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ix  Abstract 

Abstract 

The intrinsically disordered protein (IDP) alpha-synuclein (αSyn) is known to be involved 

in neurodegenerative disorders such as Parkinson’s disease (PD) which affects more 

than 10 million people worldwide. Patients show multiple motor (e.g. tremor, lack of 

coordination) and non-motor (e.g. depression, anxiety) symptoms, as well as 

pathological indicators, characterised by the loss of dopaminergic neurons and the 

formation of aggregated αSyn-containing Lewy bodies in the brain. Understanding the 

process of amyloid formation from the highly dynamic αSyn monomer to highly ordered 

fibrils, formed by β-sheets, is therefore crucial.  

The central part of the αSyn sequence contains the non-amyloid β-component (NAC) 

region crucial for aggregation. In this thesis, the importance of regions N-terminally 

flanking NAC is demonstrated and characterised in detail. Using bioinformatics, 

aggregation assays, in vivo systems, mutations, and NMR led to the identification of a 7-

residue sequence, named P1 (residues 36GVLYVGS42) that modulates aggregation and 

function (in synergy with P2 (residues 45KEGVVHGVATVAE57)) of full-length αSyn. 

Deletion or substitution (with a Gly-Ser-linker) of these motif(s) drastically slow down fibril 

formation and interrupt the ability of remodelling membranes. It could be shown that the 

P1 (and P2) region acts as a ‘master controller’ via transient intra-and inter-molecular 

interactions throughout the protein.  

An in-depth analysis of the P1 region narrowed down the key residues to control self-

assembly into amyloid structures to be L38, Y39 and S42. The results demonstrated a 

remarkable sequence specificity with different substitutions at the same position resulting 

in enhanced or retarded fibril formation. Interestingly, the two amino acid substitutions in 

P1 between αSyn and its significantly less aggregation-prone paralogue gamma-

synuclein (γSyn), L38M and S42A, were found to inhibit fibrillation of αSyn. Changing 

the P1 sequence in γSyn to that of αSyn does not switch on aggregation, highlighting a 

complex interplay of interactions required for amyloid formation. 

Strikingly, an Amyotrophic Lateral Sclerosis (ALS) linked substitution located within P1 

(M38I) was found in γSyn, and in vitro and in cell studies confirmed that this variant has 

an increased potential to form fibrils. Further studies on different substitutions at this site 

in γSyn suggest that β-sheet forming amino acids at residue 38 drive fibril formation, with 

Ile and Val enhancing aggregation and Met, Ala, Leu to slowing down fibrillation.  

Taken together, the work presented in this thesis highlights the crucial role of the P1 

region to modulate fibril formation in synucleins. The identification of this ‘master 

controller’ region offers a new target for therapeutics preventing aggregation in disease. 
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Introduction 

1.1 Protein Folding and Misfolding 

William Astbury, who gave his name to the Astbury Centre, first pioneered structural 

studies of biological molecules nearly 100 years ago proposing the first models of protein 

structures in the three dimensional space (incorrect in details but accurate in essence). 

Based on his work on fibres, he suggested that proteins adopt two forms: the helical α-

form (today known as α-helix) and the extended β-form (today named β-sheet)1-3. Later, 

Linus Pauling corrected his model and proposed α-helix and β-sheet to be the secondary 

structure elements for all proteins4,5. Since then, huge milestones were reached in 

determining the 3D architectures of biomolecules. Examples being the structure of the 

DNA double helix by Watson and Crick in 19536, the first atomic resolution structure of 

myoglobin by Kendrew et al. in 19607, establishing the protein data bank (PDB) in 1971 

by the Brookhaven National Laboratory8, using molecular dynamics9, and, in general, 

developing and improving methods for structural analysis including X-ray 

crystallography, NMR, electron microscopy, and structural prediction (reviewed in Ref10) 

allowing even in situ structural analysis via cryo-electron tomography or NMR11,12 (Figure 

1.1). 

 

Figure 1.1: Key events in the field of protein structures. Redrawn from Ref10,13. 

Also, understanding the molecular mechanisms underlying protein folding was always of 

high interest, leading to different proposed folding models (Figure 1.2). Anfinsen and co-

workers suggested in 1961, based on experiments of the renaturation of Ribonuclease 
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A, that the primary amino acid sequence encodes all the information required for a 

protein to fold into its native state by randomly searching for the lowest free energy and 

highest stability (spontaneous folding)14. In this model, however, even folding of a small 

100 amino acid long protein would take over a billion years to test all possible 

conformations leading to the most stable native fold, described as the “Levinthal 

paradox”15. So, it was obvious, that there must be specific mechanisms that are 

kinetically controlled and lead the protein to follow the right folding pathway on a 

biologically relevant timescale15,16.  

One of the first folding models, considering a specific folding pathway, was the 

nucleation-growth model in which the 3D native protein structure is built by the rapid 

formation of a nucleus of secondary structure elements followed by a hierarchical 

stepwise progression to the final structure17. This theory, however, does not take into 

account the presence of folding intermediates. Including these led to the framework 

model18,19 and the equivalent diffusion-collision theory20,21, suggesting that secondary 

structure elements of the native structure can form independently from the tertiary 

structure and then diffuse until successful collision, adherent and coalescence to the 

native 3D architecture. Subsequently, the hydrophobic-collapse model was proposed, 

hypothesising that the protein collapses quickly around its hydrophobic regions and 

following rearranges to the final structure from the limited conformational space allowed 

by the molten globule intermediate22,23. Studies on the folding process of the 

chymotrypsin inhibitor-2 (a small protein with only 64 residues) indicated a two-state 

transition instead of a single intermediate24. Further analysis on this protein on the Φ-

value revealed that secondary and tertiary structures form in parallel25. This finding 

resulted in the nucleation-condensation model, proposing the formation of a small 

nucleus of little structure stabilised by long range interactions acting as transition state 

to form secondary and tertiary structures simultaneously26. 
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Figure 1.2: Schematic of some proposed folding mechanisms discussed in this work. 

Redrawn from Ref27. 

Today, it is believed that there is not a single, specific folding pathway, as it was 

suggested in the early models described above28. In contrast, there is a multidimensional 

energy landscape, also described as a folding funnel, that describes the folding 

mechanism best (Figure 1.3). There are potentially many routes with different kinetic 

barriers from an unstructured high energy conformation to the final low energy state 

protein structure, determined by amino acid sequence, experimental conditions and 

topology27. It should be considered, that the native state of proteins is kinetically favoured 

but thermodynamically metastable29. Aggregates on the other hand, such as amorphous 

aggregates or amyloid fibrils, represent a thermodynamically and structurally highly 

stable conformation that often leads to loss of native protein function, as well as the onset 

of toxic gain-of-function that can lead to cell death and disease. For some proteins, 

however, the amyloid state can be the functional conformation of a protein30. 
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Figure 1.3: Schematic energy landscape of folding and aggregation of proteins. The 

surface shows the states unfolded proteins can adopt (folded and unfolded) throughout the 

folding funnel through intra- and inter-molecular contacts. The lowest energy can be found for 

amyloid fibrils. To overcome energy barriers to end in a folded state, chaperones can help as 

well as they block or disfavour aggregation. Figure redrawn from Ref31. 

The folding process in a cellular environment is even more complex than in vitro due to 

various reasons. Firstly, protein synthesis on the ribosome and folding is closely coupled 

and folding can start even before the translation process is completed. This may result 

in incorrect folding of tertiary structures or exposure of hydrophobic surfaces (especially 

for bigger and multi-domain proteins)27,32. Further, proteins are environed by a highly 

crowded cellular milieu with protein concentrations up to 300 g/L. The presence of many 

membranes and lipids further results in a higher risk of misfolding and aggregation33, and 

proteins are sometimes exposed to harsh conditions such as acidic pH or high 

temperatures34,35. Also, in some cases, genes are mutated resulting in the synthesis of 

a potentially more aggregation-prone protein variant36,37.  

Fortunately, there is a complex proteostasis system in cells (Figure 1.4), regulating 

protein folding, stabilisation and degradation processes. The most important players of 

this system are molecular chaperones, first described to support protein folding about 

45 years ago38,39. Today, there are more than 300 different chaperones identified in 

humans, orchestrating folding, refolding and disaggregation40,41. There are also reports 

describing chaperone activity in the extracellular space42. The other key actors in the 

proteostasis network are the ubiquitin–proteasome system (UPS) and the 

autophagosomal–lysosomal machinery to degradate misfolded proteins and 

aggregates43.  

However, sometimes the proteostasis network fails, with a higher risk to do so with 

increasing age, allowing the formation of toxic oligomers and aggregates. This leads to 

diseases such as cancer, metabolic syndromes, neurodegenerative diseases, 
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autoimmunity or inflammatory disorders44. Understanding the molecular mechanisms of 

folding, misfolding and aggregation is therefore crucial to develop new target strategies 

for drug developments.   

 

Figure 1.4: Schematic presentation of the proteostasis network. Proteins, synthesised at 

the ribosome fold to its native state supported by chaperones. Unfolded or partially folded 

proteins sometimes form oligomeric species leading to aggregation. The aggregation processes 

can be interrupted/reversed by protein degradation or disaggregation and remodelling. 

1.2 Amyloid  

Protein aggregates can be divided into distinct types including amorphous aggregates, 

in which the protein adopts no homogenous secondary structure and amyloids, which 

are aggregates that exhibit highly ordered, typically β-sheet rich, structures45,46. The 

interest in understanding the mechanism of conversion from soluble proteins and 

peptides into insoluble amyloid structures has increased over the last decades (Figure 

1.5). This is driven by the association to amyloidogenic diseases which are one of the 

biggest health issues and death causes in upper income countries, together with heart 

diseases, cancer, and strokes. The most studied examples of amyloid diseases are 

neurodegenerative disorders such as Alzheimer’s disease (caused by Aβ/Tau), 

Parkinson’s disease (caused by αSyn), and Huntington’s disease (caused by huntingtin 

with polyQ expansion)47. However, some amyloid fibrils have biological functions and 

have been described in bacteria (e.g. curli in biofilm formation), fungi (e.g. HET-s, 

programmed cell death), yeast (e.g. Ure2p, nitrogen catabolism), plants (e.g., 

luminidependens, regulating flowering), and mammals (e.g. pmel17, melanin formation), 
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highlighting their wide range of functional roles30,48,49. Although being studied for decades 

now, the molecular mechanism of amyloid formation remains still unsolved. 

 

Figure 1.5: Number of publication in PubMed associated with 'amyloid' from 1900 to date. 

 Historical perspective 

The first time amyloid was described was in 1854 by the German physician Rudolf 

Virchow50. He identified that the application of iodine to abnormal macroscopic structures 

found in brains and spleen stained them blue. He named these structures “amylum” 

(Latin for starch) based on his misinterpretation that the recognised structures are built 

from carbohydrates (cellulose or starch)50,51. Only five years later, Friedrich and Kekule 

clarified that amyloid deposits were proteinaceous52.  

Since the discovery of amyloid deposits and its corelation with disease in 191153, the 

interest in these structures has expanded. Our understanding of amyloid has advanced 

with the growing numbers of available technologies such as light microscopy, the usage 

of histopathologic dyes including thioflavin and Congo red54 and subsequent polarisation 

light microscopic studies55. These techniques revealed that amyloid consists of an 

ordered microscopic structure55. Later, electron microscopy and X-ray diffraction 

experiments showed a general common fibrillar ultrastructure56,57 made up of a 

characteristic cross-β architecture with β-strands being lined up in a 90° angle to the 

fibrillar axis58,59, properties that still define the characteristics of amyloids today60.  

It was not until the 1970’s that the heterogenic nature of amyloids started to be 

recognised61,62. Currently, there are more than 48 human soluble proteins that have been 

identified to form amyloid fibrils associated with disease (amyloidoses), presenting 

deposits distributed systemically or localised in specific organs63. In addition to disease 

related proteins there are more than 35 functional amyloid proteins64. The vast majority 

of amyloid associated with disease were linked with increasing age such as the 

neurodegenerative disorders Alzheimer’s disease (AD) or Parkinson’s disease (PD). In 

a population, in which the number of older people is growing, amyloidoses cause some 

of the most predominant diseases in the modern world and represent one of the greatest 

socio-economic burdens of our time65. 
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Therefore, the interest in understanding the nature of amyloid fibrils has never been 

greater. Today the amyloid field is immensely fast growing utilising a wide range of 

techniques. Structural methods used include X-ray fibre diffraction66, X-ray 

crystallography67, solid state nuclear magnetic resonance (ssNMR)68-70, and probably 

most importantly cryo-electron microscopy (EM)71-73 (reviewed in Ref47,60). The 

devolvement of in situ analysis opens the door to see amyloid fibrils in their natural 

environment interacting with other molecules11,74-76. 

Understanding the mechanisms of amyloid formation and toxicity is driven by the 

improvement of computational tools allowing the extraction of complex fibril kinetics77 

and the prediction and simulation of aggregation characteristics and conformations of 

amyloid proteins78,79. Further, high resolution real-time observations of growing fibrils at 

a single-fibril level facilitated understanding the processes of fibril growth in more 

detail80,81. Also, the optimisation of disease models mimicking amyloid diseases in model 

organisms helps to study amyloid in an in vivo context82-85.  

Despite all these successes in analysing amyloid proteins in more detail, the exact 

molecular mechanism of aggregation still remains unsolved and there is still no cure and 

only limited treatment (e.g. tafamidis86) for amyloidoses. 

  Structure of amyloids 

Amyloid is a conformational state that can be adopted by most, if not all proteins47,60. The 

primary sequence of a protein provides the information to adopt their native 3D fold87 or, 

in the case of IDPs, remain dynamically unstructured88. But this sequence also contains 

the information for a kinetically and thermodynamically more stable (Figure 1.3) 

alternative structure(s) known as the ‘amyloid fold’. Whereas the native fold of a protein 

presents various secondary structural elements (α-helix, β-sheet, turn)89, amyloid fibrils 

are built nearly exclusively by β-strands (note that there are exceptions such as the 

bacterially secreted peptide PSMα3 forming an unusual cross-α structure90). First atomic 

structural information of fibrils were collected by X-ray diffraction58,91. For amyloid, the 

diffraction patterns show two main reflections: one equatorial at ~10 Å, thought to 

originate from the packing of β- sheets perpendicular to the fibril axis; and one meridional 

at 4.7 Å which arises from the packing of adjacent β-strands along the fibril axis (Figure 

1.6 A)92. Assembly of β-sheets results in the formation of protofilaments which are 

usually twisted around each other to form the mature fibril presenting a highly hierarchical 

structure (Figure 1.6 C). Typically, amyloid fibrils are only a few nanometres in width but 

can extend up to micrometres in length (shown by atomic force microscopy (AFM) in 

Figure 1.6 B) and are formed by two protofilaments, though there are also structures 

with only one or up to four protofilaments93,94. Accumulation of these fibrillar structures, 
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together with oligomeric species and lipids76, are found in disease tissue and referred to 

as plaques95.  

 

Figure 1.6: Summary of fibril diffraction and morphology. (A) Comparison of the high-
resolution experimental (left) and simulated (right) X-ray diffraction pattern from TTR(105–115) 

fibrils. The fibril axis is vertical, with the incident beam directed orthogonally to the axis. The 
meridional reflection at 4.67 Å and the equatorial reflection at 8.86 Å are characteristic of cross-

β structure. (B) High-resolution AFM image of TTR fibrils. Scale bar 1 µm. (C) Schematic of 
hierarchy of atomic-resolution motifs involved in the self-assembly of the amyloid fibrils and their 

polymorphism. Figure taken from Ref92. 

Despite the fact that (nearly) all amyloid fibrils show the same main characteristics 

described above, high resolution structures of various fibrils suggest clear differences 

between the architectures of these fibres. For example, the conformation of the 

backbone (top view), as well as helical rise and crossover length can vary (Figure 1.7). 

Although many techniques provide information about the final fibril structure (e.g. X-ray, 

ssNMR) the field is now dominated by structures solved via cryoEM94,96,97.  
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Figure 1.7: Schematic of fibril architecture on the example of αSyn fibrils. (A) Side view of 

the reconstructed 3D map highlighting the crossover length. (B) Cross-sectional view of the fibril 

and (C) side view of the 3D map illustrating the helical rise. PDB 6cu772. 

Figure 1.8 highlights some of the solved high resolution cryoEM fibril structures of 

various amyloid proteins focussing on the large variability of their architectures. Fibrils 

can be formed by one, two, three or four protofilaments (Figure 1.8 A,B,F,H), all amino 

acids or only a small fraction of the sequence can be found in the rigid core (Figure 1.8 

B, Figure 1.10), protofilament interfaces can include many or only a few residues 

(Figure 1.8 C,D), extra densities within the core from non-protein material can 

sometimes be observed (Figure 1.8 E), and structures can be symmetric or asymmetric 

(Figure 1.8 F,G).  
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Figure 1.8: Example of wide variety of amyloid fibril structures from different proteins. 

Fibril architectures of αSyn98 (A), Aβ42
99 (B), β2m100 (C), PrP101 (D), Tau102 (E), Orb2103 (F), 

IAPP104 (G), and TDP-43105 (H). Structures are shown from a view along the fibril axis. Note that 

the structures shown here are not necessarily the predominant architecture found of these 

proteins. They were chosen to illustrate the wide range of identified amyloid fibril structures.  

Interestingly, even the same protein sequence can result in distinct fibril morphologies 

depending on the growth conditions and can be an indicator for the disease type (i.e. 

structure of Alzheimer’s Disease, Pick’s disease, Chronic traumatic encephalopathy 

(CTE), and Corticobasal degeneration (CBD) fibrils are all different although all four are 

associated with Tau97 (Figure 1.9)). Further, even small changes in the primary 

sequence by single point mutations or post-translational modification can result in 

completely changed fibril architectures compared to WT amyloid as seen for instance for 

αSyn106, its familial associated PD mutations107,108 and phosphorylated Y3994,109. 

Recently, Scheres and co-workers published a work reporting 76 cryoEM structures of 

in vitro grown Tau fibrils highlighting the immense polymorphism that can be observed 

in amyloid fibrils110.  
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Figure 1.9: Tau folds from fibrils extracted from patients with different diseases. 

Alzheimer’s disease (A), Chronic traumatic encephalopathy (B), Pick’s disease (C), and 

Corticobasal degeneration (D) associated fibril are shown. Different regions of the Tau protein 

are coloured in blue, purple, pink and red (from N- to C-term) and additional uncharacterized 

density found within the filament core of the CTE and CBD folds are illustrated by black dots. 

Figure taken from Ref111. 

All these structures determined by cryoEM (or ssNMR) have one big disadvantage: they 

only focus on the rigid, non-flexible fibril core and set aside the highly dynamic regions 

flanking the fibril core112 (see Section 1.2.5). In fact, the amyloid core is often built by 

only a small fraction of the full-length protein. Online tools, predicting the aggregation-

prone or insoluble sequences of a protein that most likely form the fibril core (e.g. 

TANGO113 or CamSol114) do not always correspond to the fibril core determined 

experimentally (Figure 1.10). The predicted aggregation-prone regions (APRs) often 

only comprise a small fraction of the amyloid core, but on the other hand, there are also 

APRs that are not located within the solved fibril structures. This highlights how complex 

amyloid assembly and architectures can be and that complementary techniques are 

required to gain a full image of the fibril structure.  
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Figure 1.10: APRs comprise only a small part of the amyloid core. Top in A–H: location of 

fibril cores of αSyn, TDP-43, Aβ, Tau, β2m, Orb2B, IAPP, and PrP defined by recent cryoEM or 

ssNMR fibril structures (purple). The positions of familial disease mutations are highlighted 

where appropriate as black lines. Bottom in A–H: regions with low solubility predicted by 

CamSol (below –1 is aggregation promoting highlighted in blue)114 and the β-aggregation 

potential of each sequence predicted using TANGO113. (A) αSyn including polymorph 1a 

(1)72,106,115 (core residues 37–99), 1b (2)72(core residues 43–83), 2a and b (3)116 (core residues 

14–24, 36–96) and the MSA ex vivo structures including residues 14–94 (for PF-IA and PF-IIA) 

(4) or residues 21–99 (for PF-IB and PF-IIB) (5) in the fibril core117. (B) TDP-43 cryoEM 

structure solved from C-terminal segments forming a dagger shaped core (1) (residues 312–

346) or R-shaped core (2) (residues 288–319)105. (C) Aβ structures solved (1) for Aβ4299 and 

Aβ40 in which all residues comprise the core118,119 (2) fibrils in which the core is formed by 

residues 10–40 for Aβ40 (including polymorphs 2A and 3Q)120,121 and (3) for Aβ42 (core formed 

by residues 15–42)122,123. (D) Tau fibril structures PHF and SF from Alzheimer disease patients 

(1)73 (core residues 306–378), NPF and WPF from Pick’s Disease (2)124 (core residues 254–

378) and heparin induced structures 4R-s and 3R formed in vitro (3) (core residues 272–330) 

and 4R-t and 4R-j (4) (core residues 274–292, 304–321, respectively)125. (E) The β2m fibril core 

involves residues 22–85100. (F) The Orb2B fibril core consists of residues 176–206103. (G) 

Human IAPP forms fibrils with residues 13–37126, 14–3793, or 13–37104, with its early onset 

S20G variant adopting fibrils with two- and three filaments involving residues 15–37 in the 

core104. (H) PrP fibrils form fibril core with residues 170–229 revealed using cryoEM127. Figure 

taken from Ref128. 
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  Mechanism of amyloid formation 

Amyloid formation is a complex process, involving the interplay between a variety of 

intermediates with different morphologies46,129. In general, fibril assembly can be 

described by a sigmoidal growth curve characterised by a nucleation phase (lag-phase) 

and an elongation phase (Figure 1.11). This nucleated growth reaction is rate limited by 

the formation of an aggregation-competent nucleus which is kinetically disfavoured. 

Further deposition of monomers occurring around this oligomeric structure leads to 

kinetically and thermodynamically highly stable amyloid fibrils130 (Figure 1.11 and Figure 

1.12 A-C). The nucleation phase can be eliminated by the addition of pre-formed 

fibrils/seeds (Figure 1.11)131 or increased/decreased by altering the growth conditions 

(e.g. adding additional surfaces or varying the pH)132,133. Protein-protein interactions play 

a major role in the lag phase of the aggregation mechanism. Transient interactions 

between molecules form species that have, or lack, the propensity to elongate, thus 

creating a heterogeneous pool of on- and off-pathway intermediates. During the amyloid 

assembly, a diverse mixture of aggregate types can be formed including oligomers, 

amorphous aggregates or other prefibrillar species131,134-136.  

 

Figure 1.11: Schematic of spontaneous/de novo (blue) and seeded (pink) amyloid 

formation. Two distinguished phases can be observed: the lag phase, in which 

thermodynamically disfavoured nucleation events happen and a rapid, thermodynamically 

favoured elongation phase. The addition of seeds drastically shortens the lag phase of fibrils 

formation. 

Fibril growth can experimentally be measured using the aromatic, amyloid specific 

fluorescent dye Thioflavin T (ThT). This small molecule binds to cross-β structures 

changing its fluorescence characteristics and allowing the detection of the typical 

sigmoidal fibril growth curve (Figure 1.11)137 (see Section 2.8.2). Although amyloid 

growth always follows similar overall processes (lag time, elongation phase, plateau 
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phase), at the molecular level they show significant differences due to various competing 

mechanisms (Figure 1.12). Self-assembly into amyloid fibrils are complex reactions with 

contributions of primary nucleation and elongation (Figure 1.12 B,C), but also secondary 

processes such as fragmentation, secondary nucleation and heterogenous nucleation 

(Figure 1.12 D-F)77,138. Secondary events can massively affect the aggregation kinetics 

by for example increasing the amount of fibril ends as a result of fragmentation139,140 or 

changing aggregation rates by surface-catalysed processes that facilitate nucleation and 

aggregation which is especially important in the context of an in vivo setting of crowded 

cells141,142. This complex nature of fibril growth makes it challenging to understand the 

precise molecular mechanism of fibril assembly. In vitro, the development of mathematic 

fits of aggregation curves by Knowles and co-workers (named AmyloFit) has improved 

the interrogation of microscopic processes from macroscopic experimental 

measurements helping to understand which processes dominate the aggregation 

kinetics under specific conditions and determine individual aggregation rates77. 

 

Figure 1.12: Schematic illustrating the microscopic processes of fibril formation 

including secondary aggregation pathways. (A) Monomeric proteins form nuclei and 

oligomers (B) through primary nucleation processes. (C) Amyloid fibrils grow linearly in a 

reversible manner. Secondary pathways include fragmentation (D) and monomer dependent 

secondary nucleation (E) and result in new fibril ends from pre-existing amyloid structures. (F) 

Heterogeneous nucleation on a surface (e.g. lipid bilayers) accelerates fibrils formation. Figure 

redrawn from Ref138. 

Fibril formation of amyloidogenic proteins is also challenging to study as there are a great 

number of internal and external factors that can affect the aggregation kinetics of a 

protein. For example, the transition from stable monomers to monomeric intermediates, 

which is a vital early step for some amyloidogenic proteins143,144, is significantly affected 

by the sequence and conformation of the protein as well as their interaction partners 

(Figure 1.13). Consequently, side chain substitutions and post translational 

modifications (PTMs) can change the aggregation propensity of a protein, often observed 

for disease related polymorphism145,146. Further, varying buffer condition (or cellular 

environments) such as differences in ion concentration or pH, can drastically change the 

aggregation kinetics133,147,148. This effect is especially important for intrinsically 

disordered proteins as they have larger solvent exposed areas149,150.  

Particularly in an in vivo context, the contribution of interaction partners is important. 

Binding to chaperones151-153 or surfaces (e.g. membranes, other molecules)154 can slow 

down or speed up the fibril formation process. Also, the local concentration is crucial, 
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determined by expression level155,156 or processes such as phase separation157,158 

(Figure 1.13). All these factors can drastically change the kinetic landscape of individual 

proteins.  

Taken together, although the methods of studying the molecular mechanism of 

aggregation have improved, the precise mechanism(s) are still unclear and a deeper, 

more systematic research is required.  

 

 

Figure 1.13: Factors affecting the conformational properties and interactions with 

amyloid precursors that retard or accelerate fibril growth. The two main influences are 

sequence/conformation-dependent (left-hand side) or occur as a result of binding to interaction 

partners (right-hand side). Figure taken from Ref128. 

  Toxicity in amyloid proteins 

Both, amyloidogenic oligomers and fibrils have been demonstrated to contribute towards 

cytotoxicity through a variety of mechanisms (Figure 1.14)144,159-162. In general, the 

formation of amyloid assemblies can result in a toxic outcome driven by a loss of native 

function, gain of toxic function, or a combination of both. Especially for the toxic function, 

similar processes throughout most amyloid proteins can be observed. Oligomers and 

fibrils can interact with, and sequester a wide range of proteins163. These protein-protein 

interactions show large effects at the cellular level as seen for example for binding to 

chaperones leading to aggregation of other proteins by perturbing the cellular stress 
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response164. Amyloid assemblies have also been shown to interact and disturb 

membranes either by fibrils interacting with membrane surfaces11 or pore formation 

caused by oligomers160-162. Further, binding to cell surface receptors has been linked with 

activation of signal transduction pathways leading to apoptosis165. 

 

Figure 1.14: Mechanisms of toxicity which have been observed for oligomers and fibrils 

of amyloid proteins. Top: species formed from monomer to oligomers, fibrils and eventually 

plaques. Bottom: toxic processes such as pore formation in membranes, membrane disruption, 

aberrant of cell signalling, and sequestration of molecules such as chaperones caused by 

oligomers and/or fibrils. 

An ongoing discussion in the field rises from which species, oligomers or fibrils, is the 

more toxic one. This question has not been finally answered and there is evidence for 

both species to be involved in cytotoxicity (Figure 1.14). An example of the high 

complexity of toxicity is demonstrated by the wide range of oligomer studies: Whilst pre-

fibrillar oligomers formed during the lag phase are often described as the most toxic 

species161,166-168, other experiments show no impact on cells cultures169 or a high 

dependence on conformational properties160,162.  

Taken together, this highlights that inhibiting fibril formation does not automatically result 

in a reduction of toxicity168,170. In contrast, this could, in some cases, lead to an actual 

increase in cell death due to oligomeric species being accumulated. This is supported 

by disease linked mutations that show slower aggregation kinetics but involvement in 

disorders (e.g. A30P in αSyn linked with PD)171,172. Therefore it is important to understand 

the origin of toxicity for individual amyloid proteins to guarantee effective treatment of 

amyloid associated diseases. 

 The role of flanking regions 

Driven by the early observation of the presence of ordered structure within amyloid 

fibrils50,55-57 and the potential to develop inhibitors of their formation, a major goal of the 

amyloid field has been to elucidate the structure of the amyloid fold at atomic resolution. 
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CryoEM studies, together with in silico methods, able to predict aggregation-prone 

regions (APRs) in protein sequences, have provided a wealth of information about the 

ordered fibril cores that comprise the amyloid fold (see Section 1.2.2).  

Importantly, structural and kinetic analyses have shown that amyloidogenic proteins in 

their fibrillar form often contain less well-ordered sequences outside of the amyloid core, 

termed here as flanking regions. Modifying or changing (e.g. by deletion, mutation or 

PTM) these flanking regions can affect the fibril growth kinetics173,174, fibril 

morphology94,96,97 or the formation of crucial contacts with interaction partners175,176. 

Flanking regions can play a key role at the monomeric or aggregated level.  

The presence of so called ‘gatekeeper’ residues for example, which surround 

aggregation-prone regions, protect the monomeric protein from fibril formation177. 

Further, N- or C-terminal truncated variants often observed in disease (e.g ΔN6 in β-2 

microglobulin (β2m) associated with dialysis-related amyloidosis patients) significantly 

increase the aggregation propensity of the protein by destabilising its native state and 

increasing dynamics that drive amyloid formation178-181. Also, for a functional perspective, 

the regions outside the APR are crucial as seen for Orb2 (cytoplasmic polyadenylation 

element binding (CPEB) protein family) interacting with RNA to facilitate long term 

memory formation182. A detailed summary of contributions of flanking regions for 

aggregation and function of various amyloidogenic proteins is presented in Table 1.1. 

Table 1.1: Roles of the flanking regions in monomers of different amyloid protein 

sequences. A schematic of each protein is shown to highlight important regions/domains, with 

sequences mainly involved in aggregation/core formation highlighted in red. Abbreviations: NAC 

(non-amyloid β-component), NTD (N-terminal domain), RRM (RNA-recognition motif), MBD 

(microtubule binding domain).Table taken from Ref128. 

Protein Residues/region (dis-)function Ref 

αSyn 

 

 
 

 

Residues 1-11/12 Monomer interacting with αSyn fibrils 183,184 

Residues 1-14 Membrane insertion 185 

Residues 1-25 Initial membrane binding 186 

Extreme N-terminus and 
region around Y39 

Chaperone binding 175 

Residues 37-54 
Forms β-hairpin crucial for 
nucleation/oligomerisation processes 

187 

C-terminal region 
(residues 91-140) 

Protects protein from aggregation by shielding 
NAC region and/or β-hairpin. 
C-terminal truncation (109−140) results in 
faster aggregation 

188-191 

C-terminal region 
(residues 110-140) 

Binding to chaperone-like protein SERF 
accelerates aggregation 

192 

C-terminal region 
(residues 125-129) 

Dopamine binding drives off-pathway oligomer 
formation. 

193 
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TDP-43 

 

 
 

 

Residues 3-183 
 

Interactions initiate homo-dimerization 
important for polymerisation dependent 
splicing activity 

194,195 

1-10 (especially Arg6, 
Val7, Thr8 and Glu9) 
 

Mediates full-length TDP-43 oligomerisation 
important for splicing activity and key to initiate 
aggregate formation 

196 

RRM1 (104-176), 
especially residues I107, 
D105, L111, W113, Q134, 
G146, F147, F149, R171, 
K176, N179 
(RRM2 (residues 192-
262)) 

Binds TG-rich DNA and UG-rich RNA for 
function (e.g. splicing, translation control, 
transport). RRM2 shows lower binding affinity. 

197,198 

RRMI1 (residues F147 
and F149) and residues 
208-441 

Prevents aggregation by enhancing solubility 
when bound to single stranded RNA/DNA 

199 

RRM1 (residues F147 
and F149) and residues 
321-366 

Autoregulation of own protein expression by 
binding to its mRNA.  

156 

Residues 320-340, 
especially W334, W385 
and W412 

Involved in liquid-liquid phase separation 200-202 

Aβ 

 

 
 

 

N-terminal domain 
(residues 1-17)  

Binding to cystatin C (cysteine protease 
inhibitor) 

203 

Aβ40: central region 
(residues 25-29); part of 
the structured fibril core 
but solvent accessible 

Disaggregase activity when binding Lipocalin-
type Prostaglandin D synthase (L-PGDS) 

204 

Tau 
 
 

 

 
 

 

Residues 1-202 Binding to plasma membrane 205 

N-terminal domain (1-150) 
interacts with proline rich 
domain (151-244) 

Dimerization (head to tail), suggested to be the 
natural form for function and toxicity 

206 

Residue 1-117 and 118-
402 

Electrostatic interactions between these 
regions drive phase separation 

207 

Residues 114-193 (P-rich 
domain) 
and 198-278 
(microtubule-binding 
domain) 

Actin binding and promoting F-actin bundling 
and G-actin assembling 

208 

N-terminal domain, 
proline-rich region and 
MBD 

Chaperone binding 209 

Proline rich domain, MBD 
Interaction and polymerization of tubulin 
 
 

210,211 

Proline rich domain and 
C-terminal domain 

Main locations of phosphorylation sites, but 
can be found throughout the whole sequence  

212 
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MBD (residues 295-305) 

β-hairpin formation that protects the 
aggregation-prone 306-311 region 

211 

MBD (residues 275-280 
and 306-311) and other 
regions 

Heparin binding drives aggregation; MBD 
shows highest affinity to heparin 

213 

β2m 

 

 
 

 

Residues 1-6 
Stabilization of native structure; accelerates 
aggregation when deleted  

214 

A and G strand (I7A, V9A 
and V93A) 

Mutations drive fibril growth by destabilizing 
local tertiary structure and increasing dynamics 

215 

A,B,E,F strand (6-11, 21-
28, 64-70, 79-83) 

Interaction with chaperone αB-crystalline 
preventing oligomerization and fibril formation 

214 

Orb2B 

 

 
 

 RNA binding domain 
Interaction with RNA facilitates long term 
memory formation 

182 

IAPP 
 

 

 
 

 

Residues 1-19 Membrane binding and disruption 216 

Residues 1-17 and/or 30-
37 

Liquid-liquid phase separation 217 

PrP 

 

 
 

 

N-terminal region 
(residues 23-90) 

Interaction with Tau 218 

N-terminal region (residue 
23-89) 

Interaction with αSyn fibrils facilitating αSyn 
cell-to-cell spreading 

219 

Residues 95–110  Receptor binding site for Aβ42-oligomers 167 

Hydrophobic region 
(residue 111-134) 

Hydrophobically driven binding/insertion with 
anionic membranes, this interaction is 
important for (murine) PrP to gain C-terminal 
Proteinase K resistance and convert it to PrPSc 

220 

Octapeptide region in N-
terminal domain  

Increased numbers of octapeptides that bind 
Ca2+ promotes fibril formation and disease 
development 

221 

 

Flanking regions of fibrils, sometimes referred to as a ‘fuzzy coat’ are also crucial for 

diverse biological processes (Figure 1.15). It should be noted, that the ‘fuzzy coat’ can 

be structurally complex as described for example for Tau, which forms a ‘two layered 

polyelectrolyte brush’ surrounding the fibril core. This is formed by a dense and 

mechanically more rigid layer (residues ~173-243) and an N-terminal, less dense and 

more dynamic layer (residues ~1-172)222,223. The ‘fuzzy coat’ has been reported to be 

involved in elongation or secondary nucleation processes (e.g. first ~10 N-terminal 

residues of αSyn are required for elongation and secondary nucleation)183,184 (Figure 
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1.15 A,B) and being important for interactions with other proteins. As an example, Aβ 

fibrils interact with at least 10 other disease-related amyloidogenic proteins (e.g. IAPP, 

Tau, αSyn) supporting the “amyloid cascade hypothesis” as an underlying cause for 

Alzheimer’s disease224 (Figure 1.15 C). Further, interactions with membranes11, 

chaperones225 and mRNA103,226 have been reported (Figure 1.15 D-F).  

It should also be considered that flanking regions can have very different lengths. In the 

case of Aβ40/42, (nearly) the whole protein forms the fibril core (Figure 1.10 C)99,118, whilst 

in other proteins, e.g. Orb2, flanking regions >500 residues in length are observed 

(Figure 1.10 F)103. Tompa et al. hypothesised that the longer the flanking region, the 

more likely it can interact with other molecules by a ‘fly fishing mechanism’112. This might 

explain why functional amyloid fibrils such as Orb2 have long flanking regions able to 

interact with other proteins, RNA or surfaces, whilst pathological amyloid fibrils, with 

sequences of which have not evolved for functional reasons, may present shorter 

flanking regions.  

Therefore, far from being passive bystanders, flanking regions may be as important in 

defining the physiological role and amyloid disease aetiology as the fibril cores 

themselves. 
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Figure 1.15: Schematic of interactions between the dynamically disordered regions of 

fibrils and other molecules. Dynamically disordered regions displayed on the surface of 

ordered amyloid fibrils can play roles in their function and cellular dysfunction. (A) The fibril 

“fuzzy coat” could capture amyloid precursors and facilitate their self-assembly into amyloid by 

(B) secondary nucleation or other molecular events. (C) Interaction with other (non-) 

amyloidogenic proteins could inhibit or alter their function. (D) Interaction with membranes can 

result in a toxic mechanism involving membrane disruption. (E) Interaction with chaperones can 

result in fibril depolymerisation. (F) Interaction with RNA has been observed in a functional 

context for the protein CPEB (cytoplasmic polyadenylation element binding) which regulates 

long-term memory103. In other cases, disruption of cellular RNA could enhance phase 

separation and lead to cellular toxicity and/or dysfunction. Figure taken from Ref128. 

1.3 Intrinsically disordered proteins 

Decades of studies focused on understanding the mechanisms of protein folding of 

natively folded proteins19,23. However, today it is believed that over 50 % of the proteins 

in eukaryotic systems have long (> 30 residues) intrinsically disordered regions (IDR) or 

are completely intrinsically disordered proteins (IDP) (12% of eukaryotic 

proteins)112,227,228.  

IDPs present a distinct energy landscape compared to natively folded proteins, being 

much flatter and lacking an obvious folded native state (Figure 1.16). These proteins are 

thermodynamically less stable compared with globular folded proteins, and have no 

single, well-defined 3D architecture. IDPs exist as heterogeneous ensembles of 

conformers in which no single set of coordinates or backbone dihedral angles is sufficient 

to describe their full conformational properties229. 
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Figure 1.16: Energy landscape of a structured proteins (A) vs IDPs (B). The folding funnel 

for IDPs lacks any obvious troughs populated by more structured polypeptides. A lower energy 

state exists that forms under IDPs binding to interaction partners. 

The ability of proteins to fold or not to fold under physiological conditions is encoded in 

their amino acid sequence228. Sequences with a low hydrophobicity (low tendency for 

protein compaction) and high net charge (causing electrostatic repulsion) are usually 

indicators for disorder (Figure 1.17)230. Amino acids commonly known to cause order 

such as Ile, Leu, Val, Trp, Tyr, Phe, Cys, and Asn are usually reduced, whereas disorder-

promoting residues including Ala, Arg, Gly, Gln, Ser, Glu, Lys, and Pro are enriched in 

IDPs and IDRs231. Computational analysis, single-molecule studies, and other structural 

biology techniques such as NMR and mass spectrometry (MS) have discovered that the 

amino acid sequence affects the IDP/IDR conformational ensemble. The side chain 

composition in addition with environmental conditions (e.g. salt, pH) determine which 

transient intra- and inter-molecular interactions are formed and if the protein adapts an 

extended or compact conformation resulting in a rough but shallow energy 

landscape232,233 (Figure 1.16 B). 

 

Figure 1.17: Charge-hydropathy phase space. Illustrated are the biophysical characteristics 

hydrophobicity and net charge of 275 folded (open circles) and 91 natively unfolded proteins 

(black diamonds) proteins. The solid line represents the border between extended IDPs and 

compact globular proteins. Examples of extended IDPs (native coils and native pre-molten 

globules) and some ordered globular proteins are shown. Figure taken from Ref230. 
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Interestingly, IDRs and IDPs are enriched in proteins with important regulatory or 

signalling functions112,234 demonstrating the crucial role of flexible domains for biological 

processes. Disorder offers many biological advantages important for function such as 

connecting structural domains, mediating protein interactions via linear motifs or 

facilitating PTMs permitting encoding and decoding of information235,236. The lack of 

structure in IDPs and IDRs has been found to enable highly specific, but low affinity 

interactions with their targets that can easily be triggered by small perturbations (e.g. 

mutations or PTMs) of entropy or enthalpy of the binding process236. The large variety of 

binding partners and relatively easy and fine regulation of IDP interactions reasons why 

they are often classified as ‘hub-proteins’237. 

Although defined by the lack of a unique 3D structure, IDPs and IDRs are not entirely 

and not under all circumstances flexible and disordered. For example, the adoption of 

distinct conformational states when interacting with different binding partners is often 

seen238-240. This folding upon binding of IDRs enables specific and weak interactions with 

their binding partners241. Also, structural transitions of IDRs (caused by for instance 

PTMs at specific side chains) have been shown to regulate protein functions232,240.  

A high number of native IDRs and IDPs can be found in amyloid proteins, which are 

mainly known for their involvement in neurodegenerative disease such as Alzheimer’s 

Disease, Parkinson’s Disease, Amyotrophic Lateral Sclerosis or Huntington’s 

Disease47,51 (Figure 1.18 A). Whether an IDP aggregates or not is highly regulated by 

its incubation time and concentration (Figure 1.18 B), therefore a functional proteostasis 

network in a cell is crucial (Figure 1.4). An example for a disease causing IDP when 

forming amyloid fibril structures is alpha-synuclein (αSyn). This 140 amino acid protein 

is also the protein of interest in this thesis. It is mainly located in presynaptic termini of 

dopaminergic neurons and intrinsically disordered when in its free monomeric state in 

the cytoplasm242. Important for its function, it presents a repetitive motif (KTKEGV) 

involved in membrane binding, which induces the formation of an α-helix243,244. 

Characteristically for amyloid proteins it forms fibrils with a high cross-β sheet content 

under aggregation promoting conditions or disease47. αSyn will be further discussed in 

Section 1.4.  
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Figure 1.18: IDPs in disease. IDRs and disease. (A) IDPs and IDRs are found in plaques and 

cellular deposits of patients with neurodegenerative disease such as FTDP (Tau, 

neurofilament), AD (Aβ, Tau) and PD (αSyn)245. (B) Protein availability-outcome landscape. 

Tight regulation of proteins with IDRs (black arrow) ensures that they are present in the right 

amount and not longer than required (proteostasis network required). Figure taken from Ref236. 

1.4 Alpha-synuclein 

The synuclein family consists of three distinct genes (SNCA, SNCB, and SNCG) 

encoding the proteins alpha-synuclein (αSyn), beta-synuclein (βSyn), and gamma-

synuclein (уSyn), respectively (see Section 1.5). The first synuclein to be discovered in 

1988 was isolated from the Pacific electric ray Torpedo californica as a neuron-specific 

protein localised in presynaptic nerve termini and nuclei246. Although first described 

35 years ago, it was only in 1997 that the association between αSyn and 

neurodegenerative disorders was made: A mutation in the SNCA gene causing the 

missense mutation A53T in αSyn was linked with early-onset familiar PD247. To date, 

eleven more familial PD mutations have been identified (although only eight of them are 

commonly discussed in the literature) (see Section 1.4.2.1)248. Further, αSyn aggregates 

and especially fibrils were identified to be the main components of Lewy bodies, 

intracellular inclusion bodies associated with PD249. The association of αSyn with disease 

raised the scientific interest in this protein. But even extensive research over the past 

decades did not allow a full understanding of physiological function and toxic role250,251.  

  Physiological function 

Alpha-synuclein is a 140 residue intrinsically disordered protein expressed exclusively in 

vertebrates252. It is predominantly located in the presynaptic termini of neurons (Figure 

1.19) in the central nervous system253 with concentrations up to 20 µM254. Although 

extensively studied, the physiological function of αSyn, is still unclear250,251. This is 

probably due to the small phenotypic effects in synuclein knockout experiments and 
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complex observations in overexpression tests. αSyn knockout mice are not lethal, they 

show alterations in dopamine levels and impairments in synaptic responses due to 

changes in synaptic vesicle populations255,256. Triple knockout mice lacking all three 

paralogues (αSyn, βSyn, уSyn) show changes in synaptic structure and transmission as 

well as age-dependent neuronal dysfunction and slightly higher mortality rates 

(significant effect observed after 24 months)257.  

Overexpression of αSyn in mice suggested the decrease of neurotransmitter release at 

the synapse causing synaptic dysfunction258-260. Further, there is evidence, that an 

increased concentration of αSyn reduces the size of the recycling pool of vesicles259, 

therefore a function in maintaining the synaptic vesicle recycling pool homeostasis is 

expected260 (Figure 1.19). It should be noted that overexpression of αSyn also results in 

the formation of toxic aggregates complicating the distinction between loss-of-function 

or gain-of-toxic-function. 

As discussed in Section 1.3, IDRs and IDPs are often enriched in proteins with important 

signalling or regulatory functions indicating a crucial role for flexible, non-globular 

domains in biological processes227,234,261. Intrinsic disorder is especially beneficial where 

a fine ‘volume’ control is needed rather than a binary on/off switch. αSyn being an IDP 

therefore accords with the hypothesis that its function might be involved in signalling and 

regulation. A proteomics study with dopaminergic neurons using SILAC (stable isotope 

labelling by amino acids in cell culture) identified 324 proteins that form complexes with 

αSyn. The interaction partners included mostly signalling proteins, chaperones and 

metabolism associated proteins262. 141 of the identified proteins displayed changes in 

the relative abundance after treatment with rotenone, a chemical that induces PD like 

toxicity262. Further, in silico approaches were used to identify interaction partners of 

αSyn. A recent study used STRING263 and BioGRID3.5264 showing the main interaction 

partners to be kinases and ubiquitin proteins265. A combination of peptide pulldown 

assays and mass spectrometry demonstrated that interaction partners can vary after 

post-translational modifications. Whilst phosphorylation at residue S129 of αSyn (often 

found in aggregated species and disease266) drives interactions with serine protein 

kinases, cytoskeletal  and  vesicular  traffic  proteins, non-phosphorylated αSyn showed 

contacts with oxidative phosphorylation proteins267. All these assays demonstrate the 

wide range of possible functional interactions of αSyn.  

Another important aspect to help define the function of αSyn is its location. Located in 

the presynaptic termini of dopaminergic neurons, αSyn can be found soluble in the 

cytoplasm but also bound to membranes268. The binding equilibrium is tightly regulated 

with an estimated 15% of αSyn bound to membranes269. This supports the hypothesis of 

αSyn being responsible for the packing of neurotransmitter vesicles in the distal reserve 

pool of synaptic vesicles270,271 and subsequent trafficking to the site of synaptic vesicle 
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release255,256 (Figure 1.19). In vitro studies using liposomes or rat vesicles showed that 

αSyn can bind membranes with two parts of its sequences272,273 (see Section 1.4.4). This 

allows binding of two district liposomes/vesicles resulting in clustering and assembling 

of the liposomes272. It could further be shown that vesicle clustering by αSyn is dependent 

on the presence of negatively charged liposomes and the vesicle-associated membrane 

protein VAMP2 (vesicle associated membrane protein)274.  

Binding to membranes further allows αSyn to act as a chaperone, promoting the SNARE 

(soluble N-ethylmaleimide–sensitive factor attachment protein receptor) complex to 

assemble and supporting vesicle fusion275 (Figure 1.19).  

Overall, the physiological function of αSyn seems non-essential. However, it does 

interact with a wide range of proteins and is most likely involved in regulating synaptic 

vesicle homeostasis. 

 

Figure 1.19: Physiological role of αSyn at pre-synaptic termini illustrating the various 

regulatory functions αSyn exerts over synaptic vesicles. αSyn is shown in purple, αSyn 

mediated inhibitory regulatory activity is shown by a red flat arrow head and αSyn mediated 

regulation is shown by a green arrow. αSyn promotes neurotransmitter packaging, maintains 

the reserve pool of synaptic vesicles and promotes subsequent trafficking to the site of vesicle 

release. Chaperone activity has been observed with members of the SNARE complex where it 

increases the stability of target SNARE proteins. Adapted and redrawn from Ref251. 

