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Abstract 

 

Alzheimerôs disease is the most common neurodegenerative disease whose main 

histopathological hallmark is the presence of extracellular plaques, primarily composed of 

Amyloid ɓ (Aɓ) fibrils. Recent finding suggest Aɓ fibril polymorphism is associated with distinct 

clinical presentations of Alzheimerôs disease. Moreover, intracellular inclusions of Ŭ-synuclein 

fibrillar aggregates known as Lewy bodies, classically associated with Parkinsonôs disease, are 

found in up to 60% of Alzheimerôs disease individuals.  

Using a set of in vitro biochemical and cellular approaches, the involvement of Aɓ fibril 

polymorphism in Ŭ-synuclein aggregation and Lewy body-like formation is investigated here. 

Structurally defined Aɓ40 and Aɓ42 fibril polymorphs formed in vitro were used as models to study 

the effect of polymorphism on the ability to induce Ŭ-synuclein fibrillar aggregation. It was found 

that in vitro, there is a pH dependency on the cross-seeding of Ŭ-synuclein by Aɓ fibril 

polymorphs. Fluorescence polarization and thioflavin T fluorescence kinetics showed that 

although binding between Ŭ-synuclein and Aɓ fibrils can occur at pH 7.5, it is only at pH 4.5 that 

the fibrillar aggregation of Ŭ-synuclein can be accelerated by Aɓ fibrils presence. Notably, the 

molecular mechanism of cross-seeding was found to be governed by surface-catalysed secondary 

nucleation. Further characterisation of the Ŭ-synuclein cross-seeded fibrils revealed differences 

in their curcumin fluorescence, denoting distinct structural arrangements.  

Cellular analysis revealed that whilst not causing cell death, incubation with the Aɓ fibril 

polymorphs differentially induced the formation of insoluble GFP-Ŭ-synuclein puncta. 

Furthermore, Aɓ fibrils colocalized to acidic compartments, and increased resistance to lysosomal 

degradation was observed for Ŭ-synuclein monomeric samples in the presence of Aɓ fibrils. 

Taken together these results pose lysosomes as a site of Ŭ-synuclein cross-seeding by Aɓ fibrils 

and suggest polymorphism may play a role in the extent of cellular cross-seeding, highlighting 

the importance of specific interactions between Aɓ and Ŭ-synuclein in disease.
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1 

 

 Introduction  

1.1. Alzheimerôs disease  

About 20 to 40 million people are estimated to be currently living with dementia, with the 

incidence doubling every 20 years worldwide (Ballard et al., 2011), with an estimated cost of one 

trillion US dollars as of 2018 (DeTure and Dickson, 2019). Therefore, there is a pressing need to 

find a cure as well as to develop effective therapies to treat the disease. 

Alzheimerôs disease is the most common cause of dementia. Definitive diagnosis was for a long 

time only possible post mortem, but new techniques like functional magnetic resonance imaging 

(fMRI), positron emission tomography (PET) and cerebrospinal fluid analysis, have enabled 

physicians to identify Alzheimerôs in living subjects (Scheltens et al., 2016). 

Alzheimerôs disease is pathologically characterized by the presence of insoluble proteinaceous 

aggregates in the brain, namely extracellular amyloid plaques and intraneuronal neurofibrillary 

tangles. Neuropathologically, extracellular accumulation of abnormal amyloid-ɓ, from here 

onwards called Aɓ, occurs in the brain of subjects with Alzheimerôs disease (Selkoe, 2000). This 

accumulation leads to the formation of amyloid plaques, commonly known as senile plaques or 

neuritic plaques. Aɓ plaques also present activated microglia, apolipoprotein E (ApoE), Ŭ2-

macroglobulin, interleukin-1 and 6, among other proteins and components (Thal et al., 2006).  

