils (Fig. 3 and SI Appendix 

Fig. S4-5). In particular, we aimed at investigating the structural properties of the aggregates 

in comparison with the previously described influence on the overall kinetics and microscopic 

steps of amyloid formation (Fig. 4a,b). We found for all fibrillar variants the co-existence of 

polymorphic rod-like and twisted fibrils, with a defined periodicity and fluctuations of the 

height along the fibril length.20, 37 

 We first performed a statistical analysis of the cross-sectional height, which correspond 

to the diameters of structures with cylindrical symmetry, of the populations of the non-periodic 



8 
 

fibrils (Fig. 3b and SI Appendix Fig. S4). The WT, A30P, A53T protein showed two 

populations with rod-like morphologies. By contrast, for fibrils formed from the E46K and 

H50Q variants, we found only one group of rod-like fibrils with a significantly smaller diameter 

than WT. In the case of the G51D variant, however, we observed the formation of effectively 

a single population of twisted fibrils in the AFM maps. The analysis showed that the rod-like 

fibrils of the mutant variants had smaller cross-sectional diameter and a reduced number of 

rod-like polymorphs than WT fibrils (Fig. 3b and SI Appendix Table S4). These results are 

in excellent agreement with previous studies indicating by atomistic models that -synuclein 

mutants should disfavour the formation of rod-like amyloid fibrils over twisted fibrils 

 Then, we analysed the twisted fibrillar species to study their periodicity and internal 

packing (Fig. 3c-d). The pitch along the maximum height profile was defined as the distance 

between two maximal heights of a fibril. Furthermore, we analysed the average difference 

between the maximum and minimum height of a fibril (max-min height difference) (Fig. 3c-

d). Twisted fibrils were found for all the variants. The existence of significantly different 

twisted polymorphs within each variant of -synuclein was demonstrated by an unsupervised 

machine learning k-means clustering analysis performed in the morphological space of height, 

pitch and min-max height of the fibrils (Fig. 3 and SI Appendix Text). The mutational variants 

showed a smaller average pitch and height compared to the polymorphs present in the samples 

of the WT protein (Fig. 3 and SI Appendix Table S4). The pitch and the cross-sectional 

diameter of the fibrils formed by the A30P and A53T variants were close to those of the WT 

protein, while, the fibrils formed by three of the mutational variants (E46K, H50Q, and G51D) 

were observed to possess a significantly smaller periodicity and reduced cross-sectional 

diameter (Fig. 3 and SI Appendix Table S4) compared to the WT protein.  

Both rod-like and twisted polymorphs of the variants showed a smaller cross-sectional 

height than the WT protein (Fig. 3 and SI Appendix Table S4). The diameter of a fibril is 

linked to the number of protofilaments assembled together in a fibril and the pitch and the max-

min height difference are related to their geometrical packing and structural organization.37, 51, 

52 In the case of twisted and compact helical ribbon cross-sectional arrangements of fibrils, the 

maximum cross sectional diameter scales with the number of protofilaments based on 

geometrical constraints. For a twisted arrangement, the radius of a fibril (d) is proportional to 

the radius (d0) of the elementary protofilament as d ≈ nd0, while for a helical arrangement the 

correlation has been described as d ≈ n1/2d0.
53, 54 The finding of a smaller diameter for the fibrils 

formed from the mutational variants, in particular, the E46K, H50Q and G51D fibrils, therefore 
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demonstrates that they consist of a smaller number of protofilaments compared to the fibrils 

formed by the WT protein. 

 We can summarize our results to conclude that single point mutations have a profound 

effect on the nature of the structure of fibrils, by considering the data from the perspective of a 

three-dimensional morphological space, with the parameters of height, pitch and min-max 

height variation of the average fibril populations (Fig. 4b). In this morphological space, we 

observed that the fibrils of the WT protein and the A30P and A53T variants have similar 

localization and morphological properties (SI Appendix Table S4), but that the fibrils formed 

by the H50Q, E46K and G51D variants are spatially separated and hence morphologically 

different. The grouping of the two morphologically distinct class of mutations in the 3-D space 

of height, pitch and min-max height was further demonstrated by the unsupervised machine 

learning k-means clustering analysis (SI Appendix Text, Fig. S6). Remarkably, the 

morphological properties of the rod-like and twisted fibrils formed by the variants sub-grouped 

similarly to the previously found sub-grouping in the microscopic steps of the kinetics of 

aggregation (circles in Fig. 4a,b).21 

 The projection of the 3-D morphological space on the 2-D plane of height vs. min-max 

height difference shows fundamental morphological differences between the variants (SI 