  Synucleopathies 

Neurodegenerative disorders associated with the accumulation of aggregated αSyn are 

summarised under the umbrella term synucleopathies276. The most occurring 

synucleopathy is PD, which is also the second most common neurodegenerative 

disorder worldwide after Alzheimer’s disease (mainly caused by aggregated Aβ277). The 

connection between αSyn and PD was made when identifying αSyn deposits in PD 

patients, termed Lewy bodies249 and the association with the familial PD mutation 

A53T247.  
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Nowadays, it is known that αSyn is involved in many neurodegenerative diseases, such 

as Multiple system atrophy (MSA) or Dementia with Lewy bodies (DLB) (summarised in 

Table 1.2), hence adding to the complexity in determining the mechanism of toxicity 

during the misfolding and aggregation of this protein. CryoEM as well as using 

fluorescent probes, NMR spectroscopy and electron paramagnetic resonance (EPR) 

analysis of fibril structures from MSA and PD patients suggest that different fibril 

morphologies correlate with distinct disease developments117,278.  

The following sections will give more insights into the genetics and pathology of PD.  

Table 1.2: Summary of diseases associated with αSyn toxicity. Table taken from Ref279. 

Disease Symptoms Pathology 

Parkinson's disease 
(PD) 

o Parkinsonism (bradykinesia, 
muscular rigidity, resting tremors 
and postural instability) 

o Nonmotor symptoms 
(constipation, impaired olfaction 
and rapid-eye movement sleep 
behaviour disorder) 

o Cognitive impairment 
 

o Substantia nigra compacta 
(SNc) dopaminergic 
degeneration 

o Variable neuron loss in areas 
including locus coeruleus, 
dorsal motor nucleus of the 
vagus and the olfactory bulb 

o αSyn Lewy body and neurite 
pathology in neurons 

Parkinson's disease 
with dementia (PDD) or 
dementia with Lewy 
bodies (DLB) 

o Parkinsonism and dementia 
o In DLB versus PDD: fewer 

resting tremors, bilateral 
parkinsonism 

o Cholinergic/SNc (substantia 
nigra pars compacta) 
dopaminergic degeneration 

o αSyn Lewy body and neurite 
pathology in neurons 

o Aβ amyloid plaques and tau 
tangles 

 

Multiple system atrophy 
(MSA) 

o Parkinsonism, cerebellar ataxia, 
autonomic failure 

o Nonmotor symptoms (sexual 
dysfunction, urinary incontinence 
and rapid-eye movement sleep) 

 

o SNc/olivopontocerebellar 
degeneration 

o αSyn pathology in 
oligodendrocytes 

Gaucher's disease 

o Type I adult-onset 
(thrombocytopenia, anaemia, 
hepatosplenomegaly and bone 
pain) 

o Type II (infant)/III (juvenile) 
neuropathic form (seizures, 
cognitive impairment and 
oculomotor problems) 

 

o αSyn Lewy body and neurite 
pathology in some patients 

Additional lysosomal 
storage disorders  

o Multisystem disorder 
o αSyn Lewy body and neurite 

pathology in some patients 
 

Neurodegeneration 
with brain iron 
accumulation  

o Variable symptoms that may 
include dystonia, muscle rigidity, 
spasticity and ataxia 

o Iron accumulation in the globus 
pallidus and SNc 

o αSyn Lewy body and neurite 
pathology in some patients 

 

Alzheimer's disease 
(AD) 

o Progressive memory loss 
o Cognitive impairment 

o Cortical and CA1 hippocampal 
degeneration 

o Aβ amyloid plaques and tau 
tangles 

o αSyn Lewy body and neurite 
pathology in some patients 
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1.4.2.1 Genetics of PD 

Although PD was long considered a non-genetic disorder of ‘sporadic’ origin, 5–10% of 

patients are now known to have monogenic forms of the disease280. Today, there are 12 

known familial PD mutations in the SNCA gene encoding αSyn (the most common and 

best analysed A30P171, A30G281, E46K282, H50Q283, G51D284, A53T247, A53E285, A53V286 

as well as M5T287, T72M248, G93A287, and P117S287) expanded by few missense mutation 

with no characterised familial history but association with PD (L8I288, V15A289, V15D290, 

A18T, A29S291,292, E57D293, and M127I290). Recently, also a DLB linked mutation was 

found (E83Q294) (Table 1.3). Further causes of autosomal dominant forms of familial PD 

are genomic duplications or triplications that contain the αSyn locus248,295,296. Genome 

wide association studies have also identified single nucleotide polymorphisms (SNPs) in 

αSyn as risk factors that increase the susceptibility to sporadic PD297.  

Interestingly, not all PD associated protein variants increase the fibrillation capacity of 

the protein145,298. This hints to the idea that not only fibrils, but also oligomeric species 

are neurotoxic and involved in disease (Section 1.2.4) and further highlights the 

complexity of amyloid linked disease159. In addition to this, also the distinct membrane 

binding (note that all familial PD mutations besides P117S are within the membrane 

binding site) and surface induced aggregation characteristics change for the different 

variants172 as well as final fibril morphologies94,96. Despite intense study, the pathological 

role(s) of all these mutations remains unknown. 

It should be noted that polymorphism not only in the SNCA gene, but also in genes such 

as LRRK2, Parkin or PINK1 is involved in PD280.  
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Table 1.3: Summary of identified synucleopathy associated mutations in the SNCA gene 

causing missense mutations in αSyn. Most analysed variants are highlighted in light blue. 

Origin, disease association and influence on fibril formation is indicated.  

Mutation Origin Disease 
Influence on fibril 

formation 
compared to WT 

Literature 

M5T Chinese Familial PD No data 287 

A30P German Familial PD retard 171 

A30G Greek Familial PD 
no significant 

change 
281 

E46K Spanish Familial PD accelerate 282 

H50Q British Familial PD accelerate 283 

G51D British Familial PD retard 284 

A53E Finnish Familial PD retard 285 

A53T Italian Familial PD accelerate 247 

A53V Japanese Familial PD retard 286 

T72M Turkish Familial PD No data 248 

G93A Chinese Familial PD No data 287 

P117S Chinese Familial PD No data 287 

L8I Chinese Sporadic PD No data 288 

V15A Chinese Sporadic PD No data 289 

V15D Chinese Sporadic PD No data 290 

A18T Polish Sporadic PD accelerate 291 

A29S Polish Sporadic PD accelerate 291 

E57D Korean Sporadic PD No data 293 

M127I Chinese Sporadic PD No data 290 

E83Q - Familial DLB accelerate 294,299 

1.4.2.2 Pathology in PD 

PD affects 10 million people worldwide with men having a 1.5-fold higher risk than 

women300,301. 1 % of individuals over the age of 60 and 5 % of the population over the 

age of 85 suffer from PD illustrating the impact that advancing age has on the risk of 

developing PD302 (Figure 1.20 A). In PD, dopaminergic neurons of the substantia nigra 

pars compacta (SNc) are lost in the basal ganglia (Figure 1.20 B), an area of the brain 

responsible for co-ordinating fine motor control, which ultimately leads to the onset of 

Parkinsonism symptoms such as bradykinesia, muscle rigidity, resting tremors and 

postural instability303 (Figure 1.20 C). Within the few surviving dopaminergic neurons, 

Lewy bodies and Lewy neurites can be found which show a high concentration of 

aggregated αSyn304. Using CLEM (correlative light and electron microscopy) and STED 

(stimulated emission depletion) microscopy, Lauer and co-workers recently showed a 

crowded environment within Lewy bodies built by lipid membrane fragments and 

distorted organelles together with a non-fibrillar form of αSyn76. However, if αSyn is 

aggregated in Lewy bodies or not remains inconclusive and there is still an ongoing 

discussion in the field whether Lewy bodies are the cause or a consequence of PD and 

whether they include αSyn fibrils or not305.  
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Figure 1.20: Significance and symptoms of Parkinson’s disease. (A) Statistical overview of 

the number of patients and financial aspects of PD in the UK highlighting the importance of 

research in this field. (B) Left: Pathological symptoms of PD which includes in the loss of 

neurons in the substantia nigra, the formations of Lewy bodies and an accumulation of 

aggregated αSyn in the few surviving cells. Right: Pigmented nerve cells with αSyn-positive 

Lewy bodies. Upper scale bar 8 µm; lower scale bar 4 µm. Figure taken from249. (C) List of the 

motor and non-motor symptoms of PD taken from306. 

To study the pathology of synucleopathies (including PD) and associated cellular 

processes, it is crucial to have good model organisms mimicking the diseases. Although 

in vitro assays using heterogeneously expressed αSyn protein facilitate the well-

controlled analysis of aggregation kinetics, it is missing the crucial factor of the cellular 

environment including buffer changes, interactions with other proteins and the 

complexity of a cell metabolism. Therefore various models have been used such as cell 

cultures (ranging from yeast over primary neurons to patient derived cell lines)307, 

worms83, zebrafish308, flies309 or mice270. Importantly, vertebrate systems are beneficial 

as they naturally express αSyn, however studies using these organisms might be more 

expensive, complex and time intensive. It is therefore vital to find the right model for the 

biological questions to answer. 

  Structural properties 

αSyn can adopt a large conformational ensemble ranging from different monomeric 

structures (e.g. intrinsically disordered or helical when bound to membranes), to various 

oligomeric species and fibrils. The transition from monomers to fibrils is highly complex 

and can be followed by using a variety of techniques. As the characteristics of 
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monomers, oligomers, and fibrils drastically change (e.g. size, morphology, secondary 

structure elements, ThT binding (Figure 1.21)), different experimental techniques are 

required to characterise their structures in more detail.  

 

Figure 1.21: Morphological and structural characterisation of αSyn monomers, oligomers 

and fibrils. Examples of AFM images of monomeric (A), oligomeric (B), and fibrillar (C) αSyn 

species are shown. Far-UV CD (D) and ThT fluorescence (E) for all three αSyn species, 

monomer (red), oligomer (blue) and fibril (black). Figure adapted from Ref166. 

1.4.3.1 Monomer 

Alpha-synuclein is a 140 amino acid long, intrinsically disordered protein (Figure 1.22 

A). Its primary sequence can be divided into three regions: the N-terminal region 

(residues 1-60), the non-amyloid β component (NAC) region (residues 61-95) and the C-

terminal region (residues 96-140). These three parts have defined biochemical 

characteristics supporting the physiological function and aggregation propensity of this 

protein. The amphipathic N-terminal region consists of five imperfect repeats with the 

consensus sequence KTKEGV (there is a sixth one located in NAC) separated by inter-

repeat regions (Figure 1.22 B). This region, is especially involved in membrane 

binding310, important for the physiological function of αSyn (see Sections 1.4.1 and 

1.4.4). As a result of Eisenberg and co-worker’s work on amyloid like crystals formed by 

peptides spanning residues 47-56, this region is sometimes individually identified as 

preNAC311. The central NAC region is highly hydrophobic and was originally discovered 

through its co-purification with Aβ from amyloid plaques in AD patients, hence its 

appellation312. There is a large interest in NAC as it has been shown to be crucial in the 

misfolding and aggregation of αSyn312,313
 and forms the core of all amyloid structures to 
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date96,117. Further, NAC was also demonstrated to be involved in lipid binding in synergy 

with the N-terminal region310,314. Last but not least, the C-terminal domain is enriched 

with acidic and proline residues (Figure 1.22 B), providing high flexibility and protection 

against aggregation190
. This region is also mainly involved in ion binding, which strongly 

affects the aggregation propensity of full-length αSyn315. 

 

Figure 1.22: Sequence identity of αSyn. The protein comprises three regions: the 

amphipathic N-region (green), the amyloidogenic NAC region (red) and the acidic C-terminal 

region (purple). The KTKEGV repeat motif is coloured in yellow, positions of familial PD 

mutations is indicated below the schematic. (B) Amino acid sequence of αSyn (regions coloured 

according to (A)). Positions of familial PD mutations of αSyn are highlighted in blue and each of 

the KTKEGV motifs involved in membrane binding are is highlighted in yellow. 

In general, αSyn exists as an IDP lacking extensive secondary or tertiary structure316 

(Figure 1.21 D). Studies on αSyn have shown that it had a larger hydrodynamic radius 

(Rh) (measured by size exclusion chromatography (SEC)) and sediments more slowly 

(measured by a sucrose gradient ultracentrifugation) compared to globular proteins of 

similar masses (14 kDa)252. CD and Fourier transform infrared (FTIR) spectroscopy 

confirmed the absence of a defined 3D structure317.  

Interestingly, small angle X-ray scattering (SAXS) experiments indicated that αSyn has 

a smaller radius of gyration (Rg) than expected of a random coil polypeptide of the same 

length (40 Å compared to a theoretical Rg of ~52 Å)317. This suggests that αSyn forms 

some transient intramolecular structure as it is more compact than a ‘perfect’ random 

coil protein317. This observation of a relative compactness of αSyn has now been 

confirmed via multiple approaches and is believed to be driven by clustering of 

hydrophobic residues and transient long range interactions318-323 (Table 1.4).  
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Table 1.4: Regions of intramolecular interactions within monomeric αSyn. Summarised 

are the characterised interactions, the positions of the label (if required), the buffer conditions 

and protein concentration of the experiment, and the used techniques. Adapted from Ref189. 

Interaction 
region 1 

Interaction 
region 2 

Label 
position 

Conditions technique Notes Lit. 

5-26 and 40-
55 

93-140 - 
20 mM NaP, pH 
4.0 

HDX-MS 
Using degree of 
protection as 
indicator 

324 

30-100 
C-term., 
120-140 

Q24, 
S42, 
Q62, 
S87, 
N103 

10 mM NaP, pH 
7.4, 100 mM NaCl 
100 µM protein 

Spin label 
NMR 

Binding MTSL to 
induced Cys 
variants (see 
labelling position) 

325 

22-93 C-term.  

25 mM Tris–HCl, 
pH 7.4, 0.1 M 
NaCl 
100 μM protein 

HSQC NMR 

Polyamine binding 
enhances 
aggregation and 
leads to structural 
changes 

326 

12-26 C-term. 
A18, 
A90, 
A140 

25 mM Tris-HCl, 
pH 7.4,1 M 
NaCl 

RDC (Residual 
dipolar 
coupling) and 
PRE NMR 

Polyamine binding 
and/or temperature 
increase interrupts 
interactions 

321 

105-115 120-130 A140 321 

NAC 
125, 133, 
136 

- 
20 mM Tris, pH 
7.2 

Met oxid., MS 

oxidation of 
methionines by 
H2O2 inhibited 
fibrillation 

327 

Met1 Met116, 127 - 327 

1-10 124-138 - 

pH 7.4 
Comp. 
analysis 

analysed NMR PRE 
previously 
published 

328 

38-56, 74-
80, 90-100 

104-130 - 328 

6-10 136-140 - - 
Simulation, 
RDC NMR 

Measure short- and 
long-range 
interactions  

329 

3 124, 140 
V3, V71, 
A124, 
A140 

20 mM Gly-NaOH, 
pH 7.4 
100 µM protein 

Tyr 
fluorescence 

Also tested the 
effect of PD 
mutations which are 
more compact 

330 

19 60-140 
A19, 
A90, 
G132 

PBS, pH 7.4 
250 μM protein 

PRE NMR 

low pH shows a 
more 
homogeneous 
conformational 
ensemble 

331 

132 70-140 
A19, 
A90, 
G132 

10 mM NaP, 140 
mM NaCl, pH 2.5 
250 μM protein 

N-term. C-term. 
S9, E20. 
E61, 
A85, 
E110, 
E130 

pH 7.4 
70 µM protein 

RDC and PRE 
NMR 

N and C contacts 
remain, C term. 
collapses. Hydroph. 
interactions drive 
agg. rather than 
charge alteration. 

332 

N-term C-term. 
100 mM NaCl, 
10 mM NaP, pH 
3.0, 70 µM protein 

20 Around 128 

E20, 
A85, 
P120 

10 mM NaP, pH 
7.4, 100 mM NaCl 
70 μM protein PRE NMR 

Also analysis of β- 
and γSyn 

333 
~10 and 90
  

120 

N-term. 109–137 
pH 6.0 
70 μM protein 

N-term C-term. - 
20 mM NaP, pH 
7.5 

HSQC NMR 

Comparison in 
CSPs of WT with 
familial PD 
mutations 

334 

3-6 
124-127, 
133-135 

- 
20 mM NaP, pH 
6.0 

N-term. C-term. 
A18, 
A76, 
A90, 
A140 

pH 7.4 
100 µM protein 

PRE NMR 
Rigidification and 
compaction of C-
term at acidic pH 

335 

NAC 120-140 

20 mM Na 
acetate, 100 mM 
NaCl, pH 3.0 
100 µM protein 
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The disordered nature of αSyn is a consequence of its relatively low hydrophobicity and 

high net charge (see Section 1.3). Therefore, the conformational ensemble of αSyn is 

highly sensitive to the surrounding environmental conditions. Salt concentrations, ion 

binding, pH and the protein’s charge have large effects on the transient intra- and inter-

molecular interactions of αSyn as it has been shown mainly by NMR and computational 

approaches (Table 1.4), reviewed in Ref189. Overall, at neutral pH the N-terminal and C-

terminal regions form long-range interactions protecting the aggregation-prone NAC 

region from solvent exposure and fibril formation321,335. Under acidic conditions, the Asp-

/Glu-rich C-terminal region collapses, intramolecular interactions are perturbed, and the 

NAC region is less protected resulting in accelerated fibril assembly189,332,335. This is in 

consensus with in vitro aggregation studies using Thioflavin T (ThT) fluorescence assays 

to detect fibril growth at different pH values133 or research with C-terminal truncated αSyn 

variants that speed up aggregation due to an exposed NAC region190. Some studies also 

describe the increased hydrophobicity of the protein (and collapsed C-terminus) as the 

main contribution for the altered aggregation kinetics when decreasing the pH, rather 

than the release of long-range contacts332. 

Determination of structural ensembles of IDPs is challenging but became more feasible 

during the past years due to improvements in computational modelling and simulations 

by, for example, optimising force fields for dynamic, flexible proteins336. Importantly, in 

most cases the computationally calculated conformations overlap with independent 

experimental observations but describe an ensemble rather than a static 

conformation336,337. For αSyn, the large effect of pH on the monomer was evaluated using 

computational approaches confirming the collapse of the C-terminal region at acidic pH 

but also suggesting that the overall end-to-end distance within the molecule are 

maintained due to internal reorganisation338. Further, the conformational state of different 

familial PD mutations was analysed without the need of expression, purification and 

complex laboratory experiments, highlighting that the dynamic equilibrium between 

different αSyn monomer conformations is modified by the missense mutations in a subtle 

way339. MD simulations were also shown to evaluate small-molecule binding to αSyn 

monomer, providing a large benefit for drug development in synucleopathies 

treatment340.  

Monomeric αSyn can adopt clearly defined secondary structural elements under specific 

conditions. When binding to micelles or membranes such as vesicles, the N-terminal 

region and NAC form an α-helix186,314 (Section 1.4.4). β-hairpin formation in the N-

terminal region of the protein is believed to be important for fibril assembly188,341 and can 

be observed when binding certain molecules such as β-wrapin, a small protein inhibiting 

αSyn aggregation187,342. 
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Taken together, the structure of monomeric αSyn is complex and strongly depends on 

its environment. A large conformational ensemble can be observed with transient 

interactions favouring or disfavouring the formation of higher ordered structures leading 

to fibril formation. The knowledge about exact conformations and interactions involved 

in amyloid assembly remains incomplete. 

1.4.3.2 Oligomers 

Oligomeric species are often considered as being the cytotoxic state of αSyn159 and 

therefore their composition and architecture is of highest interest. The structural 

characterisation is challenging, as oligomeric samples can be heterogeneous, highly 

dynamic, and stable for only a short period of time at low concentrations. Classical 

structural techniques such as cryo-EM, NMR or X-ray scattering struggle to describe 

these small aggregates. Yet, experiments using transmission electron microscopy 

(TEM), AFM, SAXS or HDX-MS helped to analyse the structure of oligomers in more 

detail.  

Due to differences in the way oligomers are generated and purified, they are reported to 

form a large range of structures343. However, it is suggested, based on HDX-MS 

experiments, that oligomers are relatively ordered assemblies with elongated β-strands 

formed by the N-terminal region and NAC and an exposed C-terminus344. The probably 

best characterised oligomers are Type-A(*) and Type-B(*), their structures were 

determined via cryoEM with resolutions of 18 Å and 19 Å, respectively (Figure 1.23 A,B). 

These two oligomeric species present distinct conformations and cytotoxicities (e.g. 

Type-B* has more β-sheet content shown by ssNMR studies and disrupts SH-SY5Y cells 

and rat primary cortical neuron membranes more efficiently)160,166. Whereas Type-A* 

oligomers bind on the surface of membranes without much of an effect, Type-B* 

assemblies were shown to bind and disrupt membranes (Figure 1.23 C,D), being more 

toxic for cells by increasing intracellular reactive oxygen species and reducing 

mitochondrial activity in neurons160. 

It should be noted that although oligomers are the precursor species of fibrils, not all 

oligomeric structures can be elongated to mature fibrils. It is distinguished between on- 

and off-pathway oligomers159.  
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Figure 1.23:Oligomer structures and effect on membrane binding. Typical side view and 

end-on view of Type-A (A) and type-B (B) oligomers determined by cryoEM. Schematic of 

interactions of αS oligomers (Type-A* (C) and Type-B* (D)) with lipid bilayers. Figures taken 

from Ref160,166. 

1.4.3.3 Fibrils 

Amyloid fibrils present the thermodynamically and kinetically most stable conformation. 

The fast improvement of cryoEM techniques over the past few years has allowed the 

determination of high resolution structures of many αSyn architectures (Figure 1.24). 

Fibrils are polymorphic and present distinct structures for in vitro or in vivo grown 

assemblies. Full-length αSyn fibrils grown in vitro show four main structures named 1a, 

1b, 2a and 2b72,116. They all form the rigid amyloid core with a part of the N-terminal 

region and NAC, whilst the extreme N-terminus (~residues 1-35) and the C-terminal 

region (~residues 96-140) are flexible and dynamic. A mature fibril usually consists of 

two protofilament twisted around each other. The residues involved in the interface 

between protofilaments and the backbone structure vary, though (Figure 1.24 A-D). 

Interestingly, fibril architectures from samples extracted from MSA patients were found 

to have a different structure compared to in vitro grown αSyn WT fibrils117 (Figure 1.24 

E) and different diseases show distinct fibril morphologies117,278.  

Further, posttranslational modifications, often observed in patients, or single residue 

substitutions associated with PD result in altered fibril structures (Figure 1.24 F-I). Fibril 

morphologies of N- and C-terminal truncations result in the 1a polymorph (deleting the 

C-terminus, not shown here) or structures unrelated to WT architectures solved so 

far106,345,346. Amyloid from PD mutations or phosphorylation at residue Y39 present 

structures with only one, two or even three protofilaments and also often represent 

distinct backbone conformations compared to the WT structures (Figure 1.24 G,I)107-

109,347-349.  

Altogether, αSyn fibrils can be highly polymorphic and their structure(s) seems to be an 

indicator for disease. Even small sequence changes can completely alter the 

morphology, demonstrating an important role of single residues for aggregation.  
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Figure 1.24: Examples of αSyn fibril structures determined by cryoEM. Full-length 

structures form polymorph 1a (A), 1b (B), 2a (C), 2b (D). Fibrils extracted from MSA patients 

(E), or those formed from proteins with truncations (F), disease associated point mutations 

(G,H) or phosphorylation (I) can result in distinct architectures compared to the WT protein. 

Note that this figure does not illustrate all solved fibril structures and focusses on highlighting 

the high polymorphism of αSyn fibril structures. The N-terminal region is coloured in blue, NAC 

in pink and the C-terminal region in red. If regions are not shown, they were not resolved and 

not part of the rigid fibril core, residues within the core are indicated. PDB file, special 

characteristics and references are indicated below each fibril structure. 

  Lipid interactions  

About 15% of αSyn is not free in the cytosol, but bound to lipid membranes within the 

cell269. The interactions between αSyn and membranous structures is crucial as being 

involved in physiological function255,259,350 as well as fibril formation269,351. As mentioned 

above (Section 1.4.3.1), αSyn forms an α-helical structure when binding to micelles or 

lipid bilayers185,314,352. A ssNMR study on αSyn interacting with SDS (Sodium-dodecyl-

sulfate) micelles identified that residues 3-37 and 45-92 form curved α-helices, 

connected by a well ordered, extended linker, while the C-terminal region remained 

disordered314 (Figure 1.25 A). By contrast, structural characterisations using EPR and 

vesicles formed by POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and 

POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine) lipids defined a membrane-

bound region featuring a single extended helix spanning the first 97 N-terminal 

residues353. There is also evidence for interchanging structures between these two 

models instead of exclusive conformations354,355. 

Despite these differences in helix morphology, the key feature for membrane binding in 

a biological context seems to be a highly dynamical behaviour. Residues 1-25 of the 

αSyn sequence have a fundamental relevance for the overall equilibrium between 

membrane bound and unbound states, as they act as an anchor to initiate the adhesion 

to lipid vesicles186,352,356. The rest of the N-terminal region and NAC (residues 26-97) exist 
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in an equilibrium between membrane tethered conformations whereas the C-terminal 

region was not shown to bind to the membrane surface (Figure 1.25 B)186,352,356. A 

different study from Cholak et al. suggested that membrane binding is defined by two 

processes: 1. The N-terminal tail insertion (first 14 residues) to the lipid head group layer 

and folding to a helix when binding at the membrane surface for N-terminal region and 

NAC (Figure 1.25 C)185. 

 

Figure 1.25: Summary of αSyn binding to membranes. (A) NMR structure of αSyn bound to 

SDS micelles (PDB 1xq8)314. N-terminal region is coloured in blue, NAC in pink and C-terminal 

region in red. (B) Illustration of the highly dynamic nature of αSyn membrane binding. The first 

25 N-terminal residues (blue) initiate membrane binding whereas residues 26-97 (grey) are in 

equilibrium between bound and unbound an the C-terminal region (green) is not bound. Figure 

taken from Ref186. (C) Schematic of N-terminal insertion to membranes with residues 1-14, 

figure taken from Ref185. 

It should be further noticed that the membrane binding characteristics (e.g. binding 

affinity, free energy) strongly depend on the membrane composition and curvature357,358. 

It was demonstrated that αSyn preferably binds to small unilamellar vesicles over large 

ones (>15-fold increase in affinity for 50 nm diameter vesicles over 180 nm diameter). 

The protein also predominantly interacts with anionic, highly charged lipids (e.g. 

phosphatidic acid head groups)358.  

For the physiological function of αSyn the ability to cluster synaptic vesicles is important. 

An in vitro study revealed the ‘double-anchor mechanism’ where αSyn binds to different 

liposomes with its N-terminus (residues 1-25) and region 65-97. This enables a single 

αSyn molecule to simultaneously bind two vesicles that are up to 150 Å apart (Figure 

1.26 A)272. SUVs (small unilamellar vesicles) initially assemble together in dimeric, 

trimeric, tetrameric, and higher order states, before fusing to form larger vesicles (Figure 

1.26 B). Fused liposomes were observed to mainly add further liposomes at the termini 

probably due to the higher affinity of αSyn for significantly curved membrane surfaces242. 

The interaction between αSyn and membranes as well as vesicle clustering can be 

affected by the presence of ions. The ability of αSyn to remodel membranes rises as the 
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concentration of divalent metal ions increases359. For example, it was shown that calcium 

mediates the localisation of αSyn at the pre-synaptic terminal, accelerating aggregation 

and vesicle tethering in vitro and in vivo273.  

 

Figure 1.26: Schematic of liposome clustering by αSyn. (A) Molecular details of the double-

anchor mechanism. The N-terminal anchor region is coloured in red, region 65–97 is highlighted 

in green. C-terminal region and linker region are coloured in pink and grey, respectively. (B) 

Stepwise mechanism of vesicles assembly as probed from images obtained in vitro by cryo-EM 

(bottom). Vesicles are illustrated in green, αSyn in red. Figure adapted from Ref272. 

Membrane binding is not only associated with physiological function, but also with 

aggregation and toxicity. Lipid bilayers offer a surface, promoting αSyn fibril formation 

via primary nucleation351. The molecular processes behind this might be driven by 

accumulating αSyn on the surface of the liposomes and/or via conformational changes 

towards more aggregation-prone states. Additionally, deep mutational scanning studies 

indicated that the helical, membrane bound state of αSyn is the most toxic conformation 

in yeast cells as mutations interrupting membrane binding protect from cell death360,361.  

In addition to the interaction between lipids and monomeric αSyn, the correlation with 

oligomeric species and fibrils has been analysed. As mentioned above (Section 1.4.3.2), 

some oligomers were shown to bind and disrupt membranes160. In contrast, in situ 

analysis using cryo-electron tomography (cryoET) focussing on αSyn fibrils indicated that 

αSyn fibrils do not contact membranes directly and are not involved in vesicle 

clustering75. 

1.5 Synuclein paralogues 

αSyn is part of the synuclein family, consisting of two other IDP paralogues, beta-

synuclein (βSyn) and gamma-synuclein (γSyn). Whilst α- and βSyn are mainly expressed 

in the central nervous system in the pre-synaptic termini of neurons throughout the brain, 

γSyn is primarily localised in more differentiated nerve cells in the peripheral nervous 

system (e.g. motor neurons)362. αSyn is known to be involved in neurodegenerative 

disorders (Table 1.2), but neither βSyn nor γSyn have been convincingly linked to 

diseases of the nervous system with only a few studies showing the presence of these 
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proteins in PD or DLB deposits, hitherto363,364. In vitro studies supported these findings 

as β- and γSyn are both significantly less aggregation-prone compared to αSyn365,366. In 

fact, the paralogues even inhibit assembly of the aggregation-prone αSyn variant when 

co-incubated365,367.  

Interestingly, the sequence similarity between the full-length paralogues and αSyn is high 

with 78% and 60% for βSyn and γSyn, respectively (Figure 1.27). Especially the N-

terminal region is highly conserved with a decreasing sequence identity for NAC and the 

C-terminal region.  

The reduced aggregation propensity for βSyn may be explained by the lack of eleven 

residues in the central NAC region333. For γSyn, however, there are no obvious sequence 

alterations that explain the lower tendency to form amyloid fibrils.  

 

Figure 1.27: Sequence alignment between the synuclein family members αSyn, βSyn and 

γSyn. (A) Each protein comprises three regions: the amphipathic N-region (green), the 

amyloidogenic NAC region (red) and the acidic C-terminal region (purple). The sequence 

identity of βSyn and γSyn to αSyn for each region is shown. The light grey region in the centre 

of NAC for βSyn depicts residues in the highly aggregation NAC core that is deleted in this 

sequence. The number of residues in each protein are shown (right). (B) Sequence alignment 

for each of the paralogues (regions coloured according to (A)). Positions of familial PD 

mutations of αSyn are highlighted in blue and each of the KTKEGV motifs are is highlighted in 

yellow.  

 Gamma-synuclein 

1.5.1.1 Function and disease 

γSyn, which will also be investigated in this thesis, is significantly less studied than αSyn 

in the literature, therefore there are many deficiencies in understanding the biology and 

biochemistry of this protein. γSyn was discovered in 1997/1998 by two individual 
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groups368,369. Different to αSyn, γSyn is only 127 amino acid long (lacking 13 residues in 

the C-terminal region) and encoded by the SNCG gene localized on chromosome 

10q23370. 

The function of γSyn is not yet clarified363, but it is believed to interact with heat-shock 

proteins where it acts as a co-chaperone to stimulate estrogen receptor signalling371 and 

it was shown to interact with BubR1 (a gene encoding a serine/threonine-protein kinase) 

to regulate cell cycle checkpoints372. Related to these functions, γSyn is involved in 

disease and is overexpressed in breast and ovarian cancer cells368,373,374. Recently, a 

correlation with the development of motor neuron pathology in amyotrophic lateral 

sclerosis (ALS) was found by Buchman and co-workers. For one third of 31 ALS linked 

human tissue samples analysed, aggregated γSyn was found within the descending 

axons of the corticospinal tract in the dorsolateral column of the spinal cord375. Further, 

overexpression of mouse γSyn in neurons of transgenic mice supported the hypothesis 

of this protein being involved in neuron pathology as the animals developed middle-age 

onset progressive motor neuron pathology that recapitulated many key characteristics of 

ALS, and died prematurely376,377. The exact role of γSyn for neuronal diseases however 

remains unclear and usually the aggregation of the amyloid protein TDP-43 is 

predominantly associated with ALS174.  

1.5.1.2  Structural properties 

As mentioned above, γSyn has been investigated in much less detail compared to αSyn. 

However, there is some structural analysis, mainly focussing on the monomeric protein. 

In consensus with αSyn, γSyn can be separated into three regions (N-terminal, NAC, 

and C-terminal region) and shows a repetitive motif in the N-terminal region of the protein 

(Figure 1.27). Due to γSyn lacking 13 residues in the C-terminal region it presents a 

significantly less charged C-terminus with a net charge of -5 compared to -12 for αSyn 

at neutral pH378. This results in disrupted intramolecular interactions between N- and C-

terminal region333. Also, γSyn has been found to have an increased α-helical propensity 

in the NAC region possibly stabilising the protein and interrupting fibril assembly 

processes366.  

γSyn has further been described to bind membranes and adopting an α-helical structure 

in its N-terminal region and NAC during this process379. Similar to αSyn, it shows 

preferred binding to anionic lipids and curved membranes380. There is no evidence for 

membrane clustering though, which might be attributed to the lack of such studies or 

sequence changes in the NAC region (residues 65-97) required for the ‘double-anchor-

mechanism’272. 

γSyn has been demonstrated to have a higher propensity to form oligomeric species 

compared to αSyn in vitro365. Nevertheless, fibril formation is significantly slower than 
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αSyn365,381. This hints that oligomers formed by γSyn might be off-pathway and are not 

elongated to mature fibril structures efficiently. In addition to this incubation of γSyn 

oligomers with binding partners such as membranes has been shown to lead to 

disruption of the oligomers into monomeric protein382.  

To date, there is no high resolution structural information for γSyn fibrils. 

1.6 Thesis aim 

The introduction of this thesis clearly demonstrates that, although there has been 

massive progress over the past decade(s) in understanding the role of amyloids and 

synucleins specifically for function and disease, the molecular mechanisms are often not 

clarified in detail. The work in this thesis aims to understand the early processes of 

synuclein aggregation on a molecular level. Focussing on the amino acid composition 

and their role for function and in particular amyloid assembly could help to shine light on 

the mechanisms underlying disease development. To gain insight into the aggregation 

processes, in vitro and in vivo, a wide variety of techniques was used including ThT 

fluorescence aggregation assay (de novo growth, seeded reactions, and surface 

catalysed aggregation), electron microscopy, NMR PRE experiments and toxicity assays 

in the model organism C. elegans. 

The objectives of each individual chapter will be briefly summarised below: 

Chapter 3: A motif in the N-terminal region crucial for aggregation and function of 

α-synuclein 

This chapter uses the primary amino acid sequence of αSyn to find aggregation hotspots 

especially prone to aggregation via in silico techniques. In addition to NAC, also three 

regions in the N-terminal region were identified that are analysed in more detail in this 

work by using deletion variants. Aggregation assays confirm that the identified regions 

indeed are crucial for fibril formation in vitro and in vivo and functional assay with 

liposomes further highlight their role in membrane remodelling. NMR PRE experiment 

allow the interpretation of transient long-range intra- and inter-molecular interactions 

involving these regions to be important for driving aggregation of αSyn. 

Chapter 4: Single residue switches in the N-terminal P1-region change 

aggregation of α-synuclein 

Following up on the work in Chapter 3, the role of each individual residue of one of the 

identified regions which showed the most drastic effect (P1: residues 36-42) was 

analysed in large detail. An alanine scan and sequence alignments with γSyn were used 

to find the residues that contribute most to the aggregation process within this region 

pointing to residue L38, Y39 and S42 that are key factors for fibril formation. Substituting 



 

 
 

43 

 

 

 

Introduction 

 

Introduction 
these residues with other aliphatic side chains demonstrated the power of individual 

residues to control aggregation with a high sequence specificity. 

Chapter 5: An ALS-linked sequence variant of γSyn in P1 induces aggregation 

Chapter 5 focusses on the role of γSyn. In collaboration with Vladimir Buchman, 

University of Cardiff, an ALS linked variant in γSyn was identified (M38I). In this work the 

biophysical characteristics of this substitution were evaluated in vitro and its aggregation 

potential analysed using cell cultures and C. elegans. The identity of this disease 

associated variant further supports the crucial role of P1 in synucleins and the 

contribution of individual residues for fibril formation. 

Taken together, this study focusses on the role of specific N-terminal regions of αSyn for 

aggregation and function. It highlights the important involvement of regions flanking the 

central aggregation hotspots (e.g. NAC for αSyn) for function and toxicity in amyloid 

proteins. This will be further discussed in Chapter 6 – Concluding Remarks and Future 

Perspective.  
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Materials and Methods 

2.1 Chemicals 

All chemicals were purchased from Sigma-Aldrich (Poole, Dorset, UK) and were of 

analytical grade unless specified otherwise. 15N labelled ammonium chloride and 13C 

labelled glucose for isotopic labelling of αSyn for NMR experiments were 

purchased from Cambridge Isotope Laboratories (Massachusetts, USA).  

S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl-oxyl)methyl methanesulfonothioate 

(MTSL) was purchased from Cambridge Isotope Laboratories (Massachusetts, USA). 

1,2-Dimyristoyl-sn-glycero-3-phosphoserine (DMPS) lipids were purchased from 

Avanti® Polar Lipids and peptides were ordered from Severn Biotech Ltd., Peptide 

Synthesis or GeneScript. 

2.2 Bacterial strains 

In this study, the following Escherichia coli (E. coli) strains were used: 

DH5α (Invitrogen), Genotype: E. coli F- 𝜙80lacZΔM15 Δ(lacZYA-argF)U169 

recA1 endA1 hsdR17(rk-, mk+) phoA supE44 thi-1 gyrA96 relA1 𝜆- 

BL21 (DE3), Genotype: E.coli B Fˉ dcm ompT hsdS(rBˉ mBˉ) gal 𝜆(DE3) 

HT115 (DE3), Genotype: E. coli F-, mcrA, mcrB, IN(rrnD-rrnE)1, 

rnc14::Tn10(DE3 lysogen: lacUV5 promoter -T7 polymerase) (IPTG-inducible 

T7 polymerase) (RNAse III minus). 

DH5α cells were used for molecular biology experiments and BL21 (DE3) cells were 

used for protein expression. HT115 (DE3) were used for C. elegans maintenance.  

2.3 Vectors 

For the recombinant expression of α- and уSyn in E. coli, the pET23a plasmid 

(expression under control of T7 promotor, ampicillin resistance) was used. The αSyn 

encoding plasmid was kindly provided by Prof Jean Baum (Department of Chemistry and 
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Chemical Biology, Rutgers University, NJ, USA). γSyn was purchased form Eurofins and 

cloned into the pET23a vector by Matthew Jackson. Genes for chimeric proteins (α-and 

γSyn mixed constructs) were purchased from Twist Bioscience in a pET29b plasmid 

(expression under control of T7 promotor, kanamycin resistance).  

For synuclein expression in C. elegans, the αSyn wildtype gene in vector pPD30.38 was 

used and provided as a generous gift from Prof Ellen Nollen, UMCG, Groningen, The 

Netherlands. The codon optimised (for C. elegans) γSyn construct was ordered from 

Eurofins and cloned into the pPD30.38 vector. Variants of interest in this study were 

generated by Q5 site-directed mutagenesis (Section 2.5.1). 

2.4 Peptides 

Peptides were used to study the aggregation kinetics when peptides are added in trans 

and self-assembly of the NAC peptide in isolation. All peptides used in this thesis are 

listed in Table 2.1.  

Table 2.1: Sequence of peptides used in this study and their producers. Peptides were 

generated at >98 % purity. NAC peptides were synthesised by Martin Walko, University of 

Leeds. 

P1-peptide Acetyl-KTKEGVLYVGSKTKE-amide Severn 
Biotech 

P1-Cys-
peptide 

Acetyl-CKTKEGVLYVGSKTKE-amide Peptide 
Synthesis 

P1-SG-
peptide 

Acetyl-KTKESGSGSGSKTKE-amide Severn 
Biotech 

N7-peptide NH2-MDVFMKGKTKE-amide GeneScript 

αNAC-
peptide 

NH2-EQVTNVGGAVVTGVTAVAQKTVEGAGSIAAATGFV-
amide 

Synthesised 
by M.W. 

γNAC- 
peptide 

NH2-EQANAVSEAVVSSVNTVATKTVEEAENIAVTSGVV-
amide 

Synthesised 
by M.W. 

 

2.5 Molecular Biology 

 Site directed mutagenesis 

Various substitution and deletion variants of α- and уSyn were created in this project 

using the NEB Q5 site-directed mutagenesis kit. Primers were designed using the NEB 

online tool (http://nebasechanger.neb.com/) and further reviewed for potential dimer 

formation with the Multiple Primer Analyzer (https://www.thermofisher.com/). Primers 

were supplied by Eurofins MWG Operon and are listed in Table 2.2. The Q5 

mutagenesis was performed by a polymerase chain reaction (PCR) according to the 

manufacturer’s instructions (see Section 2.5.1.1) followed by a kinase, ligase, DnpI 

(KLD) treatment Section 2.5.1.2.  
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Table 2.2: Oligonucleotides used in this study.  

Construct Primer sequence 

αSyn A18C Forward: 5’ TGTCGTAGCAtgtGCGGAAAAGAC 3’ 
Reverse: 5’ CCTTCTTTCGCTTTCGAC 3’ 

αSyn A90C Forward: 5’ CTCCATTGCAtgcGCGACTGGCTTTGTGAAG 3’ 
Reverse: 5’ CCAGCACCTTCCACCGTT 3’ 

αSyn A140C Forward: 5’ CGAACCAGAAtgtTAAAAGCTTGCGGCCG 3’ 
Reverse: 5’ TAGTCCTGGTAGCCTTCT 3’ 

αSyn S129C Forward: 5’ TGAGATGCCGtgtGAAGAAGGCT 3’ 
Reverse: 5’ TAGGCCTCATTATCCGGATC 3’ 

αSyn V40C Forward: 5’ TGTGCTGTATtgCGGCAGCAAG 3’ 
Reverse: 5’ CCTTCCTTCGTTTTACCG 3’ 

αSyn ΔN7 Forward: 5’ CTGTCGAAAGCGAAAGAAG 3’ 
Reverse: 5’ CATATGATATCTCCTTCTTAAAG 3’ 

αSyn ΔC1 Forward: 5’ AAGACCAAACAAGGCGTAG 3’ 
Reverse: 5’ TTCTTTCGCTTTCGACAG 3’ 

αSyn ΔP1 Forward: 5’ AAGACCAAAGAAGGCGTTG 3’ 
Reverse: 5’ TTCCTTCGTTTTACCGGC 3’ 

αSyn ΔP2 Forward: 5’ AAAACGAAAGAGCAGGTGAC 3’ 
Reverse: 5’ GGTCTTGCTGCCGACATA 3’ 

αSyn ΔP1ΔP2 Forward: 5’ AAAACGAAAGAGCAGGTG 3’ 
Reverse: 5’ GGTCTTTTCCTTCGTTTTAC 3’ 

αSyn P1-GS Forward: 5’ cggtagcGGCAGCAAGACCAAAGAAG 3’ 
Reverse: 5’ ctaccgctTTCCTTCGTTTTACCGGC 3’ 

αSyn P1P2-GS Forward: 5’atcaggatcaggatcaggaAAAACGAAAGAGCAGGTGACAAAC 3’ 
Reverse: 5’ ccactcccactcccactcccGGTCTTGCTGCCGCTACC 3’ 

αSyn G36A Forward: 5’ AACGAAGGAAgcgGTGCTGTATGTCGGC 3’ 
Reverse: 5’ TTACCGGCTGCTTCGGCT 3’ 

αSyn V37A Forward: 5’ GAAGGAAGGTgcgCTGTATGTCG 3’ 
Reverse: 5’ GTTTTACCGGCTGCTTCG 3’ 

αSyn L38A Forward: 5’ GGAAGGTGTGgcgTTATGTCGGAG 3’ 
Reverse: 5’ TTCGTTTTACCGGCTGCT 3’ 

αSyn L38M Forward: 5’ GGAAGGTGTGatgTATGTCGGCA 3’ 
Reverse: 5’ TTCGTTTTACCGGCTGCTTC 3’ 

αSyn L38I Forward: 5’ GGAAGGTGTGattTATGTCGGCAG 3’ 
Reverse: 5’ TTCGTTTTACCGGCTGCT 3’ 

αSyn Y39A Forward: 5’ AGGTGTGCTgcgGTCGGCAGCA 3’ 
Reverse: 5’ TCTTCGTTTTACCGGCT 3’ 

αSyn V40A Forward: 5’ TGTGCTGTATgcgGGCAGCAAGAC 3’ 
Reverse: 5’ CCTTCCTTCGTTTTACCG 3’ 

αSyn G41A Forward: 5’ GCTGTATGTCgcgAGCAAGACCAAAG 3’ 
Reverse: 5’ ACACTTCCTTCGTTTTAC 3’ 
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αSyn S42A Forward: 5’ GTATGTCGGCgcgAAGACCAAAGAAGGC 3’ 
Reverse: 5’ AGCACACCTTCCTTCGTT 3’ 

уSyn M38I Forward: 5’ AAGGCGTCATtTATGTGGGTG 3’ 
Reverse: 5’ CTTTGGTCTTTTCGGCTG 3’ 

уSyn M38L Forward: 5’ AGAAGGCGTCctgTATGTGGGTG 3’ 
Reverse: 5’ TTGGTCTTTTCGGCTGCC 5’ 

γSyn M38A Forward: 5’ AGAAGGCGTCgcgTATGTGGGTGC 3’ 
Reverse: 5’ TTGGTCTTTTCGGCTGCC 3’ 

γSyn M38V Forward: 5’ AGAAGGCGTCgtgTATGTGGGTG 3’ 
Reverse: 5’ TTGGTCTTTTCGGCTGCC 3’ 

уSyn A42S Forward: 5’ GTATGTGGGTagcAAAACGAAAGAGAACGTTG 3’ 
Reverse: 5’ ATGACGCCTTCTTTGGTC 3’ 

уSyn E110V Forward: 5’ CAGGAAGGCGtgGCCTCCAAGGAG 3’ 
Reverse: 5’ TTGCGGTGCTGATGGACG 3’ 

 

2.5.1.1 Polymerase chain reaction 

For the PCR, the Q5 hot start high fidelity DNA polymerase was used with the template 

DNA and the mutagenic primers in the following reaction: 

Q5 enzyme mix 1x 

Forward primer 0.5 µM 

Reverse primer 0.5 µM 

Template DNA 25 ng 

Water To 25 µL 

The reaction mixture was transferred to a thermocycler and the PCR cycling conditions 

outlined in Table 2.3 were performed 

Table 2.3: Temperature cycle for PCR for site directed mutagenesis. 

Step Temperature (°C) Time (s) 

Initial denaturation 98 30 

Denaturation 98 10 

Annealing Ta 30 

Elongation 72 30 per kb 

Repeat denaturation, annealing, and elongation for 25 cycles 

Final extension 72 120 

 

The annealing temperature (Ta) was calculated using Equation 2.1: 

Equation 2.1 

𝑇𝑎 = (𝑛𝐴𝑇 𝑥 2) + (𝑛𝐺𝐶 𝑥 4) 
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2.5.1.2 Kinase, ligase and DpnI (KLD) treatment 

Following the PCR, the amplified product is subject to treatment with kinase, ligase and 

DpnI (KLD) enzymes to allow efficient phosphorylation, intramolecular ligation of the 

plasmid DNA and to remove template DNA respectively. The KLD reaction outlined 

below was assembled and incubated at 25 °C for 5 min. Following incubation, 5 μL of 

the reaction was transformed into DH5α competent cells (Section 2.5.3). 

Q5 PCR product 1 µL 

KLD reaction buffer 5 µL 

KLD enzyme mix 1 µL 

Water 3 µL 

 Subcloning 

For the C. elegans codon optimised уSyn gene, subcloning was performed to insert the 

gene in the pPD30.38 vector. The gene was PCR amplified with additional flanking sites 

including the NheI and AgeI restriction site. Vector and insert were cut by the enzymes, 

gel purified and ligated in a mixture 1:3 (M:M) using the T4 DNA ligase.  

 Transformation 

The generated plasmids were transformed in E. coli DH5α cells for sequencing 

experiments or in BL21 (DE3) cells for protein expression. Competent E. coli cells were 

incubated with 1 µg plasmid for 30 min on ice before heat shocking them at 42 °C for 

45 s. After resting on ice for another 5 min, cells were plated on a 100 µg/mL carbenicillin 

containing LB agar plate. For DH5α cells, additionally 950 µL SOC media was added 

after the heat shock and the mixture incubated 1 h at 37 °C, 200 rpm before plating. 