Classification of amyloid plaques has been performed respective to their appearance and 

capability to be stained by amyloid dyes, such as Congo red, Thioflavin S or T (ThS or ThT) (Wu 

et al., 2006; Xu et al., 2020). Fibrillar plaques and dense-cored plaques are large, spherical 

structures that are surrounded by dystrophic neurites, reactive astrocytes and microglia. Fibrillar 

plaques have a central mass of Aɓ with extensions that lead to an outer rim. In contrast, dense-

cored plaques have a compact core of Aɓ surrounded by a less densely packed Aɓ. However, both 

of these plaques are strongly stained by Congo red and ThS (Xu et al., 2020). A third type of 

plaque that does not possess an identifiable substructure, known as diffuse plaques, has been 

identified in both Alzheimer's disease and aged brains. Diffuse plaques, which are often observed 

in association with microglia, present mostly non-fibrillar Aɓ, as they are homogenously labelled 

by anti-Aɓ antibodies, and are not stained by Congo Red and present weak or absent reactivity 

for ThS (Selkoe, 2000; Xu et al., 2020). (Selkoe, 2000). Simultaneously, irregular intracellular 

build-up of hyperphosphorylated tau tangles occurs in individuals with Alzheimerôs disease, 

which leads to the formation of neurofibrillary tangles (Selkoe, 1999).  
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The spread of these protein accumulations, neurofibrillary tau tangles and amyloid plaques, 

occurs in specific patterns through the brain, seemingly in and independent way to each other 

(Braak and Braak, 1991; Ballard et al., 2011). The stages of propagation for amyloid burden have 

been thoroughly described by Braak and Braak (1991) and classified as Stages A, B and C (Figure 

1.1). Stage A is demarcated by amyloid plaques confined to portions in the isocortex, particularly 

in basal portions in temporal, frontal and occipital lobe. In Stage B, accumulation progressively 

increases in the isocortical regions as well as part of the hippocampus, until all isocortical areas 

and the hippocampus are affected (stage C) (Braak and Braak, 1991).  

 

 

 

Figure 1.1. Braak stages of Aɓ deposition.  

Deposition of senile plaques, mainly composed of Aɓ, appears to occur in a progressive manner, 

represented as increasing shades of grey/black. Initial confinement to basal portions of the 

isocortex gives way to spreading through the frontal and temporal lobes, affecting the 

hippocampus and ultimately appearing in all areas of the isocortex. Adapted from (Braak and 

Braak, 1991). 

 

Classically, Alzheimerôs disease patients, present a slow disease progression rate, with a survival 

of close to 8 years on average after diagnosis (Schmidt et al., 2011). However, some cases of 

Alzheimerôs disease show a more acute presentation of the symptoms and cognitive decline 

(Drummond et al., 2017; Schmidt et al., 2011). This heterogeneity of symptom presentation 

makes it a difficult task to categorise it, but two main types, sporadic Alzheimer's disease and 

familial Alzheimer's disease, commonly encompass significant differences in the age of onset and 

genetic predisposition (Murphy and LeVine, 2010). Familial cases account for only less than 5% 

of the total cases of Alzheimerôs disease and commonly present an earlier onset as well as a more 

severe symptoms (Ballard et al., 2011; Gessel et al., 2012; Murphy and LeVine, 2010). 

The diversity of clinical presentations, including cognitive and biomarkers profiles, as well as 

disease progression rates are the probable outcome of an array of biologic causes that all converge 

on a common final disease pathway. Evidence of this has been shown by proteomic analysis of 
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amyloid plaques of the commonly used Alzheimer's disease mouse models, where a diversity in 

Aɓ deposit morphology as well as distinct insolubility patterns was observed for Aɓ plaques of 

the different mice models (Xu et al., 2020). The diversity of Aɓ forms in these mice was accounted 

to the variations in each strainôs background, such as the promoters used in the transgene vector 

constructs, the mutations to promote Aɓ secretion, and co-expression of other protein mutants 

observed in familial cases of Alzheimer's disease. The following sections describe the main 

molecular commonalities that are observed in Alzheimerôs disease and can determine the 

pathogenicity of the disease. 

