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Abstract 

Aggregation and amyloid-formation of Ŭ-synuclein (ŬSyn) is central to the 

pathogenesis of synucleinopathies. Despite decades of  research into the 

mechanisms underlying the behaviour of ŬSyn, there remains no cure for these 

diseases. Changes to the amino acid sequence of ŬSyn can occur naturally, for 

example in familial Parkinsonôs disease, or can be rationally designed to probe 

changes to the behaviour of the protein. These sequence changes can drastically 

alter ŬSyn as an intrinsically disordered protein in solution, as a helical lipid-bound 

protein, or as a cross-ɓ amyloid fibril. The work presented here first explores a 

novel variant of ŬSyn lacking residues 2 to 7, ŬSynȹN7, which was rationally 

designed based on in silico predictions of aggregation-prone regions. Experiments 

are also described that explore three naturally-occurring alternative splicing 

variants of ŬSyn. Using thioflavin T assays, the kinetics of amyloid assembly of 

ŬSynȹN7 and the alternative splicing variants of ŬSyn are investigated. Other 

biophysical methods such as circular dichroism, electron microscopy, and nuclear 

magnetic resonance are also used to characterise the variants in solution, at the 

membrane, and in the formation of amyloid fibrils. Finally, experiments in new 

strains of the Caenorhabditis elegans model organism are used to corroborate 

findings in vivo. Key findings confirm that the N7 region regulates amyloid 

formation both with and without lipid membranes, as well as aggregation in vivo. 

The alternative splicing variants of ŬSyn exhibit distinct rates of amyloid formation, 

with deletion of exon 5 increasing the amyloidogenicity in the absence of lipid 

membranes. In vivo, the variants all display different profiles of aggregation 

propensity and proteotoxicity. Overall, the work described in this thesis enhances 

understanding of the regions critical to the aggregation behaviour of ŬSyn. By 

integrating these findings, the potential for targeting specific regions of ŬSyn in the 

development of novel therapeutics is revealed.  
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1 Introduction 

1.  Introduction 

1.1. Synucleinopathies 

1.1.1. Clinical observations 

Synucleinopathies are a category of diseases that are characterised by the formation 

of aggregates containing the protein Ŭ-synuclein (ŬSyn). There are two main disease 

groups under the umbrella term of synucleinopathies: Lewy body diseases and 

multiple system atrophy (MSA). Whilst ŬSyn forms aggregates known as Lewy bodies 

within neurones in Lewy body diseases, glial cytoplasmic inclusions (GCIs) form in 

MSA. There are three major subgroups of Lewy body diseases: Parkinsonôs disease 

(PD), PD with dementia (PDD), and dementia with Lewy bodies (DLB).  

A recent systematic review of PD, the most common neurodegenerative movement 

disorder, showed a prevalence of 1% in individuals over the age of 601, and 12.9 

million people worldwide are projected to be affected by 20402. Clinically, PD is 

characterised by motor symptoms including tremor, rigidity, and bradykinesia; 

however non-motor symptoms including constipation, rapid eye movement (REM) 

sleep behaviour disorder, impaired olfaction, and depression are also prevalent and 

can occur up to 20 years prior to diagnosis3ï8 (Figure 1.1). If individuals eventually 

develop dementia later in the course of the disease, they are diagnosed with PDD, 

which reportedly occurs in up to 83% of PD patients9. DLB is characterised by 

hallucinations, confusion, and dementia. Up to 25% of individuals with DLB may not 

display any motor symptoms10. MSA is a motor disorder that is characterised by 

levodopa-unresponsive parkinsonism, autonomic dysfunction and non-motor 

symptoms including REM sleep movement disorder11. 

Figure 1.1 ï Time course of symptoms in Parkinsonôs disease. The non-motor symptoms 
(orange) of constipation, REM sleep behaviour disorder, impaired olfaction, and depression 
have been reported to occur several years prior to the onset of motor symptoms (pink). 
Individuals with PDD also develop dementia (green) later in the disease course. 
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1.1.2. Historical observations  

The history of synucleinopathies begins with the James Parkinson in 1817 when he 

first documented PD in his publication, óEssay on the shaking palsyô, noting its 

hallmark ñinvoluntary tremulous motion, with lessened muscular controlò12. Since 

then, significant milestones have advanced the understanding of these diseases13ï

32, the genetic factors associated with disease onset33ï41, the levodopa and deep 

brain stimulation treatments that can ameliorate symptoms42,43, and also the approval 

of DaTscan that is used in the diagnosis of synucleinopathies44 (Figure 1.2)45. 

Figure 1.2 ï Timeline of significant milestones in the history of synucleinopathies. Red 
boxes are disease-related findings, green are treatment and diagnostic milestones, and blue 
are major genetic discoveries associated with synucleinopathies. Adapted from45. 
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A major breakthrough occurred in 1997 with the discovery of ŬSyn in the pathology 

of PD25. The association between ŬSyn and Lewy body diseases has been shown 

extensively with immunohistochemistry and immunoelectron microscopy of Lewy 

bodies in both PD and DLB25,46ï48. Western blot analyses of purified Lewy bodies 

from post-mortem DLB brains revealed both full-length and truncated ŬSyn49. In 

MSA, the detection of ŬSyn in GCIs with anti-ŬSyn antibodies confirmed its central 

role in disease pathology26,50,51. Notably, expression of human ŬSyn in animal model 

organisms, including nematodes52, Drosophila53, and mice54, results in the formation 

of aggregated ŬSyn and onset of motor impairment not dissimilar to that observed in 

synucleinopathies. This consolidates the notion that accumulation of ŬSyn in 

inclusion bodies is central to the disease pathogenesis. Additionally, the ŬSyn 

paralogues, ɓSyn and ɔSyn, are absent from both Lewy bodies and GCIs26,55, 

highlighting the critical importance of the amino acid sequence of synuclein in terms 

of its propensity to aggregate in disease. Furthermore, the ability of ŬSyn to self-

assemble into amyloid fibrils is a crucial feature driving synucleinopathies56. This 

feature, central to the pathology of these diseases, forms the foundation of the work 

presented here and will be discussed in detail in Section 1.4. 

Over 20 years ago, it was identified that ŬSyn Lewy body pathology spreads through 

the brain in PD, which led to the categorisation of Braak stages of pathology32. 

According to this, there are six stages of Lewy pathology in PD patients (Figure 

1.3)45,57. Whilst Stage 1 is associated with Lewy pathology in the olfactory bulb and 

medulla oblongata, Stage 2 exhibits additional Lewy pathology in the pontine 

tegmentum. In Stage 3, when the motor symptoms of PD begin to appear, Lewy 

pathology has spread to the amygdala and substantia nigra of the midbrain. By 

Stages 4-6 Lewy pathology spreads to the mesocortex and neocortex.    
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Figure 1.3 ï Braak stages of PD pathology. (A) Cases of PD fall into six categories 
according to the location of Lewy body pathology. Progression through the stages is 
associated with worsening of the pathology and spreading of the brain regions affected. 
Worsening of pathology is depicted as a deeper red. Schematic shows that pathology begins 
in the brain stem and progresses into the cortical regions. Image taken from45. (B) Braak 
Stages 3-6 in sporadic PD, immunostained for ŬSyn. Arrow in Stage 3 indicates the central 
subnucleus of the amygdala. In Stage 4, the pathology in the amygdala is worse (long arrow). 
Pathology is also present in the anteromedial temporal transition zone (small arrow). By Stage 
5, the pathology has spread to the superficial layers of the anteromedial temporal cortex (short 
arrow). Asterisks indicate that pathology is also present in the insular and cingulate cortices. 
Pathology tapers off by the secondary and primary fields of the temporal cortex (long arrow). 
In Stage 6, the immunoreactivity is greater in the insular and cingulate cortices (asterisks), 
and also the temporal mesocortex (short arrow). The pathlogy has also spread through 
secondary, and the primary neocortical fields (long arrow). Image taken from57.   
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1.1.3. Genetics of disease 

Although the main synucleinopathies are all characterised by aggregation of the 

same protein, ŬSyn, the genetics associated with disease risk vary considerably. A 

Genome-Wide Association Study (GWAS) revealed an estimated 36% of DLB cases 

to be associated with at least one heritable component58. The three most established 

genetic risk factors of DLB are APOE, SNCA and GBA1. Whilst APOE is also 

associated with the onset of Alzheimerôs disease59, SNCA and GBA1 mutations are 

associated with PD60. Interestingly, however, haplotypes conferring risk of PD cluster 

more 3ô to SNCA, whilst DLB haplotypes cluster more 5ô to the gene61,62, although it 

is not clear what the implications of these differences are. There is an overlap 

between monogenic causes of both PD and DLB, as single nucleotide polymorphisms 

(SNPs) in SNCA leading to the ŬSynE46K or ŬSynA53T variants have been 

associated with the onset of both Lewy body diseases33,63,64, indicating that the role 

of genetic and environmental risk factors in disease is multifaceted.  

MSA is generally considered to be a sporadic disease, and there are only a few 

reported familial cases65,66. Genetic risk loci for MSA are reportedly located within the 

genes SNCA, GBA1, MAPT, COQ2, USP38-DT, KCTD7, and lnc-KCTD7-267. SNCA 

was initially identified as a risk gene for MSA in 200939,40, and since then the SNCA 

mutation that results in expression of ŬSynG51D has been associated with a familial 

case of PD and MSA co-pathology68. 

Genetics also plays a significant role in PD. While approximately 85% of PD cases 

are sporadic69, genetic factors can still contribute to the overall risk of developing the 

disease. There is a reported 16-36% heritability associated with PD70, meaning that 

although the direct genetic link cannot be ascertained, certain genetic variations can 

increase an individualôs susceptibility to develop the disease. The association 

between genetics and PD can be split into three groups in terms of the population 

frequency of the disease-associated alleles and the conferred risk (Figure 1.4).  
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A large-scale GWAS has identified 90 genetic risk variants, which account for the 16-

36% heritability of PD70. The most common risk factor genes are GBA1 and LRRK2. 

Whilst the penetrance of GBA1 mutations is 10-30%71,72, the estimates of lifetime 

penetrance of LRRK2 mutations varies substantially more73, indicating that other 

elusive genetic and environmental factors determine the penetrance of the LRRK2-

associated PD. One group of genes is low frequency but monogenic, meaning that 

the disease alleles are sufficient to cause PD. These include the autosomal dominant 

alleles of LRRK2, SNCA, and VPS35, as well as the autosomal recessive PINK1, 

PRKN, and DJ-160, although mutations in at least 21 genes have been reported to 

cause PD (Table 1.1). Deciphering the genes that are associated with the onset of 

synucleinopathies can allow for development of biomarkers for genetic screening, but 

also allow for rationalisation of the pathogenesis of disease.  

 

 

 

Figure 1.4 ï Genes associated with PD. Genes are plotted as relative allele frequency 
versus the risk associated with the disease-allele. The genes highlighted in red are major 
genes known to cause monogenic PD. Those in bold have autosomal dominant inheritance. 
LRRK2 and GBA1 (yellow) are two genes with common PD-associated mutations, but in some 
cases they are only associated with an intermediate disease risk. There are at least 90 genetic 
risk variants that are common but associated with a lower risk for disease (green). Note that 
LRRK2 is present in two categories, as the disease risk depends on the specific mutations 
made.  
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Table 1.1 ï Genes that may be mutated in familial PD.  Table amended from74. 

Gene Protein 
Disease 
note 

Inheritance Frequency 
Multiple 
families 

SNCA Ŭ-synuclein 
Often with 
dementia 

Dominant Very rare Yes 

PRKN 
Parkin RBR E3 ubiquitin 

protein ligase 
Often early 
onset 

Recessive Rare Yes 

UCHL1 
Ubiquitin C-terminal 
Hydrolase L1 

- Dominant Unclear No 

DJ-1 
Parkinsonism associated 

deglycase 
Often early 
onset 

Recessive Very rare Yes 

LRRK2 
Leucine Rich Repeat 

Kinase 2  
- Dominant Common Yes 

PINK1 PTEN INduced Kinase 1 
Often early 
onset 

Recessive Rare Yes 

POLG DNA POLymerase G Atypical PD Dominant Rare Yes 

HTRA2 HtrA serine peptidase 2 - Dominant Unclear No 

ATP13A2 
ATPase cation 
transporting 13A2 

Atypical PD Recessive Very rare Yes 

FBXO7 F-BoX protein 7 
Often early 
onset 

Recessive Vary rare Yes 

GIGYF2 
GRB10 interacting GYF 

protein 2 
- Dominant Unclear Yes 

GBA1 Glucocerebrosidase - 
Dominant 
(incomplete 
penetrance) 

Common Yes 

PLA2G6 
PhosphoLipase A2 

Group 6 
Often early 
onset 

Recessive Rare Yes 

EIF4G1 
Eukaryotic translation 
Initiation Factor 4 ɔ 1 

- Dominant Unclear No 

VPS35 
Vacuolar Protein Sorting 

35 
- Dominant Very rare Yes 

DNAJC6 
DnaJ heat shock protein 
family (Hsp40) member 

C6 

Often early 
onset 

Recessive Very rare Yes 

SYNJ1 SYNaptoJanin 1 
Often 

atypical PD 
Recessive Very rare Yes 

DNAJC13 
DnaJ heat shock protein 
family (Hsp40) member 

C13 

Same family 
as 

TMEM230 
Dominant Unclear Yes 

TMEM230 
Transmembrane protein 

230 
Same family 
as DNAJC13 

Dominant Unclear No 

VPS13C 
Vacuolar Protein Sorting 
13 homologue C 

- Recessive Rare Yes 

LRP10 
LDL Receptor related 

Protein 10 
- Dominant Unclear No 
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1.1.4. Molecular mechanisms of synucleinopathies 

Whilst significant research has been conducted on the molecular mechanisms 

underlying PD75ï83, considerably less research has been conducted into other 

synucleinopathies. Although synucleinopathies all share the same hallmark of 

inclusion bodies containing ŬSyn, the manifestation of these aggregates differs: PD 

is associated with the formation of Lewy bodies within dopaminergic neurones in the 

substantia nigra, DLB with Lewy body formation in the cortical regions, and MSA with 

GCIs forming in oligodendrocytes23,84. Due to the limited understanding of the 

molecular mechanisms of DLB and MSA, this section will focus on PD, although it 

should be noted that similar underlying mechanisms including oxidative stress85,86, 

mitochondrial dysfunction87,88, and impaired protein degradation89 are proposed to be 

a shared pathway to disease. 

The homeostasis of ŬSyn within cells is maintained by the ubiquitin-proteosome 

system and lysosomal degradation90, however factors can alter this regulation, 

leading to the aggregation of ŬSyn into Lewy bodies (Figure 1.5)91. Although ŬSynWT 

can be efficiently degraded by chaperone mediated autophagy in lysosomes, disease 

variants such as ŬSynA53T and A30P have been shown to inhibit this process, 

suggesting a pathway to disease92. Another pathway that is altered in PD is 

neuroinflammation, which triggers intracellular oxidative stress75. Oxidative stress 

results in the generation of reactive oxygen species (ROS), which can cause 

oxidation, crosslinking, and cleavage of amino acid residues in proteins, cause DNA 

oxidation, and lipid peroxidation76,93,94. Oxidative stress and ROS damage the 

mitochondria, which in turn can increase oxidative stress and ROS generation76. 

Genetics can predispose individuals to a breakdown of ŬSyn homeostasis. Of the 

aforementioned major risk genes for PD, disease-associated alleles in LRRK2, DJ-1, 

PINK1, PRKN, and VPS35 can influence mitochondrial dysfunction77ï81, LRRK2, 

VPS35, and GBA1 can damage lysosomal degradation77,81,82, and alleles of SNCA 

can alter the expression of the gene or cause an amino acid substitution that causes 

the translation of a more aggregation-prone variant83,95ï97.   
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Given the increase in the prevalence of synucleinopathies2, and the lack of effective 

treatments98, a greater understanding of these molecular mechanisms will be critical 

for exploring new avenues for therapeutics. As ŬSyn is central to the pathology of 

these diseases, the remainder of this chapter focusses on summarising the past three 

decades of research into this elusive protein. 

 

 

 

 

 

 

 

 

 

Figure 1.5 ï Schematic of the molecular mechanisms in PD. The homeostasis of ŬSyn is 
normally maintained by the ubiquitin-proteosome system and lysosomal degradation (black 
arrows), however in PD, many factors can disrupt this homeostasis and trigger ŬSyn to 
aggregate and form Lewy bodies (red arrows). Gene names in pink indicate the site(s) at 
which disease-associated mutations can influence the homeostasis. Figure amended from91.  
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1.2. ŬSyn as an intrinsically disordered protein 

The primary sequence of ŬSyn can be divided into three domains: the N-terminal 

aliphatic domain containing the characteristic KTKEGV repeats; the hydrophobic core 

domain, formerly known as the non-amyloid-ɓ component (NAC)99; and the highly 

acidic C-terminal domain. In the absence of binding partners and under physiological 

conditions, ŬSyn does not contain any stable secondary structure100. Instead ŬSyn is 

an intrinsically disordered protein (IDP), existing in a continuum of conformations 

(Figure 1.6)101.  

Attempts have been made to rationalise the link between primary sequence and 

propensity for proteins to adopt a stable folded conformation. In 2000, the sequences 

of 275 globular monomeric proteins and the 91 known ñnatively unfoldedò protein of 

the time were analysed based on hydrophobicity and the mean net charge of the 

proteins102. This approach showed that the majority of the ñnatively unfoldedò proteins 

occupied lower mean hydrophobicity and higher net charge regions of the plot 

compared with folded proteins (Figure 1.7). Interestingly, ŬSyn was identified as an 

outlier of the other ñnatively unfoldedò proteins, instead occupying the region 

containing the folded proteins. An updated view of this hypothesis reveals that with 

Figure 1.6 ï Conformational ensemble of ŬSyn. (A) Schematic representation of the 
domains of ŬSyn and the corresponding amino acid sequences. (B) Representative ensemble 
of conformations of ŬSyn as simulated in CALVADOS 2100 over 350 ns (5,000 frames). Each 
amino acid residue is represented by an individual circle, which have each been coloured 
according to their domain (N-terminal domain = blue, hydrophobic core domain = pink, C-
terminal domain = red).   
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improved definitions of hydrophobicity/stickiness101,103 and with an explosion of new 

protein sequences characterised in terms of structural properties, this hypothesis is 

much less striking (Figure 1.7)104. Intrinsically disordered regions (IDRs) can now be 

found in the region overlapping the folded proteins and they do not appear to be as 

generally less hydrophobic and more highly charged compared with folded proteins. 

ŬSyn appears in the region overlapping folded proteins and IDRs. The previous 

identification of the residues of the C-terminal domain dictating that the protein 

remains as an IDP still stands, as this sequence is found in an area of the plot 

occupied by very few of the folded proteins.   

The lack of a stable secondary structure of ŬSyn does not preclude a fundamental 

protein architecture. Importantly, the experimental values of the hydrodynamic radius 

(Rh) of ŬSyn have been measured on multiple occasions105ï108. The Rh of a protein 

refers to the effective radius that it assumes in solution, which ultimately reflects not 

only the size but also the shape of the protein during diffusion (Figure 1.8). Using the 

equation derived from pulse field gradient nuclear magnetic resonance (NMR) 

experiments of highly denatured proteins109, the predicted Rh of ŬSyn is ~3.7 nm. In 

fact the Rh of ŬSyn has been experimentally determined to be approximately 3.2 

nm105,106, although some reports suggest an even smaller Rh
107,108, and this difference 

is likely due to differences in solution conditions. Similarly, alternative approaches 

have been taken to study the size and shape of ŬSyn by measuring the radius of 

Figure 1.7 ï Sequence properties of IDPs compared with folded proteins. (A) Mean net 
charge versus mean hydrophobicity of the amino acid sequences of 275 folded (blue squares) 
and 91 natively unfolded proteins (red circles). Green, yellow, and white circles correspond to 
ŬSyn, negative factor, and helix destabilising protein, respectively. The triangles represent the 
natively unfolded fragments of each protein: for ŬSyn, this is residues 97-140. Figure taken 
from101. (B) Updated plot containing the sequences of the intrinsically disordered proteome 
(red) (as collated in103). Sequences of folded proteins were collated from UniProt, under the 
same search criteria as in A. In all cases searches were limited to proteins/regions that were 
between 50-200 amino acids in length, such that a total of 14,584 IDRs and 4,382 folded 
proteins were plotted. The yellow datapoints correspond to the ŬSyn sequences plotted in A. 
Note that the hydrophobicity/stickiness is calculated using a more recent method in B 
compared with A. 
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gyration (Rg), which reports the average distance from the proteinôs centre of mass, 

indicating the overall compactness of the protein. The Rg of ŬSyn has been reported 

to be 4.0 nm, which is in between the predicted Rg of a folded 140 amino acid protein 

(1.5 nm) and that predicted of a completely unfolded counterpart (5.2 nm)106,110. 

Finally, analysis of the collision cross section (CCS) values of ŬSyn obtained by mass 

spectrometry has also demonstrated that ŬSyn is more compact than would be 

predicted for an IDP111. Together, the multitude of different studies of monomer ŬSyn 

size, shape, and compaction converge to establish that ŬSyn does not behave as a 

completely unstructured protein, and that transient contacts or secondary structures 

must form to explain these observations.  

Many NMR experiments have been conducted to investigate the conformational 

properties of ŬSyn in terms of intra-chain contacts and structural propensities, to 

develop an understanding of its conformational ensemble105,107,112ï118. NMR has been 

used to show that although ŬSyn is unstructured in solution, the N-terminal 100 

residues have an increased propensity for helical formation and that the C-terminal 

residues occupy a more highly unfolded conformation112, the latter consistent with 

predictions based on sequence properties alone102 (Figure 1.7). NMR has also 

revealed that there are five domains of concerted motion within the primary sequence 

of ŬSyn (residues 1-28, 33-65, 71-87, 95-105, and 115-129), with a proposed hairpin 

region between domains I and II, which facilitates inter-domain interactions113. 

 

Figure 1.8 ï Hydrodynamic radius (Rh) versus radius of gyration (Rg). (A) Schematic 
representation of Rh. This is the radius of the equivalent sphere of a molecule-of-interest in 
solution. (B) Schematic representation of Rg. This is the weighted root-mean-squared 
distance from the shared centre of mass of the molecule of interest.  
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Furthermore, paramagnetic relaxation enhancement (PRE) NMR experiments have 

been used to identify contacts between regions of ŬSyn, which have indeed 

confirmed that the protein does not behave like a random coil107,113,114,118. In each of 

these studies, long-range interactions between the N- and C-terminal domains are 

clear. This is driven by electrostatic interactions, demonstrated by addition of 

polyamines that bind to the polycationic C-terminal domain or increasing the ionic 

strength of the solution influencing the environment of the residues of the N-terminal 

domain113,114,118. These experiments also demonstrated that residues 115 to 119 and 

125 to 129 form clustered hydrophobic interactions, which are stabilised by residues 

in the central hydrophobic core domain (residues 85 to 95)113 (Figure 1.9). 

Importantly, this interaction reportedly shields the hydrophobic core domain from the 

solvent, which ultimately prevents self-association. This notion is supported by 

evidence that sequence changes in mouse ŬSyn result in a more rigid structure of 

the C-terminal domain and fewer interactions with the N-terminal domain, and that 

these changes are associated with a faster rate of aggregation107,119. Similarly, 

truncation of the C-terminal domain, or addition of polyamines that preclude N-to-C 

domain interactions, results in acceleration of aggregation120,121, which is consistent 

with the idea that the high free energy of conformations where the hydrophobic 

regions are exposed to the solvent favours self-association.  

Figure 1.9 ï Schematic representation of the effect of solution conditions on 
intramolecular interactions of ŬSyn. The N-terminal domain (blue) interacts with the C-
terminal domain (red) via electrostatic interactions. Hydrophobic clustering of the C-terminal 
domain with the hydrophobic core domain (pink) shields hydrophobic residues from becoming 
solvent-exposed and aggregation prone. Increasing ionic strength (or the presence of 
polyamines) disrupts the electrostatic interactions between the N- and C-terminal domains, 
and is also associated with a reduced compaction of the C-terminal domain. Decreasing the 
pH of the solution causes the N-terminal domain to become slightly more expanded and the 
C-terminal domain to become more compact. Although transient interactions do still occur 
between the N- and C-terminal domain, the interactions between the C-terminal and 
hydrophobic core domains are stronger at a lower pH. 
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Importantly, the rule that a reduction in these long-range transient interactions 

accelerates aggregation does not always apply, as in the case of ɓSyn and ɔSyn ï 

the sequence paralogues of ŬSyn. ɓ- and ɔSyn reportedly show less extensive 

interactions116, yet are associated with a much slower rate of aggregation122. In these 

cases, slower aggregation has been attributed to amino acid changes elsewhere in 

the sequence, such as the hydrophobic core and a region flanking this domain123,124.  