Colonies grown over night at 37°C were further used.  

 Sequencing 

5 mL 100 µg/mL containing LB overnight cultures were inoculated from a single colony 

obtained from the transformation in DH5α cells and incubated at 37 °C and 200 rpm. The 

next day, the plasmid DNA was isolated using the Wizard® Plus SV Minipreps DNA 

Purification System kit. DNA concentrations were determined using the nanodrop 1000 

spectrophotometer and 15 μL sample (~100 ng/μL) was sent to Genewiz or Eurofins for 

sequencing to verify successful mutagenesis. 
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2.6 Protein expression and purification 

 αSyn 

2.6.1.1 Expression 

Pre-cultures were grown in 5 mL LB medium with 100 µg/mL carbenicillin inoculated with 

a single colony of the BL21 (DE3) cells containing the plasmid of interest. The next day, 

500 µL culture was mixed with the same volume of sterile 30 % (v/v) glycerol and stored 

at -80 °C until usage.  

For the overnight cultures 100 mL LB medium with 100 μg/mL carbenicillin was 

inoculated with 100 μL of the glycerol stock. Cultures were incubated at 37 °C and 

200 rpm shaking overnight. The next day,10 mL of the overnight cultures were used to 

inoculate 5 to 10 flasks with 1 L 14N LB medium. The cultures were grown at 37 °C and 

shaking with 200 rpm until an OD600 of 0.6 was reached. Protein expression was then 

induced by adding 1 mM isopropyl-β-D-thio-galactopyranoside (IPTG). The cultures 

were grown for an additional 4 to 5 hours before the cells were harvested. 

For expression of 15N (and 13C) labelled protein, the protocol above was followed but 

using only 0.5 L medium per flask and expression was performed in 15N/(13C) HCDMI 

medium (7.5 g Na2HPO4, 10 g K2PO4, 9 g K2SO4, 10 g KH2PO4, 1 g NH4Cl (15N labelled) 

in 1L)) supplemented with 1 mM MgCl2, 100 μM CaCl2, 0.8 % (w/v) glucose (13C labelled 

if needed), and 100 μg/mL carbenicillin. Expression was induced by adding ITPG when 

an OD600 of 0.6 was reached and cells were harvested after 5 hours of protein production. 

2.6.1.2 Purification 

Cell harvesting was performed by centrifugation at 6000 rpm for 20 min (rotor JA 8.1) at 

4 °C. The cell pellet was resuspended and homogenized in 15 mL/ litre culture lysis buffer 

and incubated for 30 min on a roller to disrupt the cells. Samples were then heated to 

80 °C for 10 min and centrifuged for 30 min at 35000 xg. The supernatant was further 

used for an ammonium sulfate (AS) precipitation. 29.1 g AS per 100 mL protein solution 

was added and incubated 30 min at 4 °C. The precipitated protein was pelleted by 

centrifuging for 30 min at 35000 x g. Then, the pellet was washed with 50 % (w/v) AS in 

50 mL water and centrifuged another time (35,000 x g, 4 °C, 30 min). 

Finally, the protein pellet was resuspended in 300-500 mL wash buffer (20 mM Tris-HCl, 

pH 8.0) and loaded on a self-made 300 mL anion exchange column (Q-sepharose resin). 

The protein was eluted over a 0 – 500 mM NaCl gradient over a volume of 500-1000 mL. 

αSyn containing fractions were combined and dialysed against 5 L of 50 mM ammonium 

bicarbonate pH 8, the buffer was exchanged at least three times and incubated at 4 °C. 
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The partially purified αSyn was lyophilised and stored at -20 °C until further purification 

by size exclusion chromatography (SEC). For the size exclusion an HiLoadTM 26/60 

Superdex 75 prep grade gel filtration column was used with a flow rate of 2.6 mL/min. 

Filtered (0.22 µm) αSyn was loaded and eluted in 50 mM ammonium bicarbonate pH 8, 

lyophilized and stored at -20 °C until usage. 

Molecular weight calibrations for the used SEC column are shown below in Figure 2.1.  

 

Figure 2.1: Molecular weight calibrants for size exclusion chromatography. (A) SEC 

profiles for molecular weights calibrants blue dextran (200 kDa), BSA (66.5 kDa), ovalbumin 

(42.7 kDa), cytochrome C (12.38 kDa), Aprotonin (6.51 kDa), vitamin B12 (1.35 kDa). (B) 

Molecular weight (log-scale) of calibrants plotted against their elution volume. The elution 

volume of αSyn is highlighted in blue, the mass seems bigger than it is due to its conformational 

state. The data were kindly provided by Nicolas Guthertz, University of Leeds.  

The presence of the protein of interest was followed by running a sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) through all purification steps 

(Section 2.7.1). The identity of the final protein solution was confirmed by electrospray 

ionisation mass spectrometry (ESI-MS) performed by the Mass Spec facility. 

 γSyn 

γSyn protein expression and purification was performed similarly to the methods 

described for the αSyn protocol (Section 2.6.1). To lyse the cells, the cell suspension 

was additionally cell disrupted at 40 KPSI. 

 Chimeric proteins 

The chimeric proteins were expressed and purified as described above (Section 2.6.1). 

Due to the use of a different plasmid (Section 2.3), 50 µg/mL kanamycin instead of 

carbenicillin was added to LB plates and media.  

 

 

 

 



 

 
 

52 

2.7 General biochemical techniques  

 SDS-PAGE 

To determine the size and purity of a protein, a sodium dodecyl sulphate polyacrylamide 

gel electrophoresis (SDS-PAGE) was performed. It separates proteins based on their 

molecular weight. Stacking and resolving gels (Table 2.4) were freshly prepared and 

poured in a sealed clean casting chamber. Before running the gel, rubber seals were 

removed and the gel was placed in an electrophoresis cell. The cathode chamber was 

filled with cathode buffer (100 mM Tris, 100 mM Tricine, 0.1 % (w/v) SDS) and the anion 

chamber with anion buffer (200 mM Tris-HCl pH 8.9). For Western blots, pre-poured 4-

20 % (v/v) gradient gels from BioRad were used. 

Table 2.4: SDS-PAGE gel compositions.  

Solution component Resolving gel [mL] Stacking gel [mL] 

30 % (w/v) Acrylamide  7.5 0.83 

3M Tris HCl, 0.3 % SDS (w/v), pH 8 5.0 1.55 

H2O 0.48 3.72 

Glycerol 2.0 - 

10 % (w/v) ammonium persulfate 0.2 0.2 

Tetramethylethylendiamine 0.02 0.02 

 

Protein samples were diluted 1:1 with SDS-PAGE loading buffer (2x stock : 2 % (w/v) 

SDS, 10 % (v/v) glycerol, 0.1 % (w/v) bromophenol blue, 100 mM DTT) and boiled for 10 

min before centrifuging for 1 min at 13000 x g. 15 μL of each sample was loaded on the 

gel, 5 μL Precision plus protein dual colour standards protein ladder (BioRad) was loaded 

as a reference. The gel was run constantly at 30 mA until the resolving gel was reached, 

then the electric current was increased to 60 mA. The electric potential was limited to 

200 V. Finally, the gel was visualised by incubating it with Quickblue Coomassie stain 

and imaged at the imaging machine UVITEC, Cambridge. 

 Agarose gel electrophoresis 

Agarose gels were used to separate DNA fragments. For this, the gel was prepared by 

dissolving 1 % (w/v) agarose in 100 mL Tris-acetate-EDTA (TAE) buffer (40 mM Tris-

HCl, pH 8, 20 mM acetic acid (glacial), 1 mM EDTA, pH 7.5). A final concentration of 

0.5 μg/mL of ethidium bromide was added prior to pouring the gel into a 15 cm gel tray. 

Once the gel had set, it was transferred to the TAE buffer filled electrophoresis unit. DNA 

samples were diluted in 6x Purple gel loading dye before loading to the gel along with 

5 μL of 1 kb and 100 bp DNA ladders (New England Biolabs) to allow size determination. 

The electrophoresis was performed at 100 V until the DNA fragments were suitably 



 

 
 

53 

 

 

 

Materials and Methods 

 

Materials and Methods 

resolved. Gels were visualised using ultraviolet (UV) transillumination and imaged using 

Alliance Q9 Advanced gel doc system. 

 Immunoblotting analysis 

Immunoblotting was used to visualise the expression level of the synuclein variants in C. 

elegans. Nematodes were collected from agar plates, washed in M9 buffer (5.8g 

Na2HPO4-7H2O, 3g KH2PO4, 5g NaCl, 1mM MgSO4 in 1 L H2O), and resuspended in 

worm lysis buffer (20 mM Tris, pH 7.5; 10 mM ß-mercaptoethanol; 0.5% (v/v) Triton X-

100; supplemented with complete protease inhibitor (Roche)). After shock freezing in 

liquid nitrogen, three freeze-thaw cycles were performed before the worm pellet was 

grinded with a motorized pestle. After lysis on ice, the sample was centrifuged for 1 min 

at 1000 rpm to pellet the carcasses. The protein concentration was determined using the 

Bradford assay (Bio-Rad). 

Worm samples were mixed in a 1:1 ratio with SDS loading buffer and boiled for 10 min. 

A final protein amount of 25 μg was loaded onto a 4-20% Tris-HCl gel (Bio-Rad). After 

separating the proteins by SDS-PAGE they were blotted onto a PVDF membrane 

(BioRad), αSyn, γSyn, and tubulin were visualised using syn211 (1:5000) (Sigma), anti-

GFP (1:1000) (Thermofisher) or a monoclonal mouse anti-tubulin antibody (1:5000) 

(Sigma), respectively, followed by an anti-mouse horse-radish peroxidase-coupled 

secondary antibody (1:5000). The bands were visualised using the SuperSignal West 

Pico Plus Chemiluminescence Substrate (Thermo). 

 Preparation of disulfide locked dimeric α-synuclein species 

Disulfide locked αSyn species were generated to analyse aggregation kinetics of αSyn 

dimers. To guarantee the formation of disulfate bonds, monomeric cysteine substitution 

variants were generated, expressed and purified and then incubated at a concentration 

of 400 µM in 100 mM Tris HCl, pH 8.4, for 2 h at room temperature. The protein samples 

were run on a HiLoadTM 26/60 Superdex 75 preparative grade gel filtration column (GE 

Healthcare) in 50 mM ammonium bicarbonate, pH 8.0 to separate monomers and 

dimers. Fractions containing the dimerised αSyn were collected, lyophilised and stored 

at -20 °C until usage. This experiment was performed by Ciaran Doherty. 

 SEC MALS 

SEC-MALS (multiple angle light scattering) analysis was used to estimate the mass of 

the dimeric αSyn constructs. A TOSOH G200SWXL column was equilibrated with 20 mM 

Tris-HCl, 200 mM NaCl, pH 7.5 and 50 µL of 30 µM αSyn sample was loaded onto the 

column. The eluted fractions were run through a Wyatt miniDawnTreos system with 

three-angle detection, and the data analysed using the Astra 6.0.3 software that was 
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supplied with the instrument. This experiment was performed by Ciaran Doherty and 

Leon Willis, University of Leeds. 

 Dynamic Light Scattering 

Dynamic light scattering (DLS) was used to assess the size of the prepared liposomes 

(Section 2.7.8). For this, 250 μL of 100 μM samples (lipid concentrations) were injected 

into a Wyatt miniDawnTreos system (equipped with an additional DLS detector). The 

data were analysed using the Astra 6.0.3 software supplied with the instrument. Filtered 

(0.22 μm) and de-gassed buffer, kept cool on ice to minimise bubble formation inside the 

instrument, was used to obtain 5-min baselines before and after sample injection. A 

3 min sample window was used for the analysis by the software. Using this analysis, the 

liposomes were found to have a diameter of ~160 nm. 

 MTSL-labelling 

MTSL (S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl-oxyl)methyl) labelling at 

cysteine residues of synucleins allows the detection of transient interactions in proteins 

by paramagnetic relaxation enhancement (PRE) experiments. Due to the absence of 

naturally occurring cysteines, substitution variants of αSyn allowed a selective labelling 

at positions of interest with the introduced cysteines383. The labelling reaction is 

illustrated in Figure 2.2. 

 

Figure 2.2: MTSL labelling reaction. 

For the labelling reaction, 20 mg lyophilised 15N labelled or 14N αSyn with an integrated 

cysteine was dissolved in 8 mL 20 mM Tris-HCl buffer, 200 mM NaCl, pH 7.5. A final 

concentration of 5 mM DTT was added to the protein solution and incubated for ≥30 min 

at room temperature to reduce all cysteine residues. DTT was then removed by using a 

Zeba Spin Desalting Column (Thermo scientific) where only the protein was eluted into 

an empty falcon tube already containing 40 molar excess MTSL. The protein sample with 

MTSL was incubated at 4 °C overnight. To remove the excess MTSL the protein was 

again run through a Zeba Spin Desalting Column (Thermo scientific). αSyn was eluted 

in 20 mM Tris-HCl buffer pH 4.5 with low (20mM) or high (200 mM) NaCl concentration. 

Successful labelling was confirmed by ESI-MS. If required, proteins were concentrated 

using a Vivaspin 20 (Sartorios) prior to the PRE NMR experiment. 
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For MTSL labelling of the P1-Cys peptide (N-terminal cysteine for labelling reaction), 

3 mg peptide was incubated for 30 min in the presence of 5 mM DTT in 20 mM Tris HCl, 

200 mM NaCl, pH 7.5. After removing access DTT using a Zeba spin column (PD10 

column, GE Healthcare), the peptide sample was immediately labelled with a 40-fold 

molar excess of MTSL for 8 h at 25 °C in 20 mM Tris-HCl, 200 mM NaCl, pH 7.5. Excess 

MTSL and labelled peptide were separated by HPLC and complete modification of the 

peptide with MTSL confirmed by ESI-MS (performed by Yong Xu, University of Leeds).   

 Liposome Preparation 

Liposomes were used to analyse the physiological function of synuclein of membrane 

binding and remodelling vesicles in more detail. 1,2-dimyristoyl-sn-glycero-3-phospho-

L-serine (sodium salt DMPS, Avanti Polar Lipids) lipids were dissolved in 20 mM sodium 

phosphate buffer, pH 6.5 and stirred for 2h at 45 °C. The lipid solution was then frozen 

in dry ice and thawed in a 45 °C warm water bath 5-times. The preparation of liposomes 

was then finalised by sonication in a bath sonicator (U50 ultrasonic bath, Ultrawave) for 

1 h. The size distribution of liposomes was determined using DLS (Section 2.7.6). 

Liposomes were used within two days storing at 4 °C if necessary. 

 Peptide synthesis 

NAC peptides (residues 61-95 of αSyn and γSyn) were synthesized on CEM Liberty Blue 

peptide synthesizer with microwave assistance using default coupling cycles for the first 

15 residues and double couplings for the rest of the peptide. The synthesis was 

performed on 0.1 mmol scale using Valine preloaded HMPB-NovaPeg resin 

(0.56 mmol/g), DMF as a solvent, 20% piperidine in DMF for the deprotection and DIC 

and OXYMA pure for couplings. Cleavage from resin was accomplished using 

TFA:H2O:TIS:EDT, 92.5:2.5:2.5:2.5 (5mL x 3 h) and peptides were precipitated using 

cold ether. Pure peptides were obtained after preparative HPLC purification on Kinetex 

EVO 5 µm C18 100Å 21.2 x 250 mm reverse phase column using a 10 - 30% acetonitrile 

gradient with 0.1% ammonia followed by lyophilisation. The synthesis was kindly 

performed by Martin Walko, University of Leeds. 

 Limited proteolysis 

Limited proteolysis with proteinase K was used to gain information on the core-stability 

of fibrils formed from different variants. The predominant cleavage site of Proteinase K 

is the peptide bond adjacent to the carboxyl group of aliphatic and aromatic amino acids. 

Pre-formed fibrils were spun down in a table centrifuge for 5 min at maximum speed. The 

pellet was dissolved in 20 mM Tris-HCl, 200 mM NaCl, pH 7.5 to a final concentration of 

50 µM monomer equivalent. Proteinase K was added in a 1:100 ratio (enzyme:protein) 

and aliquots at various time points were taken. The digestion reaction was stopped by 
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boiling the samples for 15 min in the presence of SDS-loading buffer before running on 

a SDS-PAGE gel. Different digestion patterns between different fibrils are an indicator of 

distinct fibril architectures. 

2.8 Aggregation assays 

 Seed preparation 

Fibril growth de novo or in the presence of liposomes, peptides or pre-formed fibril seeds 

was characterised. To generate synuclein seeds, 500 µL of a 600 µM αSyn solution in 

Tris-HCl, pH 7.5, 20 mM or 200 mM NaCl was stirred with a magnetic stirrer at 1200 rpm 

for 48 h at 45 °C. Alternatively, 500 µL of a 600 µM γSyn M38I solution in sodium acetate, 

pH 4.5, 200 mM NaCl was used. The solutions were aliquoted and stored at -20 °C. 

Before usage, the pre-formed fibrils were sonicated twice for 30 s with a break of 30 s at 

40% maximum power using a Cole-Parmer-Ultraprocessor-Sonicator and then added to 

the monomeric protein (10 % seeds (mol:mol)) to measure the synuclein aggregation.  

 Thioflavin T assay 

Thioflavin T (ThT) assays were performed to determine the aggregation kinetics of 

synuclein variants in vitro. When cross β-sheet rich fibrils form, ThT binds to these highly 

ordered structures, which changes its fluorescence characteristics, which can be 

detected at an emission wavelength of 482 nm137. De novo fibril growth, elongation 

(seeding) and surface induced aggregation were analysed using this technique. All 

graphs in this figure show data from one biological repeat performed in at least 

duplicates. 

2.8.2.1 De novo aggregation 

To measure de novo fibril growth, a final concentration of 100 μM filtered synuclein was 

mixed in a sealed 96-well non-binding surface flat bottom assay plate (Corning) with 

20 μM thioflavin T (ThT) in a final volume of 100 μL. Different buffer conditions were 

tested including 20 mM Tris pH 7.5 at high (200mM) and low (20mM) salt concentration 

and 20 mM acetate buffer pH 4.5 at high (200mM) and low (20mM) salt concentration. 

The samples were incubated shaking at 600 rpm at 37 °C for 100 h to 250 h in a BMG 

Labtech FLUOstar optima plate reader. During the time of the experiment, the 

fluorescence was detected by exciting ThT at 440 nm and monitoring the emission at 

480 nm with a gain set to 600. At the end of a ThT assay the presence of fibrils was 

confirmed by transmission electron microscopy (TEM) (Section 2.12) and fibril yields 

were determined. 
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2.8.2.2 Seeded aggregation 

Seeding experiments were performed to analyse the ability of synuclein variants to 

elongate αSyn WT or γSyn M38I fibrils. By adding seeds, the nucleation step is 

eliminated and aggregation is driven by elongation processes. The experiment was 

performed as described above (Section 2.8.2.1). In addition to the 100 μM monomeric 

protein, 10 % (mol/mol) seeds were supplemented. The aggregation was followed at 

37 °C under quiescent conditions at neutral or acidic pH for 42 h. 

2.8.2.3 Surface induced aggregation 

Aggregation of synuclein on the surface of liposomes was measured. For this, the 

protocol described by Galvagnion et al. was followed351. In brief, a protein solution with 

a concentration of 50 µM in 20 mM sodium phosphate buffer, pH 6.5 was mixed with 

varying amounts of liposomes (DMPS, Avanti) (lipid concentrations: 0; 0.4 and 3 mM). 

Samples were incubated at 30 °C in a 96 well plate under quiescent conditions. After 

finishing the aggregation assay, samples were imaged by TEM to observe whether 

synuclein induced liposome merging had occurred.  

2.8.2.4 Aggregation with peptides 

Aggregation assays in the presence of peptides (Table 2.1) were measured similar as 

described above. 100 µM (1:1) or 1 mM (1:10) peptide (dissolved in 20 mM Tris, pH 7.5, 

200 mM NaCl) were added to 100 µM monomeric protein. As a control, the aggregation 

of peptide alone was followed and validated by CD and TEM.  

 ThT assay data analysis 

The ThT fluorescence curves were normalised so that the highest value, when reaching 

a plateau, was equal to 100 %. In the case of incomplete aggregation, data were 

normalised to a control (usually αSyn WT). The OriginPro software (OriginPro 2018b 

64Bit) was used to determine lag time and elongation rate by fitting a linear gradient to 

the elongation phase (normalised fluorescence between 40 % and 60 % of the ThT-

aggregation curve). The elongation rate is the slope and the lag time is the intersection 

with the x-axis of the fitted linear curve. t50 times were calculated by GraphPad Prism 9 

using a sigmoidal fit with ½ max. absorbance representing the t50 timepoint. Average 

values and standard deviation were calculated for at least three repeat measurements. 

 Pelleting assay 

The amount of pelletable material was analysed to verify the results of ThT aggregation 

assays. Endpoint material from ThT aggregation assays were centrifuged for 30 min at 

13,000 rpm (Microfuge SN 100/90). The remaining soluble material and the starting 
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material were run on a SDS-PAGE gel (sample dilution 1:1), imaged on the Alliance Q9 

Imager (Uvitec), and the band intensities were determined using ImageJ software. The 

ratio between band intensities of supernatant and starting material give information about 

the remaining free monomer (and possible other species not pelleted) in solution. Repeat 

experiments and loading controls gave an error of ~5-10 % and a saturation in intensities 

> 7 µg (equivalent to ~70 µM αSyn) (Figure 2.3) when quantifying band intensities.  

 

Figure 2.3: Loading control for fibril yield analysis. 1 µg to 10 µg αSyn were loaded 

onto an SDS-PAGE gel to evaluate the concentration range for a linear dependence 

between band intensity and loaded protein concentration. Based on this experiment 

concentrations between 1 µg and 7 µg are within the linear range. For all fibril yield 

analysis experiments a final amount of 5 µg synuclein was loaded on the gel per well. This 

experiment was performed by Emily Prescott, University of Leeds. 

 Characterisation of supernatant and pellet from pelleting assay 

The percentage of amount of pelletable material (% pellet) was determined by SDS-

PAGE (see Section 2.7.1). For further investigation of the ThT endpoint samples and the 

efficiency of the pelleting assay, the whole sample, SN and resuspended pellet (in 90 µL 

H2O) was imaged via negative stain TEM (samples prepared as described in Section 

2.12). To test if all of the aggregated material is in the pellet after centrifugation, the 

whole sample and supernatant were analysed by high-performance SEC (HP-SEC) with 

assistance from Leon Willis, University of Leeds. For this, samples were sealed into 

300 µL polypropylene conical insert HPLC vials (VWR) and incubated at 5° C in the SIL-

40C autosampler (Shimadzu). 25 µL of sample was loaded onto a TOSOH SWXL guard 

column (4.0 x 60 mm) connected directly to a TOSOH G3000SWXL HPLC column. 

Columns were equilibrated in 20 mM Tris-HCl, pH 7.5, 200 mM NaCl. Samples were 

eluted isocratically with a Shimadzu Nexera LC-40 HPLC system at 0.5 ml/min, with the 

column kept at 25 °C. The column was calibrated with Blue Dextran (>2000 kDa), ADH 

(147 kDa), BSA (66 kDa), Cytochrome C (12 kDa), and Vitamin B12 (1.3 Da), with 

additional SEC-MALS measurements obtained using Wyatt miniDAWN Treos and 
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Optilab T-rex. SEC data were analysed using LabSolutions software (Shimadzu), with 

SEC-MALLS data analysed using Astra 6.1 (Wyatt). 

2.9 NMR experiments 

 NMR backbone assignment 

Backbone assignments of αSyn WT (20 mM sodium acetate, pH 4.5, 20 mM NaCl 

(BMRB:27900) and 20 mM Tris-HCl, pH 7.5, 20 mM NaCl (BMRB:51120)), αSyn ΔΔ 

(20 mM sodium acetate, pH 4.5, 20 mM NaCl (BMRB:27901)), αSyn P1P2-GS (20 mM 

sodium acetate, pH 4.5, 20 mM NaCl (BMRB:27902)) and ΔP1 (20 mM Tris-HCl, pH 7.5, 

20 mM NaCl (BMRB: 51121)) were kindly performed by Roberto Maya-Martinez, 

University of Leeds. Data were obtained on a Varian-Inova 750 MHz spectrometer 

equipped with a cryogenic probe at 15 °C. A triple resonance technique (HNCO, 

HNCαCO, HNCαCβ, HNCαNNH, HN(CO)CαNNH) was used with 13C/15N uniformly 

labelled samples containing 200 µM synuclein in the buffer of interest with 10% (v/v) D2O 

and 0.02% (w/v) sodium azide. 

 Paramagnetic relaxation enhancement experiments 

Paramagnetic Relaxation Enhancement (PRE) experiments were performed to gain 

insight into the intra- and inter-molecular interactions of αSyn variants under different 

buffer conditions, similarly to described previously in the literature331,335. PRE 

experiments require a paramagnetic centre which is often introduced by spin-labelling 

the analysed protein with MTSL335,384 (Section 2.7.7). MTSL has an unpaired electron, 

which increases transverse relaxation rates (R2 relaxation) and results in a decreased 

NMR signal (Figure 2.4). The effect on the relaxation rate is distance dependent (r-6) and 

allows the determination of distances between label and measured nuclei385. Distances 

up to 25 Å can be detected386. 

 

Figure 2.4: Schematic of PRE experiment. αSyn is drawn in green (N-terminal region), red 

(NAC region) and purple (C-terminal region). MTSL spin label is illustrated in yellow. For the 

paramagnetic experiment (bottom) the R2 relaxation of spins is increased (red arrows), resulting 

in a changed FID compared to the diamagnetic experiment. As a result, the decay rate for the 

paramagnetic experiment (green) is increased and peak broadening is observed compared to 

the diamagnetic setup (orange).  
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2.9.2.1 Intramolecular interactions 

To enable calibration of the NMR, a final amount of 5 % (v/w) D2O and 0.02 % (v/w) 

sodium azide as biocide were added to a final volume of 500-550 μL of 100 μM protein 

solution (20 mM sodium acetate buffer, low (20mM) and high (200 mM) salt, pH 4.5). To 

detect intramolecular interactions all of the proteins were MTSL and 15N labelled and 1H-

15N BTROSY spectra were obtained on an AVANCE III Bruker spectrometer (600 MHz) 

with a triple-channel QCI-P cryogenic probe at 15 °C. After measuring the MTSL labelled 

αSyn paramagnetic spectrum, a final concentration of 2 mM ascorbic acid was added to 

the sample in the NMR tube and incubated for 30 min to reduce the spin label before 

measuring the diamagnetic spectrum (note that small changes in chemical shift occur 

upon adding the acid to the protein spectra). Data were analysed in Topspin (Bruker) 

using CCPN387, the relative intensity ratios (paramagnetic/diamagnetic) were calculated, 

and presented as hight peaks for each amino acid. For a better overview, data were 

smoothed in Origin using Percentile Filtering (50 %) over five data points. This approach 

replaces signal values at each point by the median of a group of neighboured points to 

eliminate shot noise. Intermolecular interactions at the tested conditions were ruled out 

by performing control experiments in which 50 μM 15N αSyn and 14N αSyn-MTSL were 

mixed and showed no PRE. Further, PRE effects arising from nonspecific binding of the 

hydrophobic MTSL probe to the protein was excluded by performing experiments in 

which 100 µM free MTSL was added to 100 µM 15N αSyn WT (lacking cysteine) in which 

no PRE effects were observed. The minimal signal to noise value was calculated as 

described in Equation 2.2. 

Equation 2.2 

𝑠𝑖𝑔𝑛𝑎𝑙 𝑡𝑜 𝑛𝑜𝑖𝑠𝑒 =  
𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝑛𝑜𝑖𝑠𝑒 𝑙𝑒𝑣𝑒𝑙
 

2.9.2.2 Intermolecular interactions 

Sample preparation and experiments were performed similarly to the procedure 

described to measure intramolecular interactions (Section 2.9.2.1) besides the following 

differences: To detect intermolecular interactions, 250 μM protein was 14N-MTSL labelled 

and mixed with 250 μM 15N labelled (but not MTSL-labelled) protein with a total protein 

concentration of 500 µM. Intermolecular data were recorded on an AVANCE III Bruker 

spectrometer (600 MHz) using 1H-15N correlation based pulse sequences with 10 time 

points (16.96 – 610.56 ms). Data for both oxidised and reduced (addition of 2 mM 

ascorbic acid) samples were collected and R2 rates were determined by fitting the 

relaxation data to single exponentials using NMRPINT388. The relative relaxation rate 

changes for each amino acid were determined and illustrated in a histogram.  
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 NMR experiments on liposomes 

NMR experiments in the presence of liposomes were performed to identify residues of 

αSyn involved in the binding process (Figure 2.5). For this, 1H-15N BTROSY spectra 

were obtained using 15N-labelled αSyn in the absence and presence of liposomes in a 

60:1 [DMPS]:[αSyn] (mol/mol) ratio. 25 µM synuclein in 20 mM sodium phosphate, pH 

6.5 containing 10% (v/v) D2O, 0.02% (w/v) sodium azide were used and analysed on an 

AVANCE III Bruker spectrometer (600 MHz) equipped with a cryogenic probe at 20 °C. 

Assignments from the literature were used to analyse the data (BMRB 16543)356 and the 

spectra were processed in Topspin (Brucker) and examined in CCPN analysis. The peak 

heights of synuclein in the presence of liposomes relative to synuclein in isolation was 

calculated and illustrated as a histogram.  

 

Figure 2.5: Schematic of liposome binding experiment. αSyn is drawn in green (N-terminal 

region), red (NAC region) and purple (C-terminal region). Due to its small size (~15 kDa) and 

hydrodynamic radius, each residue correlates with a peak. In the presence of liposomes (right), 

the mass is increased by ~1000 x resulting in an increased hydrodynamic radius. This leads to 

peak broadening effects for peaks correlating with residues involved in the binding process. 

 NMR experiments in the presence of peptides 

For all NMR experiments in the presence of P1 or P1-SG peptide, 1H-15N BTROSY 

spectra were obtained using 100 µM 15N spin-labelled αSyn in 20 mM Tris-HCl, pH 7.5, 

200 mM NaCl, 15 °C. For chemical shift perturbation analysis 0, 500 µM or 1mM peptide 

(P1-peptide or P1-SG peptide) was added and data acquired using a Bruker AVANCE 

III 750 MHz spectrometer. Spectra were processed in Topspin (Bruker). Peak positions 

and intensities were extracted using ccpNMR-analysis, and HN-CSP were calculated 

using Equation 2.3: 

Equation 2.3 

𝛥𝛿 =  √(5 ∗ 𝛿1𝛨)2 + (𝛿15𝛮)2 
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For the comparison of chemical shifts at different pH values, 100 µM αSyn in 20 mM Tris-

HCl, pH 7.5, 20 mM NaCl or in 20 mM sodium acetate, pH 4.5, 20 mM NaCl were 

measured, and peak positions analysed as described above (Equation 2.3).  

For PRE NMR experiments, 100 µM 15N spin-labelled protein with 100 µM 14N MTSL 

labelled peptide was used. The diamagnetic spectra were acquired 30 min after adding 

1 mM ascorbic acid. Data were collected using a Bruker AVANCE III 950 MHz 

spectrometer and data were processed as described above, the peak heights being used 

to calculate intensity ratios (paramagnetic/ diamagnetic). 

2.9.4.1 Data acquisition, processing and analysis 

HN-BTROSY experiments were acquired on an AVANCE III Bruker spectrometer (600 

MHz or 750 MHz) under the following conditions: 1274 and 256 points for the direct and 

indirect dimensions were measured, respectively. Four scans per increment were 

obtained. The spectral width was set to 27ppm, the transmitted offset frequency was set 

to 4.7 and 120 ppm, for direct and indirect dimensions, respectively. With the used 

parameter set up a fid resolution of 15.24 and 15.98 Hz, for direct and indirect dimension, 

respectively was measured. 

Data were analysed in Topspin (Bruker) using CCPN. Each cross-peak was identified as 

a specific residue based on the previous assignment (see Section 2.9.1). In case of 

overlapping peaks, these data were not included in the analysis. Following, peak height 

(for PRE) and position (for CSPs) were extracted and evaluated.  

2.10 Circular dichroism 

Circular Dichroism (CD) is a powerful technique to determine the secondary structure 

content of proteins389. It uses the fact that different structural elements have 

characteristic CD spectra caused by an unequal absorption of left-handed and right-

handed circularly polarized light390. A relevant example for this work is that α-helical 

proteins have negative bands at 222 nm and 208 nm and a positive band at 193 nm391. 

 Binding to liposomes 

Synuclein forms an α-helix structure in the N-terminal and NAC region when binding lipid 

membranes or micelles314, CD can be used to monitor this binding. 

To determine the binding affinity between synucleins and DMPS liposomes (see Section 

2.7.8 for liposome preparation) based on the gain of secondary structure, CD 

spectroscopy was performed by incubating 25 μM αSyn, уSyn or variants with different 

concentrations of liposomes (0x to 150x molar access lipids) in 20 mM sodium phosphate 

buffer, pH 6.5. Far-UV (190-260 nm) CD spectra were acquired in quartz cuvettes 
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(Hellma) with 1 mm path length using a ChirascanTM plus CD Spectrometer (Applied 

Photophysics). The experiments were performed at 30 °C using a 2 nm bandwidth and 

1 s time steps. Data were collected at 1 nm increments and an average of 3 scans (190-

260 nm) was taken per sample. The data were fitted to secondary structure content using 

Dichroweb392. 

Binding affinity (Kd) and stoichiometry (L) were calculated as described before by 

Galvagnion et al.351. The measured CD spectra can be described as shown in Equation 

2.4 in which xB and xF are the fractions of bound αSyn to the membrane and free 

synuclein, respectively and CDB and CDF are the detected CD signals of the bound and 

free protein. It is assumed that the sum of xB and xF equals 1 and that the CD signals are 

given by the measurement in buffer (for CDF) or in the presence of saturating liposomes 

(for CDX). 

Equation 2.4 

𝐶𝐷𝑜𝑏𝑠 =  𝑥𝐵𝐶𝐷𝐵 + 𝑥𝐹𝐶𝐷𝐹 

The fraction of synuclein bound to the liposomes was determined for each sample using 

Equation 2.5. 

Equation 2.5 

𝑥𝐵 =  
𝐶𝐷𝑜𝑏𝑠 − 𝐶𝐷𝐹

𝐶𝐷𝐵 − 𝐶𝐷𝐹
 

The binding characteristics were analysed by fitting the CD data to the fitting function 

shown in Equation 2.6.  

Equation 2.6  

x𝐵 =

(([Syn] +  
[DMPS]

𝐿
+ 𝐾𝐷) − √(([Syn] +

[DMPS]
𝐿

+ 𝐾𝐷)
2

− 
4[DMPS][Syn]

𝐿
) )

2[Syn]
 

 

Here, xB describes the fraction of bound synuclein to the liposomes, L is the number of 

DMPS molecules involved in binding one synuclein molecule and can be described as 

shown in Equation 2.7.  

Equation 2.7 

[𝐷𝑀𝑃𝑆] = 𝐿([𝐷𝑀𝑃𝑆𝐿] + [𝑥𝐵(𝐷𝑀𝑃𝑆𝐿)]) 

The python script to perform the fitting was kindly provided by Bob Schiffrin, University 

of Leeds. 
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 Binding to peptides 

To detect if peptides formed amyloid structures when incubated over time, far UV CD 

spectra of peptides P1 and P1-SG (20 µM, 20 mM Tris-HCl, pH 7.5, 200 mM NaCl) were 

acquired in quartz cuvettes (Hellma) with 1 mm path length, using a 2 nm bandwidth, 1 s 

time steps and 1 nm increments at 25 °C using a ChirascanTM plus CD Spectrometer 

(Applied Photophysics). Three scans ranging from 190 to 260 nm were measured for 

each sample and averaged.  

2.11 Mass Spectrometry analysis  

To investigate the binding mode between synuclein and the P1-peptide, αSyn WT and 

ΔP1 samples with a final concentration of 20 μM were prepared in 20 mM aqueous 

ammonium acetate buffer (pH 7.5). The P1 peptide was diluted to a final molar ratio of 

αSyn and P1-peptide of 1:10. Native ESI-MS analysis was performed on a Synapt G1 

HDMS instrument (Waters Corp., Wilmslow, UK). All samples were analysed using 

positive ionisation ESI with a spray capillary voltage of 1.2 kV. The following instrumental 

parameters were used: source temperature 30 °C; sampling cone 30 V; backing pressure 

2.25 mbar; extraction cone 1 V; trap collision energy 5 V; trap DC bias 30 V; transfer 

collision energy 2 V. The system was calibrated with NaI cluster ions from a 2 μg/μL 

50:50 2-propanol:water solution. Data were acquired over the m/z range of 100-4000 

and processed by using MassLynx V4.1 supplied with the mass spectrometer. CID 

MS/MS experiments were conducted in the trap cell of the Synapt G1 mass spectrometer 

with argon gas, collision energy was applied to the trap cell in steps from 5 V to 60 V. 

Experiments were performed by Emily Byrd, University of Leeds. 

2.12 Transmission Electron Microscopy 

For negative stain TEM images, end-point samples from ThT assays (usually after 100 h 

for de novo growth and 40 h for seeding experiments) (Section 2.8.2) were diluted 5x in 

18 MΩ H2O. 5µL samples were put on a carbon coated copper grid and incubated for 

20-30 s, dried with filter paper and then the grid was washed three times with water in a 

drop wise fashion with drying steps in-between each wash. To natively stain the fibrils, 

5 µL 1 % (w/v) uranyl-acetate was then applied and blotted off twice before imaging the 

samples on the FEI Tecnai T12 or Joel JEM-1400 electron microscope. 

2.13 Atomic force microscopy (AFM) 

Mica was freshly cleaved before being treated to create a positive surface charge by 

adding poly-l-lysine (70-150 kDa) at 15 µg/mL for 10 sec followed by drying with nitrogen. 
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A sample volume of 90 μL of protein (WT αSyn, L38M, Y39A or S42A) was taken at the 

end point of a fibril growth assay (Section 2.8.2) before being deposited at a 

concentration of 30 μM onto poly-l-lysine treated mica and allowed to incubate for 4 min. 

The mica surface was then rinsed with buffer (50 mM sodium phosphate buffer, 300 mM 

KCl, pH 7.5) via fluid exchange, maintaining the samples in a liquid environment. AFM 

observations were performed in liquid in tapping mode using a Dimension FastScan Bio 

with FastScan-D-SS probes (Bruker) in the same buffer. The force applied by the tip on 

the sample was minimised by maximising the set point whilst maintaining tracking of the 

surface. Heights of single particles were measured automatically using routines written 

in MATLAB (https://github.com/George-R-Heath/Particle-Detect). Heights and lengths of 

fibrils were measured either automatically using MATLAB (https://github.com/George-R-

Heath/Correlate-Filaments) or manually in ImageJ for densely packed overlapping fibrils. 

AFM imaging and analysis were performed by George Heath, University of Leeds. 

2.14 Computational techniques 

 In silico identification of aggregation-prone regions 

The aggregation propensity, solubility and ability to form a steric zipper were analysed 

by using the online tools Zyggregator393, Camsol114 and ZipperDB394 at pH 4.0 or 7.0. 

Note, that tools can only be used at integral pH values (e.g. not pH 4.5 and 7.5). 

 ConSurf analysis 

ConSurf is a bioinformatic tool to estimate the evolutionary conservation of primary 

protein sequence based on the phylogenetic relations between homologous sequences 

(https://consurf.tau.ac.il/overview.php)395. For this study, the αSyn WT sequence was 

used and compared to the 150 closest homologues (automatically picked) in the UniProt 

database. 

 Genomic analysis of γSyn 

Genomic DNA was extracted from blood leukocytes using Wizard Genomic DNA 

Purification Kit (Promega). The whole coding region of the SNCG gene was analysed by 

direct sequencing. Nucleotide sequence analysis was performed on a capillary genetic 

analyser ABI Prism 3130 (Applied Biosystems). Data Collection Software, (version v3.0), 

Sequencing Analysis Software (version v5.2) and SeqScape Software (version v2.5) 

were used for data analysis. The following primers flanking the SNCG exons with 

adjacent intronic regions (at least 50 nucleotide pairs from each end) were used: 5’-

TGGAGGAAGGTGAGGCTGA-3’ and 5’-ACATAGGTGTGCACAGGGC-3' for exon I, 5’-

CCCCCACATTCTGTCCTGTC-3’ and 5’- GCGCTCAGTGGGTACTGAAA -3' for exons 
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II-III, 5’-TCATCAGAGCCCCGGGTATT-3’ and 5’-CCAGGTCCTCCCAGGAACA-3' for 

exons IV-V. The genomics analysis was kindly performed by the Illarioshkin lab, 

Research Center of Neurology, Russia. 

2.15 Biological techniques  

 Cellular viability assays 

SH-SY5Y cells were used for the cell toxicity assays and experiments were performed 

by Madeline Brown, University of Leeds. 100 000 cells per well were seeded in a 96-well 

plate and grown for 24 hours before incubating them with a final concentration of 1 or 

10 μM monomer or ThT endpoint sample (Section 2.8.2). Controls included untreated 

cells and 2 % (w/v) NaN3 treated cells. The cells were further incubated for 48 h. Then, 

various cell viability assays were performed to qualify the toxic effect of αSyn samples 

on SH-SY5Y cells.  

2.15.1.1 MTT assay 

MTT-assay (identifies mitochondrial activity): After exposing the cells to αSyn samples, 

5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) in PBS was 

added to each well. The plates were incubated for 2 h hours at 37 °C. Then, the medium 

was removed from each well and 100 μL DMSO was added. The solution was incubated 

for 10 min before measuring the absorbance at 540 nm and 650 nm on a FluoStar 

OPTIMA or Fluostar OMEGA fluorescence plate reader.  

2.15.1.2 LDH assay 

LDH assay (identifies cell disruption): The LDH assay was performed using the Pierce 

LDH Cytotoxicity Assay Kit. 50 μL cell medium was transferred to a new plate and mixed 

with the same volume of Reaction Mixture. After incubating for 30 min at room 

temperature, the reaction was stopped by adding the Stop Solution. Finally the 

absorbance at 490 and 680 nm was measured on a FluoStar OPTIMA or Fluostar 

OMEGA fluorescence plate reader.  

2.15.1.3 ATP assay 

ATP assay (identifies inhibition of cell growth): For the ATP assay the ATPlite 

Luminescence Assay System Kit (PerkinElmer) was used. Cells were mixed with 50 μM 

lysis buffer before incubating for 5 min, 600 rpm. Then, 50 μL of a luciferase and D-

luciferin mix was added and the luminescence was measured on a FluoStar OPTIMA or 

Fluostar OMEGA fluorescence plate reader.  
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 Inclusion formation in cells 

Human neuroglioma cells (H4) were maintained in Opti-MEM I Reduced Serum Medium 

(Life Technologies- Gibco, Carlsbad, CA, USA) supplemented with 10% Fetal Bovine 

Serum Gold (FBS) (PAA, Cölbe, Germany) and 1% Penicillin-Streptomycin (PAN, 

Aidenbach, Germany). The cells, expressing γSyn, were grown at 37°C in an 

atmosphere of 5% CO2. For imaging inclusion formation, cells were plated on 13 mm 

glass coverslips in 24-well plates. Forty-eight hours after transfection with the γSyn 

constructs, H4 cells were washed with PBS and fixed with 4% paraformaldehyde (PFA) 

for 20 minutes at 25 °C, followed by a permeabilisation step with 0.5% Triton X-100 

(Sigma-Aldrich, St. Louis, MO, USA) for 20 minutes. To visualise γSyn, cells were 

incubated with a primary antibody (mouse anti-γ-synuclein (1∶500, Santa-Cruz 

Biotechnology)), over-night at 4 °C and secondary antibody (Alexa Fluor 488 donkey 

anti-mouse IgG (Life Technologies- Invitrogen, Carlsbad, CA, USA)). Nuclei were 

stained with 4′6′-diamidino-2-phenylindol (DAPI, Sigma-Aldrich, D8417) (1∶5000 in 

DPBS) for 10 minutes. After a final wash, coverslips were mounted by using Mowiol 

(Sigma Aldrich, St. Louis, MO, USA) and subjected to fluorescence microscopy. The 

proportion of cells with γSyn inclusions was determined by analysing at least 150 cells 

per experiment. Images were acquired using a 63x objective, and analysed using LAS 

AF v.2.2.1 (Leica Microsystems) software. Statistical analyses of the data were 

performed using ANOVA. Experiments and analysis of the data were performed by the 

Outeiro lab, University of Göttingen, Germany. 

 Experiments with C. elegans 

The ~1 mm long C. elegans worm is a good model organism to study neurodegenerative 

disease associated with amyloid formation83,396-398. A rapid reproductive cycle and a short 

lifecycle (~2 to 3 weeks) 399, a complete mapping of the entire cell lineage400, and a fully 

sequenced genome offer many advantages (Figure 2.6). Also, the nematodes are 

transparent, allowing the use of fluorescent proteins to label proteins of interest to 

investigate biological processes in vivo. Around 60-80% of all human genes and 42% of 

human disease genes possess an ortholog in C. elegans401. 
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Figure 2.6: Schematic of tissues and lifecycle of C. elegans. (A) Adult hermaphrodite C. 

elegans worm with selected anatomical features highlighted. (B) Life cycle of the self-fertilising 

C. elegans hermaphrodite. Adult worms lay eggs, which hatch into the L1 stage. If conditions 

are favourable, the larvae continue through developmental stages into reproductive adults. 

Under unfavourable conditions they enter the dauer stage, an alternative L3 stage. Figure taken 

from Sarah Good, University of Leeds.  

2.15.3.1 Strain generation 

The synuclein genes were fused at its C-terminus to yellow fluorescent protein (YFP) in 

vector pPD30.38, expressing the protein in the body wall muscle cells under the unc-54 

promotor. The following strains were used: N2 (control strain, no expression of synuclein 

nor YFP), αWT, ΔP1, ΔΔ, αL38M, αY39A, αS42A, γWT, and γM38I. The αWT::YFP 

expressing worms were created using gene bombardment and were kindly provided by 

E. Nollen (University of Groningen), αSyn variants were generated by Q5 site-directed 

mutagenesis (Section 2.5.1). The γSyn gene was purchased from Eurofins and cloned 

into the pPD30.38 vector (Section 2.5.2). Transgenic C. elegans were then generated 

by microinjection of the construct into the germline of N2 nematodes by Dovile 

Milonaityte, University of Leeds. The expression level was evaluated by a Western blot 

analysis (Section 2.7.3). 
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2.15.3.2 C. elegans maintenance 

C. elegans strains were maintained at 20°C on 60 mm Nematode growth medium (NGM) 

agar plates (1.7% (w/v) agar, 50 mM NaCl and 0.25% (w/v) bactopeptone, autoclaving 

and then adding 25 mM KPO4 pH 6.0, 1 mM CaCl2, 1 mM MgSO4, 5 μg/mL cholesterol, 

and 200 μg/mL streptomycin) seeded with HT115 (DE3) Escherichia coli as a food 

source. All worm strains were maintained on NGM plates with plenty of food source and 

transferred to a new plate every few days using a platinum wire pick.  

Bleaching was performed to age synchronise worms. For this, a worm population was 

grown on NGM plates until a large population of eggs and non-starved adults were 

present. The animals were washed from the plate using M9 buffer (5.8g Na2HPO4.7H2O, 

3g KH2PO4, 5g NaCl, 1mM MgSO4 in 1 L H2O) into a 15 mL microcentrifuge tube and 

pelleted by centrifugation at 1000 rpm for 1 minute. 10 mL of bleach solution (1% sodium 

hypochlorite (v/v), 0.25M NaOH) was added to the nematodes-containing pellet and the 

tubes were inverted for 5 minutes (worm bodies dissolve, eggs remain) before 

centrifugation for 1 min at 1000 rpm. The pellet was washed three times with 15 mL M9 

buffer to remove any trace of bleach solution. Finally, the worm pellet was resuspended 

in 1 mL of M9 buffer and placed on a rotator overnight for the eggs to hatch. The next 

day the hatched larvae were added to NGM plates to further develop. Worms were 

transferred every second day to a new NGM plate until the desired stage was reached. 

2.15.3.3 C. elegans phenotypic analysis 

To measure the amount of inclusions formed over time, age synchronised C. elegans 

were imaged using a Zeiss LSM880 confocal fluorescent microscope through a 20 × 1.0 

or a 40 × 1.0 numerical aperture objective with a 514-nm line for excitation of YFP. Before 

imaging, worms were anesthetized using 5 mM sodium azide solution and mounted on 

2% (w/v) agar pads. The number of αSyn::YFP foci were then counted, and the mobility 

of all foci in at least ten animals per time point and in three independent cultures of C. 

elegans (biological replicates) was determined using fluorescence recovery after 

photobleaching (FRAP), as described previously83. 