 

1.1.1. Amyloid precursor protein and the amyloid pathway 

Amyloid senile plaques are mainly composed of Aɓ fibrils, non-fibrillar forms of Aɓ, cells and 

protein degradation products (Selkoe and Hardy, 2016; Selkoe, 1999). Aɓ is the proteolytic 

product of the cleavage of the amyloid precursor protein (APP), a protein that has 8 isoforms that 

range in in length from 695-770 amino acids (Figure 1.2). Three regions have been identified 

independently in vitro. The E1 region is formed by the N-terminal domain and a copper binding 

domain (Wang and Ha, 2004). The N-terminal domain is a highly charged basic domain that binds 

to heparin and other glycosaminoglycans, that contains 9 short ɓ-strands and 1 Ŭ-helix (Rossjohn 

et al., 1999). The copper binding domain is a cysteine-rich region that is implicated in binding 

and reduction of copper (Barnham et al., 2003). The second region, E2, is formed by the core 

domain of APP, which corresponds to residues 365-546 and lies adjacent to the Aɓ sequence. The 

E2 region is known to have higher affinity to glycosaminoglycans than the N-terminal domain of 

APP. In solution, the isolated E2 region forms an antiparallel dimer, where the N-terminal of one 

monomer packs against the C-terminal of the second monomer of E2 (Wang and Ha, 2004). 

Lastly, the transmembrane domain is the anchor to the cell membrane and contains the C-terminal 

fraction of Aɓ (Nadezhdin et al., 2011).  
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Figure 1.2. Amyloid precursor protein structure domains.  

Four molecular domains have been identified independently in the amyloid precursor protein: 

The N-terminal domain (PDB: 1MWP) and  the copper binding domain (PDB: 1OWT) form the 

E1 region, the core domain or E2 region (PDB: 1RW6) and the transmembrane domain (PDB: 

2LLM).  

 

APP is processed in the trans-Golgi network and transported to the cell surface or to the 

endosomal compartments via clathrin-coated vesicles. At the cell surface, APP is cleaved via 

several secretases, and two distinct processing pathways have been  described (O'Brien and 

Wong, 2011). 

The non-amyloidogenic Ŭ-secretase pathway (Figure 1.3 A), in which the Ŭ-secretase enzyme 

initially cleaves APP in the middle of the extracellular hydrophobic region that encompasses Aɓ, 

releases a soluble fragment named sAPPŬ. As a consequence of this cleavage, there is no 

production of Aɓ by this pathway (Nhan et al., 2015). The Ŭ-secretase cleavage of APP generates 

a carboxyterminal fragment (CTF) that is 83 residues long (Wilkins and Swerdlow, 2017). ɔ-

Secretase cleaves CTF83 resulting in generation of the p3 peptide that is released into the 

extracellular space, as well as the APP intracellular domain (AICD) (Chow et al., 2010; O'Brien 

and Wong, 2011). The sAPPŬ peptide, observed as a component of the CSF, has been described 

as neurotrophic factor, and has been implicated in memory consolidation by increasing long term 

potentiation in mice models of Alzheimerôs disease. In contrast, no specific physiological role has 

been described for the 3 kDa long p3 peptide. However, the p3 peptide has been implicated in 

neurotoxicity as it is often found as a component of senile plaques. The AICD fragment is thought 

to be translocated into the nucleus, where it promotes gene expression and activation of genes. It 

has recently been implicated in the activation of GSK-3ɓ, a protein that phosphorylates tau, and 

therefore may contribute to Alzheimerôs disease pathology (Nhan et al., 2015). 

The amyloidogenic pathway of APP (Figure 1.3 B) begins with the action of ɓ-secretase, or 

BACE1 enzyme. This cleaves APP into a 99 amino acid peptide, termed C-terminal fragment 99, 

that contains the hydrophobic Aɓ region (Chow et al., 2010). After this cleavage the release of 

sAPPɓ occurs, which as sAPPŬ is commonly found in the CSF and has neurotrophic effects in 
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the central nervous system (CNS) (Nhan et al., 2015). The APP cleavage by ɓ-secretase is 

followed by that of ɔ-secretase, which has cleavage sites in the middle of the APP transmembrane. 

ɔ-Secretase initiates endoproteolysis at the region encompassing  Aɓ48 or Aɓ49, which is then 

shortened by sequential cleavages every 3-4 amino acids (Chavez-Gutierrez et al., 2012). 