By altering the solution conditions, the role of different residues, regions, and 

interactions can be probed in terms of their importance for protecting or triggering 

aggregation. Several studies have investigated the effect of pH changes on monomer 

conformation and subsequent aggregation105,115. The rate of aggregation of ŬSyn is 

accelerated at more acidic pHs. At a lower pH, the C-terminal domain of ŬSyn 

becomes more compact, which causes a shift in the conformational ensemble to 

promote the formation of interactions between the C-terminal domain and the 

hydrophobic core, as well as with the N-terminal domain105 (Figure 1.9).  Importantly, 

the pathway to accelerated aggregation at a lower pH is proposed to be due to this 

increased C-terminal compaction, shift in long-range interactions, and the uneven 

distribution of charges across the sequence, as opposed to an increase in the 

exposure of the hydrophobic core domain115.  

In addition to intra-chain interactions, the intermolecular interactions of ŬSyn can also 

be investigated by NMR. This has shown that weak interactions between the N- and 

C-terminal domains of different ŬSyn monomers occur at neutral pHs, yet at more 

acidic pHs, the interactions between the C-terminal domains of different monomers 

is much stronger and these interactions are driven by hydrophobic contacts125. At 

lower pHs, intermolecular N- to N-terminal interactions are not observed due to 

charge repulsion, and this reduces contacts between hydrophobic core domains of 

adjacent monomers. These transient inter-chain interactions have been explored in 

terms of the interactions of ɓSyn and ŬSyn; finding that it is a head-to-tail dimeric 

interaction, whereby the C-terminal of ɓSyn interacts with residues 36-44 of ŬSyn, 

that is associated with the slower aggregation117. 

To garner an understanding of the timescales of the transient interactions of ŬSyn, 

techniques such as nanosecond fluorescence correlation spectroscopy (nsFCS), in 

addition to NMR, have been used. Although ŬSyn lacks a stable structure, transient 

interactions evidently restrict its motion to similar timescales to that of a folded protein 

of a similar molecular weight113,126,127. In combination with NMR, nsFCS revealed that 

the correlation time, which reflects the rate at which the protein reorientates in 
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solution, is 6-13 ns for the local segmental dynamics, but ~60 ns for global chain 

rearrangement, which is remarkably slow for an IDP128. These reorientation 

timescales of ŬSyn are largely attributed to the slow moving C-terminal domain, but 

five residues in the N-terminal domain Y39, V40, T44, T54, and V55 also exhibit slow 

correlation times.  

Computational approaches have also been useful for understanding the behaviour of 

ŬSyn as an IDP. Historically, this has included flexible-meccano, which is used to 

generate an ensemble of IDP conformations based on the primary sequence of 

proteins and the known amino acid specific backbone dihedral angle (ű/ɣ) 

potentials129. In the case of ŬSyn, flexible-meccano was used to predict 

conformations that are similar to those expected based on NMR experiments, at least 

for residues 30-110130. Furthermore, for nearly two decades now, molecular dynamics 

(MD) simulations have been used to attempt to rationalise the behaviour of ŬSyn in 

solution131ï134. It has been shown that if these MD simulations are carried out with the 

constraints established from NMR PRE experiments, then the simulated Rg values 

more closely reflect experimental Rg values, as opposed to simulations without 

constraints131. These MD simulations enable predictions of the energy landscape of 

ŬSyn, as well as the residues of intramolecular interactions, to be made; indeed the 

results predict a short distance between the N- and C-termini, supporting the notion 

of long-range interactions between these domains132. A sequential collapse model 

(SCM) approach has also been used predict non-local contacts of ŬSyn135. SCM is a 

theoretical approach of studying protein folding that considers the earliest folding step 

based on the entropy of the formation of the protein loops, in addition to the 

hydrophobic stabilisation energy of the contact itself. For ŬSyn, the two most stable 

contacts occur between 36GVLYV40 with 91ATGFV95, and 1MDVFM5 with 70VVTGV74, 

respectively136. 

MD simulations have also been coupled with single molecule Fºrster resonance 

electron transfer (smFRET) experiments to rationalise intramolecular interactions of 

ŬSyn133. The hydrophobic core domain was found to be compact in the smFRET 

experiments, and MD simulations suggest that this is due to both hydrophobic and 

cation-́  interactions. The C-terminal domain was also found to be expanded, 

predicted to be due to the electrostatic repulsion of the acidic side chains and chain 

stiffness of conferred by the five prolines in this region. Furthermore, MD simulations 

of truncated ŬSyn variants have predicted a complex interplay between different 

regions of ŬSyn; one example of such being that removal of the N-terminal domain 
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resulted in an increased interaction between the hydrophobic core and C-terminal 

domain134.  

The detailed relevance of the backbone dynamics of ŬSyn in the pathogenesis of 

synucleinopathies is not currently known. The future of studying the behaviour of 

ŬSyn as an IDP will require a multitude of interdisciplinary methods to capture the 

intricate dynamic landscape. Improvements in NMR137,138 and ability to reliably 

measure the behaviour of proteins at the single-molecule level139 will be invaluable 

for the future rationalisation of ŬSyn behaviour. Furthermore, recently developed MD 

models, such as ALBATROSS and CALVADOS, will enable more accurate 

predictions of the sequence-ensemble relationship of ŬSyn101,103,140. With potential to 

conduct these simulations in the presence of small molecules141, or even within 

biomolecular condensates142, the possibilities for elucidating the complexities and 

subtleties of the behaviour of ŬSyn are becoming within reach.  

1.3. ŬSyn as a helix 

1.3.1. Physiological context 

Although ŬSyn behaves as an IDP in solution, it can indeed form a helical structure 

in the presence of lipids (Figure 1.10)143 and this property was first identified nearly 

30 years ago with the use of circular dichroism (CD)100. The amino acid sequence of 

ŬSyn alone was sufficient to allow speculation as to its lipid-binding properties144, and 

it is as long ago as 1988 that synuclein proteins were first recognised to localise to 

the synaptosomal membranes of neurones145,146. As noted above, the N-terminal 100 

residues of ŬSyn exhibit an increased propensity to form helical secondary structure 

even in the absence of lipids113. ŬSyn interacts with lipids in a way that stabilises 

these transient helical structures147.  

 

Figure 1.10 ï Helical structure of ŬSyn in the presence of SDS micelles. N-terminal, 
hydrophobic core, and C-terminal domains are coloured in blue, pink and red, respectively. 
Structure determined by NMR (PDB: 1XQ8)142. 
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Substantial research has been conducted into establishing the role of ŬSyn as a lipid-

binding protein at presynaptic termini. One approach has included studying the effect 

of deleting ŬSyn, or preventing it from carrying out its physiological function with the 

use of antibodies148ï151. Remarkably, the deletion of ŬSyn in mice does not cause any 

major pathological abnormalities, yet is associated with a significant reduction in the 

levels of dopamine in the brain, highlighting a role in regulating the neurotransmitter 

release148. It has been postulated that there is a degree of functional redundancy 

between ŬSyn and its two paralogues, ɓSyn and ɔSyn. In fact, when both Ŭ- and ɔSyn 

are knocked-out in a mouse model, the phenotype is distinct to that of deletion of 

either paralogue: mice lacking both synucleins have an increased propensity to 

release dopamine at the synapse149. Finally, a triple knockout mouse model, lacking 

all three synuclein paralogues, is associated with the greatest changes to the 

structure of the synapses, the transmission of neurotransmitters, and the age-

dependent neuronal dysfunction150. Furthermore, by targeting synuclein with a pan-

synuclein antibody in a lamprey model organism, the number of synaptic vesicles at 

the active zone, the site of neurotransmitter release, was reduced in a dose-

dependent manner151. Taken together, by studying the effect of preventing ŬSyn from 

carrying out its physiological function, it is evident that it has a critical role in ensuring 

correct neurotransmitter release at the presynaptic terminal. 

Despite the many studies into the role of ŬSyn at the presynaptic terminal of 

neurones, there are major gaps in the understanding of the molecular mechanism(s) 

that it is involved in. ŬSyn is widely evidenced to be involved in maintaining 

homeostasis of synaptic vesicles152. As membrane remodelling is a continuous 

process at the presynaptic termini, recycling of membranes, proteins, and 

neurotransmitters is essential for maintaining the function of neurones. As ŬSyn 

exhibits differential binding affinities to vesicles of differing curvatures, with a 

preference for smaller vesicles, it has been proposed that ŬSyn acts as a curvature-

sensing protein153ï155. One of the main reasons that the precise role of ŬSyn is difficult 

to ascertain is that it is considered to be a promiscuous protein156, which reportedly 

includes roles in axonal transport157, endocytosis158,159, and exocytosis160ï164. Another 

explanation as to why the role is difficult to determine is that much of the research 

into the role of ŬSyn does not consider the potential redundancies with ɓSyn and 

ɔSyn. 
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In the exocytosis of synaptic vesicles, ŬSyn has been described to interact with the 

soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptors 

(SNARE) complex. The SNARE complex is formed from syntaxin, synaptosome-

associated protein 25 (SNAP-25), and vesicle-associated membrane protein 2 

(VAMP-2). These three proteins assemble to form a four-helix complex that can dock 

vesicles to the plasma membrane to facilitate fusion upon synaptic stimulation (Figure 

1.11)165. In vitro studies generally support the notion that ŬSyn plays an inhibitory role 

on SNARE-mediated exocytosis162,166. In vivo work also largely supports this 

inhibitory effect on neurotransmitter release, with overexpression of ŬSyn associated 

with an inhibition of synaptic vesicle exocytosis, reduction of dopamine release, and 

disruption of synaptic vesicle cycling167ï169. However, contradictory evidence 

suggests that ŬSyn may in fact accelerate the rate of exocytosis160,161,170,171. 

 

 

 

Figure 1.11 ï Schematic representation of the exocytic and endocytic processes that 
ŬSyn may be involved in. (A) Exocytosis of synaptic vesicles occurs via assembly of the 
SNARE-complex composed of SNAP-25, syntaxin, and VAMP-2. Proposed functions of ŬSyn 
in this pathway include regulation of the SNARE-complex assembly, stabilisation of the 
membrane curvature, and tethering of the vesicle to the plasma membrane. (B) Clathrin-
mediated endocytosis is a pathway whereby the vesicles are coated with a clathrin scaffold 
and dynamin facilitating the budding of the vesicle. This pathway occurs on the timescale of 
10-20 s. (C) Kiss-and-run is a mechanism by which the SNARE-complex only opens a small 
fusion pore, which can reseal to keep the vesicle intact. This is estimated to occur in less than 
1 s. (D) Ultrafast endocytosis is a clathrin-independent mechanism reported to occur in a 100 
ms timeframe. Mechanisms represented in B-D are all in accordance with the role of ŬSyn at 
the presynaptic terminal. Figure recreated from164. 



 

 

 

19 Introduction 

A role of ŬSyn in endocytosis has also been proposed. There are multiple modes of 

endocytosis and the function of ŬSyn has been associated with three distinct 

pathways: clathrin-mediated endocytosis, kiss-and-run, and ultrafast endocytosis165 

(Figure 1.11). ŬSyn is reportedly required for the fast kinetics of synaptic vesicle 

endocytosis158, and is involved in vesicle re-clustering following endocytosis168, yet 

an excess of ŬSyn is associated with an inhibition of clathrin-mediated endocytosis159. 

It is evident from the range of conclusions drawn from the various studies that it is 

not clear what the exact roles that ŬSyn can partake in at the presynaptic terminals, 

whether it be involved in exocytosis, endocytosis, or both. What does remain clear, 

however, is that ŬSyn is indeed required for the normal functioning of synaptic vesicle 

cycling. 

Not only can ŬSyn sense the curvature of membranes to elicit its physiological 

function(s), but evidence also suggests that ŬSyn can strongly influence the levels 

and dynamics of specific lipids172ï176. A mouse model with a genetic deletion of ŬSyn 

was associated with a reduction in the membrane fluidity and alterations to the levels 

of lipids present in the brain172. Addition of ŬSyn to lipid membranes results in a 

perturbation of the mobility of the lipid chains, yet the extent at which this occurs is 

dependent on the type of lipid that the membrane is composed of173. ŬSyn can cause 

remodelling of membranes, and has been shown to facilitate the conversion of large 

vesicles into highly curved membrane tubules174ï176. These findings are 

complemented by MD simulations that predict that ŬSyn reduces the surface tension 

and increases membrane undulations of vesicles177, and by biophysical reports that 

suggest that ŬSyn can induce membrane thinning and liposome expansion178,179. 

When ŬSyn binds to lipid membranes, a stable helical secondary structure is formed. 

The helical structure of ŬSyn persists for the N-terminal ~100 residues and the highly 

acidic, proline-containing C-terminal domain remains unstructured during ŬSyn-lipid 

interactions143,147,180. The organisation of the residues in the helix of lipid-bound ŬSyn 

can be visualised with helical wheel plots (Figure 1.12). Assuming a 3.67 residue-

per-turn 3-11 helix, the patterning of KTKEGV repeats of ŬSyn is rationalised181ï184. 

The side of the helix that interacts with the membrane interior contains hydrophobic 

or non-charged residues. This patterning facilitates the curvature-sensing properties 

of ŬSyn185. The higher affinity that ŬSyn exhibits for negatively charged lipids is 

understood to be due to interactions between the basic side chains located on either 

side of the helix with the negatively charge headgroups186,187. The negatively charged 

side chains localised to one side of the helix will confer charge repulsion with the 

negatively charged head groups to ensure a stable conformation.  
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ŬSyn can form both broken and elongated helices, depending on solution 

conditions188,189. In the broken helix of ŬSyn, the break between two helices occurs 

between residues ~38-44 (Figure 1.10)143,183,190. Even in conditions where the broken 

helix is absent, NMR reveals that intrinsic instability of this region persists191.  Familial 

PD mutations may also affect the site of this region of instability176. It was initially 

postulated that the broken helix structure of ŬSyn was present on micelles only, as 

an artifact of their small size (5 nm diameter), and that the elongated form is only 

found on larger vesicles184. However, sequence rearrangements of the KTKEGV 

repeats can prevent the helix break to form the elongated structure on micelles192. 

Figure 1.12 ï Helical wheel plots of lipid-bound ŬSyn. Separate 11 amino acid residues 
segments of ŬSyn are shown for clarity. 11 residues correspond to three turns of the helix, 
assuming 3.67 amino acids per turn. Residues are coloured according to their biochemical 
properties, where hydrophobic residues are yellow, negatively charge residues are red, 
positively charged residues are blue, and polar residues or glycine are white. The star 
indicates the starting residue of the segment. The orientation of the helix upon interaction with 
the membrane is shown in the plot containing residues 1-11, whereby the positioning of the 
residues in relation to the membrane interior (orange), lipid head groups (red), and exposed 
to the solvent (white) are illustrated. Plots generated using Python. 
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Additionally, both broken and elongated structures of ŬSyn have been shown to form 

on the larger vesicles193, suggesting that there is an equilibrium between these states. 

Analysis of the free energy differences predicts that approximately 12% of ŬSyn 

bound to synaptic vesicles is in the broken helix conformation194, although verification 

of the conformational states of ŬSyn remains to be determined in situ. 

NMR has revealed that the sequence of ŬSyn can be divided into three regions, each 

with distinct structural properties in the presence of liposomes: the N-terminal 25 

residues are proposed to act as an anchor, whilst residues 26-97 act as the 

membrane sensor, regulating the affinity of ŬSyn to the membrane surface dependent 

on the lipid composition, the final region (residues 98-140) remaining unstructured in 

the presence of liposomes187. Furthermore, distinct regional properties of ŬSyn have 

been proposed in a model by which the central region of ŬSyn facilitates a double-

anchor vesicle binding mechanism, which promotes the clustering of synaptic 

vesicles176,191,195 (Figure 1.13). This model supports the proposed role of ŬSyn in 

clustering of vesicles at the presynaptic terminal151,196. 

Approaches to characterise the biophysical consequences of ŬSyn-membrane 

interactions include NMR, dual polarisation interferometry, in addition to various 

fluorescence-based techniques178,179,187,197ï199. Upon interacting with lipid 

membranes, ŬSyn can reportedly induce membrane thinning, membrane expansion, 

and insertion of the protein into the membrane. These properties are dependent on 

the composition of the liposomes; for example, X-ray diffraction revealed that the N-

Figure 1.13 ï Double anchor mechanism of ŬSyn. ŬSyn interacts with the first vesicle with 
its N-terminal anchor. ŬSyn also interacts with a second vesicle via residues 65-97 (red). 
There are two binding modes: ótetheredô when the residues of ŬSyn associate with the 
membrane in a disordered conformation, or ólockedô when the helical secondary structure is 
formed. Figure taken from194.  
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terminal 14 residues of ŬSyn can insert into POPG membranes198, whereas NMR 

PRE experiments demonstrated that ŬSyn does not insert into DOPE:DOPS:DOPC 

(5:3:2) liposomes187. The influence that ŬSyn has on the dynamics of membranes are 

likely essential for its physiological function.   

Rationalisation of the function of ŬSyn at the residue-specific level can not only 

develop understanding of the physiological role of ŬSyn, but also provide new insights 

into the sites that may be targeted in drug discovery, without perturbation of its 

physiological function. Sequential deletion of residues at the N-terminus of ŬSyn and 

deletion of the 11-mer repeats of ŬSyn, support the notion that the N-terminal domain 

is critical in binding to liposomes and conversion into helical secondary 

structure200,201.  In fact, familial mutations in ŬSyn associated with PD, and even 

nitration of Y39, reportedly disrupt the membrane-binding properties of ŬSyn97,202ï204. 

1.3.2. Pathological context 

The relationship between lipids and ŬSyn is not only critical for the physiological 

function of the protein but mounting evidence also implicates this relationship in the 

pathogenesis of synucleinopathies205ï209. The helical structure of ŬSyn in the 

presence of lipids, and the influence on lipid dynamics predicted to be essential for 

its role of the protein at the presynaptic terminal, act as a double-edged sword to 

induce toxicity and neurodegeneration. Lipids are prominent in the architecture of 

Lewy bodies205ï207. Correlative light and electron microscopy (CLEM) and cryo-

electron tomography (cryo-ET) have been used to study the ultrastructure of Lewy 

bodies, finding that they are dense with membranous structures, tubulovesicular 

structures, and distorted vesicles207. Mitochondria and other organelles can be found 

at the periphery of Lewy bodies207. The organelles within ŬSyn inclusions appear to 

be amongst a network of ŬSyn fibrils, yet the fibrils rarely make contact with the 

organelles (Figure 1.14)208. As lipids are so abundant in Lewy bodies, yet fibrillar 

ŬSyn can sometimes be absent within Lewy bodies210, this has led to some 

suggestions that synucleinopathies are in fact protein-induced lipidopathies209. 
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ŬSyn-lipid interactions can induce neurodegeneration through a combination of 

disruption to membranes and co-aggregation204. ŬSyn can cause the fragmentation 

of mitochondria211, which densely populate Lewy bodies207. As discussed above, 

ŬSyn influences the biophysical properties of membranes, via membrane thinning178, 

membrane expansion179, and altering the packing of the lipids199. The importance of 

these properties in pathogenesis remains to be elucidated. Lipids can induce 

aggregation of ŬSyn in vitro and in vivo in a lipid-dependent manner (Table 1.2)212ï

217. 

   

Table 1.2 ï Effect of lipids on the rate of ŬSyn aggregation. Red indicates that the lipids 
slowed the rate of aggregation in the studies, whereas lipids at listed lipid-to-protein ratios 
(LPRs) that accelerated aggregation are indicated in green. Where there was no detectable 
change in the rate of aggregation, the condition is coloured in yellow. Table recreated from218. 
See Figure A 12 for the full-names and structures of the lipids in this table. 

Lipid 
Lipid-to-
protein ratio 

Rate Conditions Reference 

DMPS 
5:1, 5:2, 5:3, 
5:4, 1:1 

+ 

20 mM sodium 
phosphate, pH 
6.5, no shaking 

219 
DLPS 

5:1, 5:2, 5:3, 
5:4, 1:1 

+ 

DOPS 1:1 0 

POPS 1:1 0 

DPPS 1:1 0 

DPPC/DPPA 1:5 + 
20 mM Tris, 100 
mM NaCl, pH 7.5, 
35 ɛM ŬSyn, 
shaking 

220 
DPPC/DPPA 1:1 0 

DPPC/DPPA 5:1 - 

DPPC 5:1, 10:1, 20:1 - 

DMPS 
2:1, 4:1, 6:1, 
8:1, 10:1, 15:1, 
20:1, 30:1, 40:1 

+ 
20 mM sodium 
phosphate, 0.01% 
sodium azide, pH 

217 

Figure 1.14 ï Ultrastructure of ŬSyn aggregates in neurones. 3D rendering of a tomogram 
of neurones seeded with ŬSyn preformed fibrils. Image artificially coloured to show ŬSyn fibrils 
(red), autophagosomes (cyan), endoplasmic reticulum (yellow), mitochondria (green), and 
other vesicles (purple). Image taken from207.  
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6.5, 50 ɛM ŬSyn, 
no shaking 

DPPG/DPPC 1:1 1:5 + 

20 mM Tris-HCl, 
100 mM NaCl, pH 
7.5, 35 ɛM ŬSyn, 
no shaking 

221 

DPPG/DPPC 1:1 1:1 - 

DPPG/DPPC 1:1 5:1 - 

DPPA/DPPC 1:1 1:5 + 

DPPA/DPPC 1:1 1:1 0 

DPPA/DPPC 1:1 5:1 - 

DPPA/DPPE 1:1 1:5 + 

DPPA/DPPE 1:1 1:1 - 

DPPA/DPPE 1:1 5:1 - 

DPPG/DPPE 1:1 1:5 + 

DPPG/DPPE 1:1 1:1 - 

DPPG/DPPE 1:1 5:1 - 

DPPC 1:5 0 

DPPC 1:1 - 

DPPC 5:1 - 

DPPS/DPPC 1:1 2:1 + 

DPPS/DPPC 1:1 5:1 - 

DPPS/DPPC 1:1 10:1 - 

DPPG/DPPE 1:1 10:1 - 

DPPS/DPPE 1:1 10:1 - 

DPPS/DPPC 1:1 10:1 - 

DOPG 20:1 + 20 mM Tris, 150 
mM NaCl, pH 7.4, 
50 ɛM ŬSyn, 500 

rpm 

222 
DOPG 50:1 - 

DPPC 1:1 0 
20 mM MOPS, 
100 mM NaCl, pH 
7, 50 ɛM ŬSyn, 
shaking 

223 
DPPC 10:1 0 

DOPC 1:1 0 

DOPC 10:1 - 

DOPS 10:1 + 

20 mM sodium 
phosphate, 1 mM 
sodium azide, pH 
7.4, 5 ɛM ŬSyn, 
180 rpm 

224 

POPG 50:1 - 
1:1 PBS:HEPES, 
pH 7.4, 70 ɛM 
ŬSyn, 300 rpm 

225 

POPG 1:1 + 20 mM MOPS, 
100 mM NaCl, pH 
7, 70 ɛM ŬSyn, 
600 rpm 

226 
POPG 50:1 - 

POPC 1:1 - 
20 mM MOPS, 
100 mM NaCl, pH 
7, 70 ɛM ŬSyn, 
shaking 

227 
POPC 5:1 - 

POPC 10:1 - 

POPC/POPA 1:1 1:1, 5:1, 10:1 + 

DPPC/CB 1:1 10:1 + 

20 mM Tris-HCl, 
pH 7.5, 56 ɛM 
ŬSyn 

228 
DPPC/CE 1:1 10:1 + 

DPPC/GM1-3 1:1 10:1 - 

DPPC/GM1 1:1 10:1 - 
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DPPC/GM2 1:1 10:1 - 

DPPC/GM3 1:1 10:1 - 

Exosomes 
30 ɛM ŬSyn, 
0.25 mg/mL 
exosomes 

+ 
10 mM MES, 140 
mM NaCl, pH 5.5, 
30 ɛM ŬSyn,100 

rpm 

229 
DOPC 20:3 - 

DOPC + 6% 
cardiolipin 

20:3 - 

GM1 10:1 - 

50 mM 
ammonium 

acetate, pH 7.4, 
42 ɛM ŬSyn, 
shaking 

230 

DOPC/GM1 9:1 
5:1, 10:1, 15:1, 

20:1 
+ 

10 mM MES, pH 
5.5, 20 ɛM ŬSyn, 
no shaking 

231 DOPC/GM3 9:1 
5:1, 10:1, 15:1, 

20:1 
+ 

DOPC/PE-PEG750 
9:1 

5:1, 10:1, 15:1, 
20:1 

+ 

DOPC/SM/cholesterol 
2:2:1 

1:1 0 
20 mM MOPS, 
100 mM NaCl, pH 
7, 50 ɛM ŬSyn, 
continuous 
shaking 

232 
DOPC/SM/cholesterol 

2:2:1 
10:1 - 

DOPE/DOPS/DOPC 
5:3:2 

10:1 - 

20 mM sodium 
phosphate, 1 mM 
sodium azide, pH 
7.4, 5 ɛM ŬSyn, 
180 rpm 

224 

DHA 10:1 + PBS, pH 7.4, 50 
ɛM ŬSyn, 500 

rpm 

233 
DHA 50:1 - 

DHA 50:1 - 

20 mM Tris, pH 
7.4, 150 mM 
NaCl, 50 ɛM 
ŬSyn, 500 rpm 

222 

 

When the aggregation of ŬSyn is triggered by lipids, evidence suggests that lipids co-

aggregate with ŬSyn. This conclusion comes from fluorescence studies showing the 

colocalisation of membranes with ŬSyn aggregates215, quantitative phosphorus 

analysis216, and visualisation of lipidic densities in cryo-electron microscopy (cryo-

EM) amyloid fibril structures234. A model of lipid-induced aggregation of ŬSyn via 

disruption of the membrane has been proposed (Figure 1.15)204,235. The hypothesis 

of ŬSyn-lipid co-aggregation is also supported by evidence that the extent of 

aggregation is dependent on the amount of lipid added, implicating lipid as a 

substrate in this reaction217. However, this is only true up to a point, after which lipid-

induced aggregation does not occur. This is due to ŬSyn being under saturated lipid-

binding conditions, in which there is no ŬSyn remaining in solution to initiate 

aggregation. Interestingly, if an excess of lipid is added at the end of the aggregation 
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reaction, ŬSyn can revert back to its lipid-bound helical state, which indicates that this 

is a more thermodynamically-stable state217. Although the ɓ-sheet amyloid structure 

of ŬSyn will be discussed in more detail in the next section, it is important to note that 

these lipid-induced aggregates may be present as protofilaments, which would 

explain their reversibility in the presence of an excess of lipids236. Notably, these lipid-

induced ŬSyn fibrils are able to spread more easily between cells compared with 

fibrils made in the absence of lipids, which supports the notion that they may indeed 

be a toxic agent in disease pathogenesis237.  