As the synuclein constructs were expressed in the body wall muscle cells, the motility of 

the worms was analysed (in body bends per second (BBPS) to investigate the 

phenotypic effect. For this, a total of 10 age-synchronised animals were used for each 

assay, and each experiment was repeated at least three times. Animals were moved into 

M9 buffer at indicated time points (day 0 through to day 13 of adulthood), and thrashing 

rates were measured by counting body bends for 15 s using the wrMTrck plugin for 

ImageJ (available at http://www.phage.dk/plugins/wrmtrck.html)402. Error bars represent 

standard error of the mean of three biological replicates. Worm experiments in Chapter 

3 were performed by Sarah Good and Jemma Makepeace, University of Leeds. 
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A motif in the N-terminal region 

crucial for aggregation and 

function of α-synuclein 

3.1 Introduction 

α-Synuclein (αSyn) is a 140 amino acid, intrinsically disordered protein involved in 

synucleopathies including PD, DLB and MSA403. Although being discovered more than 

30 years ago246 and being aware of the correlation with neurodegenerative disease since 

1997247, the function and pathogenicity of αSyn are still not understood in detail250,251,404. 

On a primary structural level, αSyn can be divided into three regions: the N-terminal 

region (residues 1-60), the NAC region (residues 61-95) and the C-terminal region 

(residues 96-140) (Figure 1.22). So far, research was predominantly focused on the NAC 

region which is hydrophobic, highly aggregation-prone and forms the core of all solved 

fibril structures to date96,117,378. Deletion experiments with a removed NAC region resulted 

in inhibition of amyloid growth313, whilst aggregation assays with only the NAC peptide 

presented rapid fibril formation405, highlighting the crucial role of this domain for 

aggregation.  

More recently, the importance of regions flanking these highly aggregation-prone and 

core-forming regions in amyloid have become more prevalent112,128. In the case of αSyn, 

it could be demonstrated that this IDP adopts an ensemble of conformations, strongly 

dependent on the status of N- and C-terminal regions (e.g. charge, post-translational 

modifications or interaction partners)189,378. Exemplary, the charge pattern of αSyn with 

12 basic (including 1 His) and 15 acidic residues in the N- and C-terminal regions, 

respectively, imply a high pH and ionic strength dependence for its conformational 

properties319,323. Indeed, NMR experiments at neutral pH have shown that N- and C-

terminal regions interact and consequently protect the NAC region from aggregation, 

whilst at acidic pH, the C-terminal region collapses and exposes the NAC region, 
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accelerating fibril formation335. Both these conditions are biologically relevant as αSyn 

can be found in various environments, including the cytoplasm and the endo-lysosomal 

pathway of a cell during its lifetime34,189. The effects of sequence changes on the 

conformational properties and aggregation rates of IDPs have been widely studied406-409. 

Interestingly for αSyn, out of the twelve known familial point mutations that lead to PD, 

nine are located in the N-terminal region between residues 5 to 53 that flank the NAC 

region (Table 1.3). This leads to an increased interest in the N-terminal region of αSyn. 

Whilst the C-terminus is considered to be disordered and highly dynamic, the N-terminal 

region can adopt multiple secondary structural elements. When binding lipids (in the form 

of membranes, liposomes or micelles), important for the physiological function of 

αSyn272,274, α-helix formation is observed throughout the first 97 N-terminal amino 

acids185,314. Residues 36-55 were observed to form a β-hairpin in vitro341 and in silico188, 

and finally Eisenberg and co-workers showed that the isolated preNAC peptide (residues 

47–56) forms amyloid-like structures311. These observations allow the hypothesis that 

the N-terminal region of αSyn might play a critical role in both, fibril self-assembly and 

physiological function. 

In this chapter, in silico analysis of the primary sequence of αSyn was used to identify 

aggregation-prone regions throughout the full-length protein. The identified regions were 

examined via numerous techniques to understand their role and involvement in 

aggregation and function in an in vitro and in vivo context. Aggregation assays and NMR 

experiments gave insights into key interactions required to initiate fibril formation, and 

experiments with liposomes shine light on the functional contribution of these N-terminal 

motifs.  

3.2 Identification of a N-terminal aggregation-prone 

motif  

Computational approaches were used to predict the presence of insoluble/aggregation-

prone regions in full length human αSyn based on its amino acid sequence. The 

Zyggregator score, providing information about the tendency to form amyloid structures 

based on the propensity of polypeptide chains to form proto-fibrillar assemblies393, 

CamSol which predicts the local solubility of a protein114 and the Rosetta energy, 

developed by Eisenberg and co-workers calculating the propensity to form steric β-

zippers, a common structural feature considered in amyloid394,410 were used. As 

expected, the NAC region (residues 61-95) is predicted to be aggregation-prone, 

hydrophobic and able to form a steric zipper (Figure 3.1). Interestingly, three additional 

sequences in the N-terminal region were identified to fulfil these criteria (not all of them 

showing steric zipper formation): residues 1MDVFMKGL7 (named N7), 36GVLYVGS42 
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(named P1) and 45KEGVVHGVATVAE57 (named P2) (Figure 3.1). The C-terminal region 

is predicted to be highly soluble and non-aggregation-prone. 

 

Figure 3.1: Aggregation and solubility profiles of αSyn. (A) Human αSyn sequence. The N-

terminal region (1−60), NAC region (61−95) and C-terminal region (96–140) are coloured in 

green, red, and purple, respectively. N7-region, control region 1 (C1), P1 and P2 regions are 

coloured pale gray and black. The imperfect KTKEGV repeats are underlined in black. (B) 

Schematic of regions of αSyn highlighting the N7, P1, P2 and C1 sequences. (C-E) 

Zyggregator, CamSol and ZipperDB profiles for the αSyn sequence. Red bars indicate 

aggregation-prone/low-solubility regions. Light red bars indicate residues with a higher than 

average aggregation propensity/low solubility that do not meet the threshold and blue bars show 

non aggregation-prone/low-solubility regions. Red dashed lines indicate the low-solubility/high-

aggregation propensity threshold, and blue dashed lines show threshold values for high-

solubility/low-aggregation propensity. 

The NAC region was focus of many studies in the past311,313,365,378 and the role of the N-

terminal residues 1 to 30 in fibril formation was also analysed in detail previously, using 

deletion and insertion protein variants411,412. Deleting the N-terminal 10 to 30 residues 

resulted in an increased lag time measured by ThT fluorescence assays in some 

studies411, but others observed a faster aggregation compared with αSyn WT when 

deleting residues 1 to 36 of the N-terminus345,413. This might be explained by differences 

in experimental conditions (all mentioned assays were performed at pH 7.4, but using 

different buffers (e.g. Tris vs NaPi) and using diverse salt concentrations and additives 

such as SDS) and/or final fibril architectures formed345. Experiments focussing on the N-

terminal imperfect repeats (Figure 3.1 A) found faster fibril growth when deleting two 

repeat motifs (residues 9-30) whilst when two additional motifs were added (by 
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duplicating residues 9-30) aggregation was observed to be slowed down412. Eisenberg 

and co-workers identified the pre-NAC region (residues 47-56), which is similar to the P2 

region (residues 45-57), as able to form amyloid-like fibrils in isolation and therefore 

predicted it to be important for aggregation of the full length protein311. The P2 region 

also includes six of the twelve known familial PD mutations and forms the protofilament 

interface between some (but not all) αSyn fibril structures determined to date (Section 

1.4.3.3, Figure 1.24)96,117 further highlighting its important role for amyloid growth. In 

addition, it could be shown experimentally (in vitro and in vivo) and computationally that 

the combined P1 and P2 region (spanning residues 36-55) form a β-hairpin structure that 

drives aggregation187,188,414,415. The hairpin structure forms intermolecular interactions 

important for nucleation188 that can be inhibited in vitro, in Drosophila and in primary 

neurones by binding to a β-wrapin (engineered binding protein) to this region187,342,414,415. 

Still, the exact role of the N-terminal sequence, especially P1, for fibril formation of the 

full-length protein is not clarified and will be further analysed in this chapter using deletion 

and substitution variants and various biophysical and biochemical techniques. The 

majority of the results have been published in Ref416. 

3.3 Engineering recombinant αSyn  

 Molecular biology 

The αSyn-pET23a plasmid was kindly provided by Prof. Jean Baum (Department of 

Chemistry and Chemical Biology, Rutgers University, NJ, USA). To investigate the role 

of P1 and P2 in the full-length αSyn protein, deletion and substitution variants were 

generated using the England Biolabs Q5© mutagenesis protocol. For PRE NMR 

experiments, cysteine residues were inserted at various positions throughout the protein. 

The mutated genes were sent for sequencing (Eurofins) to confirm a successful 

mutagenesis. Detailed methods and used primers are provided in Sections 2.5.1, 2.5.3, 

2.5.4, and Table 2.2.  

 Expression and purification 

All αSyn variants were expressed in the same way unless mentioned otherwise. αSyn 

was expressed in E. coli BL21 (DE3) cells and purified by cell lysis, boiling, ammonium 

sulphate precipitation, anion exchange chromatography (AEC) and size exclusion 

chromatography (SEC) (see Section 2.6 for detailed methods). An exemplary SDS-

PAGE gel for αSyn WT, to demonstrate a typical purification, is shown in Figure 3.2 A 

with an αSyn band at ~15 kDa. AEC and SEC chromatograms are illustrated in Figure 

3.2 B and C, respectively. Interestingly, αSyn WT eluted at a higher molecular mass then 

expected for a globular monomeric protein. This is most likely due to αSyn being an 

intrinsically disordered protein with an extended structure resulting in a larger 
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hydrodynamic radius. Finally, all proteins were analysed by ESI-MS (main proteins 

analysed in this study shown as an example in Figure 3.2 D. For all used protein variants 

and molecular masses see Table 3.1) to confirm the correct mass and purity of the 

sample. Protein production yielded in typically 10-15 mg/L growth medium. 

 

Figure 3.2: Expression and purification of αSyn WT. (A) Example SDS-PAGE gel of 

purification steps of αSyn WT. αSyn band is at ~ 15 kDa. (B) AEX chromatogram of αSyn WT. 

Absorbance at 280 nm and concentration of salt containing buffer are plotted against the elution 

volume. αSyn eluted after ~1300 mL as indicated. (C) SEC chromatogram of αSyn WT. 

Absorbance at 280 nm is plotted against elution volume. αSyn eluted after ~150 mL as 

indicated. For calibration see Figure 2.1. (D) ESI-MS data of αSyn WT, ΔP1, ΔP2 and ΔΔ 

collected and analysed from Rachel George from the MS facility, University of Leeds. All 

expression and purification methods are described in Section 2.6.  

Table 3.1: All purified αSyn variants, expected molecular masses (top) and measured 

molecular masses (via MS, bottom) of the proteins used in this chapter. 15N labelled 

proteins are indicated with a superscript 15. 

Variant Mass Variant Mass Variant Mass 

WT 
14,460 Da 

P1-GS 
14,304 Da WT 

S129C 

14,476 Da 

14459 ± 0.3 Da 14,304 ± 0.9 Da 14,476 ± 0.2 Da 

15WT 
14,626 Da 

P1P2-GS 
13,948 Da WT 

A140C 

14,492 Da 

14,621 ± 1.2 Da 13,947.4 ± 0.06 Da 14,491 ± 0.4 Da 

ΔP1 
13,784 Da 

WT A18C 
14,492 Da 15WT 

A140C 

14,658 Da 

13,784 ± 0.5 Da 14,490 ± 0.05 Da 14,653 ± 1.1 Da 

ΔP2 
13,183 Da 15WT 

A18C 

14,658 Da 15ΔΔ 
A18C 

12,682 Da 

13,182 ± 1.0 Da 14,651 ± 0.8 Da 12,677 ± 0.5 Da 

ΔΔ 
12,506 Da 

WT V40C 
14,464 Da 15ΔΔ 

A90C 

12,682 Da 

12,506 ± 0.03 Da 14,463 ± 0.3 Da 12,679 ± 1.5 Da 

15ΔΔ 
12,649 Da 

WT V52C 
14,464 Da 

ΔΔ S129C 
12,523 Da 

12,645 ± 1.9 Da 14,464 ± 0.1 Da 12, 523 ± 0.3 Da 

ΔN7 
13,782 Da 

WT A90C 
14,492 Da 15ΔΔ 

A140C 

12,682 Da 

13,781 ± 0.2 Da 14,493 ± 0.09 Da 12,680 ± 0.9 Da 

ΔC1 
13,862 Da 15WT 

A90C 

14,658 Da 15P1P2-
SG A90C 

14,143 Da 

13,861 ± 0.6 Da 14,656 ± 0.9 Da 14,137 ± 0.8 Da 
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3.4 N-terminal motif controls αSyn aggregation in vitro 

To determine the role of the identified N-terminal-aggregation-prone regions N7, P1 and 

P2 in aggregation, ThT fluorescence assays were performed to measure the aggregation 

kinetics for αSyn WT, ΔN7 (residues 2-7 deleted), ΔP1 (residues 36-42 deleted), ΔP2 

(residues 45-57 deleted), and ΔΔ (residues 36-42 and 45-57 deleted) (Figure 3.3 A-E, 

Figure 3.4 A, Table 3.2). Fibril growth was analysed in 20 mM Tris HCl, pH 7.5, 

mimicking a cytosolic environment or 20 mM sodium acetate, pH 4.5, similar to 

conditions found in lysosomes, each with 200 mM NaCl. Aggregation was followed for 

100 h at 37 °C under shaking conditions (600 rpm) in a plate reader (FLUOstar Omega 

plate reader (BMG Labtech)), before determining the amount of pelletable material by 

centrifugation and SDS-PAGE gel analysis (Table 3.2), and end products were imaged 

by TEM (Figure 3.3 F-I, Figure 3.4 B). Detailed experimental protocols are given in 

Sections 2.8.2.1, 2.8.4, and 2.12, respectively.  

 

Figure 3.3: The aggregation kinetics of 100 μM WT αSyn (B); ΔP1 (C); ΔP2 (D) or ΔΔ 

variants (E). αSyn schematics are shown in (A) with the N-terminal region coloured in green, 

NAC coloured in red, C-terminal region coloured in purple and C1, P1 and P2 coloured in grey. 

Sequences of the motifs of interest are highlighted and deleted motifs are indicated with black 

crosses. Dark and light colours denote incubations carried out at pH 7.5 (20 mM Tris HCl, 

200 mM NaCl) or pH 4.5 (20 mM sodium acetate, 200 mM NaCl), respectively. All experiments 

were carried out at 37 °C with agitation at 600 rpm and measured at least in triplicates. F-I show 

negative stain TEM images of ThT end-point samples after 100 h incubation, scale bar 200 nm. 

Lag times, elongation rates and % pellet were determined and are listed in Table 3.2.  

In general, at acidic pH (pH 4.5), fibril growth was observed to be faster for all αSyn 

variants compared with neutral pH, as has been described for αSyn WT before in the 

literature133. The lag time for αSyn WT increases from 11.4 h ± 1.9 h to 45.3 ± 4.2 h when 

changing the pH conditions from 4.5 to 7.5. Similar kinetics were observed for ΔP2 (lag 

time 14.2 ± 0.2 h and 45.4 ± 16.3 h for pH 4.5 and 7.5, respectively) (Table 3.2). Amyloid 

formation for ΔN7 and ΔP1 is highly pH dependent, with slightly faster aggregation 
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kinetics compared with αSyn WT at acidic pH (lag time 3.9 ± 0.2 h and 19.5 ± 3.0 h, 

respectively), but no fibril formation at pH 7.5 for at least 100 h (Figure 3.3 C and Figure 

3.4 A). Interestingly, ΔΔ, which lacks 20 residues in the N-terminal region (P1 + P2) did 

not form fibrils for 100 h at both acidic and neutral pH (Figure 3.3 E). The presence or 

absence of fibrils was confirmed by TEM (Figure 3.3 F-I, Figure 3.4 B) and pelleting 

experiments (Table 3.2). These experiments suggest a dominant role of N7 and P1 at 

neutral pH in controlling fibril formation of the intrinsically disordered protein αSyn with a 

synergistic effect at pH 4.5 for P1 and P2.  

 

Figure 3.4: The aggregation kinetics of 100 μM ΔN7 (A). Schematic of ΔN7 construct with 
the N-terminal region coloured in green, NAC coloured in red, C-terminal region coloured in 

purple and N7, P1 and P2 coloured in grey. Dark and light colours denote incubations carried 
out at pH 7.5 (20 mM Tris HCl, 200 mM NaCl) or pH 4.5 (20 mM sodium acetate, 200 mM NaCl), 
respectively. All experiments were carried out at 37 °C with agitation at 600 rpm and measured 

at least in triplicate. (B) show TEM images of ThT end-point samples after 100 h incubation, 
scale bar 200 nm. Lag times, elongation rates and % pellet were determined and are listed in 

Table 3.2. 

As the extreme N-terminal region of αSyn has been studied and found to be important 

before in various contexts including de novo growth345,411,413, seeding reactions107,183, 

membrane binding185,272, and chaperone interaction175, the work described here was 

mainly focused on the P1 and P2 regions that received no or limited attention in the 

literature before and present a novel motif(s) controlling protein aggregation. 

The N-terminal region of αSyn includes five imperfect repetitive KTKEGV sequences 

(plus one in NAC) that have been shown before to be important for aggregation244,412. To 

evaluate the possibility that the effects of deleting P1 and/or P2 may result from changes 

in the spatial organisation of the repeats, a control variant ΔC1 (deletion of residues 14-

20) was designed and aggregation kinetics determined (Figure 3.5 A,B). ΔC1 was 

picked to mimic the general characteristics of P1 as closely as possible: the deleted 

sequence was of the same length, seven residues, and similar positioning between 

imperfect repeats as P1. In contrast to ΔP1, ΔC1 showed no significant inhibitory effect 

on fibril growth at all tested conditions (pH 4.5 and 7.5) and rather accelerates 

aggregation compared with αSyn WT. Fibrils were observed after 100 h via TEM, and 
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pelleting assays demonstrate most of the sample being insoluble at the end of the 

experiment (Figure 3.5 B,E and Table 3.2).  

A second type of control variants was analysed in which P1 or P1/P2 were replaced with 

a glycine/serine linker (named P1-GS or P1P2-GS) preserving the spacing of the 

imperfect repeats (Figure 3.5 A). This experiment was designed to show whether altered 

aggregation in ΔP1 and ΔΔ is caused by the change in spacing, or whether it depends 

on precise protein sequences. For P1-GS similar aggregation kinetics were observed 

compared with ΔP1: at pH 4.5 a lag time of 21.2 ± 1.4 h was measured, no aggregation 

was observed at neutral pH for 100 h (Figure 3.5 C,F, Table 3.2). P1P2-GS did not/very 

slowly aggregate, comparable to the ΔΔ variant (Figure 3.5 D,G, Table 3.2). Together, 

these data show that P1 and P2 play a critical role in regulating the aggregation of αSyn 

primarily controlled by the sequence of these motifs. Alterations in the length of the N-

terminal region or the spacing of the imperfect repeats plays a minor role.  

 

Figure 3.5: Aggregation kinetics of 100 µM ΔC1 (B), P1-GS (C), and P1P2-GS (D). (A) 
schematic of ΔC1, ΔΔ and P1P2-GS αSyn variants with the N-terminal region coloured in green, 
the NAC region coloured in red, the C-terminal region coloured in purple and the C1, P1 and P2 
region coloured in grey. Dark and light colours denote incubations carried out at pH 7.5 (20 mM 

Tris HCl, 200 mM NaCl) or pH 4.5 (20 mM sodium acetate, 200 mM NaCl), respectively. All 
experiments were carried out at 37 °C with agitation at 600 rpm and measured at least in 

triplicates. (E-G) show TEM images of ThT end-point samples after 100 h incubation, scale bar 
200 nm. Lag times, elongation rates and % pellet were determined and are listed in Table 3.2. 

In addition to the aggregation kinetics measured with 200 mM NaCl, also the fibril growth 

kinetics in the presence of a lower salt concentration (20 mM) was evaluated (Figure 

3.6). Salt is known to have a large effect on IDPs such as αSyn, which present a high 

amount of charged residues189,230,417. Aggregation of αSyn was affected by ionic strength 

at pH 4.5, with assembly into amyloid occurring more rapidly at low (20 mM added NaCl) 

compared with high (200 mM added NaCl) salt for all tested protein variants (WT, ΔP1, 
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ΔP2, ΔΔ). Only marginal changes were observed at neutral pH between different ionic 

strengths (Table 3.2). As an increased salt concentration (slowing down aggregation at 

pH 4.5) would be expected to disrupt electrostatic intra- and inter-molecular 

interactions417, specific electrostatic interactions, rather than hydrophobic contacts, might 

accelerate aggregation and/or self-assembly into amyloid structures.  

 

Figure 3.6: The aggregation kinetics of 100 μM WT αSyn (B); ΔP1 (C); ΔP2 (D) or ΔΔ 

variants (E) at low salt concentration (20 mM NaCl). αSyn schematics are shown in (A) with 

the N-terminal region coloured in green, NAC coloured in red, C-terminal region coloured in 

purple and C1, P1 and P2 coloured in grey. Sequences of the motifs of interested are 

highlighted and deleted motifs are indicated with black crosses. Dark and light colours denote 

incubations carried out at pH 7.5 (20 mM Tris HCl, 20 mM NaCl) or pH 4.5 (20 mM sodium 

acetate, 200 mM NaCl), respectively. All experiments were carried out at 37 °C with agitation at 

600 rpm and measured at least in triplicates. F-I show TEM images of ThT end-point samples 

after 100 h incubation, scale bar 200 nm. Lag times, elongation rates and % pellet were 

determined and are listed in Table 3.2.  
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Table 3.2: Aggregation kinetics of αSyn variants. Lag times, elongation rates, t50 and 

% pellet for αSyn variants. The rates of aggregation in each condition were measured in at 

least triplicate measurements. The errors show the standard deviation of the mean of the 

replicates. No aggregation after 100 h incubation is indicated by “-“. For errors in estimating % 

pellet via SDS PAGE subsequent to centrifugation (see Section 2.8.4) the values were rounded 

to the nearest 5%. *Elongation rate in 10*[RFU/h]. Assays were performed in 20 mM sodium 

acetate, pH 4.5 or 20 mM Tris-HCl, pH 7.5 with 200 mM NaCl unless stated otherwise (low salt 

corresponds with 20 mM NaCl). 

 αWT, pH 4.5 αWT, pH 7.5 ΔP1, pH 4.5 ΔP1, pH 7.5 

Lag time [h] 11.4 ± 1.9 45.3 ± 4.2 19.5 ± 3.0 - 

Elongation rate* 3.3 ± 0.2 0.4 ± 0.02 1.7 ± 0.3 - 

t50 [h] 13.7 ± 1.5 55.3 ± 9.8 21.3 ± 1.4 - 

% pellet 90 100 100 0 

 ΔP2, pH 4.5 ΔP2, pH 7.5 ΔΔ, pH 4.5 ΔΔ, pH 7.5 
Lag time [h] 14.2 ±0.5 45.4 ± 16.3 - - 

Elongation rate* 0.7 ± 0.2 0.6 ± 0.07 - - 
t50 [h] 28.7 ± 1.8 57.3 ± 9.4 - - 

% pellet 100 100 20 15 
 ΔN7, pH 4.5 ΔN7, pH 7.5 ΔC1, pH 4.5 ΔC1, pH 7.5 

Lag time [h] 3.9 ± 0.2 - 3.1 ± 0.1 43.2 ± 4.3 
Elongation rate* 4.2 ± 0.3 - 3.8 ± 0.1 2.0 ± 0.5 

t50 [h] 6.5 ± 0.9 - 3.8 ± 0.2 49.1 ± 3.1 
% pellet 85 10 90 70 

 P1-GS, pH 4.5 P1-GS, pH 7.5 P1P2-GS, pH 4.5 P1P2-GS, pH 7.5 

Lag time [h] 21.2 ± 1.4 - 82.8 ± 12.7 - 

Elongation rate* 1.3 ± 0.2 - 0.01 ± 0.001 - 

t50 [h] 29.1 ± 10.1 - 88.1 ± 9.9 - 

% pellet 60 5 20 0 

 
αWT, pH 4.5, 

low NaCl 
αWT, pH 7.5, 

low NaCl 
ΔP1, pH 4.5, low 

NaCl 
ΔP1, pH 7.5, low 

NaCl 

Lag time [h] 4.0 ± 0.5 49.7 ± 7.2 4.1 ± 0.5 - 

Elongation rate* 3.5 ± 0.5 0.2 ± 0.02 3.0 ± 0.9 - 

t50 [h] 6.5 ± 0.8 71.9 ± 6.3 5.9 ± 0.5 - 

% pellet 90 100 100 0 

 
ΔP2, pH 4.5, 

low NaCl 
ΔP2, pH 7.5, 

low NaCl 
ΔΔ, pH 4.5, low 

NaCl 
ΔΔ, pH 7.5, low 

NaCl 

Lag time [h] 4.8 ± 0.4 36.2 ±1.7 57.3 ± 3.6 - 

Elongation rate* 4.4 ± 0.8 0.7 ± 0.2 2.3 ± 0.6 - 

t50 [h] 7.1 ± 1.0 60.4 ± 8.2 62.2 ± 6.1 - 

% pellet 100 80 90 20 

 

In a next step, the importance of P1 and P2 was exanimated by determining the 

aggregation kinetics of disulfide-crosslinked dimers of αSyn (Figure 3.7). Dimers were 

created using cysteine substitutions at positions V40C (in P1), V52C (in P2), and V140C 

(at the C-terminus) and samples were incubated for 2 h without reducing agent. 

Separation of dimers from monomer left in the reaction was performed by analytical and 

preparative SEC and a successful dimerization demonstrated using SEC-MALS 

experiments (Figure 3.8 A-D) (see Section 2.7.5 for detailed methods).  

Interestingly, whilst all αSyn variants (V40C, V52C, and A140C) aggregate similarly to 

αSyn WT in their monomeric states (when adding 2 mM dithiothreitol (DTT) to reduce 

the disulphide bond), dimerization of V40C inhibited fibril formation for over 140 h (Figure 

3.7 A). Dimers of V52C and A140C did not significantly affect the aggregation kinetics 

compared with their respective monomer (Figure 3.7 B,C). These findings were 

validated by TEM and pelleting analysis (Figure 3.7 D,E and Table 3.3). This 
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observation further supports the hypothesis that P1 is important for fibril formation and 

might contribute to key interactions driving aggregation.  

 

Figure 3.7: Aggregation kinetics and negative-stain TEM images of endpoint (140 h) 

aggregates of 100 μM V40C (A), V52C (B) or A140C (C) monomers or dimers. Incubations 

of monomeric or disulfide-locked dimers of αSyn are shown in light and dark red, respectively. 

Aggregation kinetics of αSyn WT are shown in blue. The same data for the WT αSyn are shown 

overlaid for all three variants. All experiments were measured at least in triplicate. TEMs in (D) 

show endpoint images of reduced samples, and (E) show endpoint images of disulfide-bonded 

dimers. Each image was collected from a representative sample for each condition. All assays 

were carried out in 20 mM sodium acetate buffer containing 200 mM NaCl, pH 4.5 (including 

2 mM DTT for reduced samples) at 37 °C with agitation at 600 r.p.m. This experiemnt was 

performed by Ciaran Doherty, University of Leeds. 

Table 3.3: Aggregation kinetics for dimer locked proteins. Lag times, elongation rates, t50 

and % pellet for αSyn variants. The rates of aggregation in each condition were measured in at 

least triplicate measurements. The errors show the standard deviation of the mean of the 

replicates. No aggregation after 140 h incubation is indicated by “-“. For errors in estimating % 

pellet via SDS PAGE subsequent to centrifugation (see Section 2.8.4) the values were rounded 

to the nearest 5%. *Elongation rate in 10*[RFU/h].  

 
αV40C, 

monomer 
αV40C, 
dimer 

αV52C, 
monomer 

αV52C,  
dimer 

Lag time [h] 17.1 ± 0.9 - 6.9 ± 1.3 27.9 ± 2.7 

Elongation rate* 1.8 ± 0.3 - 1.0 ± 0.04 0.6 ± 0.2 

t50 [h] 21.2 ± 0.6 - 11.8 ± 0.9 36.7 ± 3.1 

% pellet 90 5 90 80 

 
αA140C, 
monomer 

αA140C,  
dimer 

αWT,  
monomer 

Lag time [h] 12.7 ± 1.1 11.2 ± 2.0 21.1 ± 1.2 

Elongation rate* 1.0 ± 0.04 0.9 ± 0.02 1.5 ± 0.2 

t50 [h] 15.3 ± 1.0 14.0 ± 1.2 26.4 ± 1.0 

% pellet 95 85 85 
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Figure 3.8: Preparation of disulfide locked αSyn variants. (A) Analytical SEC of αSyn V40C 

incubated at room temperature for 2 h in 100 mM Tris HCl, pH 8.4 in the absence of reducing 

agent. The fraction numbers are indicated in grey. SDS-PAGE of the corresponding fractions in 

the absence or presence of 2 mM DTT are shown below. (B) Preparative SEC of αSyn after 

incubation for 2 h in 100 mM Tris HCl, pH 8.4. The dimeric species taken forward for 

experiments is highlighted in grey. (C) SEC-MALS of dimeric αSyn V40C, a mass of 

26.3 ± 2.4 kDa was recorded corresponding clearly to a theoretical dimeric mass of 28.9 kDa. 

This experiment was performed by Ciaran Doherty, University of Leeds. Detailed description of 

experimental setups can be found in Sections 2.7.4 and 2.7.5. 

 

To test the capability of the newly designed deletion variants ΔP1, ΔP2, ΔΔ and ΔN7 to 

elongate αSyn WT fibrils, a seeding assay with 10 % (mol/mol) pre-formed αSyn WT 

seeds was performed (see Section 2.8.2.2). Whilst αSyn WT could be self-seeded 

(Figure 3.9 A), cross-seeding ΔN7, ΔP1 and ΔΔ monomer with αSyn WT seeds was 

inhibited at pH 7.5 (Figure 3.9 B,D,E). ΔP2 formed fibrils slowly (Figure 3.9 C, Table 

3.4). The presence of fibrils for WT and ΔP2 was confirmed by TEM (Figure 3.9, 

inserts). The data indicate a structural incompatibility of N7, P1 and P2 deletion variants 

with fibril seeds formed from the WT protein demonstrating elongation to be the inhibited 

mechanistic step. In the case of ΔN7, the lack of aggregation could also be explained by 

crucial interactions between monomer and fibril being eliminated when deleting the first 

seven residues as residues 1-10 are the main interaction sites between these two 

species as demonstrated recently using NMR and ThT aggregation assays107,183. 
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Figure 3.9: Cross-seeding αSyn variants using seeds created from αSyn WT. ThT 

fluorescence assays of αSyn variants (100 μM) WT (A), ΔP1 (B), ΔP2 (C), ΔΔ (D), and ΔN7 (E) 

seeded with 10 % (mol/mol) WT αSyn fibril seeds formed at pH 7.5. Seeding assays were 

performed at pH 7.5, 20 mM NaCl, 37 °C, quiescent. End point (42 h) TEM images of 

representative samples of fibrils from the seeding experiments are shown in inserts. Scale bars, 

200 nm. 

 

Table 3.4: Aggregation kinetics of seeding reaction with 10 % αSyn WT seeds. Lag times, 

elongation rates, t50 and % pellet for αSyn variants. The rates of aggregation in each condition 

were measured in at least triplicate measurements. The errors show the standard deviation of 

the mean of the replicates. No aggregation after 42 h incubation is indicated by “-“. For errors in 

estimating % pellet via SDS PAGE subsequent to centrifugation (see Section 2.8.4) the values 

were rounded to the nearest 5%. *Elongation rate in 10*[RFU/h]. 

 αWT ΔP1 ΔP2 

Lag time [h] 0 - 24.5 ± 1.8 

Elongation rate* 2.4 ± 0.4 - 7.2 ± 0.7 

t50 [h] 1.6 ± 0.1 - 38.3 ± 6.5 

% pellet 85 0 60 

 ΔΔ ΔN7 

Lag time [h] - - 

Elongation rate* - - 

t50 [h] - - 

% pellet 0 5 

 

We next examined the effect of monomeric αSyn WT and ΔP1 being co-incubated in the 

same reaction to investigate whether ΔP1 can affect the aggregation of αSyn WT in 

trans. αSyn WT and ΔP1 were mixed in a 1:1 ratio (mol/mol) and fibril formation was 

followed by a ThT fluorescence assay (Figure 3.10 A). Whilst αSyn WT aggregates with 

a lag time of 62.9 ± 5.8 h at 100 µM and 9.8 ± 0.3 h at 200 µM, the addition of 100 µM 

ΔP1 to 100 µM αSyn WT inhibits aggregation for at least 110 h (Figure 3.10 A). The 

presence of fibrils for αSyn WT alone and the absence of amyloid structures when 

incubated with ΔP1 was confirmed by TEM (Figure 3.3 F,G and Figure 3.10 B,C). This 
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experiment indicates that the WT and ΔP1 proteins are interacting and that this prevents 

fibril formation (at least within the experimental time scale). Whether this happens by 

interactions of monomers or oligomeric states cannot be answered and further 

experiments are required to gain better insight into the molecular mechanism by which 

ΔP1 inhibits aggregation of the WT protein.  

 

Figure 3.10: Aggregation kinetics of co-incubated αSyn WT and ΔP1 monomer. (A) ThT 

assay of αSyn WT alone (black: 200 µM, grey 100 µM), ΔP1 alone (pink, behind orange line) 

and αSyn WT and ΔP1 mixed in a 1:1 ratio (100µM:100 µM) (orange). The experiment was 

performed in 20 mM Tris-HCl, pH 7.5, 200 mM NaCl, 37 °C, 600 rpm. Note that the pink data 

are below the orange data points. End-points were imaged by negative stain TEM for αSyn WT 

200 µM (B) and αSyn WT:ΔP1 (C). TEM images for αSyn WT 100 µM and ΔP1 100 µM are 

shown in Figure 3.3 F,G. Scale bar 200 nm. 

3.5 The N-terminal motifs control aggregation in vivo 

After demonstrating a dramatic effect on aggregation by removing P1 and P2 in vitro, the 

effect of the deletion variants was evaluated in vivo using the model organism C. 

elegans. αSyn WT, ΔP1 and ΔΔ were fused C-terminally to YFP and expressed in the 

body wall muscle cells of the animals as described before for the WT protein83. As 

expected, the WT αSyn-expressing animals showed puncta formation/ inclusions in L4 

larvae (day 0), increasing in number when aging probably due to a declined protease 

network418,419, and reaching a plateau from day 3 to day 13 of adulthood (Figure 3.11 

A,B). Remarkably, in contrast with this, animals expressing ΔP1::YFP or ΔΔ::YFP 

formed only a few, if any, visible aggregates throughout aging (Figure 3.11 A,B), even 

though the expression levels of these proteins were higher than in WT αSyn nematodes 

as detected by a Western Blot analysis (Figure 3.11 C) (Section 2.7.3 for detailed 

methods). The reason for the differences in expression levels between WT αSyn 

(obtained from the Nollen lab, University of Groningen) and the ΔP1 and ΔΔ constructs 

(commercially obtained) could (in part) arise from the method of gene transformation 

(gene bombardment and microinjection, respectively (Section 2.15.3.1) which results in 

different copy numbers of each gene in the different organisms. Notably, in contrast to 

WT αSyn::YFP, the total number of ΔP1::YFP or ΔΔ::YFP foci did not increase during 
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aging, with only few aggregates observed even at day 13 (Figure 3.11 B). The 

percentage of immobile WT αSyn::YFP aggregates, measured by fluorescence recovery 

after photobleaching (FRAP) experiments (see Section 2.15.3.3 for detailed methods), 

increased approximately four-fold from day 7 to day 13 of adult-hood (Figure 3.11 B). In 

comparison, ΔP1 and ΔΔ αSyn::YFP formed few aggregates (one or two foci per animal) 

that were immobile (Figure 3.11 B). Since αSyn was expressed in the muscle cells of 

the nematodes, the phenotypic effect on the worms could be analysed by testing the 

motility of the animals by measuring body bends per second (BBPS) (see Section 

2.15.3.3). C. elegans expressing WT αSyn::YFP showed an age-dependent decline of 

motility between days 3 and 13 compared with the control strain N2 (Figure 3.11 D). In 

contrast, motility remained similar to that of healthy N2 animals between days 0 and 7 

(Figure 3.11 D), with slightly reduced (two-fold) thrashing rates observed in ΔΔ::YFP 

and ΔP1::YFP at day 13 of adulthood (Figure 3.11 D). Thus, deletion of P1 or both P1 

and P2 prevents age-dependent aggregation of αSyn in vivo and suppresses 

aggregation-induced proteotoxicity. Note that these experiments were performed and 

data analysed by Sarah Good and Jemma Makepeace, University of Leeds.  
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Figure 3.11: Deletion of P1 or both P1 and P2 in C. elegans expressing αSyn::YFP 

suppresses aggregation and proteotoxicity. (A) Confocal microscopy images showing the 

head region of transgenic C. elegans expressing WT αSyn, ΔΔ or ΔP1 tagged C-terminally to 

YFP in the body wall muscle during aging (day 0 to day 13 of adulthood). Scale bars, 10 µm. (B) 

Numbers of mobile and immobile inclusions larger than ~2 µm2 per animal between the tip of 

the head and pharyngeal bulb during aging, determined by FRAP. Data shown are the mean 

and s.e.m. for three independent experiments (biological replicates); in each experiment, ten 

worms (n = 10) were assessed for each time point. Blue asterisks indicate significance between 

the number of mobile aggregates of animals expressing WT αSyn or the ΔP1 or ΔΔ variants. 

Red asterisks indicate significance between the number of immobile aggregates exhibited in 

animals expressing WT αSyn compared with mutant animals. *P < 0.05; **P < 0.01; ***P < 0.001; 

****P < 0.0001. ANOVA was used in all cases. (C) Western blot analysis of protein extracts 

isolated from N2, WT αSyn::YFP, ΔP1::YFP and ΔΔ::YFP animals using an anti-αSyn antibody. 

Tubulin was used as a loading control. The loading control (anti-tubulin) was run on a different 

gel or membrane loaded with the same protein sample and treated and analysed in the same 

manner. The images are cropped, showing all relevant bands. (D) Number of body bends per 

second (BBPS) of N2, WT αSyn::YFP, ΔP1::YFP and ΔΔ::YFP animals from day 0 (L4 stage) 

through day 13 of adulthood. Data shown are mean and s.e.m. for three independent 

experiments; in each experiment, ten worms were assessed for each time point. n = 10 for each 

experiment, and error bars represent s.e.m. of three biological replicates. n.s. = not significant; 

***P < 0.001; **P < 0.01; *P < 0.05ANOVA was used. Worm images, FRAP experiments and 

motility assays were performed by Sarah Good and Jemma Makepeace supervised by Patricija 

van Oosten-Hawle, University of Leeds.  
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3.6 Assignment and Evaluation of NMR experiment 

conditions for analysis of αSyn variants 

It is known, that IDPs contain some sequence-specific conformational preferences and 

their structure is not completely random88,337,420,421. Indeed, that is also the case for αSyn, 

according to small angle X-ray scattering (SAXS) data, the actual radius of gyration is 

smaller (~40 Å) than the calculated radius for a 140-residue random coil (52 Å)317. Beside 

the commonly known secondary structure elements when interacting with membranes 

(α-helix)186,314 or forming amyloid fibrils (β-sheets)96, recent work in the literature 

identified preferred conformations in monomeric αSyn189,335. It was found, that the 

conformational ensemble of αSyn is pH dependent335, which is in consensus with the 

different aggregation behaviour at acidic and neutral pH (Figure 3.3 B and ref422). To 

determine whether P1 and P2 affect the conformational properties of αSyn monomers 

that alter their ability to assemble into amyloid, WT αSyn and ΔΔ were examined using 

NMR paramagnetic relaxation enhancement (PRE) experiments (see Section 2.9.2). 

First, both proteins were expressed 15N/13C labelled and purified (see Section 2.6.1) 

before resonances were assigned under conditions used in this study (20 mM sodium 

acetate, pH 4.5, 20 mM NaCl) (Figure 3.12 A, B for αSyn WT and ΔΔ, respectively) by 

Roberto Maya-Martinez, University of Leeds (see Section 2.9.1). Importantly, residues 

M1, P108, P117, P120, P128 and P138 could not be assigned. Note that an acidic pH 

and a low salt concentration were chosen for these experiments as this is the condition 

with the most dramatic effects on aggregation (αSyn WT aggregates within a few hours 

whilst ΔΔ does not form fibrils for over 100 h (Figure 3.6 B,E)). Further pH 4.5 can be 

found in lysosomes, and lysosomal entry of αSyn is well known in the literature to be 

important in disease initiation spreading34,423.  
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Figure 3.12: Assignment of αSyn WT and ΔΔ at pH 4.5. αSyn WT (A) and ΔΔ (B) were 

assigned at 200 µM in 20 mM sodium acetate, pH 4.5, 20 mM NaCl. Data were obtained on a 

Varian-Inova 750 MHz spectrometer equipped with a cryogenic probe at 15 °C. Data collection 

and assignment were performed by Roberto Maya-Martinez, University of Leeds (Section 2.9.1). 

Assignments can be accessed using BMRB accession numbers 27900 (WT αSyn) or 27901 

(ΔΔ αSyn). 

 The effect of solution conditions on NMR spectra 

Previous work in this thesis has demonstrated that pH and ionic strength can have drastic 

effect on the aggregation kinetics of αSyn (Table 3.2). Therefore, the effect on HN-

chemical shift perturbation (HN-CSP) for different pH values (pH 4.5 vs 7.5) and salt 

concentrations (20 mM vs 200 mM NaCl) were investigated. 1H-15N heteronuclear single 

quantum coherence (HSQC) spectra of αSyn WT were acquired and compared in 20 mM 

and 200 mM NaCl, HN-CSPs at pH 4.5 was compared to pH 7.5, and HN-CSPs were 

determined between αSyn WT and ΔΔ to identify which regions of the protein are 

effected most by these changes (Figure 3.13 and Figure 3.14). Interestingly, whilst 
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changing the ionic strength conditions shows only small HN-CSPs throughout the whole 

protein sequence with the largest changes in the N-terminal 25 residues (Figure 3.13 

A,D), changing the pH has a significant effect on the N-terminus (residues 2-6) and the 

C-terminal region (residues 109-140) (Figure 3.13 B,E). Also HN-CSPs between αSyn 

WT and ΔΔ were analysed indicating that, although having contrasting aggregation 

propensities, most changes are located close to the deleted P1- and P2-regions without 

significantly affecting NAC or C-terminal region (Figure 3.13 C,F). 

 

Figure 3.13: Comparison of chemical shifts for different buffer conditions and synuclein 

variants. (A) 1H-15N HSQC spectra for αSyn WT A18C at high (200 mM) and low salt (20 mM), 

pH 4.5, 15 °C. (B) 1H-15N HSQC spectra for αSyn WT pH 4.5 and 7.5, 20 mM NaCl. (C) 1H-15N 

HSQC spectra for αSyn WT A18C vs ΔΔ A18C. Data were collected at pH 4.5, 200 mM NaCl, 

15°C. D,E,F show the HN-CSPs for the conditions descried in A,B,C calculated using Equation 

2.2 (Section 2.9.4). The N-terminal region is coloured in green, NAC in red and the C-terminal 

region in purple. Dashed lines indicate the standard deviation σ (grey) and 2x σ (black). 

Residues 4, 11, 13, 16, 19, 23, 29, 30, 41, 47, 62, 82, and 112 were not included because of 

overlapping peaks; residues 1, 108, 117, 120, 128, and P138 were not assigned, these residues 

are indicated with black dots. 
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Figure 3.14: Comparison of separate 1H and 15N chemical shifts for different buffer 

conditions and synuclein variants shown in Figure 3.13. (A, B) 1H CSP and 15N CSP for 

αSyn WT A18C at high (200 mM) and low salt (20 mM), pH 4.5, 15 °C. (C,D) 1H CSP and 15N 

CSP for αSyn WT pH 4.5 and 7.5, 20 mM NaCl. (E, F) 1H CSP and 15N CSP for αSyn WT A18C 

vs ΔΔ A18C. Residues 4, 11, 13, 16, 19, 23, 29, 30, 41, 47, 62, 82, and 112 were not included 

because of overlapping peaks; residues 1, 108, 117, 120, 128, and P138 were not assigned. 

3.7 Intra- and inter-molecular interactions involving N-

terminal motifs promote aggregation 

 Intramolecular interactions with P1 and P2 determine 

aggregation 

As mentioned above, NMR PRE experiments were next used to discover the transient 

conformation(s) of αSyn that could be important in controlling its aggregation. This 

approach allows protein dynamics to be investigated in the μs timescale for rare (0.5-

5 % population) and transient interactions with distances of ~20-40 Å between a nucleus 

and spin label with an unpaired electron424,425. Previous studies used PRE NMR to 

investigate the intramolecular interactions of αSyn WT at various pH values including pH 

2.5, 3.0, 6.0, 7.4 and 7.5 and using different protein concentrations ranging from 100 μM 

to 650 μM at 15 °C321,325,331,335,426,427 (see Table 1.4). Further, some of the familial PD 

mutations (A30P, A53T)428 as well as βSyn and γSyn333 have been investigated using 

this experimental setup.  

To analyse how the deletion of the P1 and P2 motifs affects the conformational properties 

of αSyn monomers, 15N-labeled WT αSyn or ΔΔ containing a single cysteine introduced 

at position 18 (αSyn A18C), 90 (αSyn A90C), or 140 (αSyn A140C) were expressed and 

purified (Table 3.1). As αSyn does not have a natural cysteine in its sequence, specific 

single residue labelling is possible at the desired positions. Each protein was covalently 
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labelled with the paramagnetic spin label S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-

pyrrol-3-yl)methyl-methanesulfonothioate (MTSL). For the experimental setup, the 1H-

15N HSQC spectra of the αSyn sample with covalently bound MTSL was collected 

(paramagnetic) before reducing the MTSL label by adding ascorbic acid, which 

eliminates the effect of the spin label (diamagnetic) (see Section 2.9.2.1 for experimental 

details). To identify the ideal ascorbic acid concentration to fully reduce MTSL and 

recover peak intensities, but to minimise chemical shifts caused by pH changes when 

adding the acid, a titration was performed observing the effect of adding ascorbic acid to 

αSyn WT (Figure 3.15 A-E). Different cross-peaks are affected to different extents by 

the addition of ascorbic acid, however, for future experiments 2 mM ascorbic acid were 

used to measure the diamagnetic spectra (Figure 3.16).  

Further, whether free MTSL in solution has an effect on the PRE NMR data was checked 

by mixing 15N αSyn WT (no spin label) with free MTSL and analysing the peak intensities 

of the resulting 1H-15N HSQC spectra (Figure 3.15 F). For this, no PRE effects could be 

seen indicating that potential free MTSL after the labelling process would not affect the 

measured intramolecular interactions between αSyn monomers. 

Note that these control experiments have been performed at pH 3, as they were done 

early on in this project, in which NMR PRE data were compared to literature results 

showing that the experimental setup is successful in principal before moving on to 

conditions relevant in this thesis. The pH swap should not have an effect on the outcome 

of the control experiments. 
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Figure 3.15: Ascorbic acid titration to identify ideal conditions for reducing MTSL in PRE 

experiments and effect of free MTSL. (A) 1H-15N HSQC spectra of MTSL-labelled αSyn A18C 

(20 mM sodium acetate buffer, pH 3, 100 mM NaCl, 15°C) titrated with ascorbic acid at 

concentrations ranging from 0 mM (paramagnetic, blue) to 8 mM (diamagnetic, green). B-E: 

highlight different effects on the HSQC spectra. (B) no changes observable between different 

ascorbic acid concentrations. (C) Signal completely disappeared in paramagnetic spectra, 

increasing amounts of ascorbic acid increase diamagnetic signal. (D, E) Signal intensity stays 

constant with an increasing ascorbic acid concentration but the signal shows clear shifts 

(arrow). A 2 mM ascorbic acid concentration was used for all further experiments. (F) Control 

experiment of free MTSL (100 µM) with 100 µM 15N αSyn WT (not spin labelled) in 20 mM 

sodium acetate buffer, pH 4.5, 20 mM NaCl to show that the free spin label does not have an 

effect on PRE data. Residues 4, 11, 13, 16, 19, 23, 29, 30, 41, 45, 47, 62, 82, and 112 were not 

included because of overlapping peaks; residues 1, 108, 117, 120, 128, and P138 were not 

assigned. The signal to noise level is >3.52 (dia) and >2.97 (para). 
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Figure 3.16: Overlaid paramagnetic (blue) and diamagnetic (red) spectra for WT αSyn 

labelled at positions A18C (A), A90C (B) or A140C (C). Schematics are shown above each 

spectrum with the N-terminal (green), NAC (red) and C-terminal (purple) regions highlighted. 