Ultimately, the 39-42 residue long Aɓ peptide is released into the extracellular space, and the 

AICD fragment to the intracellular space (O'Brien and Wong, 2011). The main sites of cleavage 

of ɓ-secretase ɔ-secretase (Figure 1.3 C) occur at residues flanking the Aɓ region, before D1 and 

after V40 or A42 (O'Brien and Wong, 2011). However, it has been noted that the cleavage by 

both ɓ and ɔ-secretase enzymes are not restricted to a specific site, but rather they have multiple 

cleavage sites that generate Aɓ peptides of different lengths, denoted as N-terminal or C-terminal 

truncations of Aɓ (Arber et al., 2019). 

Mutations to the enzymes involved in the amyloidogenic pathway, as well as mutations in APP 

have been observed in individuals presenting familial Alzheimerôs disease (Hatami et al., 2017). 

 

 

Figure 1.3. The non-amyloidogenic and amyloidogenic pathways.  

In the non-amyloidogenic pathway (A), APP is initially cleaved by Ŭ-secretase, which releases a 

soluble APP fragment (sAPPŬ) into the extracellular space. The C-terminal fragment that 

remains bound to the membrane (CTF83) is then cleaved by ɔ-secretase enzyme, that releases a 

p3 fragment into the extracellular space and an intracellular APP fragment (AICD) into the 

cytoplasm. In the amyloidogenic pathway (B), APP goes through sequential cleavages by ɓ-

secretase and ɔ-secretase enzymes, at different sites than in the non-amyloidogenic pathway. 

First, ɓ-secretase cleaves APP. In this case, the C-terminal fragment (CTF99) bound to the 

membrane contains the region encompassing Aɓ. Aɓ is then cleaved from CTF99 by ɔ-secretase 

and is released into the extracellular space. The APP sites of cleavage (C) by Ŭ-secretase (purple 

arrow), ɓ-secretase (blue arrow) and ɔ-secretase (green arrows) fall within or flanking the Aɓ 

region (red box). Adapted from (O'Brien and Wong, 2011). 
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1.1.2. Familial Alzheimerôs disease 

Familial Alzheimerôs disease, or inherited Alzheimerôs, disease represents 1- 5% of the total cases 

(Arber et al., 2019). Several genes and gene mutations are implicated in dominantly inherited 

Alzheimerôs disease pathology (DeTure and Dickson, 2019). The APP gene, encoding APP, was 

the first to be discovered to be involved in the disease and mutations APP are thought to account 

for less than 0.1% of all cases (Tanzi, 1999). Other genes, whose mutations are thought to lead to 

degeneration, are presenilin 1 (PSEN1) encoding for PSEN1 protein, the catalytic centre of ɔ-

secretase and PSEN2 encoding for the PSEN enhancer 2 protein, part of the ɔ-secretase protein 

complex formation (Selkoe, 1999). Mutations in these genes lead to the increased secretion of Aɓ 

in the brain, and enhancement of the extracellular concentration and aggregation into plaques 

(Thal et al., 2006). 

How these mutations and other genetic factors contribute to Alzheimerôs disease pathology is 

described below.   

 

1.1.2.1 APP mutations 

In familial Alzheimerôs disease, mutations to APP fall within residues 1-43 of the Aɓ region or 

in sites adjacent to the N- or C-termini of the Aɓ sequence, where cleavage by ɓ-secretase or ɔ-

secretase occur in the amyloidogenic pathway (Hatami et al., 2017). Close to 30 mutations have 

been described within the APP fragment that encompasses Aɓ, and 14 mutations have been 

defined at sites neighbouring ɔ-secretase cleavage sites (Chiti and Dobson, 2017).  

The mutations of APP that fall within the Aɓ region are known to affect its fibrillar aggregation 

kinetics in vitro. ThT fluorescence analysis of 11 of the familial APP/Aɓ mutants, showed that 

these Aɓ variants apart from having distinct aggregation kinetics, displayed different ThT 

endpoint fluorescence, and in general acceleration of aggregation occurred compared to wildtype 

(WT) Aɓ40 (Hatami et al., 2017). Examples of these are the APP D678N (D7N Aɓ) Tottori 

mutation, known to promote the elongation phase of Aɓ fibrillar aggregation; the APP E693 

deletion (ȹE22 Aɓ), which has been implicated in Aɓôs acceleration of aggregation (Hatami et 

al., 2017); the APP E693G mutation (E22G Aɓ) Arctic mutation, known to increase the rate of 

protofibril formation; the APP A692G mutation (A21G Aɓ) Flemish mutation, at a site that is 

close to Ŭ-secretase cleavage and observed in some cases of early onset Alzheimerôs disease 

(Gessel et al., 2012). 