 

Mutations in GBA1, which encodes the enzyme, glucocerebrosidase, which regulates 

lipid metabolism, are also one of the most common risk factors in PD60,71,72. In PD, 

the activity of glucocerebrosidase is decreased and this leads to alterations in the 

lipid profiles238ï242. Despite the evidence of the interplay between ŬSyn aggregation, 

lipids, glucocerebrosidase, and synucleinopathies243, the precise molecular 

mechanism underlying this remains to be determined.  

 

 

 

Figure 1.15 ï Schematic of model of lipid-induced aggregation of ŬSyn. ŬSyn is 
disordered in solution and binds to anionic liposomes. Upon binding, ŬSyn converts from 
disordered into helical secondary structure. This is coupled with increases in membrane 
fluidity and membrane expansion. Lipids are extracted by ŬSyn and incorporated into the 
aggregates with ŬSyn. Figure amended from203.   
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1.4. ŬSyn as a ɓ-sheet 

In addition to behaving as an IDP in solution and forming helical secondary structure 

in the presence of lipid membranes, ŬSyn can also adopt a ɓ-sheet structure56,244,245. 

This ɓ-sheet conformation is particularly significant as it is pathognomonic to 

synucleinopathies. Importantly, this ɓ-sheet structure of ŬSyn is amyloid246, and the 

role of ŬSyn as an amyloidogenic protein is evidenced to be central to the pathology 

of these diseases. X-ray diffraction of Lewy bodies isolated from post-mortem PD 

brains have confirmed that they do indeed contain amyloid fibrils of ŬSyn with the 

characteristic cross-ɓ structure210.  

Amyloid fibrils are composed of twisted protofilaments, each of which contains many 

monomers in a ɓ-sheet conformation stacked in 4.7-4.8 ¡ repeats (Figure 1.16). 

Although some amyloid fibrils can be composed of a single protofilament, many of 

the known amyloid structures contain two, three, or even four protofilaments247. 

These protofilaments align to one another in parallel and are stabilised through 

interactions between sidechains.  

 

Figure 1.16 ï Structure of ŬSyn as a cross-ɓ amyloid fibril. 3D structure of an amyloid 
fibril of ŬSyn with 240 ¡ (50 layers) shown (PDB: 6CU729). Zoom of the 3D structure shows 
five layers of the fibril to demonstrate the ~4.8 ¡ helical rise. ɓ-strands between layers interact 
via hydrogen bonds. Rotating this view 90Á illustrates a top-down view of the amyloid 
structure, whereby the conformation of the protein and the protofilament interface can be 
visualised. Residues are coloured in ChimeraX according to their domain (N-terminal domain 
= blue, hydrophobic core domain = pink, and the C-terminal domain = red). Note that only 
residues 38-97 are shown. The remainder of the residues are too disordered to solve. 
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As of October 2024, the number of known human amyloid fibril proteins is 42248. 

These proteins differ extensively in terms of amino acid sequence and native 

structure. The reason that they converge to all form the cross-ɓ amyloid structure is 

because it is a highly thermodynamically stable state of the free energy landscape 

(Figure 1.17)249. As an IDP, ŬSyn lacks the thermodynamically stable native state of 

folded proteins, requiring a binding partner (such as lipids) to adopt a stable fold.   

The Amyloid Atlas, which is a database of all the known amyloid structures, currently 

contains 111 structures of ŬSyn fibrils247. This is a remarkable feat given that the first 

amyloid structures of ŬSyn solved by cryo-EM were only published six years ago29ï

31. Importantly, although the majority of these structures are composed of the full-

length canonical amino acid sequence of ŬSyn, the morphology of these amyloid 

fibrils can vary substantially (Figure 1.18)29,250ï253.  

 

 

 

 

Figure 1.17 ï Schematic of the energy landscape of folded proteins and IDPs. Folded 
proteins reach their stable native state through folding intermediates. Although more 
thermodynamically stable states are amyloid fibrils, amorphous aggregates, and potentially 
oligomers. IDPs lack a stable native state and instead exist in a conformational ensemble.  
Figure adapted from248. 



 

 

 

29 Introduction 

Notably the central hydrophobic core region is ordered in all ŬSyn amyloid structures, 

a feature that was first identified over two decades ago using electron paramagnetic 

resonance spectroscopy254. This is unsurprising given that this region is essential and 

sufficient for amyloid formation124. The extent that the remaining residues are ordered 

or disordered in the fibril structure varies moderately between different fibril 

polymorphs, although in many cases the range of residues that are ordered in the 

fibril core is residues ~35-97 (Figure 1.19). The cryo-EM-invisible disordered regions 

of amyloid fibrils are often referred to as the ófuzzy coatô. The solvent-exposed fuzzy 

coats of distinct amyloid fibril polymorphs can be cleaved in limited proteolysis 

experiments to characterise the ófingerprintsô of the different stuctures255. Although not 

directly required for forming the characteristic amyloid fold, the fuzzy coat may be 

essential for capturing amyloid precursors to facilitate their conversion into 

amyloid256,257, and for binding to other biomolecules such as lipid membranes216,217 or 

chaperones258. The direct importance of the fuzzy coat in these processes and the 

significance for understanding the underlying mechanism of amyloid formation 

remains an outstanding question and may unlock new methods for the treatment of 

amyloid diseases, including synucleinopathies.  

Figure 1.18 ï Examples of distinct amyloid fibril structures of ŬSyn. The PDB ID is 
displayed beneath each structure. Residues are coloured according to the domain that it 
resides in, where N-terminal domain = blue, hydrophobic core domain = pink, and the C-
terminal domain is red. The N- and C-terminal resolved residues are labelled for each 
structure. PDB ID: 9FYP249; 6CU7/6CU829; 6L1T251; 6L4S250; 8CYX252. 
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The morphology of amyloid structure is evidently dependent on the solution 

conditions in which they form259,260 and the timepoint at which the structure is 

solved261,262, in addition to changes to the amino acid sequence263. This raises the 

question as to what the most disease-relevant amyloid fibril morphologies are, as 

different polymorphs are associated with different toxicities259 and behavioural 

phenotypes264 and also exhibit different interfaces for targeting with potential 

therapeutics. Attempts to determine disease-relevant amyloid polymorphs have 

included extracting amyloid fibrils from post-mortem disease brains and solving the 

structure(s) by cryo-EM265,266. This has revealed a remarkable observation that ŬSyn 

amyloid fibrils derived from the Lewy body diseases (PD, PDD, and DLB) all share 

an identical ordered fibril core, termed the óLewy foldô266. The finding that there is a 

common Lewy fold formed in Lewy body diseases supports the idea that PD, PDD, 

and DLB are part of a continuum of diseases. This structure is distinct from the cryo-

EM structures of ex vivo ŬSyn amyloid fibrils found in MSA brains265 (Figure 1.20).  

 

Figure 1.19 ï Ordered residues in the amyloid fibril structures of ŬSyn. An index of the 
PDB ID of ŬSyn amyloid fibrils is along the bottom of the plot, with black lines indicating the 
residues that are ordered in each structure. The plot is coloured such that the N-terminal 
domain is blue, the hydrophobic core domain is pink, and the C-terminal domain is red. The 
PDB IDs of each of these structures is in Table A 1. Plot generated by Jack Connor (University 
of Leeds). 
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The differences in amyloid fibril structures between Lewy body diseases and MSA is 

proposed to be due to differences in the cellular environment between neurones and 

oligodendrocytes. This work presents a structure that may be a suitable target in the 

development of new therapeutics. Notably, however no antibodies have yet been 

reported to distinguish between ŬSyn polymorphs98. Furthermore, there are 

questions about the identity of the toxic species in synucleinopathies, with some 

noting that fibrils may be relatively inert compared with species that form earlier in 

amyloid assembly267.  

 

 

 

 

 

Figure 1.20 ï Comparison of the Lewy and MSA ŬSyn filament folds. The N-terminal 
region = orange, hydrophobic core domain = green, C-terminal domain = blue. The salt-
bridges in the structures are shown by the residues in circles. Extra densities are shown in 
dark blue. Figure taken from265. 
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1.5. Conformation and toxicity 

Even within the three conformational state categories discussed above, ŬSyn is 

highly heterogeneous, with a whole ensemble of conformations as an IDP (Section 

1.2), differing helical structures in the presence of lipid membranes (Section 1.3), 

and a range of amyloid fibril morphologies (Section 1.4). With this, the most effective 

target in the development of therapeutics remains to be determined. One of the most 

pertinent questions that has been the focus of many studies is the identification of the 

toxic species in the neurodegeneration associated with synucleinopathies. Liquid-

liquid phase separation (LLPS) has been reported to precede ŬSyn amyloid 

nucleation268.  Evidence also suggests that the transient oligomeric conformations, 

which form on- or off-pathway to the amyloid fibril assembly, may be responsible for 

eliciting the toxicity of ŬSyn (Figure 1.21). ŬSyn oligomers formed in vitro have a 

greater capacity for inducing membrane permeablisation compared with monomeric 

or fibrillar counterparts, making them a promising target in the development of new 

therapeutics267. 

 

To explore the potential for targeting oligomeric species in synucleinopathies, it would 

be invaluable to identify the critical structural conformation that elicits toxicity, to aid 

drug design. Different ótypesô of ŬSyn oligomers have been identified by hydrogen-

deuterium exchange mass spectrometry (HDX-MS) and Fºrster Resonance Electron 

Transfer (FRET) (Table 1.3)269,270. Due to the transient nature of ŬSyn oligomers, 

however, their structure(s) remain elusive. To overcome this barrier, several attempts 

Figure 1.21 ï Schematic of the conformational pathways of ŬSyn. ŬSyn can transition 
from an IDP to helical secondary structure in the presence of lipids or undergo amorphous 
aggregation/liquid-liquid phase separation (LLPS). ŬSyn can also form oligomers on- or off-
pathway to amyloid formation. 
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have been made to kinetically-trap oligomeric species for their characterisation271ï274. 

In the most recent of these studies, an oligomeric structure of ŬSyn was stabilised by 

addition of phenol-soluble modulin-Ŭ3 (PSMŬ3), such that the structure could be 

determined by cryo-EM271. This revealed that six-membered rings stacked into five 

layers to form a pore-like ɓ-sheet structure, which does not undergo the oligomer-to-

fibril conversion. 

 

Table 1.3 ï Types of ŬSyn oligomers and their associated properties. Table amended 
from275. 

Oligomer 
type 

Properties Reference 

Type A 
As sensitive to proteinase K as ŬSyn monomer. Does not have 

persistent secondary structure. 
269 

Type B 
Formed by conversion from Type A oligomers. More resistant to 

proteinase K, higher ɓ-sheet content, and generates higher levels of 
ROS in cells compared with Type A.   

Type I 
 HDX-protected Y39-A89 core, similar to amyloid fibrils. In equilibrium 

with monomer. 
270 

Type II 
Less protected than Type I. Not in equilibrium with monomers. Does not 

form long fibrils.  

 

As discussed in Section 1.3, the helical lipid-bound conformational state of ŬSyn is 

essential for its normal physiological function148ï151 but may also act as a precursor 

to amyloid formation in synucleinopathies205ï209. Adding complexity, a tetrameric 

helical lipid-bound state has been proposed as an amyloid-resistant form276. Overall, 

the findings in this section underscore that the toxic species in synucleinopathies 

have yet to be identified and that the transitions between different states remain 

unclear. Key questions persist regarding both the behaviour of ŬSyn and what triggers 

its rearrangement into aggregation-prone or aggregation-resistant conformational 

states.  
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1.6. Alternative splicing variants of ŬSyn 

Although ŬSyn is typically described as a 140-amino acid protein, it can in fact be 

alternatively spliced to generate at least four other isoforms. Splicing is a process of 

mRNA maturation that is fundamental for all eukaryotic organisms. Splicing is 

orchestrated by a multi-megadalton RNA-protein complex known as the spliceosome. 

The spliceosome is composed of several small nuclear ribonucleoproteins (snRNPs), 

which facilitate the excision of introns and ligation of exons (Figure 1.22). 

Alternative splicing is a mechanism by which a single gene can be used to generate 

multiple mRNA isoforms, each with different stabilities or coding regions. This 

ultimately enables the functional complexity of organisms to be many orders of 

magnitudes greater. An estimated 95% of human multiexon genes can undergo 

alternative splicing, with an average of at least seven alternative splicing events 

each277. Alternative splicing is achieved by modulation of the 5ô and 3ô splicing sites 

during spliceosome assembly, and is regulated by a wide variety of splicing enhancer 

or silencer regions that can be located in either exons or introns278. There are 

numerous ways in which alternative splicing can be accomplished, such as exon 

skipping, mutually exclusive exons, or multiple promoter regions (Figure 1.23).    

Figure 1.22 ï Schematic of the assembly of the spliceosome and mechanism of 
splicing. (A) Pre-mRNA generated by transcription of the gene. Exons 1 and 2 are separated 
by an intron. (B) Assembly of the spliceosome. U1 snRNP recognises the 5ô splice site. U2 
recognises the internal adenosine at the branch-site. (C) The U4-U5-U6 tri-snRNP joins the 
spliceosome. (D) U4 and U1 are released. (E) U6 replaces U1 recognising the 5ô splice site 
and the first splicing reaction occurs, such that the 5ô intron end joins the adenosine site. (F) 
The 3ô intron end is cleaved, and the exons are ligated in the second splicing reaction. 
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Alternative splicing of the SNCA transcript, which encodes ŬSyn, was first identified 

in 1994, when cDNA lacking an 84 bp stretch was identified in a human foetal brain 

library279. This transcript arises from exon skipping of exon 5 and leads to the 

generation of ŬSyn-112, which lacks residues 103 to 130 found in the C-terminal 

domain of full-length ŬSyn.  Since then, three additional isoforms have been 

identified: SNCA126280, SNCA98281, and SNCA41282. SNCA126, SNCA112, and 

SNCA98 are the mature mRNA products of in-frame deletion of codons 41 to 54 (exon 

3), 103 to 130 (exon 5), or both exons, respectively. SNCA41 is formed from the exon 

skipping of exons 3 and 4, which is an out-of-frame excision that leads to a premature 

stop codon to be present in the mature mRNA transcript causing termination of 

translation after residue 41 (Figure 1.24). 

 

Figure 1.23 ï Major types of alternative splicing of pre-mRNA transcripts. Boxes 
represent exons and solid lines represent introns. Dashed lines indicate alternative 5ô or 3ô 
splicing sites. (A) Exon skipping occurs when the exon can either be included or excluded 
during splicing. (B) Mutually exclusive exons are when only one or the other exon is spliced 
into the mature mRNA. (C) There may be more than one 5ô site for a given 3ô splice site. (D) 
There may be more than one 3ô site for a given 5ô splice site. (E) An intron itself may be 
included or excluded from the mature mRNA. (F) Multiple promoter sites can used for splicing. 
(G) Similarly, multiple poly(A) sites may be used to generate the mature mRNA. Figure 
amended from277. 
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Much of the work conducted into the alternative splicing variants of ŬSyn thus far has 

consisted of characterising the expression levels of variants at the mRNA level279ï

290. PacBio single molecule real-time (SMRT) was recently used to study the 

repertoire of SNCA transcripts in the frontal cortex of human brains, finding that 95-

97% of isoforms contain all six exons, which is translated into ŬSyn-140289. 

Comparative mRNA expression levels have been assessed in the frontal cortex, 

occipital cortex, striatum, substantia nigra, and cerebellum of human brains (Figure 

1.25), across all the major synucleinopathies: PD, DLB, and MSA. The results from 

these studies, shows just how much the expression levels of SNCA140, SNCA126, 

SNCA112, and SNCA98 can vary between brain regions and disease tested (Table 

1.4). Note that as SNCA41 was only recently been described282, the relative 

expression levels have not yet been characterised. 

Figure 1.24 ï Alternative splicing variants of ŬSyn. (A) Schematic representation of the 
pre-mRNA transcript of SNCA. The boxes represent exons (1-6) and the solid lines represent 
introns. Dark grey boxes are constitutively spliced in, but light grey boxes are cassette exons. 
Boxes surrounded by dashed lines show exons that are not translated, boxes with solid lines 
show exons that are translated. Canonical ŬSyn-140 is generated by the splicing path 
indicated by the dashed lines above the exons/introns. Alternative splicing is achieved by exon 
skipping (shown by dashed lines) of either exon 3 (red line), exon 5 (blue line), exons 3 and 
5 (yellow line), or exons 3 and 4 (purple line). (B) Representation of the proteins that can be 
generated from alternative splicing of SNCA. Where cassette exons are included in the protein 
they are labelled with their exon number. (C) Amino acid sequence of ŬSyn, with the 
corresponding exons in which they are encoded displayed above and the domain indicated to 
the left. Negatively-charged residues are coloured in red, and positively-charged residues are 
coloured in blue.  
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Table 1.4 ï Changes in expression levels of the mRNA of the alternative splicing 
variants of SNCA. Diseases are dementia with Lewy bodies (DLB), Parkinsonôs disease 
(PD), pure form of DLB (DLBp), common Lewy body disease (cLBD), and multiple system 
atrophy (MSA). óNô is the number of post-mortem brain tissue samples used in the comparison 
and óControl Nô is the number of compared control brain tissue samples. The results on 
whether each splicing variant was upregulated (green), downregulated (red), or similarly 
expressed (yellow) between the disease tissue and the control tissue is displayed. Where no 
comparison is made, the cell is left blank. * = p < 0.05, ** = p < 0.01, and *** = p < 0.001. 

Disease N 
Control 
N 

Brain 
region 

SNCA 
140 

SNCA 
126 

SNCA 
112 

SNCA 
98 

Ref. 

DLB 6 6 
Prefrontal 
cortex 

Down*  Up***  284 

DLB 6 10 
Prefrontal 
cortex 

 Down***   285 

PD 5 10 
Frontal 
cortex 

Up* Up*** Up* Up*** 286 

DLBp 6 10 
Frontal 
cortex 

Down*** Down*** Up* Up*** 286 

cLBD 8 10 
Frontal 
cortex 

Similar Down*** Down* Up* 286 

AD 8 10 
Frontal 
cortex 

Similar Down*** Down* Up* 286 

MSA 6 10 
Frontal 
cortex 

 Similar  Up** 286 

PD 6 5 
Substantia 
nigra 

Up* Up* Similar Similar 287 

PD 6 6 
Frontal 
cortex 

Similar Similar Similar Similar 287 

PD 6 6 Cerebellum Similar Similar Similar Similar 287 

PD 9 6 
Substantia 
nigra 

Similar Similar Similar Similar 288 

PD 9 6 Cerebellum Similar Similar Up* Up* 288 

Figure 1.25 ï Anatomy of the brain regions that expression of the alternative splicing 
isoforms of ŬSyn has been assessed in. Schematic representation of a sagittal section of 
a human brain with the frontal cortex indicated in blue, occipital cortex in orange, cerebellum 
in red. Schematic of the basal ganglia superimposed to indicate the positions of the striatum 
(green) and substantia nigra (yellow). Note that for interpretation of Table 1.4, the prefrontal 
cortex is in the frontal cortex, and the cerebellar cortex and dentate nucleus are located in the 
cerebellum. Figure generated in BioRender. 
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PD 9 6 
Occipital 
cortex 

Similar Similar Similar Similar 288 

MSA 12 12 
Substantia 
nigra 

Up*** Down*** Up*** Similar 290 

MSA 12 12 Striatum Up** Down*** Up*** Similar 290 

MSA 12 12 
Cerebellar 
cortex 

Up** Down* Up*** Similar 290 

MSA 12 12 
Dentate 
nucleus 

Up*** Down* Up*** Similar 290 

MSA 12 12 
Prefrontal 
cortex 

Similar Down* Up* Up* 290 

PD 20 12 Striatum Similar Down*** Similar Similar 290 

PD 20 12 
Cerebellar 
cortex 

Up*** Down** Similar Similar 290 

PD 20 12 
Prefrontal 
cortex 

Similar Similar Similar Up* 290 

 

It should be noted that in instances where more than one research group has 

assessed the expression levels of the isoforms in a given region and condition, there 

has been no consensus between disease and control groups as to whether the 

isoforms are upregulated, downregulated, or neither. For example, expression levels 

of SNCA140, SNCA126, SNCA112, and SNCA98 in the frontal cortex of post-mortem 

PD brain tissue have been shown to be significantly upregulated compared with 

control brains286, yet another study found that expression levels were similar for all 

four transcripts compared with control brain tissue287. These discrepancies 

demonstrate the sensitivity of these approaches to the experimental setup and 

highlights the need for larger scale studies to be conducted. 

As discussed above, factors controlling which of the cassette exons are spliced in or 

out of the mature mRNA are known as enhancer or silencer elements. Related to this, 

SNPs located out of the coding sequence of the SNCA locus have been associated 

with synucleinopathies83,95,96,291ï301. These SNPs may confer an increase in risk for 

developing synucleinopathies via increasing the overall expression level of ŬSyn, as 

there is an important association between gene dosage and disease risk, clearly 

demonstrated by SNCA gene multiplication studies302ï306. Additionally, however, 

some of these SNPs may also alter the levels of expression of the alternative splicing 

isoforms. In fact, the PD-associated SNPs rs356165 and rs356219292,293,295,300, 

located in the 3ô untranslated region (UTR) and downstream of the SNCA locus 

respectively, have been associated with an upregulation in the expression of 

SNCA112 in the frontal cortex301. Another feature that has been associated with an 
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increase in splicing of exon 5 and the generation of SNCA112 is oxidative 

stress282,307. With this, it is important to note that oxidative stress plays a critical role 

in the pathogenesis of synucleinopathies76, as discussed in Section 1.1.4.  