The location of the spin label is indicated by a yellow circle. Note that small chemical shift 

changes are observed upon reduction with ascorbic acid, which can be attributed to small 

changes in pH (see Figure 3.15 A-E).  

The intramolecular interactions of αSyn WT with the MTSL-label at position A18C, A90C 

and A140C were measured using 100 µM monomeric 15N labelled αSyn in 20 mM sodium 

acetate, pH 4.5 with 20 mM (low salt) or 200 mM (high salt) NaCl (Figure 3.17 A-F). 

Conditions that promote aggregation, pH 4.5, 20 mM NaCl, compared to higher salt 

concentrations (200 mM) which slows aggregation (Figure 3.17 G) show specific long-

range intramolecular interactions between defined regions for all tested labelling 

positions (Figure 3.17 A-C). In particular, interactions between the N-terminal and C-

terminal regions could be observed. This can be detected when putting the MTSL label 

at residue A18C and PRE effects are seen at the C-terminus (residues 110 – 140) 

(Figure 3.17 A) or with a slightly smaller reciprocal N-terminal PRE effect when MTSL 

labelling at A140C (Figure 3.17 C). These interactions are consistent with previous 

results at other pH values189,321,335. Also consistent with previous work in the literature at 

acidic pH331,335 are the measured significant interactions between the NAC- and C-

terminal regions (Figure 3.17 B). Excitingly, transient intramolecular interactions 

between the P1-region (and some residues in the P2 region) and residues A18C, A90C 

and A140C were observed in these experiments which have not been detected in other 



 

 
 

94 

studies189. Interestingly, meta-analysis of 11 PRE NMR studies has provided further 

evidence for the P1, P2 regions to be an interaction hub328. Remarkably, performing the 

same experiments under conditions that slow down the aggregation kinetics for αSyn 

WT (pH 4.5, 200 mM NaCl (high salt), Figure 3.17 G) showed a significant decrease in 

magnitude for these detected interactions with the P1 (and P2) region, especially when 

putting the spin label at residue 90 or 140 (Figure 3.17 D-F). This observation is 

consistent with effects on electrostatic interactions when adding salt, possible involving 

residues K45, E46, E57 or H50 in P2, or residues that juxtapose P1 (K32, K34, E35, 

K43) and/or P2 (E61). The finding that stronger transient intramolecular interactions with 

P1 and P2 result in faster fibril formation suggests that these interactions are critical in 

defining the aggregation rate. 

 

Figure 3.17: NMR PRE data of αSyn WT with MTSL labels at position A18C, A90C and 

A140C to observe intramolecular interactions throught the protein. A-F, Intramolecular 

PRE intensity ratios of amide protons (paramagnetic/diamagnetic) for WT αSyn variants with 

MTSL spin labels at A18C (A,D), A90C (B,E) or A140C (C,F) at low (A-C) or high (D-F) ionic 

strengths, at 100 µM protein concentration, 15 °C. Green, red and purple bars show intensity 

ratios for the N-terminal, NAC and C-terminal regions, respectively. Data highlighted with green 

panels indicate the position of the P1–P2 region. Black line shows a rolling window (over five 

residues for easier comparison) of the PRE effects. Schematics are shown above each plot with 

a corresponding colour scheme. The locations of the spin label is indicated by yellow circles. 

(G) Aggregation kinetics (note the short time scale depicted) of WT αSyn (100 μM in 20 mM 

sodium acetate, pH 4.5, at low (20 mM added NaCl) or high (200 mM added NaCl) ionic 

strength at 37 °C). Residues 4, 11, 13, 16, 19, 23, 29, 30, 41, 45, 47, 62, 82, and 112 were not 

included because of overlapping peaks; residues 1, 108, 117, 120, 128, and P138 were not 

assigned. The signal to noise level for the diamagnetic spectra is >3.37, >2.11, >3.98, >4.77, 

>2.83, and >3.15 and for the paramagnetic spectra >3.15, >3.64, >4.91, >4.56, >2.01, and 

>3.25 for A-F, respectively.  
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To ensure that the PRE effects observed in Figure 3.17 are solely driven by 

intramolecular interactions and no intermolecular interactions are contributing, control 

experiments with 50 µM 15N labelled αSyn WT (no MTSL) and 50 µM 14N MTSL labelled 

protein (at positions A18C, A90C and A140C) were performed under the same 

experimental conditions as described above (Figure 3.18 A,B). Both tested conditions 

(low and high NaCl) show no PRE effects, indicating no contribution of intermolecular 

interactions at the protein concentrations used.  

 

Figure 3.18: Control intermolecular PRE experiments of WT αSyn in low (20 mM) and high 

(200 mM) salt (NaCl) at pH 4.5. Intermolecular PRE intensity ratios of amide protons 

(paramagnetic/diamagnetic) for 15N WT αSyn (50 µM) incubated with 14N αSyn variants (50 µM) 

with MTSL spin labels at A18C, A90C and A140C in low (A) and high (B) ionic strength (20 mM 

sodium acetate, pH 4.5, 15 °C). Black lines show the median value over a rolling window of 5 

residues. Schematics of the sequence of αSyn are shown above each plot (green = N-terminal 

region, red = NAC region, purple = C-terminal region). The location of spin labels are denoted 

by a yellow circle. Residues 4, 11, 13, 16, 19, 23, 29, 30, 41, 45, 47, 62, 82, and 112 were not 

included because of overlapping peaks; residues 1, 108, 117, 120, 128, and P138 were not 

assigned. The signal to noise level for the diamagnetic spectra is >2.32, >3.41, >2.98, >3.56, 

>2.58, 3.77 and for the paramagnetic spectra is is >2.22, >4.17, >3.62, >2.09, >2.99, >4.35 for 

A and B, respectively. 

Next, the effect of removing the P1 and P2 region on the conformational properties of 

αSyn was analysed by performing NMR PRE experiments for the ΔΔ variant. The NMR 

experiments were repeated under identical conditions compared to αSyn WT (pH 4.5 at 

low and high ionic strength) (Figure 3.19 A-F). Under these conditions, ΔΔ aggregates 

significantly slower (for low ionic strength, lag time of 57.3 ± 3.6 h) compared with αSyn 

WT or does not show any fibril formation for over 110 h (high ionic strength) (Figure 3.19 

G). The NMR PRE data show that contacts observed for αSyn WT between N-and C-
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terminal regions, as well as between NAC and C-terminal regions were mostly 

maintained for the deletion variant ΔΔ. Interactions with the P1 and P2 region on the 

other hand were removed for obvious reasons as the P1 and P2 motif is deleted in ΔΔ. 

This might further suggest an important role of interactions with the P1 (and P2) region 

for fibril formation as ΔΔ shows strongly decreased aggregation kinetics. It should be 

noticed that contacts between the N-terminal region (MTSL label at residue 18) and the 

NAC and C-terminal regions and between the NAC region (MTSL label at residue 90) 

and the N- and C-terminal regions are similar in αSyn WT and ΔΔ, whilst transient 

interactions between the C-terminal region (MTSL label at residue 140) and the N-

terminal region are smaller in ΔΔ, which is indicative of a complex interplay of interactions 

that depends closely on the sequence and solution conditions. 

 

Figure 3.19: NMR PRE data of αSyn ΔΔ with MTSL labels at position A18C, A90C and 

A140C to observe intramolecular interactions throught the protein. (A-F) Intramolecular 

PRE intensity ratios of amide protons (paramagnetic/diamagnetic) for ΔΔ αSyn variants with 

MTSL spin labels at A18C (A,D), A90C (B,E) or A140C (C,F) at low (A-C) or high (D-F) ionic 

strengths, at 100 µM protein concentration, 15 °C. Green, red and purple bars show intensity 

ratios for the N-terminal, NAC and C-terminal regions, respectively. Data highlighted with green 

panels indicate the position of the P1–P2 region which are deleted in this variant. Black line 

shows a rolling window (over five residues for easier comparison) of the PRE effects. 

Schematics are shown above each plot with a corresponding colour scheme. The locations of 

spin labels are indicated by yellow circles, deleted regions are shown by black crosses. (G) 

Aggregation kinetics of WT αSyn and ΔΔ in comparison (100 μM in 20 mM sodium acetate, pH 

4.5, at low (20 mM added NaCl) or high (200 mM added NaCl) ionic strength at 37 °C). 

Residues 4, 11, 13, 16, 19, 23, 29, 30, 41, 45, 47, 62, 82, and 112 were not included because of 

overlapping peaks; residues 1, 108, 117, 120, 128, and P138 were not assigned. Residues 4, 

11, 13, 16, 19, 23, 29, 30, 62, 82, and 112 were not included because of overlapping peaks; 

residues 1, 108, 117, 120, 128, and P138 were not assigned. 
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Table 3.5: Aggregation kinetics of αSyn WT and ΔΔ at pH 4.5 at low (20 mM) and high 

(200 mM) NaCl. Lag times, elongation rates, t50 and % pellet for αSyn variants. The rates of 

aggregation in each condition were measured in at least triplicate measurements. The errors 

show the standard deviation of the mean of the replicates. No aggregation after 110 h 

incubation is indicated by “-“. For errors in estimating % pellet via SDS PAGE subsequent to 

centrifugation (see Section 2.8.4) the values were rounded to the nearest 5%. *Elongation rate 

in 10*[RFU/h]. 

 αWT,  
pH 4.5, low 

αWT,  
pH 4.5, high 

ΔΔ,  
pH 4.5, low 

ΔΔ,  
pH 4.5, high 

Lag time [h] 4.0 ± 0.5 11.4 ± 1.9 57.3 ± 3.6 - 

Elongation rate* 3.6 ± 0.5 3.3 ± 0.3 2.3 ± 0.6 - 

t50 [h] 3.3 ± 0.4 13.7 ± 1.5 60.2 ± 5.8 - 

% pellet 90 90 90 15 

 

To further investigate the importance of the monomeric conformational states that 

present transient long-range interactions with the P1 and P2 regions for aggregation, 

intramolecular PREs were measured for P1P2-GS. This low-aggregation-prone αSyn 

variant (Figure 3.5 D) was MTSL labelled at position A90C (Figure 3.20 A). Backbone 

assignment (performed by Roberto Maya-Martinez, University of Leeds) and NMR 

analysis for this variant were more challenging especially in the N-terminal region as 20 

additional serines and glycines were introduced with very similar HN-chemical shifts due 

to their nearly identical chemical properties and environment resulting in strongly 

overlapping peaks. Therefore, in addition to the proline residues (108, 117, 120, 128, 

and 138), many peaks within the P1 and P2 region (36SGSGSGS42 and 

42GSGSGSGSGSGSG57) could not be assigned including resonances from residues 38-

41 and 47-55 (see BMRB file 28045). However, PRE data showed a similar interaction 

trend to ΔΔ with long-range interactions remaining between N-and C-terminal region as 

well as NAC and C-terminal region and hint that the PRE effect on the P1 and P2 regions 

observed for WT αSyn, is significantly reduced in P1P2-GS (Figure 3.20 B,C). 

Accordingly, deleting or replacing P1 and P2 does not change the compaction of the 

αSyn protein, yet a significant reduction in aggregation is observed, demonstrating the 

crucial role of the P1 and P2 sequences in controlling the aggregation of αSyn by 

interacting with other regions of the protein. 
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Figure 3.20: Intramolecular interactions for αSyn P1P2-GS. (A) Intramolecular PRE intensity 

ratios of amide protons (paramagnetic/diamagnetic) for P1P2-GS αSyn with the MTSL spin 

label at A90C at low ionic strength (20 mM NaCl), 15 °C, pH 4.5. Green, red and purple bars 

show intensity ratios for residues in the N-terminal, NAC and C-terminal regions, respectively. 

Orange bars highlight residues in the P1 and P2 regions that could be assigned and measured. 

The grey boxes mark the P1 and P2 regions. Black arrows show only a small PRE effect is 

observed in the P1-P2 region for P1P2-GS. Due to the repeating glycine and serine residues in 

the P1-P2 sequence, not all residues could be assigned. (B) Comparison of a rolling window 

(over five residues for easier comparison) of the PRE effects for WT (black), ΔΔ (blue) and 

P1P2-GS (orange) αSyn. The black box is zoomed out in (C) to highlight residues in the P1-P2 

region. Residues 4, 11, 13, 16, 19, 23, 29, 30, 62, 82, and 112 were not included because of 

overlapping peaks; residues 1, 108, 117, 120, 128, and P138 were not assigned. The signal to 

noise level is >3.92 (dia) and >2.87 (para).  

 Intermolecular interactions with P1 determine aggregation 

Next, the role of the P1 and P2 motifs on intermolecular interactions was assessed. 

Literature data have shown that at high protein concentrations (500 µM, normal brain 

concentration of αSyn ~20 μM254) weak transient intermolecular interactions are formed 

between residues 38−45 (similar to the P1 region (residues 36-42)) and the C-terminal 

region, residues 124−140 (head to tail) and also homo-typic contacts (head to head) (KD 

≈ 500 μM) at pH 6.0 and low ionic strength (10 mM MES, no additional NaCl)429. 

Intermolecular PREs were performed with αSyn WT and ΔΔ to investigate if removal of 

the P1 and P2 regions disrupts these interchain interactions. For this experimental setup 

R2 relaxations were measured as these provide a more accurate detection of distances 

to the spin label considering only R2 relaxation processes (instead of both, R1 and R2) 

which contribute when measuring intensity ratios of para- and diamagnetic samples168 

(Figure 3.21 A,B) (see Section 2.9.2.2 the NMR setup for R2 measurements). 250 μM 

14N-αSyn was spin labelled at residue 40 (V40C, within the P1 region) and incubated 

with the same amount of 15N WT αSyn at pH 4.5 at low and high ionic strengths (Figure 

3.21 C). The data showed that indeed, residue 40 forms intermolecular interactions 

primarily with residues in the negatively charged C-terminal region of αSyn WT, but also 

weakly with the N-terminal region, consistent with the literature429. These interactions 

were shown to be electrostatically mediated, as under high salt conditions (retarded 

aggregation), the 1HN-Γ2 rates decrease, further highlighting that these contacts are 
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important in early stages of aggregation. As the ΔΔ variant cannot be MTSL-labelled at 

position 40, the experiment was repeated with a spin label at residue S129C for αSyn 

WT and ΔΔ to see if similar interactions between P1 and the C-terminal region can be 

detected (Figure 3.21 D). These experiments showed a significant PRE effect for the P1 

and P2 region as well as the first ~20 N-terminal residues in αSyn WT. Importantly, 

contacts with the extreme N-terminus (residues 1-15) were maintained in the deletion 

variant ΔΔ, whilst interactions with the P1 and P2 motifs were no longer possible. This 

indicates, that intermolecular contacts between the N- and C-terminal regions are 

independent of the presence of P1 and P2 regions. In summary, intra- and inter-

molecular interaction analysis at acidic pH underlines the importance of the P1 and P2 

motifs in controlling αSyn aggregation, not only by their local insolubility and high 

aggregation propensity, but also because they regulate the conformational ensemble of 

the monomeric IDP that defines its ability to aggregate into amyloid fibrils. 

 

Figure 3.21: Intramolecular interactions between P1, P2 region and C-terminal region 

control aggregation. (A) Schematic of intermolecular PRE experiments in which 14N and 15N 

αSyn are illustrated as blue and grey chains, respectively. MTSL is shown as a yellow circle. (B) 

exemplary decay rates for residue 81T (left hand site), no PRE effect or 130E (right hand site), 

strong PRE effect. Blue colours indicate decay of paramagnetic, red curve of diamagnetic 

spectra. (C) HN-Γ2 rates for αSyn WT labelled with MTSL at position 40 (A40C) at pH 4.5 in 

low-salt (20 mM added NaCl) (black) or high-salt (200 mM added NaCl) (red) conditions, 15 °C. 

Bars depict residue-specific HN-Γ2 rates. (D) 1HN-Γ2 rates at pH 4.5 under low-salt conditions 

(20 mM added NaCl) for WT (black) or ΔΔ (blue) αSyn, labelled at position 129 (S129C). Bars 

depict residue-specific HN-Γ2 rates. Residues 4, 11, 13, 16, 19, 23, 29, 30, 62, 82, and 112 

were not included because of overlapping peaks; residues 1, 108, 117, 120, 128, and P138 

were not assigned. 
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3.8 P1 and P2 are conserved in synucleins 

An analysis for conserved regions in synucleins using ConSurf395 with the αSyn WT 

amino acid sequence revealed that the N-terminal region is highly conserved with a 

ConSurf grade of 7.5 (1=variable; 9=conserved, see Figure 3.22), the NAC presents a 

ConSurf value of 6.7 and the C-terminal region differs most between synuclein variants 

with a ConSurf grade of 2.6. This is in agreement with the literature378 as also βSyn and 

γSyn were considered in this search. The P1-P2 regions show a higher than average 

(5.7 for the full-length protein) overall conservation with values of 6.9 (P1) and 6.5 (P2) 

(Figure 3.22). A possible explanation for keeping P1 and P2 in the sequence, although 

highly aggregation-prone, could be that amyloid formation might have a protective effect 

against neurotoxic stress430. Alternatively, the aggregation-prone motifs might be 

required to fulfil the protein’s physiological function centred on the stabilisation, 

sequestration and fusion of pre-synaptic vesicles255,274. The latter was further 

investigated in this work as described in the following sections (Section 3.9). 

 

Figure 3.22: Sequence conservation within the synuclein family calculated using 

ConSurf395. The grade of conservation is colour coded from blue (variable) to red (very 

conserved). N-terminal region, NAC region and C-terminal region are highlighted in green, red 

and purple, respectively. The P1 and P2 region are highlighted in grey. 

 

3.9 Importance of P1 and P2 for membrane remodelling 

It is known that the N-terminal region (~100 residues), including the P1 and P2 region, is 

involved in micelle, liposome and membrane binding314,431, important for the physiological 

function of αSyn of remodelling membrane vesicles272,274,356. Therefore, the role of P1 

and P2 in αSyn function was evaluated by performing liposome binding experiments with 

the variants ΔΔ and P1P2-GS. αSyn WT has been shown to form an α-helical secondary 

structure in its N-terminal region (residues 1−97) upon membrane binding186,432. 

Especially the extreme N-terminus (residues 1-25) was previously shown to play a key 

role in initiating membrane binding185. Membrane binding enhances aggregation into 



 

 
 

101 

 

 

 

A motif in the N-terminal region crucial for aggregation and function of α-synuclein 

 

A motif in the N-terminal region crucial for aggregation and function of α-synuclein 
amyloid fibrils351 and the resulting helical conformation has been described as being the 

toxic state in yeast cells360,361. First, it was assessed whether ΔΔ and P1P2-GS can still 

adopt a helical conformation when binding liposomes (Figure 3.23 A-C). Liposomes 

were prepared from 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (DMPS), one of the 

major lipids in synaptic vesicles, with a diameter of ~160 nm as determined via DLS 

(Figure 3.23 D). αSyn monomeric protein and DMPS liposomes were mixed and the 

secondary structure of αSyn was monitored using far-UV circular dichroism (CD) (Figure 

3.23 A-C) (see Section 2.10.1 for detailed description of methods).  

 

Figure 3.23:CD binding assays of αSyn WT, ΔΔ and P1P2-GS to DMPS liposomes. (A-C) 

Far-UV CD spectra of 25 μM WT αSyn (A), ΔΔ (B) or P1P2-GS (C) incubated with increasing 

ratios of [DMPS]:[protein]. KD and L values were calculated from the change in MRE at λ222 nm 

fitted to a single-step binding model351 (see Section 2.10.1. and Equation 2.3 for detailed 

methods). (D) Dynamic light scattering of DMPS liposomes (see Section 2.7.6) showing they 

have a hydrodynamic radius (Rh) of 81.0 ± 46.1 nm. (E) Far-UV CD spectra of 25 μM WT αSyn 

(black), ΔΔ (blue) or P1P2-GS (orange) incubated in the absence or presence of liposomes 

(100:1 (mol/mol) DMPS:αSyn). (F) Change of CD signal of WT αSyn (black), ΔΔ (blue) or P1P2-

GS (orange) at 220 nm as a function of [DMPS]/[αSyn] ratio. Data were fitted (solid lines) to a 

single-step binding model, yielding the affinity (KD) and stoichiometry value (L, the number of 

DMPS molecules in the bilayer that are involved in binding to one molecule of αSyn) (see 

Section 2.10.1. and Equation 2.3). 

Both, ΔΔ and P1P2-GS are able to bind liposomes but adopt only 30 % and 13 % helical 

structure, respectively. This is significantly less helical content than the expected 64 % 

for these variants assuming similar helix formation to that of αSyn WT (Figure 3.23 E 

and Table 3.6). The binding affinity between DMPS liposomes and αSyn variants (αSyn 

WT, ΔΔ and P1P2-GS) was measured by a lipid titration experiment via CD (see Section 

2.10.1. for detailed methods) and showed a 10-fold or even 20-fold weaker affinity for 

ΔΔ and P1P2-GS compared to αSyn WT (KD = 0.22 ± 0.13 μM; 2.01 ± 0.63 μM and 5.26 

± 3.88 for WT, ΔΔ and P1P2, respectively) (Figure 3.23 A-C, F). However, the 

stoichiometry (L), providing information about the total number of DMPS molecules in 
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the bilayer involved in binding one αSyn molecule, is similar for all three protein variants. 

The fact that ΔΔ and P1P2-GS show similar binding characteristics indicates that 

reduced helical formation is sequence specific and does not result from changing the 

spacing of the imperfect repeats.  

Table 3.6: Expected and measured α-helical structure of αSyn WT, ΔΔ and P1P2-GS in 

absence and presence of saturating conditions of DMPS liposomes (100:1 

[DMPS]:[αSyn]). Expected values denote the amount of α-helical structure observed in previous 

studies for WT351 (69%, 97/140 residues), ΔΔ was presumed to have a lower percentage of α-

helical structure based on the deletion region being part of the structured stretch of αSyn (64%, 

77/120 residues). Measured data denote the average population of structure calculated from 

Dichroweb392 using experimental CD data. Note that for P1P2-GS the expected α-helical 

structure ranges from 64-69 % as P1P2 are replaced with a Ser-Gly linker less likely to form 

helical structures compared to the WT sequence. 

Protein 
variant 

Presence 
of 

liposomes 

Expected α-helical 
structure (%) 

Measured α-helical 
structure (%) 

WT 
+ 69 74 

- 0 10 

ΔΔ 
+ 64 30 

- 0 7 

P1P2-GS 
+ 64-69 13 

- 0 8 

 

Next, it was examined which residues of αSyn WT, ΔΔ and P1P2-GS are involved in the 

binding process to DMPS liposomes using NMR (see Section 2.9.3). For this, 15N-1H 

HSQC NMR spectra of αSyn variants in the presence or absence of liposomes was 

measured obtaining a residue specific binding information (Figure 3.24 A-C). As the 

used liposomes have a molecular mass ~1000 x bigger than αSyn resulting in an 

increased hydrodynamic radius, they present slower tumbling rates compared with the 

~15 kDa αSyn. Due to this, in a binding event, resonances of residues that strongly bind 

to DMPS liposomes are reduced in intensity compared to non-binding residues433. Peak 

height intensity rations (excess liposomes present (60x excess of lipid molecules 

compared with αSyn) / no liposomes present) therefore give an information of which 

amino acids are involved in the binding. It should be considered that differences in peak 

intensities might also be a result of the varying helical propensities when the synuclein 

variants bind liposomes. Formation of secondary structural elements could cause peak 

broadening. Interestingly, whilst for αSyn WT only the extreme N-terminal region builds 

the binding interface (residues 1-25)186, ΔΔ shows binding with all but the last ~20 C-

terminal residues. The experiment with P1P2-GS indicated intermediate binding events 

suggesting that both the sequence as well as the relative positions of the P1P2 motif 

play an important role in lipid binding (Figure 3.24 D).  
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Figure 3.24: Residues involved in binding to DMPS liposomes investigated by NMR. 1H-
15N HSQC NMR spectra of WT αSyn (A), ΔΔ (B) and P1P2-GS (C) in the presence (grey) or 

absence (red) of a 60:1 ratio of [DMPS]:[protein]. (D) Intensity ratios (presence/absence of 

liposomes) of cross-peaks for WT αSyn (grey), ΔΔ (blue) and P1P2-GS (orange) are shown by 

illustrating the median value over a rolling window of five residues determined using OriginPro. 

The positions of P1 and P2 are highlighted with gray bars. Note that residues 36−42 and 45−57 

are deleted in ΔΔ, and these residues (replaced with (SG)3S (P1) and (GS)6G (P2)) could not be 

assigned for P1P2-GS. 

DMPS liposomes are known to drive αSyn aggregation by promoting heterogeneous 

primary nucleation351. Therefore the effect on amyloid formation of liposomes for ΔΔ and 

P1P2-GS was tested using a ThT fluorescence assay (Figure 3.25 A-C). Different 

[DMPS]:[αSyn] rations were employed, with 0x, 8x or 60x (mol/mol) excess of lipid 

molecules over αSyn molecules under quiescent conditions (20 mM sodium phosphate, 

pH 6.5) following literature procedures351. As expected, αSyn WT did not form fibrils in 

the absence of liposomes (due to quiescent conditions). However, adding 8x molar 

excess of DMPS drastically accelerated fibril formation. When adding an excess of lipids 

(60x (mol/mol)), aggregation is prevented due to the depletion of free monomeric αSyn 

that is not bound to liposomes and required for elongation of nuclei/oligomers (Figure 
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3.25 A) and ref351. For ΔΔ, a similar effect could be observed with no aggregation at 0x 

and 60 x molar excess of lipids, but heterogeneous nucleation (in the presence of 8x 

lipid) was slowed down by a factor of 20 compared with αSyn WT (lag times = 4.9 ± 0.3 h 

and 93.0 ± 2.6 h for WT and ΔΔ, respectively) (Figure 3.25 B). The increased lag-time 

could be due to reduced helical structure in ΔΔ when bound to lipids. Also, P1P2-GS 

shows a significantly reduced aggregation in the presence of liposomes (Figure 3.25 C). 

TEM images of end-points of these samples incubated with 60x molar excess of lipid 

were taken (Figure 3.25 D-F). Strikingly, whilst αSyn WT remodels liposomes into long 

tubes as reported previously272, images of ΔΔ and P1P2-GS incubated with liposomes 

did not show this effect. Instead, these proteins resulted in formation of small, prefibrillar-

like aggregates which associated with the liposome surfaces and seemed to cause 

liposome fission, releasing smaller spherical liposomes. In summary, the P1 and P2 

regions not only regulate aggregation, but also control the lipid-binding properties of 

distal regions of the αSyn sequence and structure in the lipid-bound state and perturb 

membrane remodelling, without preventing binding to DMPS liposomes. 

 

Figure 3.25: Liposome induced aggregation of αSyn and membrane remodelling. (A-C) 

Aggregation kinetics of 50 μM αSyn WT (A), ΔΔ (B) or P1P2-GS (C) incubated with 0:1, 8:1 or 

60:1 [DMPS]:[protein] (20 mM sodium phosphate, pH 6.5; 30 °C, no shaking). (D-F) TEM 

images of representative samples of WT αSyn (D), ΔΔ (E) or P1P2-GS (F) at the endpoint of 

the incubations (150 h) in the presence of 60:1 [DMPS]:[protein]. 
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3.10 Discussion 

In this chapter the important role of short motifs in the N-terminal region of αSyn in 

controlling aggregation and function was identified. Specifically, N7 (residues 1-7) and 

P1 (residues 36-42) were shown to be key regions in determining the ability of αSyn to 

self-assembly into amyloid fibrils. The extreme N-terminal region, including the first 

seven residues, has been described previously to be crucial for aggregation, especially 

for the processes of elongation and secondary nucleation107,183, and also its contribution 

to membrane binding has been studied intensively, highlighting its indispensable role in 

the physiological function of membrane binding and remodelling185,186,272.  

Therefore, the work in this chapter focussed mainly on the ability of P1 (and P2) to 

regulate aggregation of αSyn in vitro and in vivo and their effect on function of αSyn. 

Remarkably, when deleting or replacing (with a Gly-Ser-linker) the P1 motif, fibril 

formation at neutral pH is abolished (over 100 h) and C. elegans expressing ΔP1 (or ΔΔ) 

in the muscle cells is protected against a phenotypic effect, although the highly 

aggregation-prone NAC region313 is still present and unaltered. Aggregation assays and 

NMR PRE experiments enabled the correlation of alterations in monomer conformation 

caused by sequence changes in the P1 and P2 regions with aggregation propensity. 

Based on these observations, the P1 region was defined as a ‘master controller’ of αSyn 

aggregation, in that this region controls αSyn fibril formation at neutral pH, synergistically 

with the P2 (preNAC) region311 under acidic conditions. NMR PRE studies revealed that 

P1 and P2 exert their control by fine-tuning intra- and inter-molecular transient long-

range interactions. This results in an aggregation-prone conformational ensemble for 

αSyn monomers when P1 and P2 are present, but shifts to self-assembly protecting 

conformations when P1 and P2 are deleted or substituted with a Gly-Ser-linker. 

Presumably, the aggregation propensity of conformers is determined by the exposure or 

sequestration of the important NAC region189,190,313 defined by the described long-range 

intra- and inter-molecular interactions involving the P1 and P2 regions. The fact that ΔP1 

and ΔΔ are able to form amyloid structures under specific conditions (e.g. low pH or in 

the presence of liposomes) indicates that the P1 and P2 regions enforce a kinetic control 

over the thermodynamically favourable process of amyloid formation, although the 

precise molecular mechanism of this process, including the contribution of P1 and P2, 

remains to be elucidated. Co-incubation and cross-seeding experiments with αSyn WT 

and ΔP1 suggest inhibition of elongation, but deletion of P1 and P2 might also affect the 

structure and/or aggregation competence on the nuclei or oligomeric level. Whatever the 

precise mechanism of fibril formation is, the pH and ionic strength dependent 

aggregation indicates that P1 and P2 control αSyn aggregation by a fine balance of 

hydrophobicity and charge, such that amyloid formation becomes highly sensitive to the 

solution conditions. This might explain why other studies on αSyn below258,331,335 or 
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above321,325,335,426,427 pH 4.5 did not detect interactions involving P1 and P2. Taken 

together, the data presented in this chapter demonstrate that despite NAC being 

necessary and sufficient for aggregation313, flanking regions also play a critical role in 

modulating the aggregation propensity of αSyn shown by an only seven residue long 

motif in the N-terminal region able to define its aggregation kinetics, even ablating 

aggregation (at least for long time periods) at neutral pH. 

The crucial role of flanking regions of aggregation hotspots in controlling aggregation has 

been seen for other amyloid proteins before. For example, the polyproline region (P17) 

in exon 1 of Huntington has broadly suppressive effects on fibril formation407,408,434, the 

N-terminal region (residues 11-16) of amyloid β (Aβ40) enhanced fibril stability at acidic 

pH435 and residues 306-311 destabilise the local structure of tau and trigger spontaneous 

aggregation211. Further, the N-terminal six residues of β2-microglobulin are known to 

speed up aggregation of the protein when deleted214. 

The discovery that the P1P2 motif is essential for the function of αSyn in vesicle 

remodelling further indicates that the N-terminal region of αSyn is crucial for both its 

physiological function and its disease etiology274,436. There is additional evidence in the 

literature supporting that the motifs N7, P1, and P2 are important in various biological 

processes summarised in Figure 3.26 and Table 3.7 and further discussed below.  

 

Figure 3.26: Summary of processes involving the N-terminal region of αSyn. Shown is 

only the sequence of the N-terminal region. N7, P1 and P2 regions are highlighted with grey 

bars. Green bars indicate residues involved in the described process (listed on the left-hand 

side), light green boxes show residues less involved/more dynamic in the described process. 

More detail is provided in Table 3.7 numbered accordingly to this figure.  
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Table 3.7: Summary of processes involving the N-terminal region of αSyn highlighted in 

Figure 3.26. Numbers are accordingly to Figure 3.26. Interesting feature(s), involved residues, 

notes and references are listed. 

# feature residues notes ref 

 N7, P1, P2 1-7, 36-42, 45-57 
These regions were identified to be crucial 
for aggregation and function as part of this 
thesis 

 

1 
Repeat 
motif 

10-15, 21-26, 32-37, 
43-48, 58-63, 80-85 

KTKEGV repeat motif, involved in 
membrane binding  

310 

2 preNAC 47–56 
preNAC forms amyloid like crystals in 
isolation and was identified by Eisenberg 
and co-workers (crystallisation) 

311 

3 
Familial PD 
mutations 

M5T, A30P/G, E46K, 
H50Q, G51D, 
A53T/E/V 

PD mutations show increased or 
decreased aggregation kinetic but are all 
involved in disease  

145, 

298 

4 PTMs 
M1; 
K6,10,12,21,23,32,34,
43; Y39 

Acetylation (M1,K6,K10), ubiquitination (all 
lysines) and phosphorylation (Y39) 

437 

5 
Isoforms 
(Δexon3) 

41-54 
Isoforms are observed with deleted region 
41-54 and/or 103-130 in disease patients 

438 

6 
β-hairpin 
(see Figure 
3.26) 

36−42, 49-55 
Peptide self-assembles to form oligomers 
via β-hairpin formation 

341 

37-43, 48-54 
Hairpin formation as a result of β-wrapin 
binding, inhibiting aggregation 

187 

38-44, 47-53 
Simulations find hairpin formation that 
accelerates aggregation 

188 

7 
chaperone 
interaction 

1-12, Y39 and six 
residues around 

Chaperone binding prevents aggregation, 
phosphorylation at Y39 decreases binding 

175 

8 
Hsp70, 
Hsp110 

1-10, 37-43 Interaction for fibril dis-assembly process 225 

9 
Membrane 
binding 

1-25, 26-97 
1-25 responsible for initial binding, rest 
dynamic interaction 

186 

10 
Membrane 
insertion 

1-14 
1-14 insert into membrane, rest of N-term. 
and NAC binds to surface 

185 

11 
Helix 
formation 

3-37, 45-92 NMR structure when binding SDS-micelles 314 

12 
In vitro 
interface 

50-57 (1a), 66-78 (1b), 
45-57 (2a), 45-46 (2b) 

See Figure 1.24 96 

13 
Ex vivo 
interface 

~24-55 and ~38-64 
Non-identical protofilaments (see Figure 
1.24), K43, K45 and H50 form cavity 

117 

14 
Fibril-
monomer 
interface 

1-11/12 
N-terminus of monomer interacts with C-
terminus in fibrils, important for seeding 
and elongation processes  

183, 

184 

15 Ion binding 1-5, 48-52 
Most ion binding is seen to the C-terminal 
region, Cu2+, Zn2+ and Fe2+ are also 
observed to bind N-terminus 

437 

16 
SUMO1 
peptide 
binding 

37-40, 48-52 
SUMO1(15-55) inhibits aggregation in vitro 
and in vivo of αSyn, binds either P1 or P2 

439 

 

The P2 region (45-57) includes six of the twelve known familial PD mutations145,248. 

Further, this region was also shown to form the protofilament interface of some in vitro 

and ex vivo fibril architectures72,98,106,115,117 highlighting its involvement in fibril formation. 

Moreover, the pre-NAC region (similar to P2) was demonstrated to form amyloid-like 

structures in isolation311 (Figure 3.27 A). Work with a β-wrapin selected to bind αSyn187 
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showed that αSyn aggregation can be inhibited in vitro, in cell culture and in vivo by 

binding of this small protein to residues 37-54 of αSyn187,342,415. Binding of this β-wrapin 

to αSyn causes β-hairpin formation of residues 37VLYVGSK43 and 48VVHGVAT54 of 

αSyn187 (Figure 3.27 B) which is also observed in MD simulations (in the absence of the 

β-wrapin)188 (Figure 3.26 and Figure 3.27 C). Further, engineering an intra-molecular 

disulfide bond between residues 41 and 48 inhibited αSyn self-assembly without the 

formation of a β-hairpin structure414 possibly by perturbing required interactions with the 

P1 and P2 region which are demonstrated here to be important to initiate aggregation. 

Parts of the P1 and P2 region were also shown to be the interaction hubs of SUMO1 (15-

55) peptide binding (residues 37-40 and 48-52). Interestingly, binding, which inhibits 

αSyn aggregation in vitro and in Drosophila, occurs to either P1 or P2 and no hairpin 

formation is observed. In fact, the hairpin was shown to reduce the binding affinity to 

SUMO1 and β-hairpin formation was competing against SUMO1 binding439. In addition 

to this, a peptide similar to P1P2 (residues 36-55) was revealed to form a β-hairpin 

structure that self-assembles into cytotoxic oligomers (Figure 3.27 D), allowing the 

authors to make the assumption that this region, rather than NAC, drives nucleation into 

oligomers341. 

 

Figure 3.27: Schematic of structural features of αSyn including the P1 and P2 regions. (A) 

Amyloid-like crystal structure formed by the preNAC peptide (residues 47-56). Figure taken from 

Ref311. (B) β-hairpin structure of residues 37-54 when binding to a β-wrapin determined by 

NMR. Top: structure of hairpin (orange) and β-wrapin (white), bottom: detailed structure of β-

hairpin highlighting side chains and H-bonds. Figure taken from Ref187. (C) β-hairpin structure 

found in simulations to accelerate aggregation including residues 38-53. Figure taken from 

Ref188. (D) Crystal structure of oligomeric species formed by αSyn peptides including residues 

36-55. Three copies of a triangular tetramer built by β-hairpin subunits (bottom) form an 

oligomeric structure. Figure taken from Ref341. 

Interestingly, residue Tyr39 has been reported previously to play a key role in αSyn 

assembly, as the substitution Y39A prevents aggregation440 and Y39 (in combination 
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with F94) was shown to be responsible for interacting with small molecules able to 

decelerate aggregation433. Further, the P1 region of monomeric αSyn is involved in 

binding several chaperones (centred on residue Y39) that prevent fibril formation175, and 

binding of chaperones to P1 can result in fibril disaggregation225. 

In summary, the data presented here in combination with work from the literature 

highlight the vital role of the P1 and P2 motif in controlling αSyn aggregation. This draws 

the attention to the importance of regions that flank NAC in aggregation, and 

demonstrates that aggregation in αSyn is not solely initiated by NAC. Disrupting the 

crucial interactions made by P1 and/or P2 using small molecules or other reagents that 

target these sites, may therefore help to controlling αSyn self-assembly. 

Although P1 and P2 are highly aggregation-prone, evolution retained these sequences. 

A possible explanation for this could be their involvement in membrane binding and the 

linked physiological function of this protein. Despite the fact that the exact physiological 

role of αSyn is not clarified250, stabilisation, sequestration and fusion of presynaptic 

vesicles are thought to be involved in its repertoire of functions256,273,274. In this Chapter, 

it could be shown that indeed, deleting the P1 and P2 regions or replacing them with a 

Gly-Ser linker eliminates the functional activity of αSyn in membrane remodelling. 

Instead, liposome morphologies that are different from the large fused tubular structures 

formed by the αSyn WT protein are formed. This result points out the frustration between 

aggregation and function involving the P1-P2 regions. This delicate balance between 

function and simultaneously enhancing fibril formation rationalises why PD-associated 

single point mutations such as A53T, E46K and others145 enhance disease onset by 

simultaneously causing a gain-of-toxic function activities and loss-of-physiological 

function. For IDPs in general, the aggregation propensity of such aggregation-prone, yet 

functionally important, motifs cannot be protected by the framework of a folded tertiary 

native structure and are therefore at especially high risk to cause disease. So, it is not 

surprising that over a third of the 48 currently known human amyloidogenic proteins are 

at least in parts intrinsically disordered47. Despite such ‘master controller’ regions 

enabling dangerous liaisons, they also offer promising potential to regulate self-assembly 

by binding small molecules, chaperones, or other agents to these regions. Due to the 

fine balance of weak intra- and inter-molecular interactions that define the early stages 

of amyloid formation in αSyn, minor changes in the state of the energetic landscape 

could interrupt aggregation without significantly perturbing the function of the protein.  

Taken together, in this Chapter a ‘master controller’ region for aggregation and function 

was identified providing evidence for the important role of these flanking regions in 

amyloid disease. The role of individual residues within this newly discovered seven 

residue motif (P1) in defining αSyn aggregation into amyloid will be investigated in 

Chapter 4.   
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Single residue switches in the N-

terminal P1-region change 

aggregation of α-synuclein 

4.1 Introduction 

Despite the long-known importance of the central NAC region in αSyn aggregation313,405, 

it is becoming increasingly apparent that motifs that flank the NAC region, can influence 

the aggregation kinetics of the full length protein345,413,441,442. In Chapter 3 it was shown 

that the N-terminal region of αSyn, especially the P1 motif (36GVLYVGS42), plays a critical 

role in controlling aggregation and function in vitro and in vivo. However, the exact role 

of each individual amino acid in the P1 sequence remained unclear and are further 

investigated in this Chapter.  

Single residue substitutions in αSyn can drastically affect the aggregation propensity of 

the protein in vitro, in cells or in vivo and alter its toxicity and role in disease, the most 

common example probably being the PD-associated mutations A30P/G, E46K, H50Q, 

G51D, A53A/T/V (familial)145,172,268 as well as A18T, and A29S291,292 (no family history), 

and the DLB-associated variant E83Q294,299. There are also many other αSyn point 

mutations (not associated with disease) that have been studied, including substitutions 

in the N-terminal- NAC- and C-terminal regions of the protein accelerating, retarding or 

not altering oligomer and fibril formation and having different effects on toxicity measured 

in cells and in vivo298,361,409,440,443-445. A more systematic study of amino acid changes was 

performed by Newberry et al. using a deep mutational scanning (DMS) approach in 

yeast. This work suggested the α-helical form of αSyn, formed when bound to 

membranes, to be the toxic species, and mutations perturbing helix formation were 

shown to be protective against cytotoxicity360,361. Also, post-translational modifications of 

individual residues have been shown to change the aggregation rate and pathological 
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processes of αSyn446,447. Within the P1 region, especially one amino acid, Tyr39, stands 

out. Phosphorylated αSyn at position Y39 is enriched in brain tissues and Lewy bodies 

in the substantia nigra and striatum of PD patients266. This post-translational modification 

results in distinct fibril architectures compared to αSyn WT structures determined by 

cryoEM109. Also, Y39 is involved in chaperone binding (e. g. SecB, Skp) that protects 

αSyn from self-assembly into amyloid structures, a process perturbed when Y39 is 

phosphorylated175. The same region is required for interactions with Hsp70 causing fibril 

disassembly225. Further, mutating Y39 to an alanine has been shown to inhibit fibril 

formation at neutral pH440. 

Residue Y39 is conserved within the synuclein family, a family consisting of three 

proteins: α-, β-, and γSyn. In general, these proteins show high sequence similarities in 

the N-terminal region, which is of particular interest in this thesis (90% and 77% 

sequence identity to αSyn for β- and γSyn, respectively)369 (Figure 4.1). Whilst αSyn is 

aggregation-prone, β- and γSyn show no self-assembly into amyloid at neutral pH365,366 

and even interrupt αSyn aggregation when the proteins are co-incubated365,367. For βSyn, 

this might be explained by the lack of 11 residues within the NAC region313, however, 

there is no obvious sequence difference in γSyn that explains this low ability to form 

fibrils. Although 17 of 35 residues within NAC are different between α- and γSyn (Figure 

4.1), the overall aggregation propensity is predicted to be similar to the one observed in 

αSyn (Figure 4.2). Therefore the altered aggregation kinetics of these proteins may be 

explained by changes in the N- or C-terminal flanking regions. 
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Figure 4.1: Sequence alignment between the synuclein family members αSyn, βSyn and 

γSyn. (A) Each protein comprises three regions: the amphipathic N-region (green), the 

amyloidogenic NAC region (red) and the acidic C-terminal region (purple). The previously 

identified regions N7 (residues 1-7), P1 (residues 36-42) and P2 (residues 45-57) are indicated 

in grey. The sequence identity of βSyn and γSyn to αSyn for each region is shown. The light 

grey region in the centre of NAC for βSyn depicts residues in the highly aggregation-prone NAC 

core that is deleted in this sequence. The number of residues in each protein are shown (right). 

(B) Sequence alignment for each of the paralogues (regions coloured according to (A)). 

Positions of familial PD mutations of αSyn are highlighted in blue, each of the KTKEGV motifs 

involved in membrane binding are is highlighted in yellow, and the conserved Y39 is highlighted 

in pink. 

 

Figure 4.2: In silico analysis of the α-, β- and γSyn sequences. Zyggregator, CamSol and 

ZipperDB profiles for (A) αSyn, (B) βSyn and (C) γSyn. Bright red bars indicate aggregation-

prone/low solubility regions. Light red bars indicate residues with a higher than average 

aggregation propensity/low solubility, but which do not meet the threshold and blue bars 

represent residues with low aggregation propensity. Red dashed lines indicate the low 

solubility/high aggregation propensity threshold, while blue dashed lines show threshold values 

for high solubility/low aggregation propensity. For Zipper DB, the red dashed lines show the 

threshold value of residues with a high probability of β-zipper formation. P1 and P2 regions are 

highlighted in grey and NAC region in pale red.  
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In this Chapter, the role of individual residues within the P1 region in the aggregation of 

αSyn was evaluated in vitro and in vivo. Adding a synthetic peptide with the sequence of 

P1 in trans and performing an alanine scan shine light on the sequence-specificity of this 

motif. A complex interplay of interactions in αSyn and γSyn was observed, indicating that 

P1 synergises with residues in the NAC region and C-terminus to create conformers 

capable of initiating aggregation. The results presented here highlight that early 

interactions control the fibrillation process of synucleins and are remarkably specific, 

despite their weak and transient nature. For P1, aggregation vitally depends on both the 

location of the residues within the sequence and the identity of the sidechain at specific 

sites.  

4.2 The P1 sequence drives aggregation 

In the previous chapter (Chapter 3), the P1 region (residues 36GVLYVGS42) was 

identified as a ‘master controller’ of aggregation, having a significant inhibitory effect on 

fibril formation in vitro and in vivo (in C. elegans) when deleted (ΔP1). A pH dependent 

aggregation assay of ΔP1 in comparison to αSyn WT at different ionic strengths (20 mM 

and 200 mM NaCl) was first performed over 300 h to determine how general the effect 

of P1 on aggregation is under different conditions (Figure 4.3). Aggregation has been 

shown to increase with reducing the pH for both tested variants (αSyn WT and ΔP1) and 

ionic strengths, and fibril formation is overall faster at lower salt concentrations 

(especially for ΔP1) (Table 4.1 and Figure 4.4). Interestingly, ΔP1 fibrillates significantly 

slower than αSyn WT at all tested buffer environments with a more drastic effect at 

increasing pH (no amyloid formation detected at pH 7.5; high salt within 300 h). This 

result further highlights the impact of the P1 region for aggregation especially at neutral 

pH and suggests a kinetic rather than a thermodynamic interruption of fibril formation as 

amyloids are being formed eventually but with longer lag-times than measured for αSyn 

WT (Figure 4.3, Table 4.1). The presence of fibrils for ΔP1 was confirmed by TEM 

imaging and fibril yield analysis (Figure 4.5, Table 4.1). Replacing the P1 region with a 

Ser-Gly-linker (P1-SG) also abolishes aggregation, providing additional evidence for the 

hypothesis that the P1 sequence rather than the altered spacing in ΔP1 plays a key role 

in regulating the aggregation of this 140 amino acid long IDP (see Figure 3.5 C). From 

these experiments it can be concluded that the amino acid sequence that comprises the 

P1 region must play a vital role in controlling the aggregation of αSyn.  
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Figure 4.3: pH dependent aggregation of αSyn WT and ΔP1. Aggregation kinetics of αSyn 

WT at low (20 mM) (A) and high (200 mM) (B) ionic strength at pH 4.5 to 7.5 in 0.5 steps. (C) 

and (D) show aggregation kinetics for ΔP1 at low and high salt concentrations, respectivly. ThT 

fluorescence assay was performed at 20 mM sodium acetate (pH 4.5; 5.0; 5.5), MES (pH 6.0; 

6.5; 7.0) or Tris-HCl (pH 7.5) accordingly with 100 µM protein at 37 °C, 600 rpm. Note that a 

constant ionic strength was cosidered for all buffers. Note timescale for ThT assays is 300 h. 

Aggregation kinetics are illustrated in Figure 4.4 and TEM images at experiment endpoints are 

shown in Figure 4.5. 