APP overexpression is observed in Down syndrome individuals. Trisomy of chromosome 21, 

where the APP gene is found, is observed in these individuals. This triplication results in APP 

overexpression, and leads to early brain Aɓ deposition and plaque presence when individuals are 
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in their late 20s (O'Brien and Wong, 2011). In addition to an increase in amyloid burden, an 

emergence of dementia symptoms, aside from lifelong intellectual impairment, is observed from 

the age of 40 in ~55% of Down syndrome individuals. The development of dementia in this group 

seems to follow early onset Alzheimer's disease neuropathological changes, as an increase in Aɓ 

plaques, changes in hippocampal volume and cerebral glucose metabolism are observed, 

compared to people with Downôs syndrome who did not have dementia  (Ballard et al., 2016). 

 

1.1.2.2 PSEN mutations 

More than 150 mutations have been described for PSEN1 and PSEN2 genes in Familial 

Alzheimerôs disease (Chavez-Gutierrez et al., 2012).  

The ɔ-secretase enzyme complex (Figure 1.4) is formed by 4 discrete protein regions: 1) PSEN1, 

the catalytic home of ɔ-secretase complex that works through a recognition motif (residues 433-

435),a YD (residues 258 and 257) and GxD (residues 383-385) cleavage sites. 2) Nicastrin, a type 

1 glycoprotein, composed by a large extracellular domain and a PSEN-interacting transmembrane 

site. 3) the PSEN enhancer 2 protein, a hairpin membrane protein directly adjacent to PSEN1, 

formed by 2 transmembrane with endoproteolysis activity related to PSEN1 activation. 4) The 

anterior pharynx defective-1, a 7 transmembrane protein complex that stably associates with 

PSEN1 through a GxG motif, important in the assembly of the complex (Bai et al., 2015; Tolia 

and De Strooper, 2009).  

Mutations in PSEN1 observed in people diagnosed with Alzheimerôs disease are thought to reduce 

the carboxypeptidase activity of ɔ-secretase, leading to longer Aɓ fragments being released 

(Chavez-Gutierrez et al., 2012). Two mutational hotspots have been identified in PSEN1, located 

at the inner core of the structural subunits, and that modulate the cleaving activity of the complex 

in vitro. The first one affects residues in transmembrane domains 2 ï 5 and altering and the second 

hotspot is located at the inner core of transmembrane domains 6 ï 9, close to the catalytic site, 

where D257and D385 are (Bai et al., 2015). 

Analysis of iPSCôs derived from Alzheimerôs disease individuals bearing mutations in PSEN1 

(Y115H, M139V and R278I) revealed an increase in the ratio of Aɓ43:Aɓ40 and Aɓ42:Aɓ40 by 

immune assay and mass-spectrometry. At the same time, they noted that the levels of PSEN1 

expression were variable depending on the PSEN1 mutation, suggesting that partial loss of 

function, lack of PSEN1 maturation or reduced catalytic activity are directly involved in the 

generation of longer Aɓ peptides (Arber et al., 2019). 
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Figure 1.4. ɔ-secretase complex molecular structure.  

The ɔ-secretase complex (PDB: 5A63) is formed by nicastrin in green, PSEN enhancer 2 in 

yellow, PSEN1 in blue, and pharynx-1 A in purple. The catalytic residues D257 and D385 in 

PSEN are coloured in cyan. 

 

1.1.3. Sporadic Alzheimerôs disease 

The majority of cases of Alzheimerôs disease are due to environmental and non-dominant genetic 

factors, as opposed to dominant inherited genes in Familial Alzheimerôs (Lippa et al., 1996). It is 

also common to find people, not living with dementia, burdened with amyloid deposits in the 

neocortex, allocortex, grey nuclei and posterior fossa structure (Thal et al., 2002) which reveals 

the difficulty determining the disease and the necessity for additional biomarkers for this task. 