Although the mRNA expression levels of the alternative splicing isoforms of ŬSyn 

have been extensively studied, the translation of these transcripts to protein, and 

hence the physiological and pathological relevance of these variants remains to be 

determined. The translation of ŬSyn-112 in human brains308 and blood309 has been 

verified by mass spectrometry, although large-scale comparison studies between 

brain regions and disease states are warranted to fully elucidate the importance of 

these variants.  

The splicing variants of ŬSyn have also been studied in terms of the effects of their 

expression in the following cell lines: PC12282,310,311, HEK293T312, N27282, and SH-

SY5Y307,313,314. The results from these analyses show that deletion of exon 5, as in 

the ŬSyn-112 and ŬSyn-98 variants, is associated with increased aggregation and 

toxicity in cells307,310,311,314. Interestingly, however, when preformed fibrils are 

administered to SH-SY5Y cells, the ȹexon5 variants do not reduce cell viability as 

much as ŬSyn-140 or ŬSyn-126313; although this may be attributed to the clumping 

of the amyloid fibrils preventing uptake of fibrils. One study also found that expression 

of the ŬSyn-126, ŬSyn-112, and ŬSyn-98 were all associated with a reduction in 

aggregation in HEK293T cells compared with ŬSyn-140312, so the precise effect of 

the expression of these variants evidently remains to be determined.  

In vitro characterisation of the alternative splicing variants of ŬSyn shows that deletion 

of exon 5 is associated with acceleration in amyloid fibril formation313,315, although 

another study identified that ŬSyn-98 formed annular oligomers under conditions 

where ŬSyn-140 and ŬSyn-126 formed amyloid fibrils312. A few studies have also 

investigated the lipid interactions of the splicing variants316ï319. The results from 

these studies have demonstrated that ŬSyn-126 interacts differently with lipid 

membranes compared with ŬSyn-140, which results in less membrane disruption and 

less membrane-triggered aggregation317,318. In Saccharomyces cerevisiae, ŬSyn-

126::GFP was also found to associate less with the plasma membrane compared 

with ŬSyn-140::GFP and ŬSyn-112::GFP316. Yet expression of any of the three 

variants resulted in the formation of cytoplasmic puncta that colocalised with  

trafficking vesicles. The ŬSyn-112 variant has been shown to exhibit enhanced 

membrane association and disruption to the synaptic vesicle cycling in lamprey 
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synapses compared with ŬSyn-140319. Infrared spectroscopy has also been used to 

compare lipid-binding and lipid-induced aggregate formation of ŬSyn-140 compared 

with ŬSyn-126317. This study found that when either variant was added to a 

[POPC]:[POPG] 1:1 solid-supported lipid bilayer (SSLB) they had a similar 

distribution of secondary structures, but that ŬSyn-126 converted to aggregate-

associated ɓ-sheet faster than ŬSyn-140. In this same study, membrane disruption 

was observed for ŬSyn-140 only, indicating that residues 41 to 54 do indeed play a 

role in membrane dynamics. 

Although studies on the alternative splicing variants of ŬSyn have thus far covered 

amyloid formation, lipid membrane interaction, and effect of protein expression in a 

model system, many have investigated only one or two of the variants (Table 1.5). As 

the solution conditions320, identity of the lipid (Table 1.2), and model system (Table 

1.5) used can drastically affect the results of experiments into the behaviour of ŬSyn, 

investigations into the behaviour of the alternative splicing variants in parallel are 

warranted. 

 

Table 1.5 ï Summary of the findings on the alternative splicing variants of ŬSyn prior 
to this work. Findings divided into groups relating to amyloid formation, lipid membrane 
interactions, and the effects of the variants in cells. 

Experimental 
model 

Findings Reference 

Amyloid formation 

In vitro 

ŬSyn-140 and ŬSyn-126 form amyloid fibrils, but 
ŬSyn-98 forms annular oligomers. 

312 

ŬSyn-112 forms amyloid faster than ŬSyn-140. 315 

ŬSyn-41 does not form amyloid fibrils or influence 
amyloid formation of ŬSyn-140 or ŬSyn-112. 

282 

ŬSyn-112 and ŬSyn-98 form amyloid faster than 
ŬSyn-140 and ŬSyn-126. ŬSyn-112 accelerates the 

amyloid formation of ŬSyn-140. 

313 

Lipid membrane interactions 

Saccharomyces 
cerevisiae 

Less ŬSyn-126::GFP associates with the plasma 
membrane compared with ŬSyn-140::GFP or ŬSyn-
112::GFP. Overexpression of either ŬSyn-140::GFP, 
ŬSyn-126::GFP, or ŬSyn-112::GFP results in 

formation of cytoplasmic foci. 

316 

In vitro 
Infrared spectroscopy shows that ŬSyn-140 and 

ŬSyn-126 interact with the membrane differently. The 
ɓ-structured aggregate species formed by either 

317 
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protein are distinct. ŬSyn-140 and ŬSyn-126 
differentially alter the POPC:POPG (1:1) membrane 

integrity. 

ŬSyn-126 aggregates less than ŬSyn-140 in the 
presence of POPC:POPG (1:1) membranes and does 

not impair the membrane integrity as much. 

318 

ŬSyn-112 exhibits enhanced binding to anionic lipid 
membranes compared with ŬSyn-140. A greater 
proportion of ŬSyn-112 oligomerises in the presence 
of mouse-derived synaptic vesicles compared with 

ŬSyn-140. 

319 

Lamprey 
(Petromyzon 
marinus) 

Injection of ŬSyn-112 into lamprey neurones caused 
inhibition of synaptic vesicle recycling. 

319 

In cells 

PC-12 cell line 

Cells treated with ŬSyn-112 or ŬSyn-41 exhibit 
enhanced uptake of dopamine. 

282 

Exposure of cell line expressing ŬSyn-98 to rotenone 
results in formation of larger aggregates and reduces 
cell viability compared with ŬSyn-140 expression. 

310 

Exposure of cell line expressing ŬSyn-112 to rotenone 
triggers oligomerisation of the protein and decrease in 

cell viability compared with ŬSyn-140. 

311 

N27 cell line 

Overexpression of ŬSyn-112 significantly reduces cell 
viability compared with a control cell line. 

Overexpression of ŬSyn-41 does not affect cell 
viability. 

282 

SH-SY5Y cell line 

Overexpression of ŬSyn-112 significantly reduces cell 
viability and is associated with proteasomal 

dysfunction. 

307 

Incubation of fibrils formed from either ŬSyn-112 or 
ŬSyn-98 have a reduced effect on cell viability 
compared with ŬSyn-140 or ŬSyn-126. 

313 

Overexpression of either ŬSyn-112 or ŬSyn-98 results 
in the formation of more aggregates compared with 

ŬSyn-140 and ŬSyn-126. 

314 

HEK293T cell line 
Expression of either ŬSyn-126, ŬSyn-112, or ŬSyn-98 
are all associated with a reduction in aggregate 

formation compared with ŬSyn-140. 

312 
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1.7. Approaches to studying ŬSyn 

1.7.1. Biophysical approaches 

The toolbox of biophysical approaches in the study of ŬSyn as an IDP, lipid-bound 

helix, and as a cross-ɓ amyloid protein includes a wide range of techniques. 

Fluorescence of amyloid dyes have been critical for investigating the kinetics of ŬSyn 

amyloid fibril formation, circular dichroism (CD) for the determination of the secondary 

structure of ŬSyn, nuclear magnetic resonance (NMR) experiments for unveiling the 

properties of ŬSyn in all three of the secondary structural states above, and electron 

microscopy (EM) in the visualisation of the morphology of amyloid fibrils (Figure 

1.26). Other techniques that have played an important role in elucidating the 

behaviour of ŬSyn include mass spectrometry321, X-ray diffraction246, and atomic 

force microscopy (AFM)322. 

 

 

Figure 1.26 ï Biophysical toolbox of techniques to study ŬSyn used in this work. (A) 
Fluorescence-based kinetic approaches are used to study the rate of conversion of ŬSyn 
monomers into amyloid fibrils. The yellow and red curves represent the effect that differences 
in the amino acid sequence of ŬSyn can have on the kinetics of amyloid assembly. (B) Circular 
dichroism (CD) is used to study the secondary structural components of ŬSyn: unstructured 
(red), helical (blue), and ɓ-sheet (green) secondary structures exhibit distinct CD spectra. (C) 
Nuclear magnetic resonance (NMR) can be used to study the changes in peak intensity or 
chemical shifts because of sequence changes or addition of binding partners (such as 
liposomes). These changes can be mapped on a residue-specific level. (D) Electron 
microscopy (EM) is used to confirm the presence of amyloid fibrils and to examine fibril 
morphology. Cryo-EM can be used to determine the structures of the amyloid fibrils at the 
residue level.  
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Since the staining of amyloid in tissues using iodine by Rudolf Virchow in the mid-19th 

century many dyes have been developed to help visualise, quantify, and diagnose 

amyloid diseases (Figure 1.27). The first of note is Congo Red, which was first used 

in the study of amyloid diseases in 1922, when it was injected into individuals with 

suspected amyloidosis; a loss of more than 80% of the dye from the blood indicated 

a positive result for amyloid disease323. Currently, the most prominent dye used in 

the biochemical field of amyloid formation kinetics is thioflavin T (ThT), which was first 

used histologically in 1959324, and for the quantification of amyloid fibrils in vitro in 

1989325. The fluorescence of ThT is due to restricted rotation about the C-C bond 

between the benzothiazole and dimethylamino benzyl rings. Despite being the gold-

standard in the study of the kinetics of amyloid formation, there are still some 

drawbacks of ThT, namely that it fails to bind to oligomeric species that are formed 

early on in amyloid assembly, which may be more cytotoxic than amyloid fibrils267,274. 

This has led to the development of new dyes, such as thioflavin X (ThX), which can 

indeed bind to these earlier aggregates that are overlooked in ThT assays326. 

Although not yet commercially-available, ThX displays a five-fold higher fluorescence 

intensity and seven-fold increased binding affinity for ŬSyn aggregates compared 

with ThT.  

ThT is also not useful in the identifying and quantifying amyloid deposits histologically, 

as it binds non-specifically to DNA327, polysaccharides328, and even certain 

proteins329. This has led to the development of dyes such as AmyTrackerÊ330 and 

ProteoStatÈ331, which show a higher specificity for amyloid. The precise binding mode 

of ThT to amyloid fibrils remains elusive, but the most widely accepted model predicts 

that ThT binds to the surface ridges of residues over at least four ɓ-stands of the 

amyloid fibril332,333. Considering this model, it is therefore not surprising that different 

Figure 1.27 ï Chemical structures of a selection of amyloid dyes. Excitation and emission 
wavelengths are displayed beneath each structure. Structure is coloured according to its 
emission wavelength. Drawn in ChemDraw. 
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amyloid fibril polymorphs can exhibit different ThT intensities, given that the precise 

binding site, and hence affinity, will also differ334.  This means that an auxiliary method 

is required for interpreting conversion of monomer into fibril. Despite the caveats 

discussed here, ThT remains the most commonly used dye in the study of amyloid 

kinetics. 

The amyloid formation of ŬSyn is often studied from a kinetic approach, whereby 

monomers self-assemble to form a primary nucleus on-pathway to amyloid formation 

(Figure 1.28). Amyloid formation then proceeds to propagate through elongation, 

during which new monomers are recruited to the fibril ends. Amyloid formation can 

also occur through secondary processes, where new amyloid formation is nucleated 

from the surface of pre-existing amyloid fibrils (secondary nucleation) or 

fragmentation, both of which result in the generation of new fibril ends. The rates of 

these different processes greatly depend on the solution conditions under which the 

reaction occurs320,335.  

 

 

 

 

Figure 1.28 ï Schematic representation of the mechanism of amyloid formation. 
Monomers self-assemble into fibrils de novo via primary nucleation. Monomers can be 
recruited to fibril ends via elongation. Fibrils can undergo fragmentation or catalyse the 
formation of new amyloid fibrils by secondary nucleation.  
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Many models to rationalise the rates of the microscopic processes of amyloid 

formation have been proposed336ï338, and this has led to the development of AmyloFit, 

a web-based software that allows the user to fit several models of amyloid formation 

to their data to identify the best fit339. Of particular note for the interpretation of the 

results presented in this work is the rationalisation of the rates of primary and 

secondary processes of amyloid formation336. These processes, described by the 

parameters ɚ (primary) and ə (secondary), can be fitted along with a third parameter, 

ɗ, which describes how the rate of new fibril formation is dependent on the monomer 

concentration. Changes in the values of these parameters influences the observed 

ThT fluorescence over time differently (Figure 1.29). Other approaches can be taken 

to probe the different processes outlined in Figure 1.28 above, such as seeding 

experiments. In these experiments, preformed amyloid fibril seeds are added to the 

monomers to bypass the primary nucleation process. Experimental setup and 

solution conditions can be adjusted to minimise primary nucleation of new amyloid, 

and to control which pathways are promoted. ŬSyn amyloid fibril elongation has been 

routinely studied by adding short amyloid fibril seeds to an excess of monomer, under 

quiescent conditions in phosphate-buffered saline (PBS), pH 7.4, as under these 

conditions secondary nucleation and fragmentation rates are negligible.   

 

 



 46 Introduction 

 

Figure 1.29 ï Effect of changing processes of amyloid formation on the observed ThT 
fluorescence over time. (A) The ɚ parameter describes the primary processes of amyloid 
formation, which are primary nucleation and elongation, highlighted in red. Increasing the rate 
of ɚ results in the transformation of the blue ThT plot to the red. (B) The ə parameter describes 
the rate of secondary processes of amyloid formation, which are elongation, fragmentation, 
and secondary nucleation (highlighted in green). Increasing the rate of ə results in the 
transformation of the blue ThT plot to green. Note the steeper slope associated with a greater 
ə rate. (C) Seeding by is a process whereby preformed amyloid fibril seeds are added to a 
reaction, effectively bypassing the primary nucleation step of amyloid formation. This effect is 
observed  in ThT fluorescence by the lack of a lag phase. Note that under conditions where 
seeding by secondary nucleation is observed and elongation is not the dominant process, a 
lag phase will be observed. 
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Rationalisation of the individual processes of amyloid formation is powerful in 

conjunction with biological data for determining which steps in this process are most 

important in the disease pathogenesis340. For example, as primary homogeneous 

nucleation of amyloid is entropically unfavourable, it is considered to be a rare event, 

but in the cellular milieu where many binding partners are present, heterogeneous 

interactions may accelerate nucleation341. Other proposed mechanisms of 

accelerating the rate of primary nucleation include increasing the local concentration 

of amyloidogenic proteins, perhaps by LLPS268; in the case of ŬSyn interactions with 

lipid membranes also achieves a higher local protein concentration342. The 

importance of processes that result in the multiplication of numbers of amyloid fibrils, 

such as secondary nucleation and fragmentation, could explain the spreading of 

pathology as described in the Braak stages of pathology in PD27,32 (Figure 1.3). 

Understanding the contributions of the different kinetic processes of amyloid 

formation in synucleinopathies will help identity the key stages that should be 

targeted. 

CD is a spectroscopic technique that measures the differential absorption of left- and 

right-handed circularly polarised light. As different secondary structural elements 

absorb circularly polarised light differently at different wavelengths the resulting 

spectra are distinct. This approach is particularly powerful for the study of ŬSyn, as it 

can exist as an IDP (Section 1.2), helix (Section 1.3), or ɓ-sheet (Section 1.4), as 

discussed above. CD can be used to confirm conversion into cross-ɓ amyloid 

fibrils246, or if the protein converts to a helix in the presence of lipids100.  

NMR has been used extensively in the study of a wide range of characteristics of 

ŬSyn. It has been used to examine the dynamics of the monomer as an IDP105,107,112ï

117, identify the residues involved in facilitating interactions with membranes147,187, and 

was also used to determine the structure of an ŬSyn amyloid fibril343. It has been used 

to map the binding site of monomeric ŬSyn to amyloid fibrils proposed to be the 

prerequisite for conversion of monomer into amyloid256,257.  

EM is commonly used to verify the presence of amyloid fibrils are formed during 

reactions. The morphology in terms of fibril length344 and width313 can be readily 

assessed by negative stain EM. Advances in the field of cryo-EM have resulted in an 

explosion of amyloid fibril structures247,345, which allow a more detailed view of the 

structure of amyloid fibrils and allow different polymorphs to be distinguished.  
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1.7.2. Biological approaches 

To understand the relevance of the findings from the biophysical approaches outlined 

above, it is useful to test if findings are consistent in vivo. The first model organisms 

of synucleinopathies that expressed human ŬSyn were reported in 200053,54. In both 

Drosophila53 and mice54 models, the expression of human ŬSyn in neurones led to 

the formation of ŬSyn inclusion bodies and the motor impairments commonly 

associated with synucleinopathies. Other model organisms that have been used in 

the study of synucleinopathies have included zebrafish346,347, lampreys151,319, 

killifish348, non-human primates349, and Caenorhabditis elegans52. 

Of relevance to the work presented here, Caenorhabditis elegans (C. elegans) is an 

attractive model organism for bridging the gap between biophysical studies and 

biological significance. C. elegans is a microscopic nematode species that was 

popularised in the 1960s by Sydney Brenner as a model organism in the study of 

genetics350. 60 years later, it remains an important model organism not only in the 

study of genetics, but neuroscience, proteostasis, and ageing ï all of which are 

applicable in the investigation of synucleinopathies. C. elegans is an extremely well 

characterised organism, being the first multicellular organism to have its full genome 

sequenced351 and its entire nervous system (or óconnectomeô) mapped352. Another 

property that makes C. elegans a suitable model organism in the study of 

synucleinopathies arises from its optical transparency, meaning that ŬSyn can be 

fluorescently tagged and aggregate formation can be followed whilst the nematode 

is still alive (Figure 1.30). C. elegans is also a species that is amenable to high-

throughput experiments, due to its short lifespan and high brood numbers. New 

strains of C. elegans can also be generated by direct microinjection of plasmid DNA, 

which can propagate through generations of C. elegans as extrachromosomal arrays.   

C. elegans has been used in the study of several amyloidogenic proteins, including 

amyloid-ɓ353, ɓ2-microglobulin354, and ŬSyn52,355. The expression of ŬSyn C-terminally 

tagged with yellow fluorescent protein (YFP) in the body wall muscle cells of C. 

elegans results in the formation of ŬSyn::YFP aggregates and proteotoxicity, as 

measured by rate of body bends per second (BBPS) when placed in solution. 
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Although the work in this thesis focusses on the expression of ŬSyn variants in the 

body wall muscle cells of C. elegans strains, strains that explore the effect of ŬSyn 

expression in the neurones of C. elegans have also been generated by others (Table 

1.6). The human brain contains hundreds-of-thousands of dopaminergic neurones; in 

contrast, C. elegans hermaphrodites contain only eight, which means that 

quantitation of the neurone morphology and neurodegeneration is substantially 

easier in the nematode models. Since the connectome, containing all 302 neurones, 

has been mapped in C. elegans352, together with developments in bioimaging, this 

has led to the development of the NeuroPAL C. elegans strain, which allows all 

neurones to be distinguished by fluorescent profiles and spatial information alone356. 

This strain may provide useful insights into the differential susceptibility of neurones 

to neurodegeneration by ŬSyn-induced toxicity. A final example of how genetic 

manipulation of C. elegans has deepened our understanding of ŬSyn, comes from a 

study that used reconstitution of a ŬSyn tagged with a split-fluorophore expressed in 

synaptically-connected neurones357. This study found that ŬSyn could spread in both 

anterograde (pre- to post-synaptic) and retrograde (post- to pre-synaptic) directions. 

 

 

 

Figure 1.30 ï C. elegans toolbox of techniques used in this work to study ŬSyn. 
Generation of new strains is achieved by microinjection. The new strains can be characterised 
in terms of aggregate quantification by confocal microscopy, lifespan assays, and motility 
assays to explore the ŬSyn-associated proteotoxic effects. 
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Table 1.6 ï Transgenic strains of C. elegans used to study ŬSyn in vivo. The expression 
pattern describes the cell types that transgene is expressed in. Note that basal slowing is a 
dopamine-mediated response that causes C. elegans to slow in the presence of bacteria. 
Table amended from358. 

Expression 
pattern 

Transgene Phenotypes Reference 

Dopaminergic 
neurones 

dat-1p::ŬSyn 
Dopaminergic neurone loss, 
reduced dopamine, ŬSyn 

accumulation 

359ï361 

dat-1p::ŬSyn(A53T) 

Dopaminergic neurone loss, 
dopaminergic neurite defects, 
reduced dopamine, ŬSyn 

accumulation, movement deficit, 
reduced basal slowing 

359,361ï363 

dat-1p::ŬSyn(A30P) 

Dopaminergic neurone loss, 
dopaminergic neurite defects, 
reduced dopamine, ŬSyn 
accumulation, reduced basal 

slowing  

361,364 

dat-1p::ŬSyn(A56P) 
Dopaminergic neurone defects, 
reduced basal slowing 

364 

Motor neurones 

acr-2p::ŬSyn Movement deficit 359 

acr-2p::ŬSyn(A53T) Movement deficit 359 

unc-30p::ŬSyn Movement deficit 359 

unc-30p::ŬSyn(A53T) Movement deficit 359 

Mechanosensory 
neurones 

mec-7p::ŬSyn Impaired touch response 362 

mec-7p::ŬSyn(A53T) Impaired touch response 362 

Pan-neuronal 

aex-3p::ŬSyn 
Increased dopaminergic neurone 

loss, movement deficit  
359 

aex-3p::ŬSyn(A53T) 
Increased dopaminergic neurone 

loss, movement deficit 
359 

unc-51p::ŬSyn 
Movement deficit, growth defect, 
impaired touch response 

362 

unc-51p::ŬSyn(A30P) 
Movement deficit, growth defect, 
impaired touch response 

362 

unc-51p::ŬSyn(A53T) 
Movement deficit, growth defect, 
impaired touch response 

362 

Body wall muscle 
cells 

unc-54p::ŬSyn::GFP 
Movement deficit, ŬSyn 

accumulation 
365 

unc-54p::ŬSyn::YFP 
Movement deficit, ŬSyn 

accumulation 
52 

unc-
54p::ŬSyn(A53T)::YFP 

Fitness deficit, ŬSyn accumulation 366 

unc-
54p::ŬSyn(A30P)::YFP 

Fitness deficit, ŬSyn accumulation 366 

Ubiquitous eft-3p::ŬSyn::RFP 
ŬSyn accumulation, axon blebbing, 
reduced basal slowing, reduced 

stress response 

367 
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C. elegans also provides a suitable stepping stone for testing the kinetic modelling 

discussed in Section 1.7.1 in vivo340. This has been conducted for C. elegans strains 

expressing polyQ as a model of Huntingtonôs disease368. This study applied kinetic 

models to the aggregate numbers and locations within the body wall muscle cells of 

Q40::YFP-expressing nematodes; finding that stochastic nucleation drives inclusion 

formation in these models. Although this would be a powerful tool to use to also 

characterise ŬSyn aggregation kinetics, the cellular environment of C. elegans body 

wall muscle cells may not entirely recapitulate the neurones in which Lewy pathology 

arises and spreads. Collectively, the use of C. elegans in the study of ŬSyn 

aggregation provides a powerful suite of tools that can bridge the gap between in vitro 

and in vivo studies and facilitate the development and testing of hypotheses. 

1.8. Sequence variants of ŬSyn 

The behaviour of ŬSyn is highly dependent on the amino acid sequence. Sequence 

variants of ŬSyn can either occur naturally or be rationally designed. Changes to the 

amino acid sequence have been shown to affect the conformation of ŬSyn as an 

IDP107,369, its ability to bind to liposomes and convert into a helix201,370ï372, and its 

amyloidogenicity97,124,373,374. Natural sequence variants include those associated with 

familial synucleinopathies33,68,375ï380, truncations that have been found in Lewy 

bodies381, and the alternative splicing variants discussed in Section 1.6 279ï282. 