Table 4.1: Aggregation kinetics of ΔP1. Lag times, elongation rates, t50 and % pellet for ΔP1. 

The rates of aggregation in each condition were measured in at least triplicate measurements. 

The errors show the standard deviation of the mean of the replicates. No aggregation after 

280 h incubation is indicated by “-“. For errors in estimating % pellet via SDS PAGE subsequent 

to centrifugation (see Section 2.8.4) the values were rounded to the nearest 5%. *Elongation 

rate in 10*[RFU/h]. 

αSyn variant ΔP1 

pH; salt 4.5 
20 mM 

4.5 
200 mM 

5.0 
20 mM 

5.0 
200mM 

5.5 
20 mM 

Lag time [h] 2.8 ± 0.4 18.4 ± 0.8 3.9 ± 0.1 35.3 ± 10.8 13.8 ± 2.7 

Elongation rate* 7.5 ± 2.0 2.0 ± 0.2 6.0 ± 2.5 2.0 ± 0.2 0.5 ± 0.2 

t50 [h] 3.3 ± 0.4 20.8 ± 1.4 4.8 ± 0.4 38.0 ± 10.7 24.0 ± 3.4 

% pellet 95 95 80 95 90 

αSyn variant ΔP1 

pH; salt 5.5 
200 mM 

6.0 
20 mM 

6.0 
200mM 

6.5 
20 mM 

6.5 
200 mM 

Lag time [h] 106.1 ± 11.7 38.1 ± 1.3 166.8 ± 14.0 47.0 ± 2.0 178.9 ± 15.2 

Elongation rate*  0.2 ± 0.02 0.2 ± 0.2 0.2 ± 0.02 0.1 ± 0.02 0.5 ± 0.08 

t50 [h] 144.2 ± 21.2 80.6 ± 11.0 193.9 ± 14.9 115.3 ± 9.0 189.2 ± 16.6 

% pellet 65 40 50 40 20 

αSyn variant ΔP1 

pH; salt 7.0 
20 mM 

7.0 
200mM 

7.5 
20 mM 

7.5  
200 mM 

 

Lag time [h] 90.9 ± 5.8 207.2 ± 5.9 - - 
Elongation rate*  0.05 ± 0.005 0.1 ± 0.02 - - 

t50 [h] 195.2 ± 5.9 230.4 ± 9.4 - - 
% pellet 25 5 0 0 
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Figure 4.4: Aggregation kinetics of pH titration for αSyn WT and ΔP1. Lag time (A,C) and 

elongation rate (B,D) of WT (A,B) and ΔP1 (C,D). Data extracted from Figure 4.3 using the 

OriginPro software. Black datapoint show kinetics at low ionic strength (20 mM) and red points 

at high ionic strength (200 mM). Error bars for at least triplicates are shown. 

 

Figure 4.5: TEM images at the endpoint of ThT aggregation assay with ΔP1. TEM images 

for ΔP1 aggregation at low (A) and high (B) salt shown in Figure 4.3 were taken at the end of 

the ThT experiment, scale bar 500 nm.  



 

 
 

117 

 

 

 

Single residue switches in the N-terminal P1-region change aggregation of α-synuclein 

 

Single residue switches in the N-terminal P1-region change aggregation of α-synuclein 
To gain a better insight into the role of the P1-sequence and how P1 exerts its effects on 

fibril formation, a synthetic P1-peptide was added to αSyn WT, ΔP1 and ΔΔ in trans and 

the aggregation kinetics were measured using a ThT fluorescence assay. As the P1 

peptide alone (residues 36-42) is highly hydrophobic and was found to be insoluble in 

20 mM Tris-HCl, 200 mM NaCl buffer, a N-and C-terminal extended peptide with the 

sequence taken from the natural αSyn sequence and with an acetylated N-terminus and 

amidated C-terminus was used in this study (Ac-KTKE-GVLYVGS-KTKE-NH2). The ThT 

fluorescence assay in which the P1 peptide is mixed (1:1 or 1:10 (protein:peptide)) with 

αSyn WT shows only a marginal effect (slight (up to ~2-fold) acceleration) on the 

aggregation kinetics (lag times of 48.6 ± 3.6, 30.6 ± 2.2, and 27.4 ± 1.8 h with 0, 1:1 or 

1:10 αSyn:P1-peptide) (Figure 4.6 A, Table 4.2). Adding 10x excess of P1 peptide to 

ΔP1 by contrast, has a drastic effect on fibril formation, changing the lag time from no 

aggregation in the absence of P1 peptide (20 mM Tris-HCl, pH 7.5, 200 mM NaCl) to 

11.9 ± 0.1 h (Figure 4.6 B, Table 4.2). For ΔΔ, the addition of 10-fold molar excess P1 

peptide in trans also resulted in rapid aggregation (lag time = 16.3 ± 1.8 h) compared to 

no aggregation in the absence of the peptide for the experimental time of 110 h (Figure 

4.6 C, Table 4.2).  
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Figure 4.6: Aggregation kinetics of WT αSyn, ΔP1 and ΔΔ in the presence of the peptides 

P1 or P1-SG. Aggregation kinetics of (A,D) WT αSyn, (B,E) ΔP1 and (C,F) ΔΔ in the presence 

of different concentrations of P1-peptide (A-C) or peptide P1-GS (D-F). All experiments were 

carried out using 100 µM αSyn and peptide concentrations of 0 µM, 100 µM or 1 mM, at pH 7.5, 

200 mM NaCl, 37 °C, 600 rpm. Note that under conditions of no or low aggregation, data points 

for different conditions overlay. Negative stain TEM images of samples with 10-fold molar 

excess of peptide taken at the end point of the experiment (110 h) are shown (G-I).  

The end point samples of the ThT assays were used for a pelleting assay and TEM 

imaging and confirmed the presence of fibrils for all three experiments (αSyn WT, ΔP1 

and ΔΔ) when 10x P1-peptide is added (Figure 4.6 G-I, left side, Table 4.2).The 

morphology, however, is distinct from αSyn aggregating by itself with short and clumpy 

fibrils, indicating a potentially different mechanism of aggregation. Control experiments 

with the P1 peptide in isolation showed no amyloid formation measured via ThT 

fluorescence, far UV CD and negative stain TEM (Figure 4.7 A,B). These data 

demonstrate that the P1-peptide is able to accelerate αSyn aggregation possibly by 

interacting with the protein, replacing the effect of the P1 sequence on intra-/inter-

molecular interactions described in Chapter 3 in trans. Further control experiments were 

performed with a peptide in which the P1 sequence is replaced with a Ser-Gly-linker, P1-

SG (Ac-KTKE-SGSGSGS-KTKE-NH2). Likewise, this peptide does not aggregate in 

isolation (Figure 4.7 C,D) but, in contrast to the P1-peptide, it shows less of an effect 
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when added to αSyn WT, ΔP1 or ΔΔ in trans (Figure 4.6 D-F, Table 4.2). For αSyn WT 

no change (possibly a slight retardment) in aggregation is detected, in the case of ΔP1 

less efficient induction of aggregation was observed (lag time of 30.6 ± 1.1 and 11.9 ± 

0.1 h, for P1-SG and P1-peptide, respectively) (Table 4.2) and adding P1-SG to ΔΔ did 

not induce fibrils to form within the experimental time of 110 h. These observations add 

further weight to the role of the specific sequence of P1 in driving aggregation, with the 

rate of aggregation depending both on the sequence of the peptide and the protein to 

which it was added. 

 

Figure 4.7: The synthetic peptides P1 and P1-SG do not aggregate in isolation under the 

conditions employed. Analysis of (A,B) the P1 peptide or (C,D) the peptide P1-SG in isolation 

(100 µM or 1 mM (pH 7.5, 200 mM NaCl, 37°C, 600 rpm)) by ThT fluorescence (A,C), far UV 

CD (inset) and negative stain TEM (B,D) shows that the peptides do not aggregate in isolation 

under the conditions employed. Note: data points for 100 µM and 1mM P1 peptide overlay in 

(A). 

Table 4.2: Aggregation kinetics of αSyn WT, ΔP1, and ΔΔ in the presence of P1- or P1-SG 

peptides. Lag times, elongation rates, t50 and % pellet for αSyn variants. The rates of 

aggregation in each condition were measured in at least triplicate measurements. The errors 

show the standard deviation of the mean of the replicates. No aggregation after 110 h 

incubation is indicated by “-“. For errors in estimating % pellet via SDS PAGE subsequent to 

centrifugation (see Section 2.8.4) the values were rounded to the nearest 5%. *Elongation rate 

in 10*[RFU/h]. 

 WT: peptide  
P1 1:0 

WT: peptide  
P1 1:1 

WT:  
peptide P1 1:10 

WT:  
peptide P1-SG 1:1 

WT: peptide  
P1-SG 1:10 

Lag time [h] 48.6 ± 3.6 30.6 ± 2.2 27.4 ± 1.8 74.8 ± 7.7 91.7 ± 8.1 

Elongation rate* 0.38 ± 0.07 0.7 ± 0.1 3.1 ± 2.1 0.6 ± 0.1 1.0 ± 0.3 

t50 [h] 51.3 ± 2.2 40.1 ± 7.2 26.6 ± 3.9 81.6 ±9.2 80.0 ± 10.9 

% pellet 65 40 65 65 15 

 ΔP1: peptide P1 
1:0 

ΔP1: peptide 
P1 1:1 

ΔP1: peptide 
P1 1:10 

ΔP1: peptide P1-
SG 1:1 

ΔP1: peptide 
P1-SG 1:10 

Lag time [h] - - 11.9 ± 0.1 - 30.6 ± 1.1 

Elongation rate* - - 2.2 ± 0.4 - 0.9 ± 0.04 

t50 [h] - - 14.4 ± 0.7 - 37.0 ±2.5 

% pellet 0 0 70 0 50 

 ΔΔ: peptide P1 
1:0 

ΔΔ: peptide 
P1 1:1 

ΔΔ: peptide P1 
1:10 

ΔΔ: peptide  
P1-SG 1:1 

ΔΔ: peptide 
P1-SG 1:10 

Lag time [h] - - 16.3 ± 1.8 - - 

Elongation rate* - - 2.9 ± 0.5 - - 

t50 [h] - - 20.1 ± 1.5 - - 

% pellet 5 10 90 5 5 
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4.3 Binding mode between αSyn and P1-peptide 

In a next step, the binding mode of αSyn and P1-peptide, as well as the mechanism by 

which the peptide increases the rate of fibril formation, was investigated in more detail. 

To define the interaction hubs between αSyn WT and P1-peptide 1H-15N-HSQC NMR 

experiments were performed with 15N labelled αSyn and (non-labelled) 14N P1-peptide. 

The interaction interface(s) were determined using HN-chemical shift perturbation (HN-

CSP) of protein alone versus in the presence of peptide (Figure 4.9 A, E). HN-CSP 

analysis is a common technique to determine binding sites with ligands448 (see Section 

2.9.4). When adding a 10-fold molar excess of P1-peptide to αSyn WT significant HN-

CSPs were measured, corresponding to residues in the extreme N-terminus (~15 

residues), the P2 region (residues 45-57) and the C-terminal 40 residues. Performing the 

experiment with P1-SG peptide instead, showed a similar HN-CSP pattern but with 

significantly reduced intensities especially for the C-terminal region (Figure 4.9 B). The 

observed changes, which are also dependent on peptide concentration (Figure 4.9 A), 

could arise from direct binding of the peptides to αSyn at these identified sites, or from 

indirect effects such as conformational changes in regions distant from the binding site. 

For a better interpretation of the interaction site, NMR PRE experiments were performed 

with 15N labelled αSyn WT and MTSL-labelled (14N) P1-peptide. For this, the P1 peptide 

with an additional cysteine at the N-terminus (Acetyl-C-KTKE-GVLYVGS-KTKE-amide) 

was labelled with MTSL before separating the labelled peptide from excess MTSL by 

HPLC and confirming complete modification of the peptide with MTSL by ESI-MS 

(Figure 4.8) (Section 2.7.7). The purification and characterisation of the labelled peptide 

was performed by Yong Xu, University of Leeds.  
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Figure 4.8: Purification and characterisation of MTSL-labelled Cys-P1 peptide by LC-MS. 

(A) The Cys-P1 peptide (Acetyl-C-KTKE-GVLYVGS-KTKE-amide) was purified from excess 

MTSL by separating the labelled peptide via HPLC (see 2.7.7) and (B) complete modification of 

the peptide with MTSL was confirmed by ESI-MS. The mass of the purified peptides by ESI-MS 

was 1995.07 Da (expected = 1995.03 Da).The purification end characterisation was performed 

by Yong Xu, University of Leeds. 

As discussed in Chapter 2 and 3, NMR PRE experiments are ideal for detecting transient 

interactions between a nucleus and a spin label with an unpaired electron with distance 

sensitivity of ~20-40 Å424,425. NMR PRE experiments revealed that increased relaxation 

was found in the first ~100 N-terminal residues when MTSL labelled peptide was mixed 

with equimolar αSyn WT, suggesting multiple possible binding sites in N- terminal and 

NAC region of αSyn (Figure 4.9 C). Especially in NAC a periodicity can be observed in 

the PRE data that might hint to a helix formation when binding the peptide. For a final 

conclusion for that, further experiments would be required such as CD. To evaluate the 

binding stoichiometry, native nESI-MS experiments were performed (Figure 4.10 A) 

(experiment performed by Emily Byrd, University of Leeds). A 1:1 binding mode was 

observed between αSyn WT and P1 peptide (mass of the protein-peptide complex 

16,167.54 ± 0.17 Da; theoretical mass 16,168 Da), but no higher order binding processes 

were detected. This indicates that only one peptide per protein is binding at different 

locations within the first ~100 residues. Interestingly, the PRE experiments did not show 

any binding in the C-terminal region, although one might expect binding between the 

mainly positively charged KTKE motifs (added to enhance solubility of the peptides) and 

the acidic C-terminus. Therefore, changes in HN-CSPs must be a consequence of 

alterations in long-range intramolecular interactions between the N-terminal and/or NAC 
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region with the C-terminus upon peptide binding. Note that at the concentrations used 

here (100 µM αSyn) no intermolecular interactions are detected (see Figure 3.17). The 

important role of interactions between the N-terminal, NAC and C-terminal regions for 

regulating aggregation has been described before189,321,335 and the observations here are 

hence consistent with the literature. Strikingly, HN-CSPs when αSyn WT binds the P1-

peptide are very similar to changes observed when decreasing the pH from 7.5 to 4.5 

(Figure 4.9 D) which also accelerates fibril formation (Figure 4.3). Further analysis of 

the HN-CSPs of individual residues (Figure 4.11) show that most cross-peaks move on 

the same vector when comparing the CSPs with pH or upon P1 addition. However, there 

are exceptions in which no HN-CSPs are observed for the addition of the peptide, but 

are observed upon changes in pH (e.g. Q122), or where chemical shifts move in opposite 

directions (e.g. D135) suggesting similar, but not identical conformational changes. 

 

Figure 4.9: The binding of P1-peptide alters the conformational ensemble of WT αSyn. 

HN-CSPs of WT αSyn upon the addition of (A) a 5- or 10-fold molar excess of peptide-P1, (B) a 

10-fold molar excess of peptide P1-SG and (C) NMR PREs of 15N-αSyn upon the addition of 

equimolar MTSL-labelled peptide-P1. The black line represents the median value over a rolling 

window of 5 residues. The signal to noise level is >2.11 (dia) and >2.28 (para). (D) Difference in 

chemical shifts of WT αSyn at pH 7.5 and 4.5. (E) Separate 1H and 15N chemical shifts for WT 

with 10x peptide shown in combination in (A). All experiments were performed in 20 mM Tris-

HCl buffer, pH 7.5, 200 mM, 15°C. The N-terminal region is shaded green, NAC is in red and 

the C-terminal region is in purple. The P1 and P2 regions are highlighted in darker green. 

Residues 4, 11, 13, 16, 19, 23, 29, 30, 41, 47, 62, 82, and 112 were not included because of 

overlapping peaks; residues 1, 108, 117, 120, 128, and P138 were not assigned. 
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Figure 4.10: Interaction between αSyn WT and ΔP1 with the P1 peptide characterised by 

native nESI-MS. (A,B) Positive-ion nESI mass spectra of αSyn WT (A) and ΔP1 (B) in the 

presence of P1-peptide (top) and without (bottom). (C) Collison induced dissociation of WT 

αSyn-P1 complex (black) and ΔP1-P1 complex (pink) with the intensity of the complex relative 

to the apo-protein plotted versus the trap cell voltage. The experiment was performed in 

duplicates (as indicated in the inset legend) and the data fitted to a sigmoid function (solid line). 

This experiment was performed and analysed by Emily Byrd, University of Leeds. 

 

 

Figure 4.11: Cross-peaks of 1H-15N HSQC spectra to identify differences between pH 

titration and P1-peptide addition for αSyn WT. Peaks for αSyn WT in 20 mM Tris HCl pH 7.5 

(blue), αSyn WT in 20 mM sodium acetate pH 4.5 (pink) and αSyn WT with 10x P1 peptide 

(orange). Black arrows indicate direction of HN-CSPs. Each box is labelled with the 

corresponding residue, black residue label: changes occur along a similar vector, green residue 

label: no change for any of the conditions, yellow: no change for one of the conditions but for 

the other, red: distinct HN-CSPs for the pH titration and peptide addition. These data indicate 

that similar, but not identical, conformational changes occur under the two conditions. 
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The P1 peptide has a more drastic effect on ΔP1 aggregation compared with αSyn WT 

(Figure 4.6). Hence the binding mode of ΔP1 and P1-peptide was investigated in more 

detail by NMR and nESI-MS. Detecting the HN-CSPs indicated a similar pattern of 

chemical shifts upon binding peptide P1 compared with αSyn WT with changes in the N-

terminal 15 amino acids, P2 region and C-terminal region, but with distinct relative 

amplitudes. Whilst HN-CSPs in the P2 region are increased, effects observed in the C-

terminal region are decreased compared with binding with αSyn WT (compare Figure 

4.9 A and Figure 4.12 A, D). PRE NMR and nESI-MS analysis further revealed binding 

of the P1 peptide throughout the N-terminal and NAC region (~100 residues) of ΔP1 with 

a 1:1 binding mode as seen for αSyn WT (observed mass for the complex of 15,492.23 

± 0.25 Da; theoretical mass 15,492 Da) (Figure 4.12 B,C and Figure 4.10 B). Further, 

collision-induced dissociation (CID) experiments were used to determine the interaction 

strength of the protein-peptide complex and showed a slightly tighter binding of P1-petide 

to ΔP1 compared to αSyn WT with IC50 values of 44 V and 40 V, respectively (Figure 

4.10 C).  

 

Figure 4.12: Binding of peptide P1 alters the conformational ensemble of ΔP1. (A) HN-

CSPs and (B) 1H-15N PRE effects upon addition of peptide-P1 to 100 µM 15N-labelled ΔP1 (pH 

7.5, 200 mM, 15°C). The black line represents the median value over a rolling window of 5 

residues (here using equimolar peptide P1:ΔP1). The signal to noise level is >3.37 (dia) and 

>1.86 (para). (C) Comparison of the median value PREs of WT αSyn and ΔP1 upon the addition 

of equimolar P1-peptide are compared to highlight their similar profiles. (D) Separate 1H and 15N 

chemical shifts for ΔP1 with 10x peptide shown in combination in (A).Note that residues 36-42 

are deleted in ΔP1. The N-terminal region is shaded light green, NAC is in red and the C-

terminal region in purple. The P1 and P2 regions are highlighted in darker green. Residues 4, 

11, 13, 16, 19, 23, 29, 30, 47, 62, 82, and 112 were not included because of overlapping peaks; 

residues 1, 108, 117, 120, 128, and P138 were not assigned. 
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In Chapter 3 it was also shown that the deletion of the N-terminal seven residues of αSyn 

(residues 2-7) results in inhibition of aggregation at neutral pH, similar to the effect 

observed for ΔP1. Therefore, it was tested whether the addition of a peptide designed 

accordingly to the N7 sequence (N7-peptide: NH2-MDVFMKG-KTKE-amide) in trans is 

also able to enhance aggregation of αSyn WT, ΔP1 or ΔN7 (Figure 4.13 A-C, Table 

4.3). Interestingly, none of the protein variants were affected by the presence of 10-fold 

molar excess N7-peptide and no aggregation was observed for the peptide in isolation 

(Figure 4.13 D) further highlighting the important, exceptional role of the P1-sequence 

in controlling protein assembly. This result also hints to different mechanisms of inhibition 

between ΔN7 and ΔP1. A more detailed analysis of the N7-peptide would be required to 

gain further information of its binding and differences compared to the P1-peptide.  

 

Figure 4.13: Aggregation kinetics of WT αSyn, ΔP1 and ΔN7 in the presence of the N7-

peptide. Aggregation kinetics of (A) WT αSyn, (B) ΔP1 and (C) ΔN7 in the presence of 10-fold 

molar excess of N7-peptide. (D) Aggregation kinetics of N7-peptide in isolation. Experiments 

were carried out using 100 µM αSyn and peptide concentrations of 0 µM or 1 mM, at pH 7.5, 

200 mM NaCl, 37 °C, 600 rpm. Note that under conditions of no or low aggregation, data points 

for different conditions overlay. 

Table 4.3: Aggregation kinetics in the presence of N7 peptide. Lag times, elongation rates, 

t50 and % pellet for αSyn variants. The rates of aggregation in each condition were measured in 

at least triplicate measurements. The errors show the standard deviation of the mean of the 

replicates. No aggregation after 110 h incubation is indicated by “-“. For errors in estimating % 

pellet via SDS PAGE subsequent to centrifugation (see Section 2.8.4) the values were rounded 

to the nearest 5%. *Elongation rate in 10*[RFU/h]. 

 WT: peptide  
N7 1:0 

WT: peptide  
N7 1:10 

ΔΔ: peptide  
N7 1:0 

ΔΔ: peptide  
N7 1:10 

ΔN7: peptide  
N7 1:0 

ΔN7: peptide  
N7 1:10 

Lag time [h] 67.3 ± 5.2 71.1 ± 9.3 - - - - 

Elongation 
rate* 

0.5 ± 0.2 0.7 ± 0.1 - - - - 

t50 [h] 81.7 ± 10.8 79.0 ± 3.4 - - - - 

% pellet 70 65 0 0 5 0 

 

In summary, these findings show that the P1-peptide switches on amyloid formation of 

ΔP1 and ΔΔ when adding in 10-fold excess and accelerates aggregation for αSyn WT, 

presumably by competing with long-range intra-molecular interactions between the N- 

and C-terminal regions of αSyn that have been shown to protect the protein from 

aggregation in the literature189,335. Variations in the chemical shifts of αSyn WT versus 

ΔP1 with P1-peptide might suggest distinct molecular mechanisms, but nevertheless the 
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P1 sequence could be shown to drastically increase fibril formation for αSyn when added 

in trans in contrast to P1-SG (mild effect) and especially the N7-peptide (no effect).  

 

4.4 Specific residues within P1 are responsible for 

controlling aggregation in αSyn 

After identifying and studying the role of the P1 sequence in αSyn aggregation, the next 

focus was put on the contribution of individual residues in this seven residue motif. 

Literature data have shown before that single residues throughout the sequence of αSyn 

can play important roles in modulating fibril formation in vitro, in cells and in vivo145,298,409 

as well as alter their membrane binding properties268,361.  

 Alanine scan to identify key residues in P1 

For a closer investigation of the role of the P1 region in αSyn aggregation, an alanine 

scan was performed, mutating each residue (36GVLYVGS42) individually to an alanine. 

All alanine scan variants were generated as described in Section 2.5.1 and expressed 

and purified as described for the αSyn WT protein (see Section 2.6.1) confirming 

successful protein production by MS (Rachel George, MS facility, University of Leeds) 

(Table 4.4). 

Table 4.4: All purified αSyn and γSyn variants, expected molecular masses (top) and 

measured molecular masses (via MS, bottom) of the proteins used in this chapter. 

Variant Mass Variant Mass Variant Mass 

αWT 
14,460 Da 

αL38A 
14,418 Da 

γWT 
13,331 Da 

14459 ± 0.3 Da 14, 417 ± 0.05 Da 13,330 ± 0.2 Da 

ΔP1 
13,784 Da 

αL38M 
14,478 Da 

γM38L 
13,313 Da 

13,784 ± 0.5 Da 14,478 ± 0.7 Da 13,313 ± 0.09 Da 

ΔΔ 
12,506 Da 

αL38I 
14,460 Da 

γA42S 
13,347 Da 

12,507 ± 0.03 Da 14,461 ± 0.1 Da 13,346 ± 0.3 Da 

ΔN7 
13,782 Da 

αY39A 
14,368 Da 

γM38L/A42S 
13,329 Da 

13,781 ± 0.2 Da 14,366 ± 0.03 Da 13,329 ± 0.03 Da 

P1-GS 
14,304 Da 

αV40A 
14,432 Da 

YAA 
14,688 Da 

14,303 ± 0.3 Da 14,430 ± 0.1 Da 14,686 ± 0.7 Da 

αG36A 
14,474 Da 

αG41A 
14,474 Da 

YAY 
13,088 Da 

14,473 ± 0.1 14,473 ± 0.2 Da 13,089 ± 0.1 Da 

αV37A 
14,432 Da 

αS42A 
14,444 Da 

YYA 
14,932 Da 

14,431 ± 0.2 Da 14,444 ± 0.5 Da 14,932 ± 0.4 Sa 

 

ThT fluorescence aggregation assay was performed to measure the aggregation kinetics 

of the seven created alanine scan variants in comparison to αSyn WT and ΔP1 in 20 mM 

Tris-HCl, pH 7.5, 200 mM NaCl (Figure 4.14). Five of the tested variants had no/little 

effect on the aggregation rates resulting in fibril growth with similar kinetics (G36A, L38A) 

or slightly faster aggregation (V37A, V40A, and G41A) than αSyn WT. Y39A on the other 
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hand did not aggregate within 110 h, consistent with previous literature reports440 (Figure 

4.14, purple). Interestingly, there was a second mutant inhibiting aggregation, S42A, 

which had not been described hitherto (Figure 4.14, grey). The presence or absence of 

fibrils was confirmed by analysis of the amount of pelletable material and negative stain 

TEM with the end-point samples of the ThT assay (Figure 4.14 and Table 4.5). 

 

Figure 4.14: Alanine scan to identify residues in P1 region important for aggregation. (A) 

Schematic showing the sequence of the P1 region of αSyn. (B) Aggregation kinetics of the 

seven Ala variants in the P1 region of αSyn determined using 100 µM αSyn at 37°C, 20 mM 

Tris-HCl, 200 mM NaCl, pH 7.5, 600 rpm, coloured as in (A). Data for αSyn WT and ΔP1 are 

shown for comparison. (C) TEM images taken at the end point of each experiment. Scale bar = 

200 nm.  

The previous experiments clearly highlight that single residue substitution to an alanine 

at two positions (Y39A and S42A) within the P1 region abolish aggregation at neutral pH 

(at least for the experimental time of 110 h). A ThT fluorescence assay at acidic pH 

demonstrates that these variants do form fibrils at pH 4.5 (Figure 4.15), showing a similar 

pH dependence observed for ΔP1 (Figure 4.3). 
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Figure 4.15: Aggregation kinetics of αSyn WT and alanine variants Y39A and S42A at 

acidic pH. ThT fluorescence assay of αSyn WT (A), Y39A (B) and S42A (C) was performed at 

20 mM sodium acetate, pH 4.5, 200 mM NaCl, 37 °C, 600 rpm. 

Table 4.5: Aggregation kinetics of alanine scan of P1 region in αSyn. Lag times, elongation 

rates, t50 and % pellet for αSyn variants. The rates of aggregation in each condition were 

measured in at least triplicate measurements. The errors show the standard deviation of the 

mean of the replicates. No aggregation after 110 h incubation for de novo growth or 42 h for 

seeded reactions is indicated by “-“. For errors in estimating % pellet via SDS PAGE 

subsequent to centrifugation (see Section 2.8.4) the values were rounded to the nearest 5%. 

*Elongation rate in 10*[RFU/h].  

De novo growth, pH 7.5 

 WT G36A V37A L38A Y39A V40A G41A S42A 

Lag time [h] 65.0 ± 4.0 72.6 ± 4.8 40.2 ± 3.4 56.7 ± 6.7 - 42.5 ± 4.2 53.6±3.5 - 

Elongation 
rate* 

0.38 ±0.07 0.51 ± 0.1 
0.33 ± 
0.09 

0.30 ±0.07 - 0.24 ±0.03 0.4±0.03 - 

t50 [h] 79.8 ± 6.0 83.3 ± 4.0 57.5 ± 7.2 74.6 ±10.0 - 61.8 ± 5.5 66.1±3.0 - 

% pellet 65 65 75 75 30 40 65 15 

De novo growth, pH 4.5 

 WT Y39A S42A 
Lag time [h] 2.3 ± 0.1 11.2 ± 0.9 8.3 ± 1.4 
Elongation 

rate* 
3.1 ± 0.2 0.1 ± 0.05 0.5 ± 0.1 

t50 [h] 6.8 ± 0.2 39.0 ± 5.1 17.5 ± 2.0 

Seeded growth (αSyn WT seeds) 

 WT G36A V37A L38A Y39A V40A G41A S42A 
Lag time [h] 0 0 0 0 0 0 0 0 

Elongation 
rate* 

2.1 ± 0.2 2.9 ± 1.0 0.1 ± 0.07 0.87 ±0.08 
2.2 ± 
0.2 

0.52 ±0.04 1.7 ± 0.1 
0.6 ± 
0.01 

t50 [h] 1.5 ± 0.1 1.5 ± 0.5 4.8 ± 0.3 3.6 ± 0.3 
1.5 ± 
0.2 

9.2 ± 2.3 2.4 ± 0.1 
4.4 ± 
0.6 

% pellet 85 75 80 90 85 50 85 85 

 ΔP1, seed 
P1-SG-

αSyn, seed 

 

Lag time [h] - - 

Elongation 
rate* 

- - 

t50 [h] - - 

% pellet 20 20 

 

 The variants Y39A and S42A form toxic oligomers 

Interestingly, although Y39A and S42A do not show a positive ThT signal when 

incubated at neutral pH for 110 h, there are some fibrils identified by negative stain TEM 

for S42A and 30% and 15 % of the material is found in the pellet for Y39A and S42A, 

respectively (Figure 4.14 and Table 4.5). The ThT assay end-products of αSyn WT and 

the variants Y39A and S42A (formed at neutral pH) were therefore closer investigated 

by atomic force microscopy (AFM) after 110 h of incubation (Figure 4.16) (see Section 
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2.13 for experimental details, experiments performed by George Heath, University of 

Leeds). Whilst for αSyn WT only fibrils with a height of 13.6 ± 3.4 nm could be detected, 

Y39A and S42A formed more heterogeneous samples with fibrils, oligomers, and 

monomers being present (Figure 4.16 and Table 4.6). An example of typical 

morphologies for monomers, oligomers, and fibrils imaged by AFM is illustrated in Figure 

4.17. More precisely, Y39A showed mainly spherical particles with broad height 

distributions centred around 1.6 ± 1.0 nm (monomer) and 4.3 ± 3.3 nm (oligomers) and 

a small fraction (1.1%) of short fibrils with a height of 13.5 ± 3.8 nm. The S42A variant 

also yielded spherical particles with heights centred around 2.5 ± 0.8 nm and 3.9 

± 2.1 nm, and a minor population (~15 %) of fibrils comparable in height to those formed 

by αSyn WT (heights of 14.6 ± 2.0 nm and lengths 153 ± 74 nm) (Figure 4.16 and Table 

4.6). These findings explain the presence of some fibrillar structures in TEM and pellet 

material for Y39A and S42A. 

 

Figure 4.16: AFM study of αSyn WT, Y39A, and S42A. (A) AFM images of αSyn WT (top), 

Y39A (middle) and S42A (bottom) at the endpoint (110 h) of the fibril growth experiment. The 

inset shows an expanded scale (scale bar = 50 nm). (B) Height and (C) length/height 

distributions of the AFM samples (WT= 232; Y39A= 2355; S42A= 898 counts). Orange 

datapoints represent monomers/oligomers, blue datapoints represent fibrillar species. AFM 

imaging and analysis was perfomred by George Heath, University of Leeds. 
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Figure 4.17: Exemplary AFM image of S42A to highlight fibril, oligomer and 

monomer/small oligomer species. Colour code indicates measured height from background 

state (dark blue) to 15 nm (yellow). Monomers/small oligomers are indicated by dotted orange 

circles, oligomers by yellow circles. This image was taken by George Heath, University of 

Leeds. 

Table 4.6: Physical properties of aggregates imaged by AFM. Fibril lengths are averages 

with errors showing the standard deviation of the mean (n = number of fibrils measured). Height 

and height errors show the peak position and standard deviation of Gaussian fitting to height 

histograms. % values give number proportion of each feature. – indicates no particles of that 

type were observed. AFM imaging and analysis was performed by George Heath, University of 

Leeds.  

Variant Fibril Length 
[nm] 

Fibril Height 
[nm] 

Oligomer 
Height [nm] 

Monomer 
height [nm] 

Number 
measured (n) 

WT 106  73  
(n = 232) 

13.6  3.4 

(100%) 

- 
(0%) 

- 
(0%) 

232 

Y39A 170  115  
(n = 27) 

13.5  3.8 

(1.1%) 
4.3  3.3 

(61%) 
1.6  1.0 

(38%) 

2,355 

S42A 153  74 

 (n= 135) 
14.6  2.0 

(15%) 
3.9  2.1 

(65%) 
2.5  0.8 

(20%) 

898 

L38M - 
(0%) 

- 
(0%) 

2.6  1.7 

(45%) 
1.4  0.8 

(55%) 

2,502 

 

To gain better insight into what species are in the supernatant or pellet of the pelleting 

assay (see Section 2.8.4), the whole ThT end-point sample, supernatant, and pellet 

(resuspended in H2O) were imaged by negative stain TEM and whole sample versus 

supernatant were characterised by analytical SEC for αSyn WT, Y39A, and S42A 

(Figure 4.18) (see Section 2.8.5 for experimental details). Both techniques show the 

presence of higher order species in the supernatant in addition to monomers (which are 

too small to detect by TEM) which are apparently not spun down under the used 

conditions (30 min, 13,000 spin).  
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Figure 4.18: Analysis of ThT end-point samples and efficiency of pelleting assay for αSyn 

WT, Y39A, and S42A. SEC trace and TEM imaging of αSyn WT (A), Y39A (B), and S42A (C) 

for the whole sample (including fibrils, oligomers and monomers) versus the supernatant (SN) of 

the spun sample (30 min at 13,000 rpm). For the SEC analysis fibrils got stuck on the gate 

column (see Section 2.8.5). However, oligomeric species are present after spinning indicating 

that there is higher order material present that does not end up in the pellet under the used 

conditions. Column was equilibrated as indicated in (A). Experiment performed with help from 

Leon Willis, University of Leeds. Blue trace shows the whole sample, black trace shows the SN 

after spinning. For the TEM imaging, the pellet was resuspended in 90 µL H2O before imaging. 

Scale bar 500 nm.  

In a next step, the cytotoxicity of the oligomers formed by Y39A and S42A was studied 

by incubating SH-SY5Y neuroblastoma cells with the mentioned αSyn samples (Figure 

4.19) (see Section 2.15.1). These experiments were performed by Chalmers Chau and 

Madeline Brown, University of Leeds. Phase contrast microscopy imaging showed that 

incubating the cells for only 6 h with 10 µM αSyn sample (final concentration), taken from 

the ThT assay end-point, resulted in cell morphology changes, clumping and cell death 

for Y39A and S42A, whilst incubation with αSyn WT monomer did not have any effect 

on the cell morphology (Figure 4.19 A). Cell viability was analysed using a MTT449, 

ATP450 and LDH451,452 assay (Figure 4.19 B-D). For this, SH-SY5Y cells were incubated 

for 48 h with 10 μM αSyn (αSyn WT monomer and ThT end point sample for Y39A and 
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S42A) before performing the assays. Especially the MTT assay, detecting metabolic 

activity, showed a significant decrease in MTT reduction for the Y39A and S42A variants 

compared with incubation with monomer (Figure 4.19 B). ATP and LDH assays 

(providing information about metabolic activity and cell disruption, respectively) were not 

affected by the addition of αSyn samples with the exception of S42A in the ATP assay 

that shows a significantly lower metabolic activity (Figure 4.19 C,D). At this point it is not 

understood why endo-lysosomal cycling (measured by MTT) is reduced when incubated 

with the variants, but ATP and LDH assays are unaffected in most cases despite obvious 

morphology changes. The lack of correlation between MTT, LDH, ATP and cell 

morphology is an atypical observation compared to literature data analysing the effect of 

αSyn on SH-SY5Y cells453. More work would be required to gain better insight about 

what is happening with the cells in this study, such as incubation with αSyn WT oligomers 

or fibrils, a time- and concentration dependent analysis and investigation of cellular 

uptake of the samples as control experiments. Taken together, the work presented here 

highlights that although Y39A and S42A are significantly less aggregation-prone 

compared to αSyn WT in vitro, oligomers are generated under the used conditions that 

have some effect on SH-SY5Y cells which needs to be further evaluated.  
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Figure 4.19: Cell viability assays of Y39A and S42A oligomers. (A) Phase contrast 

microscopy of adding 10 µM ThT endpoint samples Y39A (purple), S42A (grey) and L38M (red) 

(Figure 4.14) and αSyn WT (black) to SH-SY5Y cells after 6 h incubation. The scale bar is 

50 nm. Imaging was done by Chalmers Chau, University of Leeds. MTT (B), ATP (C) and LDH 

release (D) assay after adding 10 µM final concentration of αSyn samples to SH-SY5Y cells and 

incubating for 48 h. Buffer (blue) and a lysis control (NaN3) (green) were used as controls. Stars 

indicate significance between the buffer sample and all other αSyn samples. *P<0.05; **P<0.01; 

***P<0.001; ****P<0.0001. ANOVA was used in all cases. Colour code for synuclein variants as 

described in (A). Assays were performed by Madeline Brown, University of Leeds. Note that 

variant L38M will be discussed in Section 4.5. 

 

 Capacity to seed αSyn WT fibrils for Ala-scan variants 

To gain more insight into the mechanism of inhibition of fibrillation of Y39A and S42A, 

the seeding capacity of the alanine scan variants (monomeric G36A, V37A, L38A, Y39A, 

V40A, G41A or S42A; Figure 4.20 A) with pre-formed αSyn WT seeds were tested. 

Adding 10 % (mol/mol) seeds (see Section 2.8.1 for seed preparation protocol) 

overcomes the nucleation phase and only detects elongation processes if the monomer 

is seed-elongation-competent under quiescent conditions. Aggregation kinetics were 

measured by a ThT fluorescence assay and end-point samples were imaged by TEM 

(Figure 4.20 B). The data demonstrate that all tested alanine variants were able to be 

cross-seeded by αSyn WT pre-formed fibrils with slight variations in kinetics (Table 4.5). 

This is especially interesting for the Y39A and S42A variants which shown significantly 

decreased aggregation propensities de novo (without seeds) but were able to cross-seed 
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αSyn WT seeds. Therefore amyloid formation of these two variants is most likely 

blocked/slowed down at an early aggregation state (e.g. nucleation/oligomerisation). So, 

within the experimental timescale used here (110 h), oligomeric species are accumulated 

and less fibrils formed as observed by AFM (Figure 4.14 C-E). Experiments with no 

seeds present under quiescent conditions did not show any fibril formation, as expected 

(Figure 4.20 B, light colours). Strikingly, cross-seeding ΔP1 or P1-SG with αSyn WT 

seeds did not result in successful fibril growth (Figure 4.20 C, Table 4.5). This indicates 

that these variants, in contrast to the single substitution ones, are not able to nucleate 

fibril growth but also cannot elongate αSyn WT seeds probably because their sequence 

is incompatible with the αSyn WT fibril morphology. The P1 region is intimately or 

peripherally involved in nearly all cores of determined αSyn WT fibril architectures to date 

including in vitro grown96 and patient (MSA) extracted amyloid117 (see Section 4.10 for 

more detail). This further points out the P1 sequence to be a key region for nucleation of 

fibril growth and for stabilising the cross-β structure of αSyn amyloids fibrils.  
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Figure 4.20: Cross-seeding αSyn variants with pre-formed fibrils of αSyn WT. (A) 

Schematic of αSyn showing the sequence of P1. (B,C) The ability of the different αSyn variants 

to elongate seeds formed from αSyn WT at pH 7.5 was assessed using ThT fluorescence. For 

each sample 10% (mol/mol) preformed fibril seeds of WT αSyn formed at pH 7.5 were added to 

monomers (100 µM) of each variant and fibril growth was monitored at pH 7.5; 200 mM NaCl, 

37°C, quiescent (no shaking). Fibril growth was monitored in the presence (dark colours) or 

absence (light colours) of fibril seeds. TEM images after each seeding experiment (42 h) are 

shown in inset (scale bar 200 nm). Note that the data points with/without seeding in (C) overlay. 
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4.5 Residue 38 in P1 is a key regulator of αSyn 

aggregation 

The above data (Section 4.4) demonstrate that individual residues in P1 can regulate the 

aggregation propensity of αSyn, turning off fibrillation on the timescale analysed here 

(110 h) dependent on the identity of the side chains at position 39 and 42. It is commonly 

known, that αSyn is the most aggregation-prone paralogue of the synuclein family. βSyn 

and γSyn are significantly less aggregation-prone365, including under the buffer 

conditions used in this study (20 mM Tris-HCl, pH 7.5, 200 mM NaCl) (Figure 4.21, 

Table 4.7). The precise reason for the limited aggregation propensity of the paralogues 

is not fully understand, however, as β-and γSyn present a 64 % and 54 % sequence 

similarity, respectively to αSyn, differences in their aggregation might be explained by 

residue changes in the primary sequence (Figure 4.1). For βSyn, 11 residues in the 

central NAC region are missing, which is known to be crucial for fibril formation313, 

possibly explaining the lower aggregation propensity. γSyn on the other hand has a 

complete NAC region (17 out of 35 residues substituted compared to αSyn) but lacks 13 

residues in the C-terminal region which is considered to protect the protein from forming 

fibrils in αSyn190, leaving open an explanation for the reduced aggregation propensity in 

γSyn.  

 

Figure 4.21: Aggregation assay of αSyn WT, βSyn WT and γSyn WT demonstrating the 

low aggregation propensities of βSyn and γSyn. (A) Schematic of the three synuclein family 

members. αSyn, βSyn and γSyn are shown in black, red, green, respectively and N-terminal 

region, NAC and C-terminal region are coloured with increasing transparency towards the C-

terminus. Grey box in βSyn labelled Δ represents the 11 missing residues in the βSyn sequence 

in NAC. (B) ThT fluorescence aggregation assay performed at 20 mM Tris-HCl, pH 7.5, 200 mM 

NaCl, 37 °C, 600 rpm using 100 µM monomer. This experiment was performed by Ciaran 

Doherty, University of Leeds.  

The aggregation propensities of α-, β-, and γSyn were also analysed using in silico 

techniques (Zyggregator (amyloid propensity393), CamSol (local solubility114) and 
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ZipperDB (β-zipper propensity394) (Figure 4.2). All three proteins present similar overall 

patterns across their sequence with an aggregation-prone/insoluble N7 motif, as well as 

P1 and P2 region, a high aggregation propensity for the NAC region (although 

significantly shorter for βSyn) and a non-aggregation-prone/soluble C-terminal region 

(shortened for γSyn). Therefore, there is no obvious sequence-based explanation 

(Figure 4.1) for the altered aggregation kinetics in γSyn. 

A closer look to the sequence of the P1 region for all three variants (Figure 4.1), shows 

that two residues in this seven residue motif are mutated between αSyn and γSyn (while 

βSyn is 100 % identical to αSyn). Therefore, the focus was further put on understanding 

the self-assembly of γSyn and what role the substitutions within P1 play. Leu38 is 

switched to a Met (L38M) and Ser42 is mutated to an Ala (S42A) in γSyn (Figure 4.22 

A). Interestingly, the S42A mutation was shown to significantly reduce aggregation of 

αSyn in the alanine scan presented above (Figure 4.14 B) and could therefore also 

contribute to the inability of γSyn to form fibrils (Figure 4.22 B). Based on this finding, a 

L38M variant in αSyn was created and its aggregation also investigated. Strikingly, whilst 

the αSyn L38A substitution does not change the aggregation kinetics compared with 

αSyn WT (lag times of 56.7 ± 6.7 h (L38A) compared to αSyn WT with 57.1 ± 4.7 h) 

(Figure 4.14 B, Figure 4.22 C, Table 4.7), αSyn L38M inhibited amyloid formation for at 

least 110 h (Figure 4.22 D). This could be confirmed by TEM (Figure 4.22 D, bottom), 

and AFM analysis showed the formation of oligomeric species with an average height of 

3.1 ± 2.5 nm at the endpoint of aggregation (Figure 4.22 F). Based on the striking finding 

that the identity of residues at position 38 makes such a dramatic difference for 

aggregation, the effect of replacing Leu38 with another aliphatic residue Ile (L38I) was 

investigated (Figure 4.22 E). Strikingly, this substitution results in even faster 

aggregation compared with αSyn WT (lag time of 57.1 ± 4.7 h and 28.1 ± 3.6 h for αSyn 

WT and L38I, respectively) (Table 4.7). Swapping residues at position 38 in αSyn to 

different hydrophobic residues can therefore drastically effect the aggregation kinetics 

speeding it up or slowing it down (Figure 4.22 H). Cross-seeding experiments with L38M 

or L38I monomer and αSyn WT pre-formed fibrils (see Section 2.8.2.2) resulted in 

successful elongation, indicating that whilst L38M disrupts amyloid formation, L38I 

promotes this process and has no/little effect on elongation (Figure 4.22 D,E insets). 

Taken together, these results highlight the specificity of the interactions of residues within 

the P1 region at the early stages of de novo aggregation.  
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Figure 4.22: αSyn aggregation rate is dependent on the identity of residue 38. (A) 

Sequence alignment showing that the P1 regions of αSyn and γSyn differ at two positions, 

residues 38 and 42. Aggregation kinetics of (B) αSyn, (C) αSyn L38A, (D) αSyn L38M and (E) 

αSyn L38M. The inset shows seeding of L38M and αL38I with 10 % (mol/mol) preformed WT 

αSyn seeds. TEM images of αSyn L38M and αL38I incubated in the absence (non-seeded) or 

presence (seeded) of 10% (mol/mol) preformed seeds of WT αSyn are shown in D,E, bottom. 

(F,G) AFM image and height/length distribution analysis (n=2,167) of the products of 

aggregation of L38M (without seeds). (H) Aggregation kinetics of αSyn WT, αL38A, αL38M and 

αL38I overlayed for direct comparison. All reactions were carried out at pH 7.5, 200 mM NaCl, 

37°C, shaking (600 rpm) (de novo growth) or quiescent (seeded growth) each using 100 µM 

synuclein. 

Table 4.7: Aggregation kinetics of different synuclein family members (α-, β-, γSyn) and 

αSyn variants mutated at position 38. Lag times, elongation rates, t50 and % pellet for αSyn 

variants. The rates of aggregation in each condition were measured in at least triplicate 

measurements. The errors show the standard deviation of the mean of the replicates. No 

aggregation after 110 h incubation is indicated by “-“. For errors in estimating % pellet via SDS 

PAGE subsequent to centrifugation (see Section 2.8.4) the values were rounded to the nearest 

5%. *Elongation rate in 10*[RFU/h]. 

 αWT βWT γWT L38A L38M L38M, seed L38I L38I, seed 

Lag time [h] 57.1 ± 4.7 - - 56.7 ± 6.7 - 0 28.1 ± 3.6 0 

Elongation rate* 0.35 ± 0.1 - - 0.30 ± 0.07 - 2.3 ± 0.4 0.2 ± 0.04 1.5 ± 0.1 

t50 [h] 63.2 ± 4.9 - - 74.6 ± 10.0 - 1.4 ± 0.1 44.3 ± 5.8 1.9 ± 0.08 

% pellet 65 0 0 75 50 90 65 75 
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4.6 The role of the P1 region in γSyn aggregation 

The study of αSyn aggregation exposed that fibril formation can be switched on or off by 

changing single residues in the P1 region, despite the aggregation-prone and core-

forming NAC region being unchanged. Both, αSyn and γSyn NAC region are predicted 

to be aggregation-prone with an only slightly more soluble region in γSyn for residues 

80-86 (Figure 4.2 A,C, more detail in Chapter 5). Particularly the central NAC core 

(spanning residues 65 to 79311,441,454) is calculated to be highly aggregation-prone for 

both paralogues (Figure 4.2 A,C). Thus, the distinct aggregation kinetics of α- and γSyn 

might be driven by sequence differences in the P1 region that was shown to be a key 

controller in αSyn aggregation. To test whether substitutions in P1 alter the aggregation 

kinetics of γSyn, γSyn variants M38L, A42S and the double mutant M38L/A42S were 

created in each case swapping the residue in γSyn to that in αSyn (Figure 4.23 A). As 

shown above (Section 4.5, Figure 4.21), αSyn WT aggregates into fibrils under the 

tested conditions (20 mM Tris-HCl, pH 7.5, 200 mM NaCl, 37 °C, 600 rpm), whereas 

γSyn WT does not (Figure 4.23 B,C)455. γM38L, γA42S and γM38L/A42S did not form 

fibrils de novo within the experimental time (110 h) and conditions (Figure 4.23 D-F, 

Table 4.8). Also, in the presence of 10 % (mol/mol) pre-formed αSyn WT seeds, no 

aggregation could be observed for any of the tested γSyn variants, demonstrating that 

the γSyn constructs are not seed-elongation-competent with αSyn WT fibrils (Figure 

4.24, Table 4.8). 