Individuals with sporadic Alzheimerôs disease tend to have a later age of onset of symptoms and 

less severity of pathology (Aɓ deposits), compared to familial cases (Lippa et al., 1996). The 

histopathological markers, including neuronal loss, Aɓ and tau deposition, remain the same in 

both types (Lippa et al., 1996). Sporadic cases have been suggested to be related to a decrease in 

degradation of Aɓ by neprilysin, a plasma membrane bound metalloprotease that degrades 

peptides extracellularly (Murphy and LeVine, 2010), and insulin degrading enzyme (Thal et al., 

2006). The strongest risk factor for late onset Alzheimerôs disease is the presence of the Ů4 allele 

of the APOE gene, and its frequency is increased to ~40% in sporadic Alzheimerôs disease 

patients, compared to a 13.7% frequency in the general population worldwide (Liu, C.C. et al., 

2013). In the same manner, ~80% of familial cases of Alzheimerôs present at least one APOE Ů4 

allele (Corder et al., 1993). 
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1.1.3.1 Apolipoprotein E Ů4 genotype 

The Apolipoprotein E (ApoE), is a ~34 kDa lipoprotein involved in lipid metabolism, lipid 

transport and cholesterol mediation in a variety of cell types. In the CNS, ApoE synthesized in 

astrocytes delivers cholesterol to neurons via ApoE receptors (Liu, C.C. et al., 2013; Palta et al., 

2020). The APOE gene is polymorphic, existing as Ů2, Ů3 and Ů4 and resulting in six different 

genotypes. Three different isoforms of the ApoE that differ in the residues 112 and 158: ApoE2 

has a C112 and C158, ApoE3 shows a C112 and a R158, and ApoE4 has an R112 and R158. 

These residue differences result in different binding affinities for Aɓ (Liu, C.C. et al., 2013). 

Loss of function in neuroprotection and gain of function in neurotoxicity seems to be the 

mechanism of pathogenesis in Alzheimerôs disease. ApoE is deposited in senile plaques, and 

senile plaque load appears to occur in an ApoE-isoform dependent manner, where the presence 

of Ů4 shows the highest plaque load (Nhan et al., 2015).  

Although it is still not clear how the ApoE Ů4 genotype renders such a drastic increase in 

pathogenicity, an involvement in Aɓ clearance dysfunction, rather than increase in affinity in 

binding to Aɓ is thought to be the main cause. Consistent with this, ApoE3 isoform, and not 

ApoE4, is the protein isoform with the highest binding affinity to Aɓ (Yang, D.S. et al., 1997). 

One of the routes of clearance of Aɓ occurs by receptor mediated uptake by neurons and glial 

cells and involves lipidated ApoE binding to Aɓ and facilitating uptake through cell surface 

receptors. A decrease in efficiency in clearance of Aɓ by ApoE4 could be therefore be at fault of 

increased pathogenicity (Liu, C.C. et al., 2013). 

 

1.1.4. Biomarkers of Alzheimerôs disease 

The levels of Aɓ in different fluids, as well as tau levels, ɓ-secretase levels have been sought as 

indicators of early stages of Alzheimerôs disease (Zetterberg and Blennow, 2013). Under 

physiological healthy conditions, the ratio of monomeric Aɓ42:Aɓ40 is thought to be ~1:9, and 

under pathological conditions a shift occurs, whereby the percentage of Aɓ42 is increased 

(Pauwels et al., 2012), with ratios 4:6 and 3:7 stimulating the  aggregation of Aɓ40 into amyloid 

fibrils and modulating oligomer formation (Pauwels et al., 2012; Zoltowska et al., 2016). 