Appendix Text, Fig. S7). The E46K, H50Q and G51D variants can form fibrils in either a 

helical or a twisted ribbon arrangement, where the min-max height profile accounts for 

approximately 20% of the maximal height. Whereas the WT, A30P and A53T variants form 

fibrils where the min-max height profile accounts for approximately 20% of the maximal 

height, thus suggesting a helical ribbon arrangement with more compact cross-sectional 

packing.53, 55 

 Finally, the projection of the 2-D morphological space on the height vs. pitch plane 

shows that the fibrillar pitch increases as a function of the average height of the fibrils 

independently from the single point mutations (Fig. 4c). A general correlation between the 

pitch p and the cross-sectional diameter d of amyloid fibrils has previously been demonstrated 

by Knowles et al54 and it can be written as: 𝑝 =
𝑝0

2
 ∙ (1 + √1 −

4𝑎𝑇
𝑏

𝑘𝑇
𝑠 ∗ 𝑑2), where 𝑝0 is the 

minimal pitch for the system, 𝑘𝑇
𝑠  is the inter-strand torsional spring constant and 𝑘𝑇

𝑏 = 𝑎𝑇
𝑏 ∙ 𝑑2 

is the bulk torsional spring constant of the fibril.53, 54 We used this relationship to fit the average 

height versus the pitch of our results and previous literature data of amyloid fibrils formed by 

several different peptides and by -synuclein (red line in Fig. 4c). We extrapolated from the 

fit a value of 
𝑎𝑇

𝑏

𝑘𝑇
𝑠 = 0.04 ± 0.01 nm−2 and 𝑝0 = 60 ± 15 nm. Remarkably, though the 
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relationship does not account for differences between different proteins or chemical 

modification induced by point mutations, the extracted parameters correspond well with 

previous reports in the literature.18, 56-59 Remarkably, the structural polymorphs obtained from 

human WT -synuclein belong to the same morphological space of the amyloid fibril obtained 

in vitro.18 The ability of this general relationship to fit the data extrapolating significant 

physical constants (Fig. 4) supports the existence of a general model of a hierarchical assembly 

mechanism for α-synuclein amyloid fibril formation, where prefibrillar species intertwine to 

form protofibrils which then intertwine further to form mature amyloid fibrils.10, 60, 61 
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DISCUSSION 

We have demonstrated by means of a range of bulk biophysical techniques that aggregates 

formed by WT α-synuclein, and all the mutational variants (A30P, E46K, H50Q, G51D, and 

A53T) known to be associated with familial forms of Parkinson’s disease display the classic 

features of amyloid fibrils (i.e. a high β-sheet content, a cross β-structure, and the ability to 

bind dyes such as ThT). By means of CD and FTIR spectroscopies, we have shown that the 

monomeric forms of all the variants have natively unfolded structures in aqueous solution 

(Fig.1c-e). By contrast, the secondary structural content of the fibrillar state of the WT protein 

is similar to A30P and A53T fibrils, while it differs from that of the other disease-associated 

variants, E46K, H50Q and G51D (Fig.1f-h).   

  The imaging of the aggregates with TEM and AFM shows the presence of long 

polymorphic fibrillar structures in the case of all the variants. The statistical analysis of the 

high-resolution 3-D AFM maps is consistent with the results of the bulk characterization of the 

fibrils, but enables the study of their heterogeneity at the single aggregate scale with sub-

nanometer resolution. We then exploited unsupervised machine learning clustering to 

differentiate accurately the fibrillar polymorphs formed by the WT and mutant variants. When 

the structural features are compared in three-dimensional morphological space, the fibrils 

formed by the mutational variants separate spatially from the fibrils formed by the WT protein 

(Fig. 4b).  In particular, G51D, E46K and H50Q form a group (indicated by a green circle, Fig. 

4b,c) distinct from the WT protein and the A30P and A53T variants (indicated by a red circle, 

Fig. 4b,c). The fibrils formed by mutational variants, and in particular E46K, H50Q, and G51D, 

were observed to possess a significantly smaller periodicity and a reduced cross-sectional 

diameter compared to the WT protein, indicating that the fibrils consist of a smaller number of 

constituent protofilaments. In the cases of one population of the E46K, H50Q and G51D 

variants, we found also a larger variation of min-max-height with respect to the average height 

of the fibrils; indicating that these polymorphs have a different cross-sectional packing of their 

fibril core when compared to the WT protein (SI Appendix Fig. S7). Furthermore, we found 

that the pitch as a function of periodicity follows the previously found general relationship 

governing the phase transition between twisted and crystal fibrils.56-59 These results are in good 

agreement with previous experimental data reported in the literature (yellow shapes in Fig. 4c) 

and supporting the existence of a general model of hierarchical assembly for -synuclein fibril 

formation, independently of the different mutations.  