 

Figure 4.23: Sequence alterations in P1 do not result in aggregation of γSyn. (A) 

Sequence alignment of αSyn and γSyn focussing on the P1 region (boxed). Residues that differ 

are highlighted with red arrows and labels. Aggregation kinetics for (B) αSyn WT, (C) γSyn WT, 

(D) γSyn M38L, (E) γSyn A42S and (F) γSyn M38L/A42S. In each case the relevant residue in 

γSyn is replaced with the equivalent residue in αSyn, demonstrating that these amino acid 

substitutions do not switch on aggregation under the tested conditions (20 mM Tris-HCl, pH 7.5, 

200 mM NaCl, 37°C, 600 rpm shaking). The insets show TEM images of each sample taken at 

the end of the reaction (110 h). 
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The results indicate that fibril formation must be regulated by a complex interplay of 

interactions between residues in the P1 region and the NAC and/or C-terminal region 

which share only 51 % and 3 % sequence identity, respectively between α- and γSyn 

(Figure 4.1). This is consistent with previous data shown in Section 3.7 (Figure 3.16) 

where intra- and inter-molecular long-range interactions were measured between P1 and 

other parts of the αSyn sequence driving aggregation. Also, previous NMR PRE studies 

in the literature demonstrated that there are fewer interactions between the N- and C-

termini of γSyn compared with αSyn at neutral pH possibly explaining the lower 

aggregation propensity333. 

 

Figure 4.24: Cross-seeding γSyn constructs with 10% (mol/mol) preformed αSyn WT 

seeds does not result in fibril formation. Aggregation kinetics of (A) γSyn WT, (B) γSyn 

M38L, (C) γSyn A42S and (D) γSyn M38L/A42S seeded with 10% (mol/mol) seeds of preformed 

αSyn WT fibrils formed at pH 7.5, 200 mM NaCl. Each experiment was performed using 100 µM 

monomeric γSyn at pH 7.5 (200 mM NaCl, 37°C) quiescent. The inserts show negative stain 

TEM images taken at the endpoint of the experiment (42 h). 

Table 4.8: Aggregation kinetics for γSyn constructs. Lag times, elongation rates, t50 and % 

pellet for αSyn variants. The rates of aggregation in each condition were measured in at least 

triplicate measurements. The errors show the standard deviation of the mean of the replicates. 

No aggregation after 110 h incubation for de novo growth or 42 h for seeded reactions is 

indicated by “-“. For errors in estimating % pellet via SDS PAGE subsequent to centrifugation 

(see 2.8.4) the values were rounded to the nearest 5%. *Elongation rate in 10*[RFU/h]. 

 γM38L γA42S γM38L/
A42S 

yWT, 
seed 

yM38L, 
seed 

yA42S, 
seed 

yM38L/A42S, 
seed 

Lag time [h] - - - - - - - 

Elongation rate* - - - - - - - 

t50 - - - - - - - 

% pellet 0 0 0 10 5 5 15 

 

4.7 Single residues in αSyn fine-tune aggregation in vivo 

Expressing αSyn WT in the body wall muscle cells of C. elegans, is commonly used as 

an in vivo model for studying pathogenesis and disease, allowing to investigate the effect 

of amyloid formation over lifespan in a living organism83. Previous experiments in Section 

3.5 have shown that the expression of ΔP1::YFP protects the worms from forming 

aggregates and developing a phenotypic effect (reduction in body bends) compared with 

αSyn WT::YFP. Therefore, the impact of the single substitutions in αSyn that inhibit 

aggregation in vitro (L38M, Y39A and S42A), were tested in this worm model (Figure 

4.25). Puncta formation and changes in motility of the nematodes were measured over 
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their adult lifespans when expressing these protein variants with a C-terminally fused 

YFP construct in the body wall muscle cells of C. elegans. For all worms, very low 

numbers of inclusions were observed at the larvae stage (day zero (D0)). When aging, 

the number of inclusions significantly increases for αSyn WT::YFP expressing animals 

measured at D5 and D10 as seen before (Figure 4.25 A,B, Figure 3.11)83. Remarkably, 

the single substitution variants showed a two-fold reduction of inclusion formation, 

indicating lower aggregate formation.  

 

Figure 4.25: Effect of single point mutations in αSyn and γSyn in the body wall muscle of 

C. elegans for puncta formation. (A) Number of inclusions (larger than ~2 µm2 per animal). 

Data shown are the mean and s.e.m. for 10 worms (n = 10) that were assessed for each time 

point. Stars indicate significance between the number of aggregates of αSyn WT expressing 

worms with all other constructs. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. ANOVA was 

used in all cases. Note that for N2 worms no data were collected as they do not express YFP. 

(B) Confocal microscopy images showing the head region of transgenic C. elegans expressing 

WT αSyn, αSyn L38A, αSyn Y39A, αSyn S42A or WT ySyn (each fused to YFP at their C-

terminus) in the body wall muscle during ageing (Day 0, Day 5 and Day 10 of adulthood). Small 

images on left hand site show light microscopy and fluorescence image highlighting the zoomed 

in area shown on the right hand site. D10 is further zoomed in for easier visualisation of formed 

puncta. Scale bar, 10 µm.  

As the proteins are expressed in the body wall muscle cells, their phenotypic effect can 

be evaluated by a trashing assay in which the body bends per second (BBPS) are 

counted (Section 2.15.3.3). In agreement with the timing and extent of inclusion 
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formation, all C. elegans strains presented similar motilities at D0 (Figure 4.26 A). As 

expected, worms expressing αSyn WT showed a significant reduction in BBPS. By 

contrast, the motility of the mutant-expressing nematodes was unaffected up to day 10 

of adulthood, further highlighting the protective effect of the M38L, Y39A and S42A 

substitutions in vivo. It should be noted, that expression levels for all protein variants 

were similar as determined via western blot analysis by Kathrine Dewison, University of 

Leeds (Figure 4.26 B).  

 

Figure 4.26: Effect of single point mutations in αSyn and γSyn in the body wall muscle of 

C. elegans for motility. (A) Number of body bends per second (BBPS) of N2, WT αSyn::YFP, 

αSyn L38M::YFP, αSyn Y39A::YFP, αSyn YS42A::YFP and WT ySyn::YFP animals from Day 0 

(L4 stage), Day 5 and Day 10 of adulthood. Data shown are mean and s.e.m. for three 

independent experiments; in each experiment, >10 worms were assessed for each time point. 

**P<0.01; *P<0.05, ANOVA was used comparing WT with synuclein variants or N2 worms. (B) 

Western Blot analysis of synuclein worm extracts with anti-GFP and anti-tubulin antibodies 

performed by Kathrine Dewison, University of Leeds. 

In addition, the consequence of expressing γSyn WT::YFP in C. elegans was studied. 

For this, the γSyn WT gene (gene sequence optimised for C. elegans, Eurofins) was 

cloned into the pPD30.38 vector for expression in the worm muscle cells. PCR 

amplification of the insert and enzyme digestion of the plasmid (Section 2.5.2) resulted 

in DNA bands accordingly to the sizes of vector and insert (Figure 4.27). After ligation 

of insert and vector (resulting in γSyn::YFP in pPD30.38 vector) and generation of worm 

strains with the new γSyn gene by microinjection (kindly performed by Dovile Milonaityte, 

University of Leeds) (Section 2.15.3.1) the phenotypic effect on C. elegans was 

analysed. The results showed only few inclusions even at day 10 (Figure 4.25) and body 

bends similar to the control worms (N2) not expressing synuclein (Figure 4.26 A). This 

suggests that γSyn is not proteotoxic, even in nematodes at advanced age (D10), 

supporting the in vitro findings that the protein is less aggregation-prone compared with 

αSyn WT. 
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Figure 4.27: Agarose gel of digested pPD30.38 vector and γSyn WT insert. Line 1 and 2: 

1 kb and 100 bp DNA ladder, respectively, line 3: vector (pPD30.38), line 4: γSyn WT construct. 

4.8 Interactions between N- and C-terminal regions 

control synuclein aggregation 

The failure of changing residues 38 and 42 in the P1 region of уSyn to those in αSyn to 

switch on its aggregation could arise from sequence differences in the NAC region, the 

absence of the complementary interaction sites for residues 38 and 42 in other regions 

of the уSyn sequence333, or both. To examine these possibilities chimeric proteins were 

created in which the N-terminal (residues 1-60), NAC (residues 61-95) and C-terminal 

regions of αSyn and γSyn (residues 96 to 140/127) were interchanged, creating a series 

of chimeric proteins including αSyn WT (named AAA) (N-terminal-NAC-C-terminal each 

containing the sequence of αSyn), WT ySyn (named YYY) (N-terminal-NAC-C-terminal 

regions each containing the sequence of γSyn), and the variants YAA, YAY and YYA 

(Figure 4.28) and the rate of aggregation of each protein was measured at pH 7.5. The 

results show a clear correspondence of aggregation with the identity of NAC, with all 

constructs containing αSyn NAC aggregating rapidly (with aggregation reaching 

completion within < 20 h) (Figure 4.28 A-C), while those containing γSyn NAC (YYA and 

YYY) failed to aggregate over the time course of these experiments (Figure 4.28 D,E). 

Interesting, the rate of aggregation of the constructs that contain an αSyn NAC region is 

dependent on the nature of the flanking regions, with YAY aggregating more rapidly than 

YAA, and AAA (WT αSyn) aggregating the most slowly of these three proteins (lag times 

of 48.9 ± 0.9; 22.3 ± 1.9 and 8.6 ± 0.4 h for AAA, YAA and YAY, respectively) (Table 

4.9). Previous reports have shown that replacing the N- and C-terminal regions of Syn 

with those from βSyn did not show acceleration of aggregation456, presumably because 

of the high sequence similarity of Syn to αSyn, especially in the N-terminal region (90% 

identity).  
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Figure 4.28: Aggregation kinetics of chimeric proteins in which the N-terminal, NAC and 

C-terminal regions of αSyn and γSyn are swapped. Fibril growth kinetics of (A) AAA (αSyn 

WT), (B) YAA, (C) YAY, (D) YYA and (E) YYY (γSyn WT) (100 M protein, 20 mM Tris-HCl, pH 

7.5, 200 mM NaCl, 37°C, 600 rpm shaking). Bars above indicate regions’ identity being alpha-

synuclein (grey) or gamma-synuclein (green). The results demonstrate the importance of the 

identity of the NAC region and the flanking regions in determining the rate of aggregation into 

amyloid. The insets show TEM images of samples taken at the end of the reaction for each 

sample (110 h).  

Table 4.9: Aggregation kinetics of chimeric synuclein variants. Lag times, elongation rates, 

t50 and % pellet for αSyn variants. The rates of aggregation in each condition were measured in 

at least triplicate measurements. The errors show the standard deviation of the mean of the 

replicates. No aggregation after 110 h incubation is indicated by “-“. For errors in estimating % 

pellet via SDS PAGE subsequent to centrifugation (see Section 2.8.4) the values were rounded 

to the nearest 5%. *Elongation rate in 10*[RFU/h]. 

 AAA YAA YAY YYA YYY 

Lag time [h] 48.9 ± 0.9 22.3 ± 1.9 8.6 ± 0.4 - - 

Elongation rate* 0.2 ± 0.05 0.3 ± 0.02 2.0 ± 0.07 - - 

t1/2 67.6 ± 3.3 36.0± 2.7 9.7 ± 1.2 - - 

% pellet 65 70 60 0 0 

 

These results add further weight to the conclusion that the interactions that drive αSyn 

aggregation are highly specific, with different residues in the P1 region (L38, Y39 and 

S42) synergising with residues in the NAC and C-terminal regions to fine-tune the rate 

of aggregation, presumably by favouring or disfavouring conformer(s) that define its 

ability to aggregate into amyloid. The precise molecular mechanism by which this is 

accomplished remains to be elucidated. Thus, while NAC is necessary and sufficient for 

αSyn aggregation, the ability to prevent aggregation at pH 7.5 by removal or substitution 

of a single, specific, residue in the seven-residue P1 sequence provides a striking 

demonstration of the crucial effect of this region in amyloid formation. 

4.9 Membrane binding of L38M and γSyn WT 

As described in Section 3.9 the P1 and P2 regions (residues 36-42 and 45-57) in αSyn 

were found to be key motifs to allow membrane remodelling, and changes number and 

conformation (helix proportion) of residues involved in DMPS liposome binding (shown 

by deleting or replacing the P1P2 region). Previous studies demonstrated that the 

binding and aggregation properties of familial PD mutations with DMPS liposomes are 

affected, showing a drastic inhibition of surface induced aggregation for E46K, H50Q or 

G51D (all located within P2)172. As aggregation can be controlled by substituting only a 
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single residue in P1 (shown for L38M, Y39A or S42A), the role of the point mutations for 

DMPS liposome interaction was also investigated. All three αSyn variants are rather 

located at the membrane exterior (Figure 4.29 A)361. As L38 is closest to the lipid bilayer 

head groups and therefore believed to have the largest effect on membrane binding, the 

L38M variant was chosen for further investigation (Figure 4.29 B-E). First, the interaction 

with DMPS liposomes was monitored using the formation of the α-helical structure in the 

N-terminal part of the protein as an indicator for liposome binding measured by far-UV-

CD (Figure 4.29 B,C). This experiment indicated binding between αL38M and DMPS 

liposomes with a KD = 0.7 ± 0.4 µM and a stoichiometry of L = 38.2 ± 2.2 (Table 4.10). 

These values are similar to αSyn WT binding (KD = 0.22 ± 0.13 µM and L = 33.4 ± 1.1), 

and also the resulting helical conformation is comparable between αSyn WT and L38M 

(74 % and 77 %, respectively) (Table 4.10) suggesting an analogous binding mode. 

Monitoring the heterogenous primary nucleation of αL38M by incubation with liposomes 

under quiescent conditions showed successful fibril formation in the presence of 8x lipids 

(mol/mol) as seen before for αSyn WT351. However, in contrast to αSyn WT, a two-phase 

growth curve is observed for L38M (Figure 4.29 D, Figure 3.25). Strikingly, the end-

point sample of αL38M with 60x lipids (mol/mol) did not show the formation of liposome 

tubes (Figure 4.29 E), therefore the Leu38Met substitution most likely interrupts the 

physiological function of αSyn of remodelling vesicles, although still enabling binding to 

the liposomes, similar to the observations for αSyn ΔΔ (at least considering liposome 

remodelling). 

Table 4.10: Binding thermodynamics of synuclein variants to DMPS liposomes. 

Parameters were calculated from the change in MRE at λ222 nm fitted to a single-step binding 

model351 (Section 2.10.1). % helix denote the population of helical structure calculated from 

Dichroweb392 using experimental CD data. CD data for αSyn WT, ΔΔ, and P1P2-GS are shown 

in Figure 3.23. 

Variant KD [µM] L (stoichiometry) Helix [%] 

αSyn WT 0.22 ± 0.13 33.4 ± 1.1 74 

αSyn ΔΔ 2.01 ± 0.63 49.1 ± 2.2 30 

αSyn P1P2-GS 5.26 ± 3.88 55.9 ± 7.4 13 

αSyn M38L 0.7 ± 0.4 38.2 ± 2.2 77 

γSyn WT 0.6 ± 0.3 25.0 ± 0.8 55 

It is known that also уSyn WT interacts with liposomes and forms an α-helical structure 

in the N-terminal and NAC region upon binding379,380. Thus, the binding characteristics 

for γSyn were also analysed (Figure 4.29 F-I). The binding affinity measured by far-UV-

CD is comparable to αSyn WT and αL38M with a KD = 0.6 ± 0.3 and stoichiometry of L 

= 25.0 ± 0.8, though the latter shows slightly less lipids being involved in the binding 

process (Figure 4.29 F,G and Table 4.10). A reduced helix formation was detected with 

only 55 % of the protein forming this secondary structure at saturation (60x excess lipid). 

Surface induced nucleation was observed in the presence of DMPS liposomes with 

significantly increased aggregation kinetics compared with de novo fibril growth (lag time 
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of 43.1 ± 2.9 h in the presence of 8x excess lipid), with inhibition of fibril growth at 60x 

excess lipids (Figure 4.29 H), and no remodelling of liposomes could be shown (Figure 

4.29 I).  

Taken together these results indicates that γSyn binds DMPS liposomes similar to αSyn 

WT but adopts less helical structure (similar to the effect observed for ΔΔ and P1P2-GS) 

and cannot merge liposomes into tube-like structures. The lack of this function of γSyn 

might be explained by its localisation away from the synaptic termini to the centrosome457 

where interactions with vesicles might not be required for its physiological function (see 

Section 1.5.1). 

 

Figure 4.29: Membrane binding of αSyn L38M and γSyn WT to DMPS liposomes. (A) 

Schematic of α-helix bound to a membrane showing which residues face towards or away from 

the membrane surface. Residues shown to slow down aggregation are highlighted in red. 

Figure adopted from Ref361. L38M (B) or γSyn WT (F) incubated with increasing ratios of 

[DMPS]:[protein] (mol/mol). (C,G) KD and L values were calculated from the change in MRE at 

λ222 nm fitted to a single-step binding model351. (D,H) Aggregation kinetics of 50 μM L38M (D) or 

γSyn WT (H) incubated with 0:1, 8:1 or 60:1 [DMPS]:[protein] (20 mM sodium phosphate, pH 

6.5; 30 °C, no shaking). (E,I) TEM images at the endpoint of the incubations (110 h) in the 

presence of 60:1 [DMPS]:[protein] (mol/mol). Scale bar = 200 nm. 

4.10 Discussion 

Having identified the P1 (residues 36-42) and P2 (residues 45-57) regions in αSyn to be 

‘master controllers’ of aggregation and functional activity in Chapter 3, here, the role of 

individual residues in the P1 region of αSyn and γSyn was analysed in detail.  
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The data presented in this chapter suggest a high specificity of the sequence of P1 in 

regulating self-assembly into amyloid fibrils of αSyn. Single point amino acid 

substitutions identified by an alanine scan, Y39A and S42A, were shown to significantly 

reduce the aggregation kinetics at neutral pH and also retard puncta formation and 

toxicity in C. elegans. Similar alanine substitutions within the P1 region (G36A, V37A, 

L38A, V40A, and G41A) did not show an effect on amyloid formation compared with 

αSyn WT in in vitro studies. Remarkably, whilst L38A was shown to have no effect, L38M 

inhibits fibril formation in vitro and in vivo and the mutation L38I speeds up aggregation 

(although this substitution was not studied in C. elegans). This suggests that specific 

sidechain-sidechain interactions in the early stages of self-assembly depend on the 

identity of the amino acid at this site. How and why these specific residue changes affect 

fibril formation remains unclear, requiring a more in-depth analysis of the conformational 

ensemble of the monomers and more information about the oligomeric species formed. 

Factors such as changed intramolecular interactions by altering hydrogen bonding with 

the sidechain hydroxyl of Y39 and/or S42, as well as steric effects by, for example 

swapping L38 to a longer methionine, or L38 to the β-branched Ile, could affect 

aggregation by changing transient secondary structure or long range/local contacts 

within the dynamic IDP. Further, the contribution of toxicity from oligomers versus fibrils 

should be investigated in more detail, as some familial PD mutations (e.g. A30P) have 

been shown to slow down fibril formation, but to increase oligomer concentrations, and 

the data presented here on cellular toxicity in SH-SY5Y cells is inconclusive. 

All variants with substitutions in P1 analysed in this study were able to elongate pre-

formed fibril seeds formed by αSyn WT, indicating that these variants are compatible 

with the αSyn WT fibril architecture. This would be expected based on the high stability 

of the amyloid fold96, and same turn sequence (residues 44-47) which can form a β-

hairpin structure thought to be involved in the initial processes of aggregation within the 

P1P2 region458. Interestingly, whereas in vitro αSyn fibril structures show no 

protofilament interfaces involving the P1-region (although P1 is part of the rigid core in 

most structures) (Figure 4.30 A,B)96, ex vivo structures extracted from MSA patients 

present an interface involving residue V40 and Y39 (Figure 4.30 C)117. It is known that 

αSyn point mutations or post-translational modifications can result in altered fibril 

architectures (Figure 4.30 E,F)96, therefore the αSyn variants that form fibrils either 

unseeded, or seeded with αSyn WT pre-formed fibrils, could have different fibril stabilities 

and preferred structures, changing thermodynamic and kinetic processes towards the 

amyloid state. 
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Figure 4.30: Summary of all cryo-EM high resolution structures of αSyn solved to date. 

Fibril structures are illustrated from the top view. Structures of in vitro grown full length αSyn WT 

(A), in vitro αSyn truncated architectures (B), MSA patient extracted structures (C), MSA fibril 

amplified structures (D), in vitro structure with post-translational modification (phosphorylated 

Y39) (E) and familial PD associated variants grown in vitro (F1). For all structures, the N-

terminal region is coloured in blue, the P1 region is highlighted in cyan (sidechains are shown), 

the NAC region is pink, and the C-terminal region is red. Note that for some structures the P1 

region (as well as other residues in N- and/or C-terminus) do not form the stable core and are 

therefore not illustrated here. First and last residue solved are indicated. Below each fibril 

structure, the PDB file, important characteristics and the associated publication are provided. 
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Single residue substitutions in αSyn are associated with the development of familial 

PD172 (Section 1.4.2.1). Three of the twelve known familial mutations are located N-

terminal to P1 (MT5, A30P/G), two in NAC (T72M, G93A), one in the C-terminal region 

(P117S), and the remaining six substitution sites occur in the P2 region (E46K, H50Q, 

G51D, A53E/T/V). To date, there are no known natural mutations in the P1 region, 

although the work presented here has now clearly demonstrated its crucial contribution 

to fibril formation. This might be explained by rare findings of new familial mutations or 

by the fact that the P1 region might be required for physiological function. Consistent 

with the observations reported here, the effect of the familial PD mutations is also highly 

residue-specific. For instance, while the familial PD mutation A30P decreases the rate 

of amyloid formation, the aggregation kinetics of A30G are unchanged compared with 

αSyn WT281. Similar, A53T and A53V have been shown to fibrillate faster than A53E459. 

It is known that a complex interplay of intra- and inter-molecular interactions between the 

N-terminal region, NAC and C-terminal region determine the conformational ensemble 

of αSyn and affecting the aggregation rates of the protein (see Sections 1.4.3.1 and 

3.7)189,335. Therefore it is not surprising that mutations in other parts of αSyn can also 

affect the assembly rate, such as V70G/E, V74G/E, V76E/N or S87N in NAC that reduce 

the lag-time of fibril formation313,365,409 or Y133A in the C-terminal region slowing down 

the aggregation kinetics440 as well as D121A showing a reduced fibrillation in the 

presence of 2.5 mM CaCl2 compared with αSyn WT (probably due to charge differences 

resulting in distinct Ca2+ binding and monomer conformations)460. These substitutions 

likely modulate the population of monomers with an exposed NAC region towards less 

aggregation-prone conformations via subtle changes in this dynamically disordered 

IDP325,461-463. This hypothesis is consistent with the results presented in this chapter that 

the addition of the P1 sequence in trans to αSyn WT and ΔP1 speeds up fibril formation 

by interrupting interactions between the N-terminal and C-terminal region upon peptide 

binding. 

The results presented in this chapter indicate that the early stages of self-assembly 

involve interactions that crucially depend on the location and identity of individual 

sidechains at defined locations in the P1 region of this 140-residue IDP. Further 

investigations will be needed to clarify the origin of this specificity in more detail using 

techniques such as cross-linking, single molecule FRET, NMR and other biophysical 

methods combined with MD simulations. This might help to gain an understanding of the 

atomistic models of the fluctuating ensembles of monomers and early aggregates325,461. 

Further, other approaches including determining the energy landscape with small-

molecules added non-covalently or via tethering464,465, deep mutational scanning of the 

full length protein or focussed on P1 with suitable selection screens in different 

organisms79,360,361,466, or a detailed comparison of synuclein variants such as those 
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generated here with natural paralogues with different aggregation characteristics (e.g. 

αSyn, γSyn, and chimeras)333,456. A combination of these experiments could help to tease 

apart the intra- and inter-molecular interactions required for fibril formation. 

Interestingly, residue Y39 was already described in the literature to be vital for αSyn 

aggregation as well as other biological progresses in contexts such as chaperone 

binding175 or disease (phosphorylation in disease brains)266. In contrast, residues L38 

and S42 have not been identified to be important hitherto, and the effect of the 

substitutions to methionine and alanine, respectively on αSyn function at the synapse, in 

membrane binding and in chaperone function remain to be explored. The fact that all 

three identified mutation sites and all but one familial PD mutations are outside the 

aggregation-prone NAC region highlights the requirement of analysing these flanking 

regions in more detail to gain a better understanding of the molecular mechanisms of 

aggregation of the full-length protein.  

The importance of residues outside the aggregation hotspot is not only crucial for self-

association of αSyn but also for other amyloid proteins, that often present disease-

causing mutations distal to the most aggregation-prone regions (see Section 1.2.5, 

Figure 1.10). These ‘master controller’ regions of aggregation (and function) could be 

good targets for the development of reagents to combat amyloid formation by binding 

small molecules, chaperones, biologics, or other agents. In the case of αSyn, β-wrapin 

has been shown to bind to the P1-P2 region of αSyn, resulting in prevention of 

aggregation in vitro, in Drosophila and in neurons187,342,415. Further, a SUMO-1 derived 

peptide binds regions 37-42 (in P1) or 48-52 (in P2) and thereby inhibits αSyn 

aggregation in vitro and in vivo439. The formation of the β-hairpin structure was shown to 

compete against SUMO1 binding which does not induce a hairpin formation and 

therefore functions through a distinct mechanism compared with β-wrapin (see Section 

3.10 for β-hairpin discussion). These two examples offer a proof-of-principle of the 

potentials of an approach targeting the P1 and/or P2 region(s).  
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An ALS-linked sequence variant of 

γSyn in P1 induces aggregation  

5.1 Introduction 

The results described in Chapter 3 and Chapter 4 analysed the role of the N-terminal 

region, and especially the P1 region (residues 36-42) in controlling the rate of 

aggregation of αSyn in great detail. Whether the P1 region plays a critical role in its 

paralogue γSyn however, remained unclear and will be further investigated in this 

chapter. 

γSyn, exclusively expressed in vertebrates257, shows a significantly lower aggregation 

propensity compared with αSyn378. Similar to αSyn, γSyn has a N-terminal region, a NAC 

region and a truncated C-terminal region (13 residues shorter than αSyn) (Figure 5.1 A). 

The exact details for its resilience towards fibril formation are not known in detail, but it 

is believed that factors such as a higher tendency to form a helix structure in NAC of 

ySyn might stabilise the protein on a monomeric level366, and important transient 

intramolecular interactions driving self-assembly are altered in this protein333. Changes 

in fibrillation might therefore be caused by sequence changes between the paralogues 

and the resulting altered conformational ensembles of the monomer.  

The data presented in Chapter 4 together with different literature reports (for instance 

the presence of different single point mutations causing disease248 (Section 1.4.2.1), 

highlight the fact that even a single residue swap can have a significant effect on 

aggregation kinetics and/or toxicity of the protein. In the case of αSyn, 20 

neurodegenerative disease associated missense mutations (familial and sporadic) in the 

SNCA gene are recognised (see Table 1.3). In contrast, for γSyn no such links were 

made to date. 
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Figure 5.1: Sequence alignment between αSyn WT and γSyn WT. (A) Schematic of α- and 

γSyn protein. Boxes show N-terminal region (green), NAC region (red) and C-terminal region 

(purple). (B) Illustrates the sequence alignment between αSyn and γSyn. The colour code is 

accordingly to (A). Familial PD mutations are highlighted in blue, residues of interested in this 

study are coloured in green, the repetitive KTKEGV motif is highlighted in yellow, charge 

changes in the NAC region between αSyn and γSyn are coloured in orange (G → E) and the P1 

region is highlighted in grey. Sequence identities of each region are indicated next to the 

sequence, ‘·’ = identity; ‘-‘ = deletion of an amino acid. 

However, accumulation of γSyn aggregates has been shown to contribute to the 

development of motor neuron pathology in amyotrophic lateral sclerosis (ALS). Distinct 

profiles containing fibrillated γSyn were found in ALS patients375 and overexpression of 

γSyn in mice models resulted in the progression of middle-age onset motor neuron 

pathology that recapitulates many key characteristics of ALS, and premature death376,377. 

It should be considered that ALS is usually linked with amyloid formation of the protein 

TDP-43174. As it is the case for most neurodegenerative diseases, though, the disease 

is not only linked with one protein but also the accumulation of other molecules such as 

FUS and SOD1467. Therefore a correlation of γSyn aggregation and ALS , although only 

little research data have been obtained to date, is conceivable.  

This chapter will focus on understanding the aggregation propensity of γSyn WT and its 

correlation to neurodegenerative diseases in more detail. Sequencing the SNCG 

genome of a small cohort of ALS patients identified a single residue missense mutation 

leading to γSyn M38I located in P1 and E110V in the C-terminal region (data from the 

Illarioshkin group, Research Centre of Neurology, Russia). By using in vitro aggregation 

assays, cell culture experiments (performed by the Outeiro group, Max Planck Institute 

for Experimental Medicine, Germany) and the model organism C. elegans, the role of P1 

and especially residue 38 will be further investigated and a high sequence specificity of 

this motif for controlling aggregation of γSyn is identified. 
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5.2 Reduced aggregation propensity for γSyn might be 

driven by sequence changes in NAC 

Full length αSyn is significantly more aggregation-prone compared with γSyn under most 

buffer conditions (see Section 1.5 and Figure 4.21)365,378. A sequence alignment 

between these two paralogues reveal a 77 %, 51 % and 3 % sequence identity between 

N-terminal, NAC, and C-terminal regions, respectively (Figure 5.1 B). Despite 

differences in the sequence, the overall predicted aggregation propensity (Zyggregator 

score393) and solubility (CamSol114) is similar for α- and γSyn, with an aggregation-prone/ 

insoluble N7 (1-7), P1 (36-42), P2 (45-57), and NAC (61-95) regions and a non-

aggregation-prone/ soluble C-terminal region (96-140 or 96-127 for α- and γSyn, 

respectively) (Figure 5.2). However, there are some subtle differences as for example a 

higher pH dependence for γSyn NAC in the predictions, indicating a lower aggregation 

propensity at neutral pH versus acidic conditions for residues 80-90. The central NAC 

region, is known to be sufficient and necessary for aggregation of αSyn (residues 71-

82)313, forms the core of all αSyn fibril structures determined to date96,117 (Section 1.4.3.3) 

and its identity was shown to play a crucial role in the chimeric experiments mixing α- 

and γSyn regions (Section 4.8, Figure 4.28). Substitutions within NAC might therefore 

be responsible for changes in fibril formation propensity of α- and γSyn. This could be 

observed for the low aggregation-prone βSyn, where changing residues 63−66 and 

71−72 to the αSyn sequence switched on fibrillation of the full-length βSyn protein468. A 

deeper look into the sequence of γSyn NAC (γNAC) reveals three Gly to Glu substitutions 

compared with αSyn (Figure 5.1 B, highlighted in orange), which might be responsible 

for the reduced aggregation propensity of γSyn at neutral pH and γSyn being more 

sensitive to pH changes in the in silico analysis (Figure 5.2 B, red boxes). Note that both, 

pH 4.5 and 7.5 are important in a biological context as acidic pH mimics a lysosomal 

environment and neutral pH imitates a cytosolic milieu.  
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Figure 5.2: In silico analysis of αSyn and γSyn aggregation propensity and solubility. 
Aggregation propensity was analysed using the Zyggregator score for αSyn (A) and γSyn (B) at 

pH 4.0 (grey, light green for αSyn and γSyn, respectively) and pH 7.0 (black, dark green for 
αSyn and γSyn, respectively). Aggregation-prone regions have a positive Zyggregator score 
whereas non-aggregation-prone regions show negative values. N-terminal, NAC, C-terminal, 

and P1 regions are coloured accordingly in light green, red, purple, and dark green respectively. 
Analysis of solubility using CamSol of αSyn (C) and γSyn (D) at pH 4.0 (grey, light green for 

αSyn and γSyn, respectively) and pH 7.0 (black, dark green for αSyn and γSyn, respectively). 
Soluble regions have a positive CamSol score whereas insoluble regions show negative values. 

The red box in B,D (around residues 80-90) highlights the stronger pH dependence of γSyn 
within the NAC region. 

To validate how important the NAC region is for αSyn and γSyn aggregation 

(independently from the N- and C-terminal regions), ThT fluorescence aggregation 

assays with the NAC peptide (residues 61-95) were performed. αNAC and γNAC 

peptides were synthesised (with N- and C-terminal amide, see Table 2.1) and 

characterised via LC-MS by Martin Walko, University of Leeds (Figure 5.3).  
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Figure 5.3: LC-ES-MS analysis of αNAC and γNAC synthesised peptides. αNAC: expected 

mass = 3260.6 Da; measured mass = 3259.7 Da. γNAC: expected mass = 3503.8 Da; 

measured mass = 3502.8 Da. Synthesis and MS analysis were performed by Martin Walko, 

University of Leeds. 

The in vitro aggregation assays revealed that, similar to the full-length protein (Figure 

4.21), γNAC is fibrillating significantly slower (no amyloid material after 110 h incubation) 

compared with αNAC at pH 7.5 and further shows a stronger pH dependence compared 

with αNAC. While αNAC forms fibrils at pH 4.5 and 7.5 immediately after initiating the 

experiment, the γSyn peptide only self-assembles into amyloid fibrils at acidic pH 

(amyloid driving conditions) but does not form fibrils for at least 110 h at pH 7.5 (Figure 

5.4). These data indicate that it could be the NAC region controlling the aggregation 

propensity of γSyn, especially at neutral pH. Interestingly, the net charge of the NAC 

region (as well as C-terminal region) changes significantly, resulting in a less negative 

overall net-charge for the full-length protein compared with αSyn (-9 and -6 for αSyn and 

γSyn, respectively) (Figure 5.5), which might affect the aggregation propensity, since 

the charge of the protein is known to have a large effect on its aggregation 

propensity189,233. 
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Figure 5.4: Aggregation kinetics of NAC peptide (residues 61-95) for αSyn (black) (A,B) 
and γSyn (green) (C,D) at pH 4.5 (A,C) and pH 7.5 (B,D). Aggregation assays were performed 
in 20 mM sodium acetate (pH 4.5) or 20 mM Tris-HCl (pH 7.5) in the presence of 200 mM NaCl, 

at 37°C, and 600 rpm shaking. Scale bar for TEM is 200 nm. 

 

 

Figure 5.5: Net charge of full-length αSyn (WT) and γSyn (WT). (A) Charge calculated using 

Prot pi (https://www.protpi.ch/Calculator/ProteinTool). pH 4.5 and 7.5 are highlighted for easier 

orientation in purple and pink, respectively. (B) Schematic of αSyn (top) and γSyn (bottom) with 

their charged residues indicated (at neutral pH). The N-terminal region, NAC and C-terminal 

region are coloured in green, light red and purple, respectively. Positively charged residues 

(lysine) are highlighted in red, negatively charged residues (aspartate and glutamate) are 

highlighted in blue. The net charge at neutral pH of the three regions is indicated above each 

region, the net charge of the full-length protein is written in pink next to the schematic. 
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5.3 Identification of an ALS-associated substitution 

outside NAC 

Exon sequencing of the SNCG gene was performed by the Illarioshkin group, Research 

Centre of Neurology, Russia and carried out in cohorts of ALS patients and healthy 

control individuals from the Central European Russia population. A single nucleotide 

G→A substitution in the first exon of the gene in two patients with young spinal onset 

(35-year-old male and 36-year-old female) of total 140 assessed ALS patients (minor 

allele frequency (MAF) 0.00714) was identified (Figure 5.6 A). This genetic variant 

corresponding to SNP rs148591902, has not been found in 265 healthy individuals from 

the same population (Figure 5.6 B) and it is rare in the publicly available databases (e.g. 

MAF is 0.00024 for the European population and 0.00012 overall in gnomAD 

(international Genome Aggregation Database)). This nucleotide substitution leads to a 

M38I amino acid substitution (located within the P1 region) in the encoded γSyn protein. 

Both patients carrying this substitution were also heterozygous for the previously 

described SNP rs9864 (MAF is 0.23-0.27 in all available databases for ALS patients and 

general population) in fourth exon, which minor allele encodes valine instead of a more 

common glutamic acid at position 110 (located in C-terminal region) of γSyn sequence469. 

This E110V substitution can be found in ~25% of SNCG alleles in all studied populations. 

Interestingly, both these substitutions are located outside the important NAC region. 

 

Figure 5.6: Schematic of SNCG genome sequencing of the central European Russia 

population. (A) The genome of 140 ALS patients was sequenced identifying that 2 individuals 

carry a M38I/E110V mutation. 25 % of the population show the E110V variation. (B) the healthy 

control group (265 individuals) do not have the identified M38I mutation. Also 25 % present the 

E110V variation. Data were provided by the Illarioshkin group, Research Centre of Neurology, 

Russia. 
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5.4 Protein expression and purification 

The finding of these disease-associated genetic variants of γSyn raises the question of 

whether the resulting mutations (M38I and/or E110V) change the aggregation kinetics of 

the full length protein. To evaluate the aggregation propensity in vitro, γSyn protein 

variants were expressed and purified as described before (see Section 2.6). An example 

of the resulting purification gel, anion exchange chromatogram, and size exclusion 

chromatogram is shown in Figure 5.7 for γSyn WT. As seen for αSyn (Figure 3.2), γSyn 

also elutes at a higher apparent molecular mass than predicted for a 13 kDa globular 

protein due to its intrinsically disordered conformation. It should be noted that the 

extinction coefficient of γSyn WT is significantly lower than for αSyn (ε=1490 M-1cm-1 and 

ε=5960 M-1cm-1, respectively) resulting in lower absorbances (at 280 nm) in the 

chromatograms. γSyn yields were in general lower than for αSyn with approximately 

5 mg pure protein per litre growth. Table 5.1 summarises all generated proteins in this 

chapter with their expected and measured molecular mass (performed by the MS 

facility).  

 

Figure 5.7: Expression and purification of γSyn. (A) Example SDS-PAGE gel of purification 

steps of γSyn WT. γSyn band is at ~ 13 kDa. (B) AEX chromatogram of γSyn WT. Absorbance 

at 280 nm and concentration of salt-containing buffer (20 mM Tris-HCl, pH 8.0, 1M NaCl) are 

plotted against the elution volume. γSyn eluted after ~700 mL. (C) SEC chromatogram of γSyn 

WT. Absorbance at 280 nm is plotted against elution volume. αSyn eluted after ~150 mL. 

Calibrants (Figure 2.1) are shown in red. Detailed expression and purification methods are 

provided in Section 2.6. 

Table 5.1: All purified αSyn and γSyn variants, expected molecular masses (top) and 

measured molecular masses (via ESI MS, bottom) of the proteins used in this chapter. 
15N labelled proteins are indicated with a superscript 15. 

Variant Mass Variant Mass 

αWT 
14,460 Da 

γL38 
13,313 Da 

14459 ± 0.3 Da 13,313 ± 0.09 Da 

γWT 
13,331 Da 

γV38 
13,299 Da 

13,330 ± 0.2 Da 13,300 ± 0.1 Da 
15γWT 
A90C 

13,521 Da 
γA38 

13,271 Da 

13,517 ± 0.8 Da 13,270 ± 0.06 Da 

γI38 
13,313 Da 

γI38/V110 
13,283 Da 

13,313 ± 0.5 Da 13,282 ± 0.4 Da 
15γI38 
A90C 

13,503 Da 
γV110 

13,301 Da 

13,495 ± 0.7 Da 13,301 ± 0.1 Da 
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5.5 Presence of isoleucine at position 38 dramatically 

increase γSyn propensity to form amyloid structures 

in vitro and in cell culture  

The in vitro aggregation kinetics of αSyn WT, γSyn WT and the ALS linked γSyn variants 

(γI38, γI38/V110, and γV110) were measured by a ThT fluorescence assay at acidic (pH 

4.5) and neutral pH (pH 7.5) followed by imaging via negative stain TEM and determining 

the amount of pelletable material (Figure 5.8 and Table 5.2) (see Section 2.8.2, 2.8.4 

and 2.12 for detailed methods).  

In accordance with data observed before (Figure 3.3 and Figure 4.3), αSyn aggregates 

with lag times of 0.9 ± 0.7 h and 50.2 ± 1.9 h for pH 4.5 and 7.5, respectively (at high 

salt; 200 mM NaCl), while γSyn WT shows a significantly reduced aggregation propensity 

with fibrils being formed after 66.0 ± 8.0 h at acidic pH and no detectable fibrillation at 

neutral pH within the experimental time of 100 h (Figure 5.8 B,C and Table 5.2). The 

M38I substitution shows a drastic increase in aggregation kinetics at acidic pH (lag time 

= 6.7 ± 0.6 h) and TEM imaging and pelleting assay analysis confirmed the presence of 

amyloid fibrils at the end of the ThT fluorescence assay (Figure 5.8 D,G and Table 5.2). 

The double amino acid swap found in 1.5 % of the analysed ALS patients (M38I + E110V) 

(see Figure 5.6) reduces the aggregation propensity compared with the single 

substitution γI38, but is still significantly more aggregation-prone than γWT with a lag 

time of 30.7 ± 2.6 h at acidic pH (Figure 5.8 E and Table 5.2). γV110 (seen in 25 % of 

the population469) shows no fibril formation under the tested conditions (Figure 5.8 F,G). 

These data point to an important role of regions flanking NAC for the aggregation of 

γSyn. A single residue substitution within the P1 region can completely change the 

aggregation kinetics of this IDP although the NAC region remains unchanged. This 

provides first evidence that the P1 region plays a key role in γSyn self-assembly into 

amyloid structures and regulating fibril formation of the full-length protein similar to the 

role described for P1 in αSyn in Chapter 3 and 4. 
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Figure 5.8: In vitro aggregation assay of genetic variants associated with ALS patients. 

(A) Schematic of γSyn construct used for the aggregation assay. N-terminal region (green), 

NAC region (red), C-terminal region (purple) and P1 region (light green) are highlighted. The 

residue variants 38M/I and 110E/V are indicated. (B-F) Normalised ThT fluorescence for 

aggregation assays with αL38/E110 (B), γM38/E110 (C), γI38/E110 (D), γI38/V110 (E) and 

γM38/V110 (F). Aggregation assays were performed in 20 mM Tris-HCl, pH 7.5 or 20 mM 

sodium acetate, pH 4.5 with 200 mM NaCl. (G) TEM images for endpoint samples from ThT-

assay at pH 4.5 and at pH 7.5, scale bar 200 nm. 
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Table 5.2: Aggregation kinetics of ALS gene polymorphs M38/I38 and E110/V110. Lag 

times, elongation rates, t50 and % pellet for γSyn variants. The rates of aggregation in each 

condition were measured in at least triplicate measurements. The errors show the standard 

deviation of the mean of the replicates. No aggregation after 110 h incubation for the de novo 

growth is indicated by “-“. For errors in estimating % pellet via SDS PAGE subsequent to 

centrifugation (see Section 2.8.4) the values were rounded to the nearest 5%. *Elongation rate 

in 10*[RFU/h]. Assays were performed in 20 mM sodium acetate, pH 4.5 or 20 mM Tris-HCl, pH 

7.5 with 200 mM NaCl. 

 αWT, 

 pH 4.5 

αWT,  

pH 7.5 

γWT, 

pH 4,5 

γWT, 

pH 7.5 

γI38, 

pH 4.5 

γI38, 

pH 7.5 

Lag time [h] 0.9 ± 0.7 50.2 ± 1.9 66.0 ± 8.0 - 6.7 ± 0.6 - 

Elongation rate* 1.3 ± 0.5 0.3 ± 0.06 0.02 ± 0.01 - 2.3 ± 0.5 - 

t50 5.0 ± 1.0 67.6 ± 3.3 74.7 ± 5.2 - 8.3 ± 0.9 - 

% pellet 100 65 95 0 100 5 

 γI38/V110, 

pH 4.5 

γI38/V110, 

pH 7.5 

γV110, 

pH 4.5 

γV110, 

pH 7.5 

  

Lag time [h] 30.7 ± 2.6 - - -   

Elongation rate* 4.2 ± 0.6 - - -   

t50 34.3 ± 3.0 - - -   

% pellet 80 5 5 0   

 

To confirm the in vitro observations in a cellular context, the γSyn variants were 

expressed in human H4 neuroglioma cells, a model that is commonly used to assess the 

aggregation of αSyn298,470. The cell culture experiments were performed and analysed 

by the Outeiro group, Max Planck Institute for Experimental Medicine, Germany. 

Consistent with the in vitro data, cells expressing γI38 or γI38/V110 formed 

approximately 1.5 times more microscopically-visible γSyn inclusions than cells 

expressing γWT or γV110 (Figure 5.9 A,B). Moreover, in cells expressing γWT only 

about 35% of inclusions were large (>50 µm in diameter), whereas there were nearly 

twice as many (~ 60 %) of these large aggregates in cells expressing variants with 

isoleucine (γI38 and γI38/V110) (Figure 5.9 C). 

Taken together, the in vitro and cell culture experiments highlight the increased 

aggregation propensity for γSyn variants with a Met38Ile substitution. As this substitution 

has been found in ALS patients but not healthy individuals from the same population it 

could be speculated that the increased propensity to form aggregates relates to the 

development or progression of the disease as it has been observed for some familial PD 

point mutations in αSyn145,471,472. 
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Figure 5.9: Inclusions formed by γSyn variants in human H4 cells. (A) Following 

transfection with the respective expression plasmids, cells were immunostained with anti-γSyn 

antibody, nuclei were counterstained with DAPI. Scale bar = 0.5 mm (B) Quantification revealed 

significant increase in percent of transfected cells that formed inclusions after expression of γI38 

or γI38/V110 variants compared with expression of the γWT variant. The bar chart shows the 

mean ± SD of percentage of cells with inclusions normalised to an average value for γSyn WT 

variant (*p < 0.05, Student’s t test, n=4 independent experiments). (C) Analysis of inclusion 

sizes reveal that in cells expressing γI38 or γI38/V110 larger inclusions are more common than 

in cells expressing γWT. The bar chart shows the mean ± SD of percent of small (diameter <50 

nm) and large (diameter 50-200 nm) aggregates in transfected cells (*p < 0.05, n=4 

independent experiments). The data presented here were provided by the Outeiro group, Max 

Planck Institute for Experimental Medicine, Germany. 

 

5.6 Met38Ile substitution does not change toxicity in C. 

elegans 

In a next step the effect of the identified M38I substitution was evaluated in the model 

organism C. elegans. As described in Section 2.15.3 the protein was expressed in the 

body wall muscle cells of the worms with a C-terminally attached YFP for visualisation. 

αSyn WT, γSyn WT and γI38 (generated by Q5 mutagenesis, see Section 2.5.1) 

expressing animals were investigated by determining the number of aggregates in the 

head region and measuring the phenotypic effect via a motility assay (BBPS) (Figure 

5.10). As shown in Figure 3.11 and Figure 4.25, the αWT::YFP expressing strains 

present an increase in inclusion formation over time (0.8, 15, and 20 inclusions per worm 

at day 0, 5, and 10, respectively) (Figure 5.10 A,B) resulting in a loss of motility as the 

body bends per second decrease from 1.0 to 0.6 and 0.5 for days D0, D5, and D10 

(Figure 5.10 C). The γWT::YFP and γI38::YFP expressing animals, in contrast show no 

increase in puncta formation even at D10 and no significant decrease in the motility was 

observed compared to the control worms N2 (no expression of synuclein) (Figure 5.10).  
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Figure 5.10: Expressing γI38 in worm muscle cells does not affect the toxicity. (A) 

Confocal microscopy images showing the head region of transgenic C. elegans expressing 

αSyn WT, γSyn WT or γI38 tagged C-terminally to YFP in the body wall muscle during aging 

(day 0, day 5 and day 10 of adulthood). Scale bars, 10 µm. (B) Numbers of inclusions larger 

than ~2 µm2 per animal between the tip of the head region and pharyngeal bulb during aging. 