Conversely, rationally-designed variants have been studied to develop understanding 

of the contributions of the different residues and regions of the protein to the overall 

behaviour of ŬSyn118,124,201,370,374,382,383.  

As discussed in Section 1.1.3, genetic mutations in SNCA, the gene that encodes 

ŬSyn, represent a high risk but rare frequency contingent of synucleinopathies. 

Several of the mutations that result in a different variant of ŬSyn have been 

characterised in terms of the ability to accelerate amyloid formation de novo, to 

undergo lipid-induced amyloid formation, and also in terms of their aggregation 

propensity and associated toxicity in C. elegans (Table 1.7).  
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Table 1.7 ï Variants of ŬSyn identified in individuals with synucleinopathies. Where the 
data are available, the age of onset, in vitro amyloid propensity (as indicated by the time to 
reach half the maximum ThT signal), lipid-induced amyloid propensity, effect on C. elegans 
aggregate numbers, and associated toxicity is displayed. ó+ô and ó-ó indicate an increase or a 
decrease in the property of the variant compared with the canonical ŬSyn-140 sequence. 
Variants highlighted in blue represent those that are associated with familial disease. 

Variant 
Age of 
onset 

In vitro 
amyloid 
propensity  

Lipid-
induced 
amyloid 
propensity 

C. elegans 
aggregates 

C. elegans 
toxicity  

M5T384 45     

L8I385 37     

V15A386 42-59 +387    

V15D388      

A18T389 50 +390    

A29S389 60 +390    

A30P375 54-74 -391 +97 -366 +366 

A30G378 43-65 Similar    

S42Y392      

E46K63 50-69 +393 -97   

H50N392      

H50Q376,394 60-63 +395 -97   

G51D68 19-60 -393 -97   

A53T33 35-45 +245 +97 +366 +366 

A53E379,392 25-62 -263    

A53V380 30-57 +396    

E57D397 48     

T72K392      

T72M398 39-57     

E83Q399,400  +400    

G93A384 45     

P117S384 50     

M127I388      

S129Y392      

 

It is clear that the effect of ŬSyn sequence variants associated with synucleinopathies 

does not influence disease in the same way. Variants can either be associated with 

early-onset (in the case of L8I385, A53T33, or G93A384) or late-onset disease 

(H50Q376,394). Although many of the sequence variants can accelerate the formation 

of amyloid in vitro, there are at least three exceptions to this (A30P391, G51D393, and 

A53E263). This demonstrates the complexity of features contributing to the onset of 

synucleinopathies and highlights the need for a better understanding of the effect of 

sequence changes on disease pathogenesis.  
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As the A30P and A53T familial variants were identified first, more extensive research 

has been conducted into establishing their association with synucleinopathies. Either 

of these amino acid substitutions is sufficient to perturb the intramolecular 

interactions401 and the transient secondary structural elements of ŬSyn112. The A30P 

variant reportedly impairs the ability of ŬSyn to bind to synaptic vesicles203, although 

it has also been shown to have no effect on binding to synthetic lipid vesicles97. In 

both studies, A53T did not affect the membrane-binding properties of ŬSyn. Similar 

to A53T and A30P, the E83Q variant has been shown to disrupt the long-range 

interactions within the monomer400. Molecular dynamic simulations of the E46K 

variant predict that this amino acid substitution is sufficient disrupt the network of 

intramolecular interactions of ŬSyn402. This prediction is supported by cryo-EM 

structures of the ŬSyn E46K amyloid fibrils, which are more energetically stable than 

other fibril architectures and intrachain interactions of the monomer are proposed to 

enable formation of the solved fibril architecture251,403. 

The physicochemical properties of the amino acids of the ŬSyn protein are also 

altered in vivo via post-translational modifications (PTMs)404,405. These PTMs include 

phosphorylation, ubiquitination, acetylation, and methylation. Proteomic analyses 

have been used to compare the profile of PTMs present on ŬSyn between disease 

conditions, finding that specific modifications are unique for individual diseases 

(Figure 1.31)404,405. PTMs can also alter the rate of amyloid formation in vitro. 

Collectively, consideration of PTMs adds another dimension of complexity in 

characterising the behaviour of ŬSyn in solution, in cells, and in disease.   
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Other naturally-occurring sequence variants of ŬSyn that have been explored are C-

terminal truncations. Mass spectrometric analysis reveals that a wide range of 

truncations from either terminus are present in brain tissue381. Truncations at the C-

terminus of ŬSyn have been found to occur after residues 103, 110, 113, 114, 115, 

119, 122, 124, 125, 133, and 135. These truncations all accelerate amyloid formation 

kinetics120,373,406ï408. This is accepted to be due to a decrease in interactions with the 

N-terminal and hydrophobic core domains, which normally protect the hydrophobic 

core domain from becoming exposed to the solvent and self-assembling113.  

Figure 1.31 ï Summary of PTMs of ŬSyn found in human brain tissue. A key containing 
the PTMs is displayed at the top. The three domains of ŬSyn are displayed as N-terminal 
domain in blue, the hydrophobic core domain in pink, and the C-terminal domain in red. 
Proteomic analysis of five different samples from two recent publications are summarised 
here. PTMs from normal soluble, MSA soluble, and Lewy body disease (LBD) soluble brain 
tissue were identified in403. The MSA pathological and DLB pathological PTM profiles of ŬSyn 
were characterised in404. 
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Sequence variants of ŬSyn that exist naturally also include orthologues and 

paralogues107,122, alternative splicing variants (discussed in Section 1.6), and 

variants resulting from transcriptional mutagenesis392. Mouse ŬSyn is more 

amyloidogenic than the human orthologue409, this is due to changes in the C-terminal 

domain and the presence of A53T107, which can also cause familial PD in humans. 

Interestingly, the C-terminal domain of mouse ŬSyn is more extended than that of 

human ŬSyn and this is associated with accelerated amyloid formation, consistent 

with the hypothesis of regulation of rate of amyloid formation by the C-terminal 

domain107. ŬSyn is substantially more amyloidogenic than ɓ- or ɔSyn122. 

The rational design of sequence variants of ŬSyn was initially conducted in 2001, 

when a sequence comparison of ŬSyn with ɓSyn revealed a stretch of twelve amino 

acids (71-82) in the central hydrophobic core domain of ŬSyn that was not present in 

ɓSyn124 (Figure 1.32). Deletion of these twelve residues from ŬSyn was sufficient to 

abolish amyloid assembly. Similarly, by sequence analysis of ɔSyn compared with 

that of ŬSyn, individual amino acid substitutions have been identified that can switch 

on the amyloid formation of ɔSyn123.  

 

Figure 1.32 ï Sequence comparison of the synuclein paralogues. (A) Sequence identities 
of the different domains of ɓ- and ɔSyn are compared to the sequences of the N-terminal 
domain (blue), hydrophobic core domain (pink), and the C-terminal domain (red) of ŬSyn. (B) 
Comparison of the sequences of the three paralogues. Dots indicate that the residue at that 
position is identical to that of ŬSyn. Dashes indicate missing residues. 
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Other rationally-designed sequence variants include N-terminal truncations. The 

effect of truncations at the N-terminus of ŬSyn is less consistent than C-terminal 

truncations. Deletion of the N-terminal 6 residues slows the rate of amyloid 

formation344 and deletion of either 13, 35, or 40 residues at the N-terminus can 

accelerate amyloid formation374. Furthermore, deletion of two of the N-terminal 

KTKEGV repeats accelerates amyloid formation, whilst addition of two further repeats 

slows this process370. The diverse effects associated with slightly different sequence 

variants in regulating its amyloid formation highlight just how sensitive amyloid 

formation can be depending on the precise amino acid sequence. The effect of N-

terminal truncations on lipid binding has also been explored, with sequential deletion 

of amino acids from the N-terminus causing a progressive decrease in the helix 

formation of ŬSyn in the presence of liposomes composed of a range of lipids201.  

In silico predictions of the aggregation-prone regions of ŬSyn also led to the rational 

design of variants missing one or two of the aggregation-prone regions outside of the 

hydrophobic core domain118. These regions, named P1 (36GVLYVGS42) and P2 

(45KEGVVHGVATVAE57), act as master controllers of amyloid formation. Deletion of 

P1 inhibits amyloid formation at pH 7.5, and deletion of both P1 and P2 abolishes 

amyloid formation under neutral and low pH conditions. Currently hypotheses for the 

involvement of this region in the amyloid formation of ŬSyn are that the region 

spanning the P1 and P2 is that it is required for forming a ɓ-hairpin motif that is 

required for the nucleation of amyloid formation410,411.  Taking these findings further, 

single point mutations within the P1 region of ŬSyn have revealed that Y39, L38, and 

S42 are modulators of amyloid formation382.   
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1.9. Thesis aims 

The overarching aim of the work presented here is to develop the understanding of 

the influence of amino acid sequence changes to the amyloidogenicity of ŬSyn. The 

variants investigated will include both rationally-designed and naturally-occurring 

variants.  

Chapter 2 details the materials and methods used for the experiments conducted in 

this thesis.  

Chapter 3 explores the rationally-designed variant ŬSynȹN7, which lacks residues 2 

to 7. This variant was initially identified via in silico predictions. It is explored in terms 

of its ability to influence the rate of amyloid formation, both in the presence and 

absence of liposomes, and the aggregation propensity and associated toxicity in a 

new C. elegans strain.  

Chapter 4 investigates naturally-occurring alternative splicing variants of ŬSyn. The 

amyloidogenicity of each variant is characterised. The influence of ionic strength on 

the amyloid formation of each variant is utilised to attempt to rationalise the 

biophysical mechanisms underlying the differences in amyloidogenicity. The ability of 

each variant to bind to lipid membranes and undergo lipid-induced amyloid assembly 

is explored. Finally, new C. elegans strains expressing the alternative splicing 

variants in the body wall muscle cells are generated and characterised. 

Chapter 5 integrates the findings from this work together with literature precedents. 

Updated maps of the sequence-dependence of ŬSyn amyloid formation, the known 

regions required for amyloid elongation, and the effect of sequence changes on the 

helical secondary structure are generated.  

The goal of the work presented in this thesis is to integrate information on the effect 

of sequence changes on the behaviour of ŬSyn, with the hypothesis that mapping 

these effects will lead to a deeper understanding of the most appropriate way to target 

and treat synucleinopathies. 
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2. Materials and Methods 

2.1. Materials  

2.1.1. Chemicals 

Table 2.1 ï Chemicals used in this work with supplier and catalogue/Chemical Abstract 
Service (CAS) numbers.  

 Supplier Catalogue/CAS Number 

1 kb DNA ladder New England Biolabs N3232L 

1% Sodium Azide 
Solution 

Thistle Scientific SBL-40-2000-01 

1,6-diphenyl-1,3,5-
hexatriene (DPH) 

Merck (Sigma-Aldrich) 1720-32-7 

100 bp DNA ladder New England Biolabs N3231L 

12:0 PS (DLPS) 
Sigma-Aldrich (Avanti Polar 

Lipids) 
208757-51-1 

14:0 PS (DMPS) 
Sigma-Aldrich (Avanti Polar 

Lipids) 
105405-50-3 

2-Mercaptoethanol, 99%, 
pure 

Fisher Scientific (Acros 
Organics) 

60-24-2 

30% Acrylamide/Bis 
Solution, 37.5:1 

BIO-RAD 161-0159 

4ï20% Mini-
PROTEAN® TGXÊ 

Precast Protein Gels, 10-
well 

BIO-RAD 4561093 

Acetic acid, glacial, ACS, 
99.7+% 

Fisher Scientific (Thermo 
Scientific) 

64-19-7 

Acetone 
Fisher Scientific (Fisher 

Chemical) 
67-64-1 

Acetonitrile Merck (Sigma-Aldrich) 75-05-8 

Agar, Granulated, High 
Gel Strength 

MELFORD Laboratories 9002-18-0 

Agarose medium-low EEO 
Fisher Scientific (Acros 

Organics) 
9012-36-6 

Ammonium bicarbonate, 
99% 

Fisher Scientific (Thermo 
Scientific) 

1066-33-7 

Ammonium chloride (ĭ N, 
99%) 

Goss Scientific 39466-62-1 

Ammonium persulfate, 
BioXtra, >=98.0% 

Merck (Sigma-Aldrich) 7727-54-0 

Ammonium sulphate Merck (Sigma-Aldrich) 7783-20-2 

Anti-mouse IgG, HRP-
linked Antibody 

New England Biolabs 7076S 

Benzamidine 
hydrochloride 

Merck (Sigma-Aldrich) 1670-14-0 

Bovin serum albumin Merck (Sigma-Aldrich) 9048-46-8 

Bromophenol blue Sigma-Aldrich 115-39-9 
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Calcium Chloride 
Anhydrous 

MELFORD Laboratories 10043-52-4 

Carbenicillin disodium FORMEDIUM 4800-94-6 

Chloramphenicol FORMEDIUM 56-75-7 

Chloroform, 99.8+% 
Fisher Scientific (Fisher 

Chemical) 
67-66-3 

Cholesterol Merck (Sigma-Aldrich) 57-88-5 

cOmpleteÊ, Mini, EDTA-
free Protease Inhibitor 

Cocktail 
Merck (Sigma-Aldrich) 11836170001 

D-(+)-Glucose Merck (Sigma-Aldrich) 50-99-7 

Deoxyribonuclease I from 
bovine pancreas 

Merck (Sigma-Aldrich) 9003-98-9 

D-Glucose (U-¹³CϠ, 99%) Goss Scientific 110187-42-3 

Dithiothreitol FORMEDIUM 03/12/3483 

Ethanol, absolute Merck (Sigma-Aldrich) 64-17-5 

Ethylenediaminetetraaceti
c acid, 99.5% (EDTA) 

Fisher Scientific (Thermo 
Scientific) 

60-00-4 

GatewayÊ BP ClonaseÊ 
II Enzyme mix 

Fisher Scientific (Invitrogen) 11789020 

GatewayÊ LR ClonaseÊ 
II Enzyme mix 

Fisher Scientific (Invitrogen) 11791020 

Gel Loading Dye, Purple 
(6X) 

New England Biolabs B7024S 

Gelatine, Extra Pure, SLR, 
Granular Powder 

Fisher Scientific (Fisher 
Chemical) 

9000-70-8 

Glycerol, 99+% 
Fisher Scientific (Fisher 

Chemical) 
56-81-5 

Halocarbon oil 700 Merck (Sigma-Aldrich) 9002-83-9 

HEPES Merck (Sigma-Aldrich) 7365-45-9 

Hydrochloric Acid, 37% 
Fisher Scientific (Honeywell 

Fluka) 
320331 

IGEPAL® CA-630 Merck (Sigma-Aldrich) 9002-93-1 

InstantBlue® Coomassie 
Protein Stain (ISB1L) 

ABCAM PLC ab119211 

Isopropanol Merck (Sigma-Aldrich) 67-63-0 

Isopropyl ɓ-D-1-
thiogalactopyranoside 

(IPTG) 
FORMEDIUM 367-93-1 

Kanamycin Monosulphate FORMEDIUM 25389-94-0 

KLD enzyme mix New England Biolabs M0554S 

LB Broth, High Salt, 
Granulated 

Fisher Scientific (Fisher 
BioReagents) 

12891650 

Lysozyme from chicken 
egg white 

Merck (Sigma-Aldrich) 12650-88-3 

Magnesium chloride 
hexahydrate 

Merck (Sigma-Aldrich) 7791-18-6 

Magnesium sulphate Merck (Sigma-Aldrich) 7487-88-9 
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Methanol, 99.9%, Extra 
Dry 

Fisher Scientific (Acros 
Organics) 

67-56-1 

Millex-GV Filter, 0.22 µm Fisher Scientific (Millipore) SLGV004SL 

Monoclonal Anti-Ŭ-
Tubulin antibody 

produced in mouse 
Merck (Sigma-Aldrich) T9026 

N,N,Nǋ,Nǋ-
Tetramethylethylenediami

ne (TEMED) 
Merck (Sigma-Aldrich) 110-18-9 

Nitric acid (70%) Merck (Sigma-Aldrich) 7697-37-2 

Peptone, granulated MELFORD Laboratories 73049-73-7 

Phalloidin, CF®647 
Insight Biotechnology 

(Biotium) 
00041-T 

Phenylmethanesulfoyl 
fluoride (PMSF) 

Merck (Sigma-Aldrich) 329-98-6 

PierceÊ Bovine Serum 
Albumin Standard 

Ampules 

Fisher Scientific (Thermo 
Scientific) 

23209 

PierceÊ Detergent 
Compatible Bradford 

Assay Kit 

Fisher Scientific (Thermo 
Scientific) 

23246 

Potassium chloride 
Fisher Scientific (Fisher 

Chemical) 
7447-40-7 

Potassium Hydroxide 
Thermo Scientific 

Chemicals 
1310-58-3 

Potassium phosphate 
dibasic 

Merck (Sigma-Aldrich) 7758-11-4 

Potassium phosphate 
monobasic 

Merck (Sigma-Aldrich) 7778-77-0 

Potassium sulphate 
Fisher Scientific (Acros 

Organics) 
7778-80-5 

Precision Plus Dual Xtra 
Standards 

BIO-RAD 161-0397 

Proteinase K, 
recombinant, PCR grade 

Merck (Sigma-Aldrich) 3115836001 

Purified anti-GFP Epitope 
Tag Antibody [Clone: 

B34] 
BioLegend 902601 

Q SepharoseÊ Fast Flow Merck (Sigma-Aldrich) 17-0510-01 

Q5® Hot Start High-
Fidelity 2X Master Mix 

New England Biolabs M0494S 

QIAEX II Gel Extraction kit QIAGEN 20051 

QIAprep Spin Miniprep Kit QIAGEN 27104 

S.O.C. Medium Fisher Scientific (Invitrogen) 15544034 

Skim milk powder SERVA 42590.02 

SnakeSkinÊ Dialysis 
Tubing, 3.5 MWCO 

Fisher Scientific (Thermo 
Scientific) 

88244 

Sodium chloride 
Fisher Scientific (Fisher 

Chemical) 
7647-14-5 
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Sodium Dodecyl Sulfate 
(SDS) 

Fisher Scientific (Fisher 
BioReagents) 

151-21-3, 7732-18-5 

Sodium Hydroxide 
Fisher Scientific (Fisher 

Chemical) 
1310-73-2 

Sodium hypochlorite 
solution 5% 

VWR (Avantor) 7681-52-9 

Sodium phosphate 
dibasic 

Merck (Sigma-Aldrich) 7558-79-4 

Sodium phosphate 
monobasic 

Merck (Sigma-Aldrich) 7558-80-7 

Streptomycin sulfate Merck (Sigma-Aldrich) 3810-74-0 

SuperSignalÊ West Pico 
PLUS Chemiluminescent 

Substrate 

Fisher Scientific (Thermo 
Scientific) 

34580 

SYBRÊ Safe DNA Gel 
Stain 

Fisher Scientific (Invitrogen) S33102 

Thioflavin T Merck (Sigma-Aldrich) 2390-54-7 

Trans-Blot Turbo RTA 
Mini 0.2 µm PVDF 

Transfer Kit 
BIO-RAD 1704272 

Trifluoroacetic acid Alfa Aesar 044630.AE 

Tris Base 
Fisher Scientific (Fisher 

BioReagents) 
77-86-1 

TritonÊ X-100 Merck (Sigma-Aldrich) 9036-19-5 

TWEEN® 20 Merck (Sigma-Aldrich) 9005-64-5 

UltraPureÊ 
DNase/RNase-Free 

Distilled Water 
Fisher Scientific (Invitrogen) 10977035 

Uranyl acetate 
Electron Microscopy 

Sciences (EMS) 
541-09-3 
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2.1.2. Buffers 

Table 2.2 ï Buffers used in this work and the components used to make them. 

Buffer Components 

2X SDS-PAGE loading buffer 

50 mM Tris.HCl, pH 6.8 

100 mM DTT 

2% (w/v) SDS 

0.1% (w/v) bromophenol blue 

10% (v/v) glycerol 
 

Anion exchange 
chromatography (AEX) buffer 

A 
20 mM Tris.HCl, pH 8.0/9.0 (indicated in Table 2.12) 

Anion exchange 
chromatography (AEX) buffer 

B 

20 mM Tris.HCl, pH 8.0/9.0 (indicated in Table 
2.12) 

1 M NaCl 
 

C. elegans bleaching 
solution 

1.9% (v/v) sodium hypochlorite solution 

500 mM NaOH 
 

C. elegans freezing solution 

5.8 g/L NaCl 

50 mM KH2PO4 pH 6.0 

25% (v/v) glycerol 

300 ɛM MgSO4 
 

C. elegans PCR lysis buffer 

50 mM KCl 

10 mM Tris.HCl, pH 8.0 

2.5 mM MgCl2 

0.45% (v/v) IGEPAL® CA-630 

0.45% (v/v) TWEEN® 20 

0.01% gelatine 
 

C. elegans recovery buffer 

5 mM HEPES pH 7.2 

3 mM CaCl2 

3 mM MgCl2 

66 mM NaCl 

2.4 mM KCl 

4% (w/v) glucose 
 

C. elegans washing buffer 

1 mL M9 

50 mg BSA 

50 ɛL TWEENÈ 20 
 

C. elegans western blotting 
lysis buffer 

20 mM Tris.HCl, pH 7.5 

10 mM 2-mercaptoethanol 

0.5% (v/v) TritonÊ X-100 

cOmpleteÊ, Mini, EDTA-free Protease Inhibitor 
 

E. coli Lysis buffer 

20 mM Tris.HCl, pH 8 

2 mM MgCl2 

5 mM DTT 

1 mM PMSF (dissolved in 100% (v/v) isopropanol) 

2 mM benzamidine 
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100 ɛg/mL lysozyme 

20 ɛg/mL deoxyribonuclease I 
 

HCDM1 

10 g/L K2HPO4 

10 g/L KH2PO4 

7.5 g/L Na2HPO4 

9 g K2SO4 

1 g/L 15N NH4Cl 

2 mM MgCl2 

100 ɛM CaCl2 

2 g/L glucose (13C) 
 

M9 

3 g/L KH2PO4 

6 g/L Na2HPO4 

5 g/L NaCl 

1 mM MgSO4 
 

NGM agar 

3 g/L NaCl 

17 g/L agar 

2.5 g/L peptone 

1 mM CaCl2 

5 mg/L cholesterol 

1 mM MgSO4 

25 mM KPO4 

50 ɛg/mL streptomycin sulphate 
 

Phosphate-buffered saline 
(PBS) 

137 mM NaCl 

2.7 mM KCl 

8.1 mM Na2HPO4 

1.5 mM KH2PO4 
 

SDS-PAGE resolving gel 

7.5 mL 30% Acrylamide/Bis Solution 

5 mL 3 M Tris.HCl, 0.3% (w/v) SDS, pH 8.45 

0.44 mL dH2O 

2 mL glycerol 

200 ɛL 10% (w/v) ammonium persulphate 

10 ɛL TEMED 
 

SDS-PAGE stacking gel 

830 ɛL 30% Acrylamide/Bis Solution 

1.55 mL 3 M Tris.HCl, 0.3% (w/v) SDS, pH 8.45 

3.72 mL dH2O 

200 ɛL 10% (w/v) ammonium persulphate 

10 ɛL TEMED 
 

Tris-Acetate-EDTA (TAE) 

40 mM Tris.HCl, pH 8.0 

20 mM acetic acid 

1 mM EDTA 
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2.1.3. Plasmids 

Figure 2.1 ï Plasmid maps of the main vectors used in this work. Sequence mutations 
generated in this work were made by Q5È SDM (Section 2.2.1.3) of these vectors using the 
primers listed in Table 2.3. Origin of replication (ori) is displayed in blue; E. coli promoters are 
orange; C. elegans promoters are pink; resistance genes (ampicillin-resistance ï AmpR; 
kanamycin-resistance ï KanR; chloramphenicol-resistance ï CmR; and hygromycin-
resistance ï HygR) are red; bacterial genes are purple; C. elegans genes are green; regions 
facilitating homologous recombination in GatewayÈ cloning are yellow; M13 sequencing 
primers are brown; and additional regions-of-interest are in grey.     
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2.1.4. Primers 

Table 2.3 ï Primers used in this work. Regions in bold and underlined indicate those that 
are not complementary to the target sequence and are required for either GatewayÈ Cloning 
or Q5È site-directed mutagenesis (SDM). Fwd = forward; rev = reverse. 