In light of the morphological and structural changes induced by the disease-associated 

mutations, we compared the influence of the mutations on the structural characteristics 



12 
 

described here with previous descriptions of their influence on the kinetics of amyloid 

formation (Fig. 4a,b).21 All of these mutations in α-synuclein have been found to influence the 

overall aggregation kinetics.21, 29, 62 The E46K, H50Q, and A53T variants were reported to 

aggregate faster,30, 63-65 the G51D variant slower, 62  and the A30P variant with comparable,66 

slower or faster rates,64 compared to the WT protein under varying conditions of agitation.  The 

different mutations were found to alter the rates of one or more of the microscopic events in 

the aggregation mechanism21 under very different conditions, though all in quiescent 

conditions, namely to initiate aggregation in the presence of vesicles and to promote aggregate 

proliferation under acidic conditions. Strikingly, as proved by an unsupervised clustering 

machine learning algorithm (SI Appendix Text), we found an identical sub-grouping of the 

variants in the structural data as in the reported kinetic data. The A30P and A53T variants were 

found to aggregate in a similar way to the WT protein under the acidic conditions (red circle, 

Fig. 4a), whereas aggregation of the H50Q and G51D variants was not detectable under the 

acidic conditions (green circle, Fig. 4a). The rate of aggregation of the E46K variant was on 

the one hand found to be comparable to that of the WT, A30P and A53T variants in the presence 

of vesicles, but on the other hand to be comparable to the H50Q and G51D variants under 

acidic conditions.21 

In summary, the observations of the behaviour and sub-grouping of the different 

mutational variants from a kinetic perspective can be correlated with the sub-grouping of the 

structural and morphological features of the resulting fibrils, as observed by CD, FTIR, TEM 

and AFM (Fig. 2, Fig. 3 and Fig. 4a-c). Taken together, these results suggest that differences 

in the morphological features of the fibrils are related to the mechanistic differences associated 

with their formation (SI Appendix Fig. S8). In Fig. 4d, it is represented the three-dimensional 

diagram of the morphological height, the rate of lipid induced aggregation and of secondary 

structural differences of amyloid fibrils. The A53T and A30P variants show similar kinetic 

constants, structure and morphology when compared to the WT protein, while the E46K, H50Q 

and G51D variants show large differences in secondary structure, morphology and in the 

microscopic steps in the aggregation mechanism relative to the WT protein. Finally, the results 

indicate that the existence of a general correlation between the mechanism of amyloid 

formation, the morphology and the structure of the final fibrillar products of the aggregation 

reaction). 
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CONCLUSIONS   

Individuals with a range of mutations in the SCNA gene that encodes the genetic 

information for the expression of α-synuclein have been reported to be more prone to 

developing Parkinson’s disease than those carrying the wild type sequence, often with an 

earlier age of onset.67 Details of reported cases of familial Parkinson’s disease have, however, 

often been contradictory, some indicating phenotypic differences and some others suggesting 

that the characteristics of the familial diseases are very similar to those of the sporadic cases 

involving the WT protein.68 The present results reveal that the disease-associated mutations, 

involving the substitution of a single amino acid residue in the 140 residue sequence of α-

synuclein, can alter the populations and morphologies of the amyloid fibrils formed by the 

different variants. We have in addition observed for the disease-associated mutational variants 

of α-synuclein that differences in the structural features of the amyloid fibrils are associated 

with differences in vitro mechanism of their formation. The existence of different protein 

strains and structural variants in fibril populations has been related to variations in pathological 

phenotypes, not just in the case of α-synuclein, but also of the amyloid β-peptide associated 

with Alzheimer’s disease,69 and the prion protein linked to Creutzfeldt–Jakob disease. The 

observations here indicate that mutations in the gene encoding α-synuclein can alter 

significantly the nature of the fibrillar structures and suggest that differences in the clinical 

phenotypes of familial Parkinson’s disease could be associated with differences in the 

structural characteristics of the aggregates as well as with the kinetics of their formation. 

Understanding how point mutations influences amyloid fibril morphology and the mechanism 

of protein aggregation in this, and other fibril forming systems, should contribute significantly 

to the development of strategies to combat protein misfolding disorders. 
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MATERIALS AND METHODS  

Detailed information on the experimental methods can be found in the SI Appendix. 