Data shown are the mean and s.e.m. for three independent experiments (biological replicates); 

in each experiment, ten worms (n = 10) were assessed for each time point. *P < 0.05; **P < 0.01; 

***P < 0.001; ****P < 0.0001. ANOVA was used in all cases. (D) Number of body bends per 

second (BBPS) of N2, αSyn WT::YFP, γSyn WT::YFP and γI38::YFP animals from day 0 (L4 

stage), day 5 and day 10 of adulthood. Data shown are mean and s.e.m. for three independent 

experiments; in each experiment, ten worms were assessed for each time point. n = 10 for each 

experiment, and error bars represent s.e.m. of three biological replicates. n.s. = not significant; 

***P < 0.001; **P < 0.01; *P < 0.05, ANOVA was used. 
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The lack of an effect in an in vivo system between γWT and γI38 could have various 

reasons including a chaperone network in worms affecting amyloid formation153, or fibril 

formation being a protective mechanism of toxic oligomeric species159,160. Indeed, the 

familial disease-associated variant A30P in αSyn also shows no increased toxicity in C. 

elegans compared with the WT protein using the same assays used in this study473. 

Further, it should be considered that C. elegans does not naturally express synucleins 

and therefore a loss-of-function aspect cannot be assessed using this model organism. 

Other organisms, such as zebrafish or mice might offer better biological systems to study 

the complexity of amyloid formation of γSyn (Section 1.4.2.2). Also, expressing the α- or 

γSyn variants in the neurons (e.g. pan-neuronal cells) instead of the muscle cells 

potentially improves the outcome of this assay.  

5.7 Ile38 aggregates under all biologically relevant 

conditions 

Since αSyn and γSyn are intrinsically disordered proteins. Their aggregation is highly 

dependent on their buffer environment as shown in many studies for αSyn with e.g. 

changing pH133,422, added ions189,315 or different protein concentrations474. To further 

examine the aggregation kinetics of the newly identified γSyn variant with the M38I 

substitution, fibril formation of γWT and γI38 was compared at different pH values (pH 

4.5 to 7.5) and different ionic strengths (20 mM and 200 mM NaCl) (Figure 5.11). Similar 

experiments were performed for αSyn WT and ΔP1 in Section 4.2, Figure 4.3. 

 

Figure 5.11: γI38 switches on aggregation with a strong buffer dependence. pH dependent 

de novo aggregation of γWT (A,B) and γI38 (E,F). In vitro aggregation measured by ThT 

fluorescence assay at 20 mM (A,D) or 200 mM (B,E) NaCl. Note that for γWT data for pH 5.5; 

6.5 and 7.5 overlap. ThT fluorescence assay was performed at 20 mM sodium acetate (pH 4.5; 

5.5), MES (pH 6.5) or Tris-HCl (pH 7.5) accordingly with 20 mM or 200 mM NaCl and 100 µM 

protein at 37 °C, 600 rpm. Note that a constant ionic strength was cosidered for all buffers. TEM 

images show ThT assay end-point samples for γWT (C,D) or γI38 ((G,H); scale bar 200 nm. 
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Table 5.3: Aggregation kinetics of pH dependence of γSyn WT and γI38. Lag times, 

elongation rates, t50 and % pellet for γSyn variants. The rates of aggregation in each condition 

were measured in at least triplicate measurements. The errors show the standard deviation of 

the mean of the replicates. No aggregation after 110 h incubation for the de novo growth is 

indicated by “-“. For errors in estimating % pellet via SDS PAGE subsequent to centrifugation 

(see Section 2.8.4) the values were rounded to the nearest 5%. *Elongation rate in 10*[RFU/h]. 

 γWT,  

4.5, low 

γWT,  

5.5, low 

γWT,  

6.5, low 

γWT,  

7.5, low 

γWT,  

4.5, high 

γWT,  

5.5, high 

Lag time [h] 29.8 ± 6.6 - - - - - 

Elongation rate* 5.0 ± 1.2 - - - - - 

t50 30.7 ± 6.7 - - - - - 

% pellet 95 10 0 10 75 0 

 γWT,  

6.5, high 

γWT,  

7.5, high 

γI38,  

4.5, low 

γI38,  

5.5, low 

γI38,  

6.5, low 

γI38,  

7.5, low 

Lag time [h] - - 4.1 ± 0.1 9.6 ± 1.4 20.0 ± 5.9 58.8 ± 1.2 

Elongation rate* - - 4.1 ± 0.5 1.1 ± 0.3 0.5 ± 0.1 0.2 ± 0.03 

t50 - - 5.2 ± 0.2 13.7 ± 1.4 29.7 ± 4.9 80.0 ± 3.2 

% pellet 5 0 100 100 70 15 

 γI38,  

4.5, high 

γI38,  

5.5, high 

γI38,  

 6.5, high 

γI38,  

7.5, high 

  

Lag time [h] 3.4 ± 0.1 10.6 ± 4.0 30.6 ± 9.3 -   

Elongation rate* 4.8 ± 0.5 0.9 ± 0.1 0.4 ± 0.07 -   

t50 4.4 ± 0.1 16.3 ± 3.3 42.7 ± 11.3 -   

% pellet 100 85 60 5   

 

As expected, γWT displayed a low aggregation propensity under all tested conditions. 

Fibril formation could only be observed under acidic conditions (pH 4.5, 20 mM or 

200 mM NaCl) and no amyloid structures were detected at pH 5.5; 6.5 or 7.5 measured 

via ThT fluorescence assay, TEM imaging and pelleting analysis (Figure 5.11 A-D and 

Table 5.3). This result fits with observation from the γSyn-NAC aggregation 

measurement (Figure 5.4) in which fibril assembly was only observed at acidic pH but 

not at neutral pH. Interestingly, at low ionic strength (20 mM), the ALS linked variant γI38 

forms fibrils under all tested pH values within the experimental timescale of 110 h (Figure 

5.11 E). Also, at 200 mM NaCl aggregation was measured at pH 4.5; 5.5, and 6.5 (Figure 

5.11 F) indicating that this γSyn variant is on the verge of aggregation under all tested 

biologically relevant buffer conditions. In all experiments resulting in a positive ThT 

signal, fibrils were observed by TEM (Figure 5.11 G,H). This is an exciting observation 

considering that pKa, net-charge and charge pattern of the protein remain unchanged 

between γWT and γI38. Differences to αSyn aggregation on the other hand might, at 

least partially, be explained by changes in net charge at neutral pH (Figure 5.5).  

A more detailed analysis of the aggregation kinetics (lag time and elongation rate) 

determined by fitting a linear fit through the data in the elongation phase (from 40 % to 

60 % maximum intensity) using Origin pro (Section 2.8.3) reveal a correlation between 

fibril assembly kinetics and pH value (Figure 5.11, Figure 5.12 and Table 5.3). 

Interestingly, at pH 4.5, lag times between γWT and γI38 are changed by a factor of 10, 

whereas the elongation rates are not massively affected (5.0 ± 1.2 10xRFU/h and 4.1 ± 

0.5 10xRFU/h for γWT and γI38, respectively at pH 4.5, low NaCl). This suggests that 
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γI38 probably acts predominantly at the early stages of aggregation in which nuclei and 

small oligomers are being formed, the elongation phase is less disturbed by the mutation.  

 

Figure 5.12: Aggregation kinetics for γWT and γI38. Lag Time (A) and elongation rate (B) at 

different pH values and ionic strengths (20 mM vs 200 mM NaCl) measured from data shown in 

Figure 5.11 highlighting the strong buffer condition dependence. Both parameters were 

measured using the OriginPro software. Note that for γWT the kinetic values are only shown at 

low salt as aggregation does not occur consistently at high ionic strength. 

5.8 High sequence specificity is required to accelerate 

γSyn fibril formation  

Sequence alignments between αSyn and γSyn show that the key residue identified in 

this study M/I38, switching off/on aggregation in γSyn (Figure 5.13 A,B) is different to 

the more aggregation-prone αSyn which has a leucine at residue 38 (Figure 5.1 B). It 

was shown in Chapter 4 that single residues in the P1 region of αSyn are crucial for fibril 

formation. Surprisingly, the hypothesis that γL38 might switch on its aggregation, as the 

sequence is more similar to the aggregation-prone αSyn, was not confirmed, as γL38 did 

not form fibrils at acidic or neutral pH, confirmed by TEM and pelleting assay (Figure 

5.13 C,F,G, Table 5.4 and Figure 4.23). Since it could be shown in Chapter 4 that the 

identity of the residue 38 in P1 of αSyn plays a crucial role for the aggregation propensity 

of the full-length protein (see Section 4.5, Figure 4.22) with αL38, αA38, αM38, αI38 

showing distinct aggregation kinetics), the effect of introducing other aliphatic residues 

in γSyn at residue 38 was tested. Strikingly, replacing methionine 38 with a valine (γV38) 

also induced aggregation, with similar kinetics compared with γI38 at acidic pH (lag time 

of 6.7 ± 0.6 h and 11.1 ± 0.8 h for I38 and V38, respectively) (Figure 5.13 D and Table 

5.4). This hints that the structural feature of a beta-branched amino acid sidechain, that 

preferably adopts β-sheet structures, might be important for fibril formation (see inserts 

in Figure 5.13). Finally, another hydrophobic residue (γA38) was introduced at residue 

38. Remarkably, γA38 did not form fibrils under any conditions studied here (Figure 5.13 

E), further highlighting the important role of a steric effect and/or tendency of the amino 
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acid to form a β-strand to accelerate aggregation. All ThT fluorescence assay results 

were confirmed by TEM imaging and pelleting analysis of the end-point samples (Figure 

5.8 C,D,G, Figure 5.13F-K and Table 5.4).  

Taken together, these data demonstrate a high sequence specificity for residue 38 in 

γSyn to switch on aggregation at acidic pH possibly by promoting conformations driving 

nucleation/oligomerisation processes.  

 

Figure 5.13: The aggregation of γSyn is highly residue specific. Aggregation kinetics for 

γWT (A), γI38 (B), γL38 (C), γV38 (D), and γA38 (E) at pH 4.5 (light colours) and 7.5 (dark 

colours), in the presence of 200 mM NaCl, at 37°C, and 600 rpm shaking. Note that if only a flat 

line is presented both conditions were measured, and no fibril formation was observed under 

both conditions. F-K: TEM images at ThT endpoints at acidic (F, H, J) and neutral (G, I, K) pH. 

Scale bar: 200 nm. TEMs for data shown in (A) and (B) are shown in Figure 5.8 G. 

Table 5.4: Aggregation kinetics of substitutions at residue 38 in γSyn. Lag times, 

elongation rates, t50 and % pellet for γSyn variants. The rates of aggregation in each condition 

were measured in at least triplicate measurements. The errors show the standard deviation of 

the mean of the replicates. No aggregation after 110 h incubation for the de novo growth is 

indicated by “-“. For errors in estimating % pellet via SDS PAGE subsequent to centrifugation 

(see Section 2.8.4) the values were rounded to the nearest 5%. *Elongation rate in 10*[RFU/h]. 

 γA38, 

pH 4.5 

γA38, 

pH 7.5 

γL38, 

pH 4.5 

γL38, 

pH 7.5 

γV38, 

pH 4.5 

γV38, 

pH 7.5 

Lag time [h] - - - - 11.1 ± 0.8 - 

Elongation rate* - - - - 1.5 ± 0.7 - 

t50 - - - - 14.3 ± 1.2 - 

% pellet 15 5 0 0 100 0 

 

5.9 γI38 shows a distinct fibril architecture compared 

with αSyn WT 

After demonstrating the crucial role of residue 38 to form fibril assemblies in both αSyn 

and γSyn de novo, the morphology and biochemical characteristics of the ALS-

associated γI38 fibrils formed in vitro were investigated in more detail. As stated in 

Section 1.2.3, fibril formation of amyloidogenic proteins is typically defined by a sigmoidal 

growth curve described by a nuclei- and oligomer-forming lag-phase, an elongation 

phase, which is dominated by fibril growth and secondary nucleation events; and a 
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stationary/plateau phase where mature fibrils are found in equilibrium with soluble 

monomer/oligomers138. The addition of pre-formed seeds obviates the need for 

nucleation and removes the rate-limiting nucleation phase if the monomer is seed-

elongation-competent (Figure 1.11). 

Whether the monomeric γSyn variants (γWT and γI38) can elongate αSyn WT seeds 

(10 % (mol/mol) monomer equivalent) (Figure 5.14 A-C) and if αWT and γWT monomers 

are seed-compatible with γI38 fibrils (Figure 5.14 D-F) was next examined. As shown 

before in Chapter 3 and 4 (Figure 3.9 and Figure 4.20) and the literature133, αSyn WT 

fibrils efficiently self-seeded αSyn monomers at both tested pH values (lag times of 1.4 

± 0.8 h and 0 h for pH 4.5 and 7.5, respectively) (Figure 5.14 A). Interestingly, cross-

seeding the γSyn variants with αSyn seeds was only successful at acidic pH and with 

significantly delayed lag times compared with self-seeding kinetics (lag times of 31.7 ± 

4.1 h and 14.3 ± 1.0 h for γWT and γI38 monomers, respectively), and no elongation was 

observed at pH 7.5 (Figure 5.14 B,C and Table 5.5). It should be considered, that 

aggregation under acidic conditions might be affected by secondary nucleation, in which 

the seeds do not elongate at the fibril end but the fibril sides which provide a catalysing 

surface for aggregation. Buell et al. has shown that secondary nucleation is the dominant 

process for αSyn aggregation below pH 5.8141. 

The results for seeding with 10 % (mol/mol) γI38 pre-formed fibrils indicated that all of 

the synuclein variants are able to elongate γI38 seeds at pH 4.5 and 7.5, resulting in 

similar rates of elongation (Figure 5.14 D-F and Table 5.5). Note that all these 

experiments are performed under quiescent conditions (no shaking) where α- and γSyn 

do not fibrillate without the addition of aggregation accelerating material (e.g. seeds, 

membranes or glass beads)133,148. Control experiments with no seeds present did not 

result in fibril formation (Figure 5.14 A-F, orange datapoints). ThT endpoint samples 

were imaged by TEM and confirmed the presence of amyloid structures in ThT positive 

samples (Figure 5.14 G,H).  

Taken together, the cross-seeding experiments provide the first evidence for distinct fibril 

architectures between αSyn WT and γI38 fibrils, as different seeding capacities for the 

fibril variants were observed.  
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Figure 5.14: Distinct seeding capacity for αSyn WT and γI38 pre-formed fibrils. Seeded 

aggregation assays with pre-formed αWT (grown at neutral pH) (A-C) and γI38 (grown at acidic 

pH) (D-F) seeds. αWT (A,D), γWT (B,E), and γI38 (C,F) monomer were cross-seeded with 

10 % seeds ((mol/mol) monomer equivalent) in 20 mM Tris-HCl or ammonium acetate, 200 mM 

NaCl, at 37°C, quiescent conditions (no shaking compared to de novo fibril growth in Figure 

5.8). Orange curves show aggregation kinetics without the addition of seeds. TEM of endpoints 

from αWT seeding (G) or γI38 seeding (H), scale bar 200 nm. 

Table 5.5: Aggregation kinetics of seeding reactions with αSyn WT and γI38 seeds. Lag 

times, elongation rates, t50 and % pellet for γSyn variants. The rates of aggregation in each 

condition were measured in at least triplicate measurements. The errors show the standard 

deviation of the mean of the replicates. No aggregation after 42 h incubation for the seeded 

reactions is indicated by “-“. For errors in estimating % pellet via SDS PAGE subsequent to 

centrifugation (see Section 2.8.4) the values were rounded to the nearest 5%. *Elongation rate 

in 10*[RFU/h]. 

 αWT, α-

seeds, 

pH 4.5 

αWT, α-seeds, 

pH 7.5 

γWT,  

α-seeds, 

pH 4.5 

γWT,  

α-seeds, 

pH 7.5 

γI38,  

α-seeds, 

pH 4.5 

γI38,  

α-seeds, 

pH 7.5 

Lag time [h] 1.4 ± 0.9 0 31.7 ± 4.1 - 14.3 ± 1.0 - 

Elongation rate* 0.1 ± 0.06 0.13 ± 0.02 0.06 ± 0.01 - 0.15 ± 0.02 - 

t50 8.6 ± 0.5 3.8 ± 0.8 34.5 ± 1.4 - 17.8 ± 1.3 - 

% pellet 75 100 50 0 60 0 

 αWT,  

γI38-seeds, 

pH 4.5 

αWT,  

γI38-seeds, 

pH 7.5 

γWT,  

γI38-seeds, 

pH 4.5 

γWT,  

γI38-seeds, 

pH 7.5 

γI38,  

γI38-seeds, 

pH 4.5 

γI38,  

γI38-seeds, 

pH 7.5 

Lag time [h] 5.6 ± 0.3 6.9 ± 0.4 0 0 0 0 

Elongation rate* 0.3 ± 0.5 0.1 ± 0.04 0.1 ± 0.01 0.1 ± 0.00 0.2 ± 0.05 0.1 ± 0.03 

t50 10.3 ± 0.7 11.7 ± 1.5 3.1 ± 0.1 4.5 ± 0.9 1.3 ± 0.5 2.8 ± 0.6 

% pellet 100 100 100 85 100 100 
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The hypothesis of distinct fibril architectures for αSyn WT and γSyn I38 fibrils was further 

validated by performing a limited proteolysis experiment with proteinase K (Figure 5.15). 

This enzyme cleaves non-specifically with a preference for peptide bonds next to the 

carboxyl group of aliphatic and aromatic residues. In this assay different digestion 

patterns correlate with distinct fibril morphologies due to variabilities in accessible 

residues and stable cores as described in the literature157,475. Incubation of αSyn WT or 

γI38 fibrils with proteinase K reveals substantial differences in digestion resistance. αSyn 

WT fibrils grown at pH 7.5 present a stable core with a clear band at ~10 kDa, whereas 

fibrils of the same protein assembled at acidic pH show less proteinase K resistant 

morphologies with a diffuse pattern and a core at ~5 kDa after 5 min incubation. It should 

be noted that the enzyme reaction was performed at the same pH (pH 7.5), as fibrils 

were spun down and resuspended in the same buffer prior to the experiment as 

described in Section 2.7.10 (fibrils are stable when resuspended in the pH neutral buffer 

as shown in the control experiments with no enzyme present). Therefore, distinct band 

patterns are not a consequence of different proteinase K reactivities based on buffer 

changes. In contrast to αSyn WT, γI38 fibrils (grown at acidic pH) are less degraded after 

5 minutes and a broad distribution of polypeptides with apparent molecular weight 

ranging from 13 kDa to 5 kDa are generated. Similar differences in limited proteolysis 

were observed for fibril versus ribbon αSyn structures475. Although the interpretation of 

the data at this point is difficult (e.g. controls testing the equilibrium between fibril and 

monomer should be tested and ESI-MS should be used to identify the digestion 

products), the data provide further evidence that different fibril morphologies might be 

formed. It also highlights that the seeding assay would have better been done with fibrils 

grown at the same pH as for αSyn WT as the pH difference seems to have a huge effect 

on fibril morphology. For a conclusive and more detailed analysis of the architectures of 

the fibrils formed in this work, higher resolution techniques such as cryoEM fibril 

structures would be required. 

 

Figure 5.15: Protease K treatment results in distinct digestion patterns for αWT and γ38I 

fibrils. αSyn WT seeds grown at pH 4.5 or 7.5 and γ38I, pH 4.5 were incubated with 

proteinase K for 0, 1, and 5 min before boiling for 15 min to stop the reaction and loading on an 

SDS-PAGE gel. As a control (ctrl), variants were treated the same way as the other samples but 

with no enzyme addition. 
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5.10 PRE NMR to investigate conformational changes 

between γWT and γI38 

In Chapter 3, PRE NMR was used as a technique to gain insight into the conformational 

space of αSyn and to analyse how P1 affects self-assembly into higher order amyloid 

structures. It was shown that transient intra- and inter-molecular interactions with the P1 

region of αSyn drive fibril formation (see Section 3.7). As the identified ALS linked 

substitution γM38I is located within P1, the hypothesis that nucleation of γSyn might be 

affected by conformational changes of the monomeric protein accelerating aggregation 

arose.  

To test if there are indeed intramolecular contacts that determine γ38I aggregation which 

are not present in γWT, a NMR PRE experiment was performed with 15N γWT and 15N 

γI38, both spin labelled with MTSL at position A90C (Figure 5.16 A,B). The experiment 

was performed at pH 4.5, where γWT does not form amyloid whilst γI38 rapidly forms 

fibrils (Figure 5.12). Interestingly, by contrast with the experiments performed on αSyn, 

γWT and γ38I showed no significant changes of transient interactions despite their 

distinct aggregation propensity (Figure 5.16 C). Therefore, differences in aggregation 

cannot be explained on a monomeric level using this experimental setup. A more detailed 

analysis with different MTSL labelling positions and additional techniques such as cross 

linking MS and single molecule FRET assays will be needed to understand the self-

assembly processes in more detail. 

 

Figure 5.16: NMR PRE data of intramolecular interactions of γWT and γI38 with MTSL 

spin label at position A90C. Intramolecular PRE intensity ratios of amide protons 

(paramagnetic/diamagnetic) for γWT (A) and γI38 (B) are shown. Experiments were performed 

at 20 mM sodium acetate, pH 4.5, 200 mM NaCl, 15°C. Green, red and purple bars show 

intensity ratios for the N-terminal, NAC and C-terminal regions, respectively. Black line shows 

the rolling window (over five residues for easier comparison) of the PRE effects. MTSL label 

position is indicated with a yellow circle at residue A90C. (C) Overlay of rolling window from (A) 

and (B) (γWT, blue and γI38, red) for easier comparison of the data. The signal to noise level is 

>3.75 (dia), >2.70 (para), >1.99 (dia), and >2.34 (para) for γWT and γI38, respectively. 
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5.11 Discussion 

In this Chapter a new, rare SNCG gene variant was revealed associated with ALS and 

encoding the aggregation-prone Met38Ile γSyn variant. This is interesting in the context 

of Chapter 3 and 4 as this substitution is located in P1 and highlights that this NAC 

flanking region is not only involved in modulating the aggregation of αSyn but also plays 

a critical role for γSyn. 

Although γI38 cannot be put into a familial context, its significantly increased occurrence 

in ALS patients suggests its involvement in this disease. The potential association with 

neurodegeneration is further supported by the finding that this single residue substitution 

causes increased fibril growth in vitro and enhanced inclusion formation in cell culture. 

Gene variations causing single residue substitutions involved in disease have been seen 

before for other amyloidogenic proteins such as αSyn in PD (e.g. A30P, A53T)145 (see 

Section 1.4.2.1 for more detail), IAPP in type II diabetes (S20G)476, or β2m in hereditary 

amyloidosis (D76N)477. Strikingly though, this is the first substitutional variant observed 

for γSyn that significantly affects the protein aggregation properties with a potential 

pathogenic effect.  

Usually, the NAC region (residues 61-95) has been considered as the highest 

aggregation-prone, fibril-core forming region in synucleins313 and the work presented 

here shows that, indeed, this region plays a critical role in self-assembly of α- and γSyn. 

Interestingly, the Met38Ile substitution described in this Chapter is located outside the 

NAC region in the N-terminal flanking P1 region which has shown to be crucial for αSyn 

function and toxicity. Remarkably, similar to αSyn, substitution of only a single residue 

(in this case Met38 to Ile38) in P1, whilst not changing NAC at all, significantly affects 

the aggregation kinetics of the full-length protein. Therefore P1, and especially residue 

38 are key regulators of fibril formation for both αSyn and γSyn. This highlights the 

important role of flanking regions of aggregation-prone regions to affect aggregation in 

amyloidogenic proteins (see Section 1.2.5 for more details on flanking regions in other 

proteins). 

Despite the molecular details of why and how isoleucine contributes to a more 

aggregation-prone protein variant remaining unclear and further investigations are 

needed to fully understand the aggregation processes, experiments substituting other 

aliphatic residues (L,V,A) suggest beta-branched amino acid to play a crucial role in 

inducing aggregation. The formation of a β-hairpin in the P1 and P2 region of αSyn has 

been shown to be crucial for fibrillation187,188,341. The increased aggregation kinetics for 

γI38 and γV38 might therefore be driven by introducing substitutions favouring β-sheet 

formation, and as a result the built-up of the β-hairpin.  
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The data demonstrate a striking sequence specificity to modulate aggregation and 

similar effects could be observed in other biologic systems such as the Hsp90 and Hsp70 

proteins where a C-terminal Met to Ile substitution (MEEVD to IEEVD) drastically affects 

binding affinities to CHIP (Ubiquitin-protein ligase)478. Further, a sequence dependent 

aggregation could be observed for PrPSc where in the pathogenic D178N substitution in 

combination with M129 is known to be involved in Fatal familial insomnia (FFI), whilst the 

V129 mutation causes familial Creutzfeldt-Jakob disease (CJD)479. So, although 

structurally very similar, different hydrophobic residues could result in distinct stable 

oligomeric or fibril states favouring or inhibiting aggregation.  

The cross-seeding and limited proteolysis experiments with αSyn and γI38 fibrils suggest 

that distinct fibril morphologies result from aggregation of these protein variants. In 

general, aggregation is usually only marginally affected when cross-seeded with variants 

with only a single substitution458. This has been seen for the PD-related αSyn variants 

H50Q, G51D, and A53T when seeded with fibrils formed from αSyn WT172 or non-

disease related single point mutations located in the pre-NAC region458. This fits the 

observations proposed here, in which seeding γI38 fibrils with γWT monomer was 

efficient. However, literature data suggest that lager sequence variations often result in 

low cross-seeding efficiency as shown for human and hen lysozyme (60% sequence 

identity) or human α-lactalbumin and hen lysozyme (36% sequence identity)480. αSyn 

and γI38 show a sequence identity of 54 %, so low cross-seeding would be expected. 

Surprisingly, γI38 fibrils are able to cross-seed αSyn WT monomer at acidic and neutral 

pH, whilst αSyn fibrils can only cross-seed γI38 monomer at acidic pH which might be 

driven by secondary nucleation processes. A possible explanation for the successful 

cross-seeding reaction in only one direction (γI38 fibrils seed αWT monomer, but αWT 

fibrils do not seed γI38 monomer at neutral pH) might be the fact that monomeric γSyn 

is more stable than αSyn (caused by a higher propensity to form α-helix structures in 

NAC366) hindering the conformational transition possibly required to elongate αSyn fibril 

ends. Similar observations were made for the sequence related amyloid-β (Aβ) and islet 

amyloid polypeptide (IAPP). Whilst IAPP seeds can efficiently cross-seed Aβ monomers, 

the reverse experiment resulted in no fibril growth126,481. A final conclusion on fibril 

morphology for αSyn and γI38 fibrils will only be measured, however, by high resolution 

approaches such as cryoEM.  

In conclusion, it was demonstrated here that the Met38Ile amino acid substitution in 

human γSyn increases its aggregation propensity in vitro and in cultured human cells 

and is linked with the development of ALS. These consequences of the sequence swap 

in γSyn further demonstrate the key functional role of the N-terminal P1 region in 

controlling aggregation of synucleins with a high sequence specificity, and opens the 
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door to a new series of experiments using structural methods to elucidate in more detail 

how P1 exerts its remarkable effects.  
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Concluding Remarks and Future 

Perspective 

Amyloid diseases such as Alzheimer’s or Parkinson’s disease present one of the 

greatest health issues in our modern society resulting in enormous social and economic 

burdens482,483. Today, there are more than 10 million people diagnosed with PD and over 

55 million individuals have AD (or other forms of dementia) worldwide300,482. With an 

aging population, this problem is expected to increase over the next decades. The need 

for drug therapies is therefore continuously growing and understanding the molecular 

mechanisms that lead to self-assembly into toxic amyloidogenic oligomers and fibrils is 

essential.  

More than 48 proteins are currently known to form amyloid fibrils associated with human 

disease63. Of these, 17 proteins are IDPs, or comprise intrinsically disordered regions 

including αSyn47. Such sequences are of high risk to aggregate due to their intrinsic 

amyloid potential being exposed, unabridged by the protection of a native structure. This 

raises fundamental questions about how these initially dynamically disordered proteins 

self-assemble and gain order, and how this self-assembly process yields different cross-

β fibril structures from similar, or identical, precursor sequences441,484. While many 

protein-protein interactions are highly specific, as exemplified by antigen-antibody 

recognition, virus capsid assembly and many of the protein complexes that control 

essential cellular reactions (such as the ribosome and nucleosomes)485-487, others are 

more promiscuous, as shown by molecular chaperones that bind a diverse array of non-

native protein molecules175,488. Whether the initiating stages of amyloid formation depend 

on specific interactions, or whether these interactions are more promiscuous for IDPs, 

however, remained unclear and was investigated in this thesis on the example of α- and 

γ-synucleins. 

A wide array of techniques, including in silico aggregation predictions, in vitro fibril 

formation assays, TEM and AFM imaging, experiments in the presence of liposomes, 

NMR (PRE and CSP), cell studies, and in vivo analysis using the model organism 
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C. elegans allowed the identification of an N-terminal motif (P1, residues 36-42) to be 

crucial to control fibril assembly in αSyn and γSyn on a single residue level (Figure 6.1).  

 

Figure 6.1. Schematic of the findings in this thesis that N-terminal flanking regions are 

important for aggregation. From the initial idea that NAC controls amyloid formation (top, left), 

Chapter 3 identified P1 to play an important role in driving aggregation and function (top, right). 

Chapter 4 further highlighted the role of individual residues in the P1 sequence that form 

oligomers (bottom, right) and Chapter 5 also considered the role of γSyn for fibril formation 

(bottom, left), key residues (L38, Y39, S42) shown in bold font. The N-terminal region is 

coloured in green, NAC in red and the C-terminal region in purple. The P1 region is highlighted 

in blue.  

In more detail, in Chapter 3, the P1 motif (together with N7 (residues 1-7) and P2 

(residues 45-57)) was identified to play a vital role in aggregation and function of αSyn. 

The results also highlighted that the NAC region alone does not determine the 

aggregation propensity of αSyn, in fact, P1 forms crucial intra- and inter-molecular 

interactions allowing self-assembly into amyloid fibrils. However, deleting this key motif 

results in loss of function in in vitro assays, demonstrating a functional role as well as a 

key role in driving aggregation.  

Chapter 4 further characterised the role of individual residues within P1 in aggregation. 

An alanine scan and sequence alignment with γSyn identified three residues (L38, Y39, 

and S42A) to be the main contributors for the aggregation propensity of αSyn. It was 

highlighted that the amino acid identity and position are important to regulate amyloid 

formation and early stages of fibrillation are highly specific.  

Last but not least, Chapter 5 focusses on the role of γSyn. It was found that P1 plays a 

critical role also in this paralogue since the M38I substitution (linked with ALS patients) 

can switch on aggregation of γSyn in vitro and in cells. This points out that regions 
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flanking the highly aggregation-prone NAC region, are crucial probably throughout the 

whole synuclein family.  

Although this work significantly contributed to understanding the molecular processes of 

amyloid formation in more detail and putting emphasis on the important role of the N-

terminal region directly flanking NAC for synuclein aggregation, there still remain open 

questions. Table 6.1 summarises the key questions with respect to this thesis, overall 

approaches to target them and detailed experimental setups that might help bringing 

forward the understanding of amyloid formation and toxicity that will be further discussed 

below. Importantly, now that the role of P1 is understood in more detail, it is possible to 

interpret the literature on a new level, allowing the design of target orientated 

experiments that highlight the potentials of P1 in developing anti-aggregation strategies. 

Table 6.1: Overview of open questions with respect to this thesis and future experiments.  

What is the molecular mechanism of aggregation and how do single residues contribute 
to it? 
Approaches Experiments 

Aggregation/ 
fibril formation 

Deep mutational scanning  

Further characterisation of P2 by mutations (e.g. ThT assay, TEM imaging) 

Explore natural deletion variants in αSyn (e.g. exon3)438 

Analyse co-incubation of variants with αSyn WT (in vivo and in vitro)  

Evaluate single residues in NAC or C-terminus that change the aggregation 
propensity 

Structural 
analysis 

Measure intra- and inter-molecular interactions by NMR PRE, MS, and cross-
linking especially of variants (e.g. ΔP1, L38M) and at various pH values (e.g. 
pH 7.5) 

Solve high resolution fibril structures of αSyn and γSyn variants (using cryo-
EM) 

Can we regulate function independently from aggregation? 

Approaches Experiments 

Liposome 
interactions 

Use extracted vesicles instead of DMPS liposomes 

Test physiological function of membrane remodelling for synuclein variants 
(incubation and TEM imaging, CD, NMR) 

Investigate conformational ensemble and intermediates in the presence of 
liposomes/vesicles 

Aggregation vs 
function 

Identifying molecules that retard fibril formation but allow physiological function 
(e.g. via small molecules) 

How can we improve direct disease related research? 

Approaches Experiments 

Better in vivo 
systems 

Express synuclein in neurons instead of muscle cells of C. elegans 

Experiments with vertebrates (e.g. zebrafish, mice) that naturally express 
synucleins 

Define toxic 
state 

Investigate if the non-aggregation variants are also less toxic (compare to αSyn 
A30P) (e.g. oligomer characterisation via cell assays in Chapter 4)  

Analyse chaperone response to synuclein variants (e.g. in vivo assays in 
worms) 

Disease 
associated 
genetic 
polymorphism 

Gain insight into familial history of γM38I variant 

Genome sequencing of larger/different population groups to identify further 
variants 
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What is the molecular mechanism of αSyn aggregation and how do single residues 

contribute to it? 

In this thesis it was found that not only the residue position, but also the side chain 

identity, play a crucial role in controlling αSyn aggregation. To evaluate single residues 

that are key regulators, an alanine scan was performed. Interestingly, on the example of 

residue 38 in αSyn and γSyn, it was shown that different amino acids (although 

chemically very similar) can either speed up, slow down or not change the self-assembly 

of the full-length protein (Section 4.5 and Section 5.8). To better assess the molecular 

mechanism of aggregation, a more systematic approach would be required for instance 

by using deep mutational scanning (DMS) approaches. Newberry et al. have performed 

a DMS study in yeast screening for toxicity induced by membrane binding360,361. In these 

experiments, the readout is crucial, since selecting for (cyto-)toxicity, aggregation, or 

specific structural features may result in different outcomes. The Radford/Brockwell lab, 

for example, developed and optimised the tripartite β-lactamase assay, an assay 

screening for aggregation resistance in E. coli79,466,489 which would offer an alternative 

approach to present studies. 

In the work presented in this thesis, P2 (residues 45-57) was identified in addition to P1 

as synergising to control fibril assembly. This sequence acts in synergy with P1 

(especially at acidic pH) but did not change the aggregation kinetics when deleted in 

isolation (Figure 3.3). Interestingly, this P2 region comprises the location of six of the 

twelve known familial PD mutations (E46K, H50Q, G51D, A53E/V/T). Although the focus 

was predominantly put on P1 here, we have learnt that P1 and P2 closely interact with 

each other. This was observed when adding the P1 peptide to αSyn in trans (Section 

4.3) and described in the literature in which P1 and P2 were shown to form a β-hairpin 

structure vital for self-assembly into amyloids187,188,415 or SUMO115-55 binding to either P1 

or P2, competing against the β-hairpin formation and inhibiting fibril formation439. 

Therefore, P2 most likely is important on a single residue level and familial PD mutations 

possibly interrupt crucial interactions with P1 (and the rest of the protein) resulting in 

conformational changes exposing the aggregation-prone NAC region. Further 

characterisation of P2 might therefore be beneficial to especially understand the role of 

disease linked substitutions. 

Deletion variants of αSyn, similar to the ones described in Chapter 3 (ΔP1, ΔP2), are 

also naturally observed in αSyn. There is evidence that the regulation of the SNCA gene 

isoform expression is altered in the brains of patients with PD or other Lewy body 

disorders resulting in αSyn variants lacking residues 41-54 (exon 3) and/or 103-130 

(exon 5)438,490. The aggregation kinetics and membrane binding characteristics of these 

isoforms are only little analysed, but changes in fibril formation and membrane 

localisation have been reported438,491,492. Interestingly, as a consequence of different 
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expression levels, co-localisation of full-length αSyn with the deletion variants is 

observed. It would be exciting to assess if adding these isoforms to αSyn WT in trans 

acts as a protective mechanism or accelerates the formation of toxic amyloid species. 

Co-aggregation, in general, is an interesting factor to consider. Further investigation on 

incubating αSyn WT together with the identified single point mutation or deletion variants 

aborting fibril formation might offer new insights into the inhibitory mechanism of the 

variants. These assays could be performed in vitro or in vivo (in neurons, C. elegans, 

Drosophila or more). 

It should be considered that, although finding the N-terminal region to be vital for fibril 

formation in this thesis, this does not exclude the importance of other individual residues 

in NAC or C-terminal region. Many other studies have shown a role of residues in NAC 

or the C-terminus of αSyn in aggregation. This includes reduced fibrillation for the 

substitution variants Y125A and Y133A440, as well as D121A and phosphorylated S129 

especially in the context of calcium binding due to changes in charge460. Also, 

substitutions in NAC to make the sequence more similar to βSyn (residues 63-66 and 

71-72 from VTNV, VT (αSyn) to ASHI, FS (βSyn))468 or single amino acid substitutions 

such as V70G/E, V74G/E, V76E/N or S87N313,365,409 slow down amyloid formation. The 

changes in the aggregation kinetics are probably due to an altered conformational 

ensemble of the monomeric protein interrupting the complex interplay of contacts 

between the N-terminal region with NAC and C-terminal region189,460.  

As mentioned before, the key to understand the molecular mechanism of self-assembly 

into amyloid structures is to recognise the ensemble of different conformations that the 

intrinsically disordered protein αSyn can adopt under various buffer conditions and 

evaluate the free energy landscape493. For this challenging task, it is vital to combine 

various techniques including NMR (PRE) to determine transient interactions189,319,335,463, 

SAXS or DLS to investigate radius of gyration (Rg) or hydrodynamic radius (Rh)494, 

cross-linking and HDX to detect exposed surfaces and interactions460-462, single molecule 

FRET do evaluate distances between labels495, using small molecules to identify 

individual conformational states340,496, and computational modelling as well as machine 

learning to bring together the different observations and find the lowest energy 

states320,328,421 (Figure 6.2). Further investigation and differentiation between αSyn WT 

and the variants discussed in this thesis will allow a deeper understanding of the initial 

processes driving amyloid formation in particular in IDPs. 
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Figure 6.2: Schematic of predicting conformational ensembles and function/disease 

aspects using machine learning based on multidimensional data. Figure taken from Ref421. 

Comprehension of the full mechanism of aggregation from monomer to mature fibrils 

also requires the analysis of oligomers and fibrils. This is especially important as recent 

studies highlighted the correlation between αSyn monomer conformational state and 

fibril morphology462,463. Due to oligomeric species being less stable and diverse, little 

structural information of synuclein oligomers is available160,166,497. However, the 

accumulation of oligomeric species in the less aggregation-prone variants found in this 

work (Figure 4.16 and Figure 4.22, L38M, Y39A, S42A) hints to differences in oligomer 

structures compared to αSyn WT. This could result in higher or lower affinities to elongate 

into mature fibrils. There is more information on fibrillar structures (see Figure 4.30 for a 

summary) highlighting how single residue substitutions or modifications can completely 

alter the fibril architecture (possibly by changing the monomeric conformational energy 

landscape462,463). Literature studies have shown that the fibril morphology might have an 

effect on toxicity and disease development117,278. The consequence of changes in the 

primary sequence on fibril stability, secondary nucleation, and morphology might 

therefore be crucial and should be further investigated using ideally cryoEM.  

Can we regulate function independently from aggregation? 

This study emphasised the opposed roles of the P1P2 region for function and toxicity 

(Section 3.4, Section 3.5 and Section 3.9). Targeting protein aggregation without 

negatively affecting the function of remodelling membranes of αSyn272 might therefore 

be a challenging task.  

In a first step, the role for membrane binding of individual residues in the P1 and P2 

region should be evaluated in more detail. Preliminary data on αSyn L38M in Section 4.9 

(Figure 4.29) and studies from Flagmeier et al.172 on the lipid induced aggregation of the 

familial PD mutations demonstrate a large effect of single residue swaps for surface-

induced fibril formation and remodelling of membranes. These experiments, however, 

are lacking some information and a systematic analysis of membrane binding and fusion 

via ThT fluorescence assays, CD, NMR, and TEM would be required. It should be further 

considered, that DMPS liposomes were used in these studies which might not be the 

best choice to mimic in vivo conditions. It is known that membranes in neurons are built 
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by a mixture of different lipids (33 % phosphatidylcholine, 30 % cholesterol, 8 % 

phosphatidylethanolamine and 29 % others (including for example sphingomyelin, 

phosphatidylserine, and phosphatidylinositol) in mice CNS brain regions)498 and that 

presynaptic vesicles, that αSyn binds to, have numerous proteins bound to their 

surface499 possibly changing the interaction of αSyn with these organelles. Other studies 

have consequently used lipid mixtures (DOPE, DOPS and DOPC in 5:3:2 molar 

ratios)186,272 or vesicles extracted from rat brains273.  

Interestingly, in some studies the membrane bound state is described as the toxic one361 

possibly by inducing surface catalysed aggregation or increased monomer 

concentrations at the membranes500. There is evidence for helical intermediates in 

amyloid formation of IDPs143 and more precisely for αSyn501 in which residues 1-100 form 

helical structures when binding membranes, transitioning to ‘β-sheet loops’ for residues 

57 to 61 and 73 to 80 whereas the N-terminal domain remains bound to the membrane 

and assists folding before eventually forming mature fibrils (Figure 6.3). Investigating 

these dynamic intermediates might help understanding the role of lipid binding for 

amyloid formation vs function.  

 

Figure 6.3: Schematic of αSyn fibrillation on liposome surfaces. Green: α-helix, blue: β-

sheet loops, purple: β-sheet of fibril-like conformation, red: β-sheet of mature fibril structure, 

grey: unstructured. Figure taken from Ref501. 

Small molecules have been found to be promising molecules to interrupt oligomer and 

fibril formation of disease-associated amyloid proteins464,502. In contrast to natively folded 

proteins, the intrinsically disordered protein αSyn can adopt a wide range of 

conformational states in its monomeric form (Figure 6.4 A). Therefore it can be 

challenging to recognise binding molecules due to the inherent structural heterogeneity 

and the absence of persistent structural elements503. Also, targeting fibrillation without 

affecting physiological function might be difficult. There have been promising approaches 

to overcome these challenges including an in silico screen based on structural 

information (NMR PRE) and computational modelling340,496 (Figure 6.4 B,C) as well as 

biophysical approaches using surface plasmon resonance high-throughput screens504. 

Possible binding pockets to αSyn considering the wide distribution of conformational 

states are shown in Figure 6.4 C. Targeting specific conformations allows the shift to 

explicit conformations enabling modulation of cellular malfunctions associated with αSyn 

overexpression (e.g. restore vesicular dynamics, block cell-to-cell transmission) 
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independently of inhibitory effects on aggregation in solution as shown in the described 

studies496,504. So, there are promising experimental setups already developed for 

discovering small molecules binding to IDPs. Other approaches used for globular 

proteins might be possible to optimise for disordered proteins such as covalently tethered 

small molecule fragments to stabilise specific oligomers464. 

 

Figure 6.4: Conformational ensemble and small molecule binding to αSyn. 

(A) Conformational heterogeneity in folded, flexible domain, and intrinsically disordered proteins 

on the example of ubiquitin, TIA-1 and αSyn, respectively. Figure taken from Ref505. (B) 

Chemical structures of small molecules used as fragment probes in the in silico screen496. (C) 

3D representation of the binding pockets identified within αSyn conformations filled with clusters 

of small molecules resulting from the fragment probe mapping calculations. Residues are 

coloured according to the amino acid sequence shown below. Figure B and C taken from Ref496. 

 
How can we improve direct disease related research? 

The main model organism used in this thesis was C. elegans. Van Ham et al. have shown 

that the expression of αSyn::YFP in the body wall muscle cells of C. elegans provides a 

good model for PD in a living organism83. Although producing synuclein in the muscle 

cells has many advantages such as easily showing visible protein inclusions that 

increase with age, functional assays such as body bends, or facilitating biochemical 

analysis and fluorescent protein interaction studies, it should be considered that 
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expression in the muscle cells might not mimic the natural environment of a neuronal 

cell. Therefore, expression in dopaminergic neurons, motor neurons or pan-neuronal 

cells might be beneficial506,507. This can be challenging though, as αSyn WT (which is 

used as a positive control in the work of this thesis) sometimes fails to induce a 

phenotypic effect in these cells and alternatives such as the more aggregation-prone 

A53T variant have to be used as comparison508.  

Further, model organisms naturally expressing αSyn might be beneficial. Whilst C. 

elegans facilitates the analysis of the effects of mutations in amyloid proteins by easily 

creating new strains and being able to assess effects in the absence of endogenous 

αSyn, it also means that any findings may be an artefact of the expression of a non-

native protein and loss-of-function aspects are difficult to evaluate. The usage of 

transgenic zebrafish or mice might therefore be needed but demands more time for 

experimental outputs at higher costs (Section 1.4.2.2) (Figure 6.5).  

 

Figure 6.5: Advantages and disadvantages of the most common model organisms used 

in biomedical research (cell culture, Caenorhabditis elegans, Drosophila melanogaster, Danio 

rerio and Mus musculus). Green smiley indicates suitable conditions, yellow smiley represents 

average conditions and red smiley stands for less/not suitable conditions. Figure adapted from 

Ref509. 

Further, working in an in vivo system would allow to analyse the effect(s) of the 

chaperone response network in correlation with synuclein expression. This has not been 

done in this study but should be investigated, eventually, as it is known that αSyn 

interacts with chaperones and can have a large effect on fibril assembly and 

disassembly175,225. The fact that γSyn-I38::YFP expressing animals did not show a 

phenotypic effect (although aggregating in vitro) might be a result of a highly active 

proteostasis network, (over-) expressing molecules rescuing γI38 from aggregation into 

toxic species510. Also, the disaggregation via Hsp70 and Hsp110 has been shown to 

result in harmless oligomers in vitro176 but were demonstrated to result in toxic oligomeric 

species in vivo, highlighting the complexity of an in vivo system with various 

proteins/molecules and organelles being present511.  



 

 
 

184 

Another interesting aspect to take into account is the identity of the toxic species 

especially in an in vivo context. Whether oligomers or fibrils are the disease causing 

assembly is still unclear159. In this study, it was observed that the single point mutations 

L38M, Y39A, and S42A form oligomers within the experimental time of 110 h in vitro 

(Figure 4.16 and Figure 4.22). Adding these oligomers to SH-SY5Y cells had a (partial) 

toxic effect (i.e. on cell morphology but not in metabolic assays), but expression in worms 

of the same variants protected from a phenotypic outcome. Similar seemingly 

controverse observations have been made for αSyn A30P, a familial PD mutation that is 

less aggregation-prone than WT but forms more oligomers in vitro512, shows less toxicity 

in C. elegans473, but strikingly is nevertheless causing human disease171. Defining which 

factor(s) cause disease and how to identify the ‘dangerous’ species is therefore crucial.  

Last, but not least, the genetic analysis in this study, but also in general, could be 

optimised. Identifying the ALS linked M38I substitution in Chapter 5 was important, but 

having familial background information would be beneficial. Further, it would be 

interesting to evaluate, if disease causing mutations (including αSyn PD mutations) occur 

in people without developing the associated neurodegenerative disease. Interestingly, 

most PD linked substitutions (nine out of twelve) have been found in the N-terminal 

region, whereas the DLB associated variant E83Q is located in NAC294. Identifying more 

(familial) mutations, or protective mutations if they exist, might help to gain better insight 

in the role individual amino acid swaps play in disease progression. 

Taken together, although not every question can be answered at this stage, this thesis 

has helped recognising that the N-terminal flanking region of NAC is an important 

regulator of αSyn aggregation and function. Interestingly, over the time of this four year 

PhD thesis, there has been further growing evidence for the N-terminal region (in 

particular N7, P1, and P2) to be involved in toxicity and biological processes (see Figure 

3.25 and Table 3.7). This allows the assumption that also in other amyloidogenic or 

intrinsically disordered proteins, hotspots for aggregation might not solely be limited to 

the most aggregation-prone, core forming sequence. In contrast, other parts of the 

proteins might have large effects on the overall conformational ensemble and 

interactions with important binding partners that define its aggregation propensity. 

Targeting these flanking regions for drug discovery and development consequently 

offers a new approach and might provide promising results on the years ahead. 
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