Primer 

name 
Description Sequence 

T7 (F) 
Stock primer at Source Bioscience used 

for verification of successful Q5® SDM 
TAATACGACTCACTATAGGG 

M13F 

Stock primer at Source Bioscience. Fwd 

primer used to check success of Gateway® 

Cloning 

TGTAAAACGACGGCCAGT 

M13R 

Stock primer at Source Bioscience. Rev 

primer used to check success of Gateway® 

Cloning 

CAGGAAACAGCTATGACC 

ŬSyn 

ȹN7 F 

Fwd primer designed by Dr Sabine 

Ulamec used to generate ŬSynȹN7 (Q5® 

SDM) 

CTGTCGAAAGCGAAAGAAG 

ŬSyn 

ȹN7 R 

Rev primer designed by Dr Sabine Ulamec 

used to generate ŬSynȹN7 (Q5® SDM) 

CATATGATATCTCCTTCTTAAA

G 

KMD01 
Gateway® cloning fwd primer to amplify 

ŬSynȹN7 for insertion into pDONRTM221 

GGGGACAAGTTTGTACAAAAA

AGCAGGCTTAATGCTTTCAAA

GGCCAAGGAGGGAG 

KMD02 
Gateway® cloning rev primer to amplify 

ŬSynȹN7 for insertion into pDONRTM221 

GGGGACCACTTTGTACAAGAA

AGCTGGGTTGGCTTCAGGTTC

GTAGTCTTGATACC 

KMD03 C. elegans genotyping primer fwd CATTTTCAGGAGGACCCTTGG 

KMD04 C. elegans genotyping primer rev GGCTTCAGGTTCGTAGTCTTG 

KMD05 ŬSynȹ41-54 fwd (Q5® SDM) GTTGCGGAGAAAACGAAAG 

KMD06 ŬSynȹ41-54 rev (Q5® SDM) GACATACAGCACACCTTC 

KMD07 ŬSynȹ103-130 fwd (Q5® SDM) GAAGGCTACCAGGACTAC 

KMD08 ŬSynȹ103-130 rev (Q5® SDM) TTTCCCTAACTGGTCTTTC 

KMD09 ŬSynD2A fwd (Q5® SDM) TGGCGGTCTTCATGAAAG 

KMD10 ŬSynD2A rev (Q5® SDM) 
TATGTATATCTCCTTCTTAAAGT

TAAAC 

KMD11 ŬSynV3A fwd (Q5® SDM) ATATGGATGCGTTCATGAAAG 

KMD12 ŬSynV3A rev (Q5® SDM) 
GTATATCTCCTTCTTAAAGTTA

AAC 

KMD13 ŬSynF4A fwd (Q5® SDM) TATGGATGTCGCGATGAAAG 

KMD14 ŬSynF4A rev (Q5® SDM) 
TGTATATCTCCTTCTTAAAGTTA

AAC 

KMD15 ŬSynM5A fwd (Q5® SDM) GATGTCTTCGCGAAAG 

KMD16 ŬSynM5A rev (Q5® SDM) 
CATATGTATATCTCCTTCTTAAA

G 



 66 Materials and Methods 

KMD17 ŬSynK6A fwd (Q5® SDM) TTCATGGCGGGGCTGTC 

KMD18 ŬSynK6A rev (Q5® SDM) 
GACATCCATATGTATATCTCCT

TCTTAAAGTTAAAC 

KMD19 ŬSynG7A fwd (Q5® SDM) CTTCATGAAAGCGCTG 

KMD20 ŬSynG7A rev (Q5® SDM) ACATCCATATGTATATCTCC 

KMD21 C. elegans ŬSynȹ41-54 fwd (Q5® SDM) GTGGCTGAGAAGACCAAA 

KMD22 C. elegans ŬSynȹ41-54 rev (Q5® SDM) 
TACATAGAGAACACCCTCTTTT

G 

KMD23 C. elegans ŬSynȹ103-130 fwd (Q5® SDM) 
GAAGGGTATCAAGACTACGAA

C 

KMD24 C. elegans ŬSynȹ103-130 rev (Q5® SDM) CTTGCCCAACTGGTCCTT 

 

2.1.5. Bacterial strains  

Table 2.4 ï Bacterial strains used in this work. 

Strain name Description Genotype 

E. coli DH5-Ŭ 

Derived from 

NEB® 5-alpha 

Competent E. coli 

(Cat#: C2987H). 

Used for molecular 

cloning. 

F-fhuA2 ȹ(argF-lacZ)U169 phoA glnV44 

ū80ȹ(lacZ)M15 gyrA96 recA1 relA1 endA1 

thi-1 hsdR17 

E. coli BL21(DE3) 

Derived from 

Agilent (Cat#:  

200132). Used for 

protein expression. 

F- dcm ompT hsdS(rB- mB-) gal ɚ(DE3) 

E. coli One 

ShotTM ccdB 

SurvivalTM 2 T1R 

Competent Cells 

Supplied from 

Thermo Fisher 

Scientific (Cat#: 

A10460). Used to 

transform the 

product of the LR 

recombination 

reaction. 

F-mcrA ȹ(mrr-hsdRMS-mcrBC) ű80lacZȹM15 

ȹlacX74 recA1 araȹ139 ȹ(ara-

leu)7697 galU galK rpsL(StrR) endA1 nupG fh

uA::IS2 

E. coli OP50-1 

Streptomycin 

resistant strain of 

OP50 used for 

growing C. 

elegans. 
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2.1.6. Caenorhabditis elegans strains 

Table 2.5 ï C. elegans strains use in this work. 

Strain name Description Genotype 

N2 

C. elegans Bristol variant. 
Generation time is about 3 
days. Brood size is about 
350. Isolated from 

mushroom compost near 
Bristol, England by L.N. 
Staniland. Cultured by W.L. 
Nicholas, identified to genus 
by Gunther Osche and 
species by Victor Nigon; 
subsequently cultured by 
C.E. Dougherty. Given to 
Sydney Brenner ca. 1966. 
Subcultured by Don Riddle 
in 1973. Purchased from 

CGC. 

Wild isolate 

NL5901 

Expression of ŬSynWT::YFP 
in the body wall muscle 
cells. Generated by 
bombardment. Gift from 
Professor Ellen Nollen 
(University of Groningen, 

Netherlands). 

unc-54p::ŬSynWT::YFP 

PVH247 

Expression of 
ŬSynȹN7::YFP in the body 

wall muscle cells. 
Generated by 
microinjection. 

unc-54p::ŬSynȹN7::YFP 

KMD001 

Expression of ŬSyn-
140::YFP in the body wall 
muscle cells. Generated by 

microinjection. 

unc-54p::ŬSyn-140::YFP 

KMD002 

Expression of ŬSyn-
126::YFP in the body wall 
muscle cells. Generated by 

microinjection. 

unc-54p::ŬSyn-126::YFP 

KMD003 

Expression of ŬSyn-
112::YFP in the body wall 
muscle cells. Generated by 

microinjection. 

unc-54p::ŬSyn-112::YFP 

KMD004 

Expression of ŬSyn-98::YFP 
in the body wall muscle 
cells. Generated by 
microinjection. 

unc-54p::ŬSyn-98::YFP 
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2.1.7. Equipment 

Table 2.6 ï Equipment used in this work. 

Equipment Description 

ÄKTA PureTM For protein purification 

AMA050 Adjustable Microscope Adapter Adapter for the ToupTek USB-Camera  

Applied Photophysics Chirascan 
spectrometer 

For Circular Dichroism (CD) 

AvantiÈ Polar Lipids extruder To generate liposomes 

Beckman Coulter Avanti J-26 XP For centrifugation of cell cultures 

Beckman Coulter Optima MAX-XP 
Benchtop Ultracentrifuge 

For the pelleting assays 

BIO-RAD PowerPacÊ Basic Power 
Supply 

For gel electrophoresis 

BIO-RAD T100 Thermal Cycler For Polymerase Chain Reactions (PCRs) 

BIO-RAD Trans-Blot® TurboÊ Transfer 
System 

To transfer proteins from gel to membrane 
for western blotting 

BMG Labtech FLUOstar Omega Plate reader for shaking thioflavin T assays 

BMG Labtech FLUOstar Optima 
Plate reader for quiescent thioflavin T 

assays 

Bruker Avance IIIÊ HD 600 MHz 
For nuclear magnetic resonance 

spectroscopy 

Cole-Parmer Ultrasonic Processor with 
timer and pulser 

For the sonication of amyloid fibril seeds 

FEI Tecnai 12 transmission electron 
microscope 

To image material by transmission electron 
microscopy (TEM) 

FEI Titan Krios electron microscope For the collection of cryo-EM data 

FidaBio One 
For collecting and analysing Flow Induced 

Dispersion Analysis (FIDA) data 

GX Microscopes ultraZOOM-2 Binocular 
Stereo Zoom Microscope 

For general maintenance of C. elegans 
strains and collection of motility data 

HiLoad ® 26/600 Superdex ® 75pg 
Column for Size Exclusion 

Chromatography (SEC) 

IKA Ultra-Turrax® T18 homogeniser To homogenise E. coli cell pellets 

Inverted Zeiss Axiovert 10 
Microscope used for the microinjection of 

C. elegans 

Leica MZ10 F Modular Stereo 
Microscope 

Microscope for general maintenance of 
fluorescent C. elegans strains 

NanoDropÊ 2000 For measuring the concentration of DNA 

Narishige Three-axes Joystick Oil 
Hydraulic Micromanipulator MO-202U 

Micromanipulator used to hold needles and 
microinject C. elegans 

Nucleosil 300 C4 column 
Column for Reversed-Phase High 

Performance Liquid Chromatography (RP-
HPLC) 

Pellet pestles, cordless motor 
Motorised pestle used to grind C. elegans 
pellets for protein extraction for western 

blotting 

PTI Quantamaster Series fluorometer To measure fluorescence polarisation 
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Shimadzu UK Ltd. Nexera LC-40 system 
For Reversed-Phase High Performance 

Liquid Chromatography (RP-HPLC) 

Shimadzu UV-1800 spectrophotometer For measuring the concentration of protein 

Sigma 1-14K Refrigerated Microfuge 
For pelleting material after resuspension of 

lyophilised protein 

Touptek USB-Camera, Series E3CMOS 
Camera used to record motility assay 

videos 

Uvitec Alliance Q9 Gel Documentation 
System 

For the visualisation and analysis of 
agarose gels, SDS-PAGE gels, and 

western blots 

Wyatt miniDAWNTreos® 
For measuring and analysing Dynamic 

Light Scattering (DLS) experiments 

Zeiss LSM 880 inverted confocal 
microscope 

For fluorescence recovery after 
photobleaching (FRAP) experiments 

Zeiss LSM 880 upright confocal 
microscope 

For collecting images for aggregate 
quantification and phalloidin stain analysis 

 

2.2. Methods 

2.2.1. Molecular biology  

2.2.1.1. E. coli transformation 

NEBÈ 5-alpha E. coli (C2987H) competent cells (Table 2.4) were thawed on ice for 

10 minutes and 1 ɛL 1-100 ng/ɛL plasmid DNA or 5 ɛL of the KLD product added to 

50 ɛL competent cells. This was incubated on ice for 30 minutes, before heat-

shocking at 42 ÁC for 45 seconds. The cells were then allowed to recover on ice for 

5 minutes and subsequently added to 900 ɛL of Super Optimal broth with Catabolic 

repression (SOC) medium. This was incubated at 37 ÁC, 200 rpm, for 1 hour. After 

this time, 100 ɛL of cells were plated on LB agar containing the appropriate antibiotic 

resistance marker. These plates were incubated at 37 ÁC overnight and stored at 4 

ÁC the following morning.  

2.2.1.2. Purification of plasmid DNA 

Transformed colonies on LB-agar plates (<1 week old) were picked, placed in 5 mL 

LB, and incubated overnight at 37 ÁC, 200 rpm. The following day, the plasmid DNA 

was purified with a QIAprep Spin Miniprep Kit, according to the manufacturerôs 

protocol. The final concentration of DNA was quantified using a NanoDropÊ 2000 

UV-Vis spectrophotometer (Thermo Fisher Scientific) (Table 2.6) by measuring the 

absorbance at 260 nm. Plasmids were stored at -20 ÁC.   
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2.2.1.3. Q5È site-directed mutagenesis  

Q5È site-directed mutagenesis is used to generate new variants of recombinant 

proteins and C. elegans strains. Primers (Integrated DNA Technologies) (Table 2.3) 

were designed to generate the mutation-of-interest via a polymerase chain reaction 

(PCR). The components of the PCR are described in Table 2.7.  

 

Table 2.7 ï Components for PCR and the volumes used in each reaction.  

Component Volume (ɛL) 

Q5È Hot Start High Fidelity 2x Master Mix 12.5 

10 ɛM Forward primer 1.25 

10 ɛM Reverse primer 1.25 

1-25 ng/ɛL Template DNA 1.0 

Nuclease-free water 9.0 

 

The thermocycling conditions for the PCR were run as described in Table 2.8. 

 

Table 2.8 ï Thermocycling conditions for PCRs used in this work. 

Step Temperature (ÁC) Time 

Initial denaturation  98 30 seconds 

30 cycles 

Denaturation 98 10 seconds 

Annealing Tm of primer 30 seconds 

Extension 72 30 seconds/kb 

Final extension  72 2 minutes 

Hold  4 Ð 

 

Following the PCR, the DNA was treated with kinase, ligase, and DpnI (KLD) 

enzymes to facilitate DNA circularisation. The kinase phosphorylates the 5ô end of the 

DNA to facilitate ligation with the 3ô end by the ligase, and DpnI digests the methylated 

template DNA. The KLD reaction components are detailed in Table 2.9.  
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Table 2.9 ï Components and their volumes used for KLD reactions in this work.  

Component Volume (ɛL) 

PCR product 0.5 

2x KLD reaction buffer 2.5 

10x KLD enzyme mix 0.5 

Nuclease-free water 1.5 

 

After mixing, the reactions were incubated at 25 ÁC for 5 minutes, followed by 37 ÁC 

for 1 hour. Following this, the products were transformed into E. coli DH5Ŭ cells (Table 

2.4) as described in Section 2.2.1.1. Resulting plasmids were stored at -20 ÁC. 

2.2.1.4. GatewayÈ cloning  

GatewayÈ cloning (Invitrogen) was used to generate the unc-54p::ŬSynȹN7::YFP 

strain of C. elegans according to the manufacturerôs protocol. The pRP2386 plasmid 

(Figure 2.1) encoding unc-54p::ŬSynWT::YFP was kindly gifted from Professor Ellen 

Nollen (University of Groningen, Netherlands). For the BP reaction, primers were 

designed to generate the ŬSynȹN7 attB PCR product from the template DNA 

(pRP2386) (Table 2.3). PCR was carried out as described in Table 2.7 and Table 2.8 

with Q5È Hot Start High Fidelity DNA polymerase and successful amplification of the 

DNA product was confirmed using agarose gel electrophoresis (Section 2.2.1.5). The 

DNA band of the correct size was extracted from the agarose gel using QIAEX II Gel 

Extraction Kit (QIAGEN) according to the manufacturerôs protocol. The BP reaction 

was performed by first preparing the mixture as described in Table 2.10. 

 

Table 2.10 ï Components and their volumes required for the BP reaction.  

Component Volume (ɛL) 

attB PCR product (20-50 fmol) 1-7 

pDONRTM221 vector (150 ng/ɛL) 1 

Tris-EDTA buffer, pH 8.0 to 8 

GatewayÈ BP ClonaseÈ II enzyme mix 2 

 

After the BP reaction mix was prepared, the reaction was placed in a thermocycler 

(Table 2.6) at 25 ÁC for 1 hour. 1 ɛL proteinase K (2 ɛg/ɛL) was added to the mix and 

the sample was placed at 37 ÁC for 10 minutes to stop the reaction. 1 ɛL of the product 

was subsequently used to transform E. coli DH5Ŭ cells (Table 2.4) (Section 2.2.1.1) 
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and plated out onto LB-agar containing kanamycin (50 ɛg/mL). The following day, 

colonies were used to inoculate 5 mL LB (+ kanamycin), which were subsequently 

incubated overnight at 37 ÁC, 200 rpm. The plasmid DNA from these overnight 

cultures was then purified using the QIAprep Spin Miniprep Kit and correct insertion 

of the PCR product was confirmed by Sanger sequencing (Source Bioscience) with 

M13 forward and reverse primers (Table 2.3). 

After obtaining the entry clone containing attL1-ŬSynȹN7-attL2, the LR reaction was 

employed to generate the final construct for unc-54p::ŬSynȹN7::YFP. For the LR 

reaction, components were mixed in volumes listed in Table 2.11. 

 

Table 2.11 ï Components and their volumes required for the LR reaction. 

Component Volume (ɛL) 

attL4-unc-54p-attR1 entry clone (10 fmoles) 1-7 

attL1-ŬSynȹN7-attL2 entry clone (10 
fmoles) 

1-7 

attR2-YFP-attL3 entry clone (10 fmoles) 1-7 

pDESTTM IR98 Vector (20 fmoles) 0.4 

Tris-EDTA buffer, pH 8.0 to 8 

LR ClonaseÈ II Plus enzyme mix 2 

 

Reactions were placed in a thermocycler set to 25 ÁC overnight. The following day, 1 

ɛL proteinase K (2 ɛg/ɛL) was added and the sample was incubated at 37 ÁC for 10 

minutes to stop the reaction. The sample was next used to transform One ShotTM 

ccdB SurvivalTM 2 T1R Competent Cells (Thermo Fisher Scientific) (Table 2.4) 

(Section 2.2.1.1), which were then plated on LB-agar containing 30 ɛg/mL 

chloramphenicol and placed at 37 ÁC overnight. Correct integration of all three 

components of the LR reaction was confirmed by purifying the DNA from overnight 

cultures using a Miniprep, and Sanger Sequencing (Source Bioscience). Plasmids 

were stored at -20 ÁC. 

2.2.1.5. Agarose gel electrophoresis 

Agarose gel electrophoresis was used to visualise the presence and size of DNA after 

PCR reactions. 1.5% (w/v) agarose gels were prepared by dissolving agarose in Tris-

acetate-EDTA (TAE) buffer (Table 2.2) by heating in a microwave. SYBRTM safe DNA 

Gel Stain (0.001% (v/v)) was added to the liquid agarose solution, which was then 

poured into a gel cast and left to set for 30 minutes. After this time, the agarose gel 
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was transferred to a gel tank containing TAE buffer. 6x Purple Gel Loading Dye (New 

England Biolabs) was added to the DNA samples, and 5 ɛL of this was loaded into 

the agarose gel. 5 ɛL of 100 bp or 1 kb Quick-load purple DNA ladders (New England 

Biolabs) were also loaded on the gel, such that the size of the DNA band of the 

sample could be determined. Gels were run at 100 V until bands could be resolved, 

and subsequently visualised by UV light and imaged using the Uvitec Alliance Q9 Gel 

Documentation System (Table 2.6). 

2.2.2. Protein expression and purification  

2.2.2.1. Expression of ŬSyn 

All variants of ŬSyn were expressed at the University of Leeds using the same 

protocol. The plasmid DNA encoding ŬSyn was used to freshly transform E. coli BL21 

(DE3) (Table 2.4). The transformants were plated on LB-agar containing 100 ɛg/mL 

carbenicillin and placed at 37 ÁC overnight. The following day, a single colony was 

used to inoculate 100 mL LB (containing 100 ɛg/mL carbenicillin), which was 

incubated overnight at 37 ÁC, 200 rpm. 15 mL of this overnight starter culture was 

next used to inoculate 1 L of pre-warmed LB (+ carbenicillin), which was then 

incubated at 37 ÁC, 200 rpm and the OD600 was measured regularly. When the OD600 

reached 0.6, expression of ŬSyn was induced by the addition of 1 mM isopropyl-ɓ-D-

1-thiogalactopyranoside (IPTG). Cultures were incubated once again for 5 hours, 

after which the cells were harvested by centrifugation at 4,000 rpm (rotor JLA 8.1) 

using the Beckman Coulter Avanti J-26 XP centrifuge (Table 2.6). 

For the expression of 15N- and 13C-labelled protein, E. coli BL21 (DE3) were freshly 

transformed. The following morning, 100 mL LB (supplemented with 100 ɛg/mL 

carbenicillin) was inoculated with a single colony, and the culture was placed at 37 

ÁC, shaking at 200 rpm. Once the OD600 reached ~0.2, the cells were pelleted at 3,000 

xg for 10 minutes and resuspended in 500 mL HCDM1 medium (Table 2.2) (with 100 

ɛg/mL carbenicillin), such that the starting OD600 was approximately 0.04. The 

HCDM1 culture was next incubated at 37 ÁC, 200 rpm, overnight. The following day, 

the OD600 of the culture was measured and the cells were pelleted at 3,000 xg for 10 

minutes. 500 mL of fresh HCDM1 with 100 ɛg/mL carbenicillin was inoculated with 

the cells from the overnight culture, such that the starting OD600 was approximately 

0.2. The cells were then expressed, and protein expression induced as described 

above. 
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2.2.2.2. Lysis, boiling, and ammonium sulphate 

precipitation  

The cells containing ŬSyn were lysed and purified by ammonium sulphate 

precipitation. Firstly, the cell pellet was homogenised (IKA Ultra-TurraxÈ T18 

homogeniser) (Table 2.6) in 50 mL lysis buffer (Table 2.2) per 2.5 L culture. Samples 

were placed at room temperature for 30 minutes. The cells were transferred to a glass 

bottle and placed in an 80 ÁC water bath for 10 minutes. The homogenate was 

centrifuged at 35,000 xg at 4 ÁC for 30 minutes. As ŬSyn is an intrinsically disordered 

protein, it remains in the soluble fraction, unlike many of the heat-sensitive proteins 

expressed by E. coli. The supernatant was retained and 30% (w/v) ammonium 

sulphate added. The solution was incubated for 30 minutes at 4 ÁC to allow ŬSyn 

precipitation. The precipitated protein was centrifuged at 35,000 xg for 30 minutes at 

4 ÁC. The resulting pellet was homogenised in 30% (w/v) ammonium sulphate and 

placed on a roller at 4 ÁC to enable precipitation. The sample was centrifuged at 

35,000 xg at 4 ÁC for 30 minutes and the pellet containing ŬSyn was stored at -20 ÁC.  

2.2.2.3. Anion exchange chromatography 

Anion exchange chromatography (AEX) is used to purify ŬSyn, given its net negative 

charge at neutral pH. The isoelectric point (pI) of all the proteins expressed in this 

work, and the pH used for AEX are shown in Table 2.12. 

 

Table 2.12 ï Protein variants expressed and purified in this work, with the pI and pH 
used for AEX. 

Protein variant pI pH for AEX 

ŬSynWT/ŬSyn-140 4.67 8.0 

ŬSynȹN7 4.65 8.0 

ŬSynȹP1 4.67 8.0 

ŬSynȹP2 4.60 8.0 

ŬSynD2A 4.74 8.0 

ŬSynV3A 4.67 8.0 

ŬSynF4A 4.67 8.0 

ŬSynM5A 4.67 8.0 

ŬSynK6A 4.59 8.0 

ŬSynG7A 4.67 8.0 

ŬSyn-126 4.47 8.0 

ŬSyn-112 7.88 9.0 

ŬSyn-98 6.28 9.0 
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The pellet from the final step of the ammonium sulphate precipitation step was 

resuspended in AEX buffer A (Table 2.2). Due to the presence of ammonium sulphate 

from the previous step, which may prevent binding of ŬSyn to the column, the protein 

solution was prepared such that for each 4 L culture, the pellet was resuspended in 

300 mL AEX buffer A. Once resuspended, the protein was next loaded onto a Q-

SepharoseTM anion exchange column, which was packed in-house and contains an 

80 mL resin volume. The column was subsequently washed using an  KTA PureTM 

(Table 2.6) with two column volumes (CV) of buffer A, before eluting ŬSyn with a 

gradient up to 50% AEX buffer B (Table 2.2) over 2 CV. A ratio of 1:1 (buffer A:buffer 

B) was maintained for an additional 2 CV, before running 2 CV of 100% buffer B 

through the column. The ŬSyn-containing fractions were pooled. The AEX column 

was cleaned with 2 CV dH2O, 2 CV 1 M NaOH, 2 CV dH2O, and stored in 20% (v/v) 

ethanol. 