Biochemical changes in the brain are reflected in the CSF composition. Aɓ concentration in the 

CSF is found in the low nanomolar range for both healthy controls and Alzheimerôs disease 

patients (Mattsson et al., 2009). It has been found that Aɓ42  has a synthesis and clearance rate of  

6.7% and 7.6% per hour, respectively, as is Aɓ40, with a 6.8% and 7% per hour clearance rate 

compared to the total amount of Aɓ found in the CSF of healthy individuals (Bateman et al., 2006; 
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Mawuenyega et al., 2010). In Alzheimerôs disease, the clearance rate, but not synthesis rate, is 

reduced to 5.3% per hour for Aɓ42 and 5.2% for Aɓ40 (Mawuenyega et al., 2010).  

Aɓ42 concentration is reduced in the CSF of Alzheimerôs disease patients compared to healthy 

individuals (Mattsson et al., 2009). A multicentre study showed that patients who developed 

Alzheimerôs disease had a lower median Aɓ42 levels in the CSF (356 pg/mL, range from 96-1074 

pg/mL), compared to patients with other mild cognitive impairments (579 pg/mL, ranging from 

121-1420 pg/mL) and to healthy controls (675 pg/mL, ranging from 182-1897 pg/mL). Variation 

in the CSF biomarker levels was accounted to each centreôs standard procedure of operation, but 

between tested groups the differences were consistent (Mattsson et al., 2009; Zetterberg and 

Blennow, 2013). A similar trend was observed in a small cohort study, where a reduction in the 

average concentration of Aɓ42 in the CSF was observed in Alzheimerôs disease patients, compared 

to healthy age matched controls (Mawuenyega et al., 2010). Analysis by ELISA assay of CSF 

samples from healthy controls and Alzheimerôs disease patients reported an average concentration 

of Aɓ42 of ~500 pg/mL for healthy controls and ~200 pg/mL for Alzheimerôs disease patients. In 

contrast, the average Aɓ40 concentration for both groups was ~5000 pg/mL (Mawuenyega et al., 

2010).  

Plasma levels of Aɓ are reported to be on the low nanomolar concentration in healthy controls 

and are thought to also reflect changes in the brain biochemistry and Aɓ metabolism dysregulation 

(Ovod et al., 2017). Aɓ40 plasma levels were reported as ~244 pg/mL for Alzheimer disease 

individual, and ~276 pg/mL for healthy controls. Lower levels but a similar trend was observed 

for Aɓ42, where Alzheimerôs patients showed ~13 pg/mL and ~19 pg/mL was seen in controls 

(Janelidze et al., 2016).  

CSF biomarkers of Alzheimerôs disease not only include monomeric Aɓ40 or Aɓ42, but also 

soluble oligomeric aggregates of both peptides (Holtta et al., 2013; Savage et al., 2014). Known 

to be metastable and polydisperse structures (Tycko, 2014), the generation of conformation-

specific antibodies has enabled the characterisation of oligomers in the CSF. It has been found 

that Aɓ oligomer levels are increased in Alzheimerôs disease patients (1.52 pg/mL) compared to 

aged matched controls (0.52 pg/mL) when assayed by ELISA (Savage et al., 2014).

 

1.2. Amyloid ɓ 

Having discussed Alzheimer disease progression, characterisation and diagnosis with a focus on 

senile plaques, this section will provide an overview of the main molecular component of senile 

plaques, Aɓ, its assembly into fibrils and pathogenicity.   
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Aɓ is an intrinsically disordered peptide that is the proteolytic product of APP cleavage by ɔ-

secretase. Aɓ is released into the extracellular space in the brain, where is known to aggregate 

and form highly condensed plaques (O'Brien and Wong, 2011). The Aɓ is found as a 39 ï 43 

residues peptide, with an average mass of ~4.5 kDa. The 40-residue peptide, Aɓ40 (Figure 1.5), is 

the most abundant form, accounting for 80% of Aɓ molecules in humans (Murphy and LeVine, 

2010). The other major form is the 42-peptide residue Aɓ42, which is thought to be more toxic, as 

it forms fibrils more readily than Aɓ40. Aɓ42 is more hydrophobic and therefore more prone to 

aggregate, due to the presence of the last two hydrophobic residues, alanine and isoleucine 

(Selkoe, 1999).  