Recombinant monomeric α-synuclein or its mutational variant was incubated at a concentration 

of 100 µM in the presence of sonicated fibrils of the respective variant at a concentration of 5 

µM, without and with 50 μM ThT at 37°C under quiescent conditions. X-ray diffraction 

patterns were recorded on a Microstar microfocus rotating anode X-ray generator equipped 

with a Platinum 135 CCD detector. Attenuated total reflection infrared spectroscopy was 

performed using a Bruker Vertex 70 spectrometer equipped with a diamond ATR element. 

Atomic Force Microscopy was performed on positively functionalized mica substrates by 

means of a NX10 (Park Systems) operating in tapping mode and equipped with a silicon tip 

(PPP-NCHR, 5 Nm-1) with a nominal radius  < 10 nm. 

DATA AVAILABILITY  

All data discussed in the paper will be made available to readers. 
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FIGURES 

 

Figure 1: Amino acid sequence, secondary structure and cross-β diffraction patterns of α-

synuclein and its mutational variants associated with familial Parkinson’s disease. (a) The 

structure of α-synuclein can be divided into three regions: the amphipathic N-terminal domain (1-60), 

the non-amyloid β-component domain (NAC, 61-94) and the acidic C-terminal domain (95-140). (b) 

The mis-sense mutations in the SCNA gene encoding α-synuclein result in the replacement of single-

amino acid residues that change the chemical composition of the protein. Normalized FTIR spectra of 

the (c) monomeric and the (d) amyloid fibrils of WT protein and the mutational variants. (e) Spectra of 

the WT protein in its monomeric (light grey) and fibrillar states (dark grey). (f) Normalised spectra in 

the amide I band. (g) Amide I structural difference of each mutational variant respect to WT. (h) 

Relative secondary structure content for α-synuclein and its mutational variants based on the second 

derivative of the FTIR spectra. (i) Characteristic anisotropic cross-β fibre diffraction pattern of amyloid 

fibrils formed by WT α-synuclein and its mutational variants. The anisotropy of the diffraction patterns 

at approximately 4.7 Å (inter-strand spacing) and 10 Å (inter-sheet spacing) are indicated by the arrow 

heads. 
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Figure 2: High-resolution AFM images of WT -synuclein and its disease-associated mutational 

variants. For each sample a series of three-dimensional AFM maps were acquired under conditions of 

phase change monitoring,50 in order to compare the morphology of the fibrils quantitatively.  
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Figure 3: Polymorphism of the fibrils formed by WT α-synuclein and the mutational variants 

associated with familial Parkinson’s disease. (a) AFM image of fibrils formed by WT α-synuclein. 

(b) Analysis of morphological features at the single fibril level. (c) The average height of non-periodic 

fibril populations for the WT protein and the A30P (orange), E46K (green), H50Q (blue) and A53T 

(purple) variants. (d-i) Representation of the periodic fibrils of each variant in the height vs. pitch and 

height vs. max-min planes. Each point in the graph represent the morphology parameters of a single 

fibril. Unsupervised machine learning clustering analysis determined that WT, E46K, H50Q and A53T 

form 2 different polymorphs, while G51D and A30P fibrils did not form clearly different polymorphs. 

The dashed circles are used as guidelines to visualise the points assigned by the algorithm to each 

cluster. For each variant, we analysed the 3-D morphology of at least n > 45 fibrils. 
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Figure 4: Clustering of structural alterations and changes in the microscopic aggregation steps 

for the disease-associated mutations in α-synuclein. (a) Previously found microscopic rates of fibril 

amplification and lipid-induced aggregation (Reproduced from21) show that WT, A30P and A53T 

cluster with similar kinetics rates (red circle), G51D and H50Q cluster separately (green circle), while 

E46K has intermediate properties. (b) Three-dimensional diagram of the morphological features of 

amyloid fibrils. The fibrils formed by the WT protein and the A30P and A53T variants share 

morphological space (red circle), whereas the fibrils formed by the H50Q, E46K and the G51D variants 

occupy different regions of morphological space (green circle). The ellipses have been added to 

emphasize the inter-mutant sub-grouping of each polymorph obtained by a k-means clustering analysis. 

(c) The pitch plotted versus the average height of the fibrils. The black line is a fit of the data from the 

present manuscript (circles) and data from previous studies (yellow shapes) using the previously 

demonstrated general relationship between the twist angle and the diameter of the fibrils.18, 19, 56-59, 70 (d) 

Three-dimensional diagram of the morphological height, the rate of lipid induced aggregation and of 

secondary structural differences of amyloid fibrils (Fig. 1g). The fibrils formed by the WT protein and 

the A30P and A53T variants share (red circle) group separately than the fibrils formed by the H50Q, 

E46K and the G51D variants (green circle). 
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