For dialysis, SnakeSkinTM 3.5K MWCO dialysis tubing was pre-wet in 5 mM 

ammonium bicarbonate, sealed with a tubing clip and knotted to prevent leakage. 

The pooled protein was transferred to the dialysis tubing and the top of the tubing 

was sealed with a clip and a knot. The protein was placed in 5 L ammonium 

bicarbonate and left to dialyse at 4 ÁC on a magnetic stirrer, the dialysis buffer was 

changed approximately every two hours five times, with one change overnight to 

ensure an effective dialysis. The protein was then removed from the dialysis tubing, 

transferred to round-bottomed flasks, snap frozen in liquid nitrogen, and placed on a 

freeze-drier. Once lyophilised, the partially purified protein was stored at -20 ÁC.   

2.2.2.4. Size exclusion chromatography 

The lyophilised protein was dissolved at 2 mg/mL in phosphate-buffered saline (PBS) 

(Table 2.2). The protein was transferred into a 50 mL Superloop and loaded onto a 

HiLoadTM 26/600 Superdex 75 pg gel filtration column (5 mL per run) connected to 

the  KTA PureTM (Table 2.6). Two cocktails of calibrants were used to assess the 

column (Figure 2.2).  Protein was eluted by flowing PBS at a flow rate of 2.6 

mL/minute through the column, and peak fractionation was used to collect the protein. 

As before, the protein was pooled, dialysed into 5 mM ammonium bicarbonate, and 

lyophilised. The column was cleaned with 1 CV dH2O, 1 CV 1 M NaOH, 1 CV dH2O, 

and stored in 20% (v/v) ethanol. 
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2.2.2.5. Sodium dodecyl sulphate polyacrylamide gel 

electrophoresis 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was used 

to assess the purity and the approximate molecular mass of the proteins purified from 

Section 2.2.2.4. A flat glass plate and a spacer glass plate were assembled with a 

rubber gasket between to prevent leakage, held together with two clips, and placed 

perpendicular to the lab bench surface. Tris-tricine buffered SDS-PAGE gels were 

made by preparing both resolving and stacking gels (Table 2.2). The resolving gel 

was poured into the assembled glass plates up to 2 cm from the top. The stacking 

gel was immediately poured on top of the resolving gel, as to avoid either of the gels 

setting prematurely. The higher density of the resolving gel, due to the presence of 

glycerol, ensured that the two layers did not mix. A comb was inserted to create the 

sample wells. Tris-tricine gels were left to set for 30 minutes at room temperature.  

Once set, gels were transferred to a gel tank. The outer reservoir was buffered with 

anode buffer (200 mM Tris.HCl, pH 8.9), and the inner reservoir filled with cathode 

buffer (100 mM Tris, 100 mM tricine, 0.1% (w/v) SDS, pH 8.25). Samples to be loaded 

were prepared by adding 2X loading buffer (Table 2.2) and boiling for 10 minutes. 15 

ɛL of sample was loaded per lane and 3 ɛL Precision Plus Dual Xtra Standards 

protein ladder (BioRad) was loaded into the first lane to enable identification of the 

molecular weight of sample bands. Gels were run with a constant current of 30 mA  

using the BIO-RAD PowerPacTM Basic Power Supply (Table 2.6) until the 

bromophenol blue dye exited the stacking gel, when it was increased to 75 mA until 

the dye front had reached the bottom of the gel. Gels were subsequently removed 

Figure 2.2 ï Calibrants for size exclusion chromatography. (A) Chromatograms of the 
calibrants from two cocktails. Cocktail 1 (black) contains blue dextran as an indicator of the 
void volume, Ŭ-chymotrypsin (25.0 kDa), and aprotinin (6.5 kDa). Cocktail 2 (red) contains 
ovalbumin (42.7 kDa), cytochrome c (12.4 kDa) and acetone, which was used as an indicator 
of peak symmetry. (B) Molecular weight (MW) of calibrants plotted against their elution 
volume. 
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from the glass plates and placed in InstantBlueÈ Coomassie Protein Stain. Once 

stained, residual stain was rinsed off in dH2O and the gel was imaged using the Uvitec 

Alliance Q9 Gel Documentation System (Table 2.6).   

2.2.2.6. Validation and storage of recombinant 

proteins   

Verification of correct protein was achieved by intact ElectroSpray Ionisation Mass 

Spectrometry (ESI-MS) performed by Chloe Ross-Benham. All purified recombinant 

proteins were stored lyophilised at -20 ÁC. 

2.2.3. Amyloid formation 

2.2.3.1. Thioflavin T assay 

Thioflavin T (ThT) is a fluorescent dye that was used to monitor amyloid assembly. 

Lyophilised protein was dissolved in the experimental buffer at approximately 10 

mg/mL and centrifuged at 16,602 xg and 4 ÁC for 30 minutes in a Sigma 1-14K 

Refrigerated Microfuge (Table 2.6). The supernatant was transferred to a new 1.5 mL 

Eppendorf tube and the precise protein concentration determined by measuring the 

A280 using the Shimadzu UV-1800 spectrophotometer (Table 2.6). The Ů280 used to 

calculate the protein concentration for each variant used is shown in Table 2.13. 

 

Table 2.13 ï Proteins used in this work and the corresponding Ů280 used for protein 
concentration quantification.  

Protein variant Ů280 (M-1cm-1) 

ŬSynWT/ŬSyn-140 5,960 

ŬSynȹN7 5,960 

ŬSynȹP1 4,470 

ŬSynȹP2 5,960 

ŬSynD2A 5,960 

ŬSynV3A 5,960 

ŬSynF4A 5,960 

ŬSynM5A 5,960 

ŬSynK6A 5,960 

ŬSynG7A 5,960 

ŬSyn-126 5,960 

ŬSyn-112 4,470 

ŬSyn-98 4,470 
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All ThT assays used 20 ɛM ThT, CorningÈ 96-well Black/Clear Flat Bottom 

Polystyrene Non-Binding Surface Microplates (product number 3651), and 

fluorescence was monitored by excitation at 444 nm and measuring the fluorescence 

emission at 480 nm. Unless stated otherwise, all experiments included three 

replicates. Additional details on the different assay conditions are shown in Table 

2.14. 

 

Table 2.14 ï ThT assays used in this work, with corresponding buffers, temperature, 
shaking, presence of a Teflon ball, and plate reader used. Y = yes, N = no. 

Assay Buffer 
Temperature 

(ÁC) 
Shaking 

Teflon 
ball 

Plate reader 

(Table 2.6) 

De novo PBS 37 600 rpm Y 
FLUOstar 
Omega 

Ionic strength 
dependence 

20 mM sodium 
phosphate (+ 
NaCl),  

pH 7.4 

37 600 rpm Y 
FLUOstar 
Omega 

Seeded PBS 37 Quiescent N 
FLUOstar 
Optima 

Lipid-mediated 
20 mM sodium 
phosphate, pH 

6.5 
30 Quiescent  N 

FLUOstar 
Optima 

 

For the seeded ThT assays, amyloid fibrils were collected at the end of de novo 

assays. Unless stated otherwise, seeds were prepared by sonicating the fibrils on ice 

twice for 30 seconds each time with a Cole-Parmer Ultrasonic Processor (Table 2.6) 

set at 40% maximum power. Amyloid fibril seeds were added at a concentration of 

10% (v/v) to 50 ɛM monomeric protein.  

For the lipid-mediated ThT assays, liposomes were prepared as described in Section 

2.2.4.1 and added to 50 ɛM monomeric protein at lipid-to-protein ratios (LPRs) 

indicated in the main text.  

2.2.3.2. Fitting amyloid formation kinetics 

All data were normalised, plotted, and fitted (where applicable) in Python. The method 

of normalisation is described in figure legends and was judged on a case-by-case 

basis; as a rule of thumb, ThT data were normalised to the maximum and minimum 
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signal of the individual wells where pelleting assay results showed that most material 

was insoluble by the end of the assay.  

For the calculation of standard T50 values, the time at which half the maximum signal 

intensity is reached was determined. For Tlag, the following equation was fitted to the 

data412: 

ώ  ώ άὸ
 

     (1) 

 ώ is the measured fluorescence intensity over time, ὸ, and ώ and ώ are the y-

intercepts of the initial and final baselines. ά  and ά are the initial and final slopes. 

† is the elongation time constant. Tlag was derived using the following equation: 

Ὕ   Ὕ ς†         (2) 

To determine the rates of primary and secondary processes of amyloid formation, the 

following equation was fitted to the data336: 

 ρ ρ Ὡ        (3) 

Where, ὓὸ is the mass concentration of fibrils and άπ is the initial monomer 

concentration, such that   is the normalised ThT intensity, ‗ is the rate of primary 

processes of amyloid formation (primary nucleation and elongation), ‖ is the rate of 

secondary processes (elongation, fragmentation, and secondary nucleation), — 

describes how the rate of new fibril formation depends on the monomer concentration 

and was fitted globally and constrained by the bounds: π — σ, and ὸ is time.  

2.2.3.3. Pelleting assay 

At the end of ThT assays (excluding lipid-induced amyloid assembly, as discussed in 

Section 3.7), a pelleting assay was used to measure the quantity of insoluble material 

formed. 30 minutes before centrifugation, the Beckman Coulter Optima MAX-XP 

Benchtop Ultracentrifuge (Table 2.6) was set to 4 ÁC and the vacuum set to pull. 75 

ɛL was collected from the wells of the 96-well plate and transferred to ultracentrifuge 

tubes for the TLA100 rotor. The samples were then centrifuged at 100,000 xg for 30 

minutes at 4 ÁC. The supernatant was then transferred to a 1.5 mL Eppendorf. SDS-

PAGE was used for the quantification of the amount of soluble material remaining at 

the end of the reactions. The mass of protein to use when making up samples to load 

was determined using a calibration curve (Figure 2.3). 
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From this it was decided that the most appropriate dilution of the protein at the end 

of ThT reactions with a 100 ɛM starting monomer concentration should be 12x 

(including 2x loading buffer). Using 15 ɛL of this sample to load onto the Tris-tricine 

gel means that the maximum mass of protein loaded is 1.8 ɛg. This amount was 

selected as it is still in the linear range of detection and allows accurate quantitation 

of as little as 5% insoluble material yield. Although different assays had different 

starting monomer concentrations, all samples were diluted such that the mass of 

protein loaded in the whole fractions was 1.8 ɛg to ensure they were all in the linear 

range of detection. SDS-PAGE was carried out as described in Section 2.2.2.5. The 

Nine-AllianceQ9TM Software was used for densitometry of the bands.  

2.2.3.4. Negative stain transmission electron 

microscopy 

Negative stain transmission electron microscopy (TEM) was used to visualise the 

material formed at the end of ThT experiments. For this, 5 ɛL of sample was pipetted 

onto carbon-coated copper grids. After 1 minute the sample was blotted off and the 

grid was washed with 5 ɛL of dH2O three times. 5 ɛL of 2% (w/v) uranyl acetate was 

placed on the grid, wicked away, and another 5 ɛL placed on for 45 seconds. After 

this time grids were blotted and left to air dry. Grids were then imaged using a FEI 

Tecnai 12 transmission electron microscope (Table 2.6).  

2.2.3.5. Reversed-phase high-performance liquid 

chromatography 

A Shimadzu UK Ltd. Nexera LC-40 system (Table 2.6) was used for reversed-phase 

high performance liquid chromatography (RP-HPLC) with a Nucleosil 300 C4 column 

(Chromex Scientific Ltd.). The column was first equilibrated with 95% solvent A (0.1% 

Figure 2.3 ï SDS-PAGE calibration curve used to determine most appropriate volume 
to load. (A) SDS-PAGE of known masses of protein loaded. (B) Densitometric values of each 
lane with known mass of protein. 
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(v/v) trifluoroacetic acid (TFA)) and 5% solvent B (acetonitrile and 0.1% (v/v) TFA) at 

a flow rate of 1 mL/min. The soluble fraction resulting from ultracentrifugation was 

injected onto the column from a polypropylene HPLC vial (Thermo Fisher). Samples 

were eluted over an increasing gradient of solvent B (5 ï 80%) over 10 mins, then 

95% solvent A for 5 mins. Protein was detected at a wavelength of 280 nm by 

photodiode array detection. Peaks were identified using LabSolutions software.  

2.2.3.6. Limited proteolysis 

Limited proteolysis was used to characterise the structures of ŬSyn amyloid fibrils. 

For this, proteinase K was added to fibrils at a molar ratio of 1:1000 ŬSyn:proteinase 

K at 37 ÁC. The reactions were stopped at the indicated timepoints using 1 mM PMSF 

(dissolved in 100% (v/v) isopropanol). SDS-PAGE was used to separate bands. 

Densitometry and molecular weight estimation was carried out using the Nine-

AllianceQ9TM Software.    

2.2.3.7. Cryo-EM data collection 

100 ɛM of ŬSynȹN7 in PBS was incubated in a thriller shaker for a week at 37 ÁC, 

600 rpm for fibrillation. Cryo-EM data was collected by Dr Dev Thacker. 4 ɛL was then 

applied onto 60s plasma cleaned (GloCubeÈ, Quorum) Lacey carbon 300 mesh 

grids. The sample was blotted and frozen in liquid ethane using a Vitrobot Mark IV 

(FEI) with a 0.5 s wait and 5 s blot time respectively. The Vitrobot chamber was 

maintained at close to 100% humidity and 4 ÁC. The cryo-EM dataset was collected 

at the University of Leeds Astbury Centre using the FEI Titan Krios electron 

microscope (Thermo Fisher) (Table 2.6) operated at 300 kV with a Falcon IV detector 

(Thermo Fisher) and Selectris energy filter set with a 10 e-V slit width (Thermo 

Fisher). A nominal magnification of 130,000x was set, yielding a pixel size of 0.95 ¡. 

A total of 5,464 movies were collected with a nominal defocus range of -1.4 to -2.6 

Õm using a total dose of ~45 e-/¡2 over an exposure of 4.59 s, which corresponded 

to a dose rate of ~8 e-/pixel/s. Each movie was collected as Electron Event 

Representation (EER) frames. 

2.2.3.8. Cryo-EM data processing  

Cryo-EM data was processed by Dr Dev Thacker. Each movie stack was aligned, 

dose weighted and summed using motion correction in RELION4413 and Contrast 

Transfer Function (CTF) parameters were estimated for each micrograph using 

CTFFIND v4.14414. Fibrils from around a hundred micrographs were manually picked 

in RELION and the extracted segments used to train automated filament segment 
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picking with Topaz415. A total of 315,777 helical segments were extracted 3x binned 

in RELION (box dimensions of ~76 nm) for the initial rounds of 2D classification, after 

which the selected segments were re-extracted un-binned (box dimensions of ~47 

nm) for the third round of 2D classification. Throughout, the Variable-metric gradient 

Descent with Adaptive Moments (VDAM) classification algorithm was used to 

separate out picking artefacts to leave 163,259 fibril segments for further processing. 

The ŬSynȹN7 dataset was split into fibrils with (100,454) and without (62,805) distinct 

crossovers. 

For starting 3D classification, an initial 3D template was generated from a single un-

binned 2D class average using the relion_helix_inimodel2d command416 along with 

measured helical crossover estimates from 3x binned 2D class averages. The first 

3D classification run with the initial model used a fixed twist (based on the updated 

estimate) and rise (4.80 ¡), with a t-value of 30, 1.8 Á sampling, and a strict high-

resolution limit of 4 ¡ with three output classes. For the second round of 3D 

classification, helical searches of the twist were employed with a fixed rise (4.80 ¡) 

with a t-value of 30, 0.9 Á sampling and a strict high-resolution limit of 4 ¡ with 3 output 

classes. In the third 3D classification run, narrow helical searches of both the twist 

and rise were employed with a t-value of 30, 0.9 Á sampling and a 6 strict high-

resolution limit of 4 ¡ with two output classes. The most ordered class was selected 

from this final classification to move on to refinement.  

Sequential rounds of 3D refinement were needed to get the half-maps to converge 

before CTF refinement of the per-particle defocus estimates, Bayesian polishing and 

then the final run of 3D refinement. Narrow helical searches of twist and rise were 

used up until the final refinement, with t-values of 15, initial sampling of 0.9 Á and 

initial lowpass-filtering of 6 ¡. Post-processing with a soft mask (extended by 4 pixels 

and soft-edge for 6 pixels, z length of 20%) was used to obtain gold standard (at a 

Fourier Shell Correlation (FSC) value of 0.143) resolution estimate of the final map. 

The final ŬSynȹN7 map is at a resolution of 2.5 ¡. 

2.2.3.9. Model building and refinement 

Model building and refinement was performed by Dr Dev Thacker. After docking 

several different published recombinant ŬSyn fibril structures, PDB: 6OSL374 was 

selected as a starting model for building in Coot417. One chain of the template was 

rigid body fitted into the density and local regions adjusted where they deviated from 

the map. Both Ramachandran and rotamer outliers were monitored and minimised 

during building in Coot. The corrected chain was copied and rigid body fit to generate 
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a 12-chain model for 6 layers of the fibril core followed by real space refinement 

against the postprocessed map in Phenix v1.17.1418. Non-Crystallographic Symmetry 

(NCS) restraints were applied to prevent divergence of repeating chains in the layers 

along the fibril axis. The final refined model was assessed using MolProbity419 and 

deposited, with the final model statistics summarised in Figure 3.11. 

2.2.4. Liposome experiments 

2.2.4.1. Liposome preparation  

Liposomes were prepared by resuspending 25 mg 1,2-dimyristoyl-sn-glycero-3-

phospho-L-serine (DMPS) or 1,2-dilauroyl-sn-glycero-3-phospho-L-serine (DLPS) 

lipids in 200 ɛL methanol and 800 ɛL chloroform. Lipids were transferred to a 30 mL 

PyrexÈ cylindrical tube and desiccated using a gentle stream of N2 gas and shaking 

in a 50 ÁC water bath. The tube containing the lipids was transferred to a vacuum 

desiccator overnight. The following morning, lipids were rehydrated in 20 mM sodium 

phosphate, pH 6.5, such that the final concentration of lipids was 40 mM. The lipids 

were left to rehydrate in a 50 ÁC water bath for 30 minutes before being transferred 

to a 1.5 mL Eppendorf tube. The lipids were snap frozen with liquid nitrogen and 

placed back in the water bath to thaw, and this was repeated another four times. An 

AvantiÈ Polar Lipids extruder (Table 2.6) and heat block was assembled with a 100 

nm membrane. Lipids were transferred to a pre-warmed 1 mL Hamilton syringe and 

extruded at least 21 times. Liposomes were collected and verified using dynamic light 

scattering. The PyrexÈ tube was cleaned with 8 M KOH, dH2O, and ethanol. 

2.2.4.2. Dynamic light scattering 

Dynamic light scattering was used to measure the hydrodynamic radius (Rh) of 

liposomes. The Wyatt miniDAWNTreosÈ system was turned on 30 minutes before 

use. All solutions were loaded onto the system through a 0.22 ɛm filter. Buffer was 

first loaded to obtain a five-minute baseline before sample injection. Liposomes were 

diluted 10,000x then injected into the system and a sample window of three minutes 

was used for the analysis. Buffer was reinjected to collect the post-sample baseline. 

The system was washed with dH2O, 1 M nitric acid, and 20% (v/v) ethanol. Analysis 

was performed by regularisation using Astra 3.0.3È software. The polydispersity index 

(PDI) of the measured liposomes was calculated using the following equation: 

ὖὈὍ       (4) 

Where „ is the standard deviation and Ὑ is the mean radius.  
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2.2.4.3. Circular dichroism 

Circular dichroism (CD) was used to measure the secondary structural elements of 

ŬSyn in the absence and presence of increasing concentrations of liposomes. Each 

CD experiment was repeated three times. CD was carried out with an Applied 

Photophysics Chirascan spectrometer (Table 2.6). Samples were prepared with a 

protein concentration of 25 ɛM protein and varying lipid concentrations and 

transferred to 1.0 mm pathlength cuvettes, they were then incubated at 30 ÁC for 

three minutes before spectra were acquired.  Spectra were acquired three times per 

sample using a 2.0 nm bandwidth in the range of 260-185 nm. Data were blank-

corrected, averaged, and converted from mdeg to mean residue ellipticity (MRE) to 

account for differences in sequences.  

ὓὙὉ       (5) 

Where ὅὈ is the measured CD at a given wavelength, ὅ is the concentration in ɛM, 

ὒ is the pathlength of the cuvette in cm, and ὔ is the number of amino acids in the 

protein sequence. 

To calculate the binding affinities (Kd) and stoichiometry (L) values, the following 

equation217 was fitted to the collected data: 

  ὢ     (6) 

Where ὢ describes the fraction of ŬSyn bound to the liposome and is derived from:  

ὢ  
 

   
     (7) 

Where ὅὈ  is the measured CD signal at 222 nm, and ὅὈ and ὅὈ are the CD 

signals of free and bound ŬSyn, respectively.  

The percentage of the protein with helical secondary structure was determined using 

the following equation420: 

ὖὩὶὧὩὲὸὥὫὩ ὬὩὰὭὧὭὸώρππ  
 

    (8) 

Where —  and —  describe to the ellipticity of a protein with 0% and 100% 

helical content, respectively. These values have been estimated to be ī3,000 

deg.cm2.dmole-1 (— ) and ī39,500 deg.cm2.dmole-1 (— ). —  is the 

observed ellipticity under saturating binding conditions. 



 

 

 

85 Materials and Methods 

2.2.4.4. 1,6-diphenyl-1,3,5-hexatriene assay 

1,6-diphenyl-1,3,5-hexatriene (DPH) was used to measure the fluidity of liposomes 

in the absence and presence of different variants of ŬSyn. DPH was suspended in 

ethanol at a concentration of 2 mM at left stirring overnight at room temperature to 

fully dissolve. The following day, DPH was added to liposomes at a molar ratio of 

600:1 ([lipid]:[DPH]). This was then placed at 45 ÁC for 30 minutes to facilitate 

incorporation of DPH into the lipid bilayer. After this time, the lipid-DPH mix was added 

to ŬSyn protein. Monomeric protein was always 50 ɛM, and the LPR is indicated in 

the main text. The final concentration of ethanol was maintained at 0.025% (v/v). A 

PTI Quantamaster Series Fluorometer (Table 2.6) was used to collect measurements 

with an excitation wavelength of 355 nm and emission at 430 nm. For both DMPS 

and DLPS measurements, 1 ÁC intervals were used. The temperature range was 10 

ÁC - 60 ÁC and 5 ÁC ï 30 ÁC for DMPS and DLPS liposomes, respectively, with a two-

minute equilibration time at each temperature.  

To calculate milli polarisation, the following equation was used: 

άὖ ρπππ
 
      (9) 

Where Ὅ  and Ὅ  are the measured fluorescence intensity with the emission 

polarisers in the vertical and horizontal positions, respectively. For both Ὅ  and Ὅ , 

the excitation polarisers are in the vertical position. Ὃ is the G-factor, defined as: 

Ὃ        (10) 

Where Ὅ  and Ὅ  are the measured fluorescence intensity with the excitation 

polariser in the horizontal position for both, but the emission polarisers are in the 

vertical and horizontal positions, respectively. To determine the transition temperature 

of the liposomes, the first derivative of the data was calculated.  

2.2.5. Nuclear magnetic resonance experiments 

NMR experiments were performed by Drs Benjamin Rowlinson and Pijush 

Chakraborty. For the experiments investigating liposome interactions, 2D (1H, 15N) 

SOFAST421 heteronuclear multiple quantum coherence (HMQC) spectra were 

recorded at 20 ÁC, 30 ÁC and 40 ÁC using an AVANCE IIITM Bruker spectrometer (600 

MHz) equipped with a triple channel QCIP cryoprobe (Table 2.6). Spectra were 

recorded on samples of 25 ÕM [U-15N] ŬSyn in 20 mM sodium phosphate buffer, pH 

6.5, 10% (v/v) D2O in the absence or presence of DMPS liposomes (~100 nm 
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diameter) at an LPR of 8:1. All spectra were processed using Topspin 3.7.0 and 

analysed using CCPN analysis software422. Published assignments of ŬSynWT 

(BMRB 16543)423 were transferred to the data for the ŬSyn variants at 20 ÁC. 

Assignments could then be transferred to spectra collected at higher temperatures 

by following peak positions at different temperatures and assuming a linear 

relationship between temperature and chemical shift for a given peak424. Peak heights 

were used to calculate intensity ratios for peaks in the absence and presence of lipid. 

For the experiments on the chemical shifts of the alternative splicing variants 

compared with ŬSyn-140, 2D (1H, 15N) heteronuclear single quantum coherence 

spectroscopy (HSQC), 3D (1H, 15N, 13C) HNCO, HNCA, HN(CO)CA  spectra were 

recorded at 15 ÁC using an AVANCE III Bruker spectrometer (600 MHz) equipped 

with a triple channel QCIP cryoprobe. Spectra were recorded on samples of 200 ÕM 

[U-15N] ŬSyn in 20 mM sodium phosphate buffer, pH 7.4, 10% (v/v) D2O. All spectra 

were processed using Topspin 3.6.2 and analysed using CCPN analysis software 

v2.4.2422. The chemical shift perturbation (CSP) of the 1H-15N was determined using 

the following equation: 

πȢυ ῳὌ                                               (11) 

2.2.6. Flow-induced dispersion analysis experiments 

Flow-Induced Dispersion Analysis (FIDA) experiments were used for determining the 

Rh of ŬSyn in buffers of varying ionic strengths. FIDA was carried out with the FidaOne 

instrument (FidaBio) (Table 2.6) with fluorescence detection at 274 nm to measure 

the intrinsic fluorescence of the tyrosine residues. Lyophilised proteins were freshly 

dissolved in 20 mM sodium phosphate buffer, pH 7.4. All proteins were incubated at 

4 ÁC and experimental buffers were maintained at 37 ÁC.  The capillary (75 ɛm inner 

diameter, 37 ÁC) was washed with dH2O, 1 M NaOH, dH2O, and then coated with the 

HS coating buffer. The protocol for experiments is shown in Table 2.15. 

 

Table 2.15 ï FIDA experiment setup with pressure and time indicated for each step. 

Component Pressure (mbar) Time (s) 

Buffer 3,500 90 

Protein 50 10 

Buffer 400 180 
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Each experiment was repeated a minimum of three times. Taylorgrams were 

analysed using the FIDA data analysis software. To correct for changes in viscosity 

that accompany an increase in NaCl concentration and causes an increase in 

retention time, the viscosity of NaCl-containing buffers was normalised to the 

retention times of the experiment carried out in the absence of salt.  

2.2.7. Molecular dynamics simulations 

Molecular dynamics (MD) simulations were carried out using CALVADOS 2101. The 

code was altered by Dr Alexander Taylor as detailed in Section 4.8. All simulations 

carried out at 310 K, pH 7.4 at the ionic strengths indicated in the text for 5,000 frames 

(350 ns).  

2.2.8. Caenorhabditis elegans experiments  

2.2.8.1. Maintenance 

Caenorhabditis elegans (C. elegans) strains were all maintained using standard 

procedures. They were maintained on 6 cm Nematode Growth Medium (NGM) agar 

plates (Table 2.2). To prepare the bacterial food source, a single colony from an E. 

coli OP50-1 (Table 2.4) plate was used to inoculate 100 mL LB containing 50 ɛg/mL 

streptomycin, and the culture was incubated at 37 ÁC, 200 rpm, overnight. The 

following day, 250 ɛL of culture was used to seed each 6 cm NGM plate. Seeded 

plates were left to dry at room temperature overnight. C. elegans strains were 

maintained twice weekly under a dissecting stereomicroscope. A worm pick 

constructed of a glass Pasteur pipette with a platinum wire was used to transfer 

nematodes to freshly seeded plates. In the case of strains containing 

extrachromosomal arrays (i.e. unc-54p::ŬSynȹN7::YFP), strains were maintained 

using a under a microscope with fluorescence filters to ensure the offspring that 

retained the extrachromosomal arrays were maintained. Nematodes were stored at 

20 ÁC for short-term use, or -80 ÁC for long-term use (Section 2.2.8.11). 

2.2.8.2. Strain generation  

For the generation of new strains of C. elegans plasmids were generated as 

described in Sections 2.2.1.3 and 2.2.1.4. Larval 4 (L4)-stage N2 C. elegans were 

transferred to fresh seeded NGM plates 24 hours prior to injection. Microinjection 

needles were generated by pulling 0.75 mm inner diameter borosilicate glass 

capillaries. The DNA solution to inject was made up of 30 ɛg/ɛL plasmid-of-interest 

and 2.1 ɛg/ɛL 100 bp DNA ladder. This was transferred into the microinjection 
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needles using needle-loading pipette tips, and needles were temporarily stored in a 

humid box with a lid. Loaded needles were placed in the needle holder on the inverted 

Zeiss Axiovert 10 injection microscope (Table 2.6) such that the tip of the needle was 

in the centre of the microscopeôs field of view. 2% (w/v) agarose pads on 1.5 mm 

coverslips were generated and placed on a 100 ÁC heat block to dry for 5 minutes. 

Individual C. elegans nematodes were then placed in a drop of halocarbon oil on the 

agarose pad and gently immobilised using an eyelash pick. The coverslip with the 

nematode was then transferred to the microscope stage and the end of the needle 

was broken on the edge of the coverslip to allow the DNA solution to flow. The 40X 

objective was used to visualise the dorsal surface of the C. elegans. The stage was 

then moved to enable insertion of the needle into the gonad at an angle of 45 Á to 

pierce the cuticle. The DNA solution was then injected using the Narishige Three-

axes Joystick Oil Hydraulic Micromanipulator MO-202U pressurised injection system 

(Table 2.6) connected to the needle until the gonad began to swell. The needle was 

gently removed from the C. elegans, which was then transferred to a fresh seeded 

NGM plate in a drop of recovery buffer (Table 2.2). A few days later, the progeny of 

the injected adult were screened for fluorescence and singled onto new NGM plates. 

The F2 generation was then assessed for fluorescence, indicative of a successful 

injection. 

2.2.8.3.  C. elegans lysis for PCR 

The strains generated by microinjection were genotyped by PCR to verify correct 

DNA uptake. 15-20 animals were transferred into 95 ɛL C. elegans PCR lysis buffer 

(Table 2.2) with 5 ɛL proteinase K (20 mg/mL). The lysate was then transferred to -

80 ÁC for 30 minutes and the thermocycler was set for C. elegans lysis protocol (Table 

2.16). 

Table 2.16 ï Thermocycler conditions for the C. elegans lysis for PCR.  

Step Temperature (ÁC) Time (minutes) 

Lysis 65 60 

Proteinase K inactivation 95 15 

Storage 4 Ð 

 

2 ɛL of the product was used as the DNA template for PCR, which was then studied 

by agarose gel electrophoresis to verify strains (Figure 2.4) (Section 2.2.1.5).  
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2.2.8.4. Western blotting 

Western blotting was used for the quantification of protein expression levels in the 

new C. elegans strains. For this, 400-500 animals were transferred into 500 ɛL M9 

solution (Table 2.2). This was performed manually using the Leica MZ10 F Modular 

Stereo Microscope (Table 2.6) to ensure that only animals exhibiting YFP 

fluorescence were picked. The nematodes were pelleted by brief centrifugation at 

400 xg to separate C. elegans from E. coli OP50-1. The pellet wash washed three 

times with 500 ɛL M9 buffer and subsequent centrifugation to remove as many 

bacteria as possible. The resulting pellet was resuspended in 20 ɛL C. elegans 

western blotting lysis buffer (Table 2.2). The samples were snap-frozen in liquid 

nitrogen and then thawed on ice; this freeze-thaw was then repeated another two 

times. The samples were next mechanically lysed on ice using a motorised pellet 

pestle (Table 2.6) for 1 minute, centrifuged at 1,000 xg for 1 minute, and the 

supernatant containing the nematode lysate retained. A Bradford assay was used to 

quantify the concentration of protein in each sample. For this, a standard curve of 

bovine serum albumin (BSA) was generated (Figure 2.5). 980 ɛL of Bradford reagent 

was added to 20 ɛL BSA (at concentrations ranging from 0 ɛg/mL to 1000 ɛg/mL) 

and left to incubate at room temperature for 10 minutes, before measuring the 

absorbance at ɚ = 595 nm. 2 ɛL of nematode lysates were diluted 10x and incubated 

with 980 ɛL Bradford reagent  for 10 minutes before testing the absorbance. 

Nematode lysates were stored at -20 ÁC until use. 

Figure 2.4 ï Verification of strains by C. elegans lysis for PCR, followed by subsequent 
PCR and agarose gel electrophoresis.  
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To run the western blot, lysates were thawed, diluted to a final concentration of 1 

ɛg/ɛL with 2X loading buffer and M9 solution (Table 2.2), and then boiled for 10 

minutes. Following this time, 15 ɛL of sample was loaded onto a 4-20% Tris-glycine 

gel. 10 ɛL of protein ladder was loaded to allow for determination of the molecular 

weights of visualised proteins. The gel was then run at a constant voltage of 100 V 

for 90 minutes. A BIO-RAD Trans-BlotÈ TurboÊ Transfer System (Table 2.6) was 

used to transfer the protein from the gel to a PVDF membrane. The membrane was 

then blocked in 5% (w/v) milk in Tris-buffered saline with 0.1% (v/v) Tween-20 (TBS-

T) for one hour. Next, mouse anti-GFP antibody (BioLegend clone B34, 902601) and 

mouse anti-tubulin (Sigma clone DM1A monoclonal, T9026) were added to two 

duplicate membranes in tandem at concentrations of 1:1000 and 1:5000, 

respectively. The mouse anti-tubulin antibody was used to visualise levels of tubulin 

in each sample, which acted as a control to normalise the densitometric values of the 

ŬSyn::YFP bands to. The antibodies were left to incubate with the membranes at 

room temperature on a roller for two hours. After this time, the membrane was 

washed with 10 mL of TBS-T for 10 minutes, three times. The membrane was next 

incubated with 5 mL TBS-T with anti-mouse horseradish peroxidase-coupled 

secondary antibody (1:5000) (Cell Signalling Technology, 7076S) for 1 hour. The 

antibody was washed off with 10 mL of TBS-T for 10 minutes, three times. To visualise 

the bands, 2 mL of SupersignalTM West Pico PLUS Chemiluminescent Substrate was 

added to the blot and imaged using the Uvitec chemiluminescent detector (Table 2.6). 

Densitometry was performed using the Nine-AllianceQ9TM Software. Three biological 

repeats were collected, lysed, blotted, and quantified for plots. 

 

Figure 2.5 ï Example BSA standard curve and corresponding equation derived by 
linear regression. 
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2.2.8.5. Age-synchronisation by bleaching 

Bleaching was used to synchronise the ages of the C. elegans strains prior to 

experiments. For this, ten gravid C. elegans nematodes were transferred to seeded 

NGM plates (four plates per strain). Four days later, the animals were washed off the 

plates with M9 solution (Table 2.2) and transferred to a 15 mL Falcon tube. The 

volume was made up to 15 mL and the C. elegans nematodes were centrifuged at 

1,500 xg for one minute. As much supernatant as possible was discarded from each 

strain. 5 mL of C. elegans bleaching solution (Table 2.2) was added to the pellet, 

which was then shaken manually for five minutes, until the adult nematode carcasses 

had dissolved. The tubes were immediately topped up to 15 mL with M9 solution and 

centrifuged at 1,500 xg for one minute. The supernatant was discarded, and the 

pellets were washed twice more with 15 mL M9 and subsequent centrifugation steps. 

After this, the pellet was resuspended in 1 mL of M9 and transferred to a 1.5 mL 

Eppendorf tube. The resulting eggs were placed on a rotator to hatch overnight. The 

following day, the number of hatched nematodes in 10 ɛL of M9 was counted and 

250 animals were pipetted onto seeded NMG plates.  

2.2.8.6. Confocal imaging  

Confocal imaging was used to visualise the ŬSyn::YFP in the body wall muscle cells 

of C. elegans strains. 2% (w/v) agarose pads were prepared immediately prior to 

imaging. Nematodes were transferred to a drop of 25 mM sodium azide on the 

agarose pad and a 1.5 mm coverslip was placed on top. Animals were imaged using 

either an upright or inverted Zeiss LSM880 confocal microscope (Table 2.6). 

For aggregate quantification experiments, the head regions were imaged using the 

Plan-Apochromat 40x/1.4 Oil DIC objective with a drop of immersion oil. YFP was 

visualised using an excitation laser at 514nm. A z-stack was collected through the 

head region to visualise aggregates in all planes. A minimum of 15 animals were 

imaged per strain per experiment, and three biological repeats were carried out for 

all experiments. Puncta were quantified using a partially automated workflow in 

ImageJ, which thresholded the fluorescence signal and quantified aggregates larger 

than 1 ɛm2. To test for statistical significance a two-way ANalysis Of VAriance 

(ANOVA) coupled with a post-hoc Ġid§k multiple comparisons test was carried out in 

GraphPad Prism 10.1.2. 
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2.2.8.7. Lifespan assay  

For the lifespan assay, 40-50 nematodes at day 1 of adulthood were transferred to a 

seeded NGM plate; three plates were prepared per strain. Each day, the nematodes 

scored as óaliveô, ódeadô, or ócensoredô until none were left alive. Animals were 

classified as ócensoredô if they had crawled up the side of the plate and desiccated. If 

a C. elegans was not moving, the pharyngeal pumping could not be seen, and it did 

not respond to a gentle touch with the worm pick, it was scored as ódeadô. Nematodes 

were transferred to a new seeded NGM plate every other day to maintain a 

synchronised population. Three biological repeats were carried out per strain. Data 

were analysed in a Python script adapted from Lifelines425. A log-rank test followed 

by a post-hoc Bonferroni correction was used to compare each of the strains for 

statistical significance. 

2.2.8.8. Motility assay 

The motility assay was the behavioural test used to assess the proteotoxic effects of 

expressing the different variants of ŬSyn::YFP. For this, nematodes were placed in a 

drop of M9 solution on an unseeded NGM plate. A Touptek USB-Camera (Series 

E3CMOS) camera  attached to the eyepiece of the GX Microscopes ultraZOOM-2 

Binocular Stereo Zoom Microscope (Table 2.6) was used to record 15-second videos 

of the different strains of C. elegans thrashing in solution. At least ten nematodes 

were recorded per strain per experiment, and each experiment was repeated three 

times. The rates of body bends per second was calculated using the wrMTrck plugin 

on ImageJ426. A two-way ANOVA with a post-hoc multiple comparisons Tukey test 

was performed in GraphPad Prism 10.1.2 to determine statistical significance.   

2.2.8.9. Fluorescence recovery after photobleaching 

Fluorescence Recovery After Photobleaching (FRAP) was used for assessing the 

mobility of ŬSyn::YFP aggregates. Nematodes were imaged at day 4 of adulthood 

using a Plan-Apochromat 63x/1.4 Oil DIC objective. For FRAP experiments, 

aggregates were zoomed an additional 40X. A 10-pixel diameter region of interest 

was selected in the middle of the aggregate and this region was photobleached with 

100% laser power. The fluorescence recovery was quantified every second for 30 

seconds. This was then fit to the following equation:  

ώ  ὃ ρ Ὡ       (12) 
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Where A is the maximum fluorescence recovery and Ű is the time constant. A one-

way ANOVA was used to assess the statistical significance between the recovery 

curves of different strains.  

2.2.8.10. Phalloidin staining of muscle cells 

Alexa FluorTM 647 Phalloidin was used for the visualisation of actin filaments in C. 

elegans strains. 50 day 4 adult nematodes were collected per strain and transferred 

to M9 buffer. The 1.5 mL Eppendorf tube was briefly centrifuged at 400 xg to pellet 

the nematodes but not the E. coli OP50-1. Supernatant was removed from the pellet, 

which was then snap-frozen in liquid nitrogen. The pellet was thawed and 25 ɛL of 

ice-cold acetone added, such that all nematodes were submerged and the cuticles 

were permeabilised. After five minutes at room temperature, the tube was opened to 

allow evaporation and drying of the pellet, which was then stored at -20 ÁC.   

For staining, the nematode pellets were thawed at room temperature and 

resuspended in 2 units of Alexa FluorTM 647 phalloidin in a total volume of 200 ɛL. 

Tubes were incubated at room temperature in the dark for 30 minutes, after this time 

nematodes were washed twice with C. elegans washing buffer (Table 2.2). Pellets 

were resuspended in 10 ɛL M9, applied to a 2% (w/v) agarose pad, and topped with 

a coverslip. Animals were imaged by using the Plan-Apochromat 40x/1.4 Oil DIC 

objective with a drop of immersion oil. The 633 nm excitation laser was used to 

visualise the Alexa FluorTM 647 Phalloidin staining. The slice of the nematode with 

the largest signal was selected as the z-height of the image. A minimum of 11 

nematodes were imaged per strain.  

The confocal images were analysed in Python and the order of file processing was 

randomised to ensure no bias. If the sum of normalised pixel intensities for 50x50 

pixel boxes of the supplied images was greater than 250, and more than 700 pixels 

were above a threshold normalised intensity of 0.164, the boxes were selected for 

further processing. Selected segments were manually excluded from the dataset if 

they clearly included more than one muscle cell, which would affect the results. The 

images were then zero-padded to a final size of 200x200 pixels. The power spectrum 

of each segment was then computed using 2D Fast Fourier Transform (FFT) and the 

intensity at 40 in the Fourier space was measured. The radial average of the power 

spectrum was then calculated and averaged between all segments and images of the 

C. elegans strains. To convert from the distance in Fourier space to real space 

distance, the following equation was used: 
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ὙὛὈ       (13) 

Where ὙὛὈ is Real Space Distance, ὊὛὈ is Fourier Space Distance, Ὅ is the size of 

the processed image (200x200 pixels), and ὖ is the pixel size (0.415x0.415 ɛm).  

2.2.8.11. Long-term storage of C. elegans strains 

C. elegans strains were frozen and stored at -80 ÁC for long-term storage. Three 6 

cm NGM plates of nematodes per strain were allowed to starve. Once starved, 

nematodes were recovered from the plates with M9 solution and centrifuged at 1,500 

xg for one minute. The pellet was resuspended in 2.5 mL M9 solution and 2.5 mL of 

C. elegans freezing solution (Table 2.2). Strains were next transferred to cryo-vials 

and placed at -80 ÁC horizontally. A few weeks later, a successful freeze was checked 

for by transferring a chunk from each cryo-vial to a seeded NGM plate and checking 

for viable nematodes four days post-thaw.  
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3. Residues 2 to 7 of ŬSyn regulate amyloid formation  

3.1. Introduction 

Since the discovery of the ŬSynA53T familial mutation in PD in 199733, the 

importance of the amino acid sequence of ŬSyn in controlling amyloid formation has 

been investigated from multiple perspectives including: familial 

mutants63,97,203,245,366,369,371,391,427ï435, disease-relevant truncations120,344,373,374,383,406ï408, 

PTMs404,405, and variants designed based on in silico predictions of aggregation-

prone regions (APRs)118,382. In this chapter, a new variant of ŬSyn, generated 

following computational predictions of amyloidogenic amino acid sequences, is 

characterised. This variant, referred to as ŬSynȹN7, has residues 2DVFMKG7 omitted 

from the sequence.  

While truncations at the C-terminus of ŬSyn consistently accelerate amyloid 

formation120,373,406ï408, the role of the N-terminal domain in regulating amyloid 

assembly is less clear, as minor changes in the precise sequence can result in vastly 

different outcomes344,370,374,383. Furthermore, two independent studies used NMR to 

show that the N-terminal ~11 residues of ŬSyn monomer form the fibril-binding 

interface256,257. The N7 region overlaps with this binding interface, suggesting that 

deletion of this region may impair monomer recruitment to fibrils in the seeding 

process of amyloid propagation.   

The N-terminal domain of ŬSyn is also the primary site that facilitates membrane 

binding, due to the amphipathic KTKEGV repeat motifs that aid conversion of the 

disordered protein into helical secondary structure143,144,147,180,186,190,436. Sequential 

truncations at the N-terminus of ŬSyn have been shown to progressively decrease 

the membrane-induced helical folding of ŬSyn, demonstrating how critical this region 

is in membrane binding201. This has implications for understanding the physiological 

function of ŬSyn, but also its pathological role, given the increasing evidence of ŬSyn-

lipid co-aggregation in the pathogenesis of synucleinopathies207,208,216.   

Here, the role of residues 2 to 7 of ŬSyn are explored in terms of regulating amyloid 

formation in both the absence and presence of synthetic lipid vesicles. Finally, the 

ability of the N7 region to regulate aggregate formation and influence proteotoxicity 

in vivo is explored in a new C. elegans strain.   
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3.2. Which regions of ŬSyn are predicted to control 

amyloid assembly? 

To predict amino acid regions of ŬSyn that drive amyloid formation, the sequence of 

ŬSyn has been analysed using various algorithms. One example of which, 

Zyggregator437, considers several physicochemical properties of amino acids ï 

including secondary structure propensity, hydrophobicity, and charge ï to predict 

regions driving amyloid formation. Another example is CamSol438, which uses 

physicochemical properties of amino acids and their spatial patterning to predict 

regions with poor solubility. A third example algorithm is ZipperDB439, which maps a 

sliding window of six amino acids onto the cross-ɓ structure of NNQQNY and 

calculates the energetic fit by Rosetta Design to predict ɓ-zipper formation propensity, 

which is characteristic of amyloid structure. 

Importantly, applying these three algorithms to the sequence of ŬSyn highlights the 

hydrophobic core domain (residues 61-95) by all three approaches (Figure 3.1). As 

this domain includes residues 71-82 that have been shown to be essential and 

sufficient for amyloid formation124, these results demonstrate the power of the 

approaches to predict regions with high amyloid propensity. Two motifs in the N-

terminal domain of ŬSyn, P1 (36GVLYVGS42) and P2 (45KEGVVHGVATVAE57), were also 

highlighted by these approaches and were previously characterised118,382. 

Specifically, deletion of residues 36 to 42 (ŬSynȹP1) abolishes the capacity of ŬSyn 

to form amyloid at pH 7.5, and aggregate numbers in a C. elegans strain expressing 

ŬSynȹP1::YFP are significantly reduced compared with a control strain expressing 

ŬSynWT::YFP. Although deletion of the P2 region does not significantly impact the 

rate of amyloid formation at pH 7.5, its deletion in tandem with P1 in the ŬSynȹȹ 

variant abolishes amyloid formation at pH 4.5, validating the Zyggregator and CamSol 

predictions. Furthermore, individual amino acids within the P1 region, Y39 and S42, 

were shown to be essential for amyloid assembly382. Together, this not only 

demonstrates the sensitivity of the P1 region for amyloid assembly, but also the power 

and potential of in silico predictions. 
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These in silico predictions also highlighted the N-terminal seven residues 

(1MDVFMKG7) as being important for amyloid formation and reduced solubility 

(Figure 3.1). Although the N-terminal seven residues are not predicted to form a ɓ-

zipper by ZipperDB, neither is the P1 region; whose role as a master regulator of 

amyloid formation is well-defined118,271,382,440, this demonstrates the importance of 

studying the flanking regions of key amyloid domains in proteins441, which may not 

form the cross-ɓ amyloid structure itself yet drive the folding of neighbouring regions 

into this conformation. 

Figure 3.1 ï In silico prediction of amyloidogenic regions of ŬSyn. (A) Zyggregator as a 
predictor of amyloid-driving regions based on physiochemical properties. (B) CamSol as a 
predictor of regions of poor solubility. (C) ZipperDB as a predictor of ɓ-zipper-forming regions. 
For A-C, red dashed lines indicate the threshold for residues with a high amyloid propensity 
or poor solubility, blue dashed lines represent the threshold for residues with a low amyloid 
propensity or high solubility. Red bars indicate residues with a high amyloid or poor solubility 
propensity. Blue bars indicate residues with a low amyloid or high solubility propensity. The 
sequence of ŬSyn is displayed at the bottom of the plot and the three domains are at the top. 
Regions of predicted amyloid propensity outside of the hydrophobic core domain (residues 
61-95) are highlighted in grey. 














































































































































































































































































































































































