Residues 1-28 in Aɓ contain the hydrophilic region, where 46% of residues are charged. In 

contrast, residues 29-40/42 comprise the C-terminal region, comprised of hydrophobic residues 

(Hou et al., 2004). Monomeric Aɓ has been found to have an absence of well-defined secondary 

or tertiary structures (Hou et al., 2004), although recent NMR studies have found Aɓ40 to be 

partially folded in 50 mM sodium chloride (NaCl) at pH 7.3, where a central Ŭ-helix forms 

between residues 12-23 (Figure 1.3). The dynamic N and C-terminal regions were found to come 

in contact the helix and a resemblance between this Aɓ structure to islet amyloid polypeptide 

(IAPP) has been suggested (Vivekanandan et al., 2011). Molecular dynamics studies have 

determined that both Aɓ40 and Aɓ42 are formed by 5 independent folding units connected by four 

turns, or peptide segments in which there is reversal in the chainôs direction (Yang, M. and 

Teplow, 2008). The probability of presenting structured region, observed as a ɓ-strand or Ŭ-helix, 

increases in regions adjacent to residues 17-21.  It was also found that the C-terminal region in 

Aɓ42 is more stable and structured compared to Aɓ40. Specifically, residues 30-36 were found to 

have a higher likelihood to present a ɓ-structure in Aɓ42 than in Aɓ40, and residues 39-40 have a 

5% likelihood of ɓ-structure in Aɓ42 compared to no ɓ-structure in Aɓ40 (Yang, M. and Teplow, 

2008).  
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Figure 1.5. Aɓ40 monomer structure and sequence.  

The NMR derived Aɓ40 monomer structure (A) shows the presence of an Ŭ-helix between residues 

12-23 (bright orange), flanked by a dynamic N and C-terminal fragments (light yellow) that come 

in contact with it. The Aɓ40 and Aɓ42 peptide sequences (B) show that six of the most studied 

APP/Aɓ mutants fall within the Ŭ-helix region. Denoted are the Icelandic A2T mutation, Tottori 

D7N mutation, Flemish A21G mutation, Osaka E22ȹ mutation, Arctic E22G mutation, Dutch 

E22Q mutation, Italian E22K mutation and Iowa D23N mutation. 

 

As for other proteins implicated in neurodegeneration, Aɓ is subject to post-translational 

modifications, such as phosphorylation, truncation, ubiquination and pyroglutamation (Leissring, 

2014). The majority of post-translational modifications appear to affect the N-terminal region of 

Aɓ and are also thought that accelerate the rate of aggregation of Aɓ. In vitro analysis of post-

translationally modified Aɓ40 variants showed different fibril morphologies. In particular, 

phosphorylation to S8 of Aɓ40 shows a two-fold fibril structure that has accelerated seeded 

fibrillation kinetics as well as portrays higher toxicity compared to the wildtype Aɓ40 (Hu, Z.W. 

et al., 2019). 

 

1.2.1. Amyloid structure and assembly  

A major histopathological hallmark in Alzheimerôs disease and of a number of other 

neurodegenerative diseases is the occurrence of insoluble proteinaceous aggregates, known as 

amyloid deposits (Chiti and Dobson, 2017).  
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The process of amyloid formation in human disease involves protein misfolding. This leads to the 

aggregation of proteins into amyloid fibrils, inherently non-crystalline insoluble material that is 

5-15 nm in diameter (Tycko, 2014). Amyloid fibrils are highly ordered assemblies that 

characteristically contain cross-ɓ structures. Arranged as ɓ-sheets, the ɓ-strands that form the 

fibrils run perpendicular to the fibril growth direction, and are linked together through hydrogen 

bonds with a 4.7ï4.8 Å inter-strand distance between the ɓ-sheets (Figure 1.6) (Adamcik and 

Mezzenga, 2018; Tycko, 2014). 

 

 

Figure 1.6. Cross ɓ-sheet structure. 

The cross ɓ-sheet architecture is defined by ɓ-strands that run perpendicularly to the fibril axis. 

The distance between the ɓ-strands is 4.7ï4.8 ¡, while the separation between ɓ-sheets is around 

10ï12 Å. Adapted from (Adamcik and Mezzenga, 2018). 

 

Amyloid fibril formation is defined by a nucleation dependent polymerisation process. This 

polymerisation reaction begins by the formation of nuclei by monomers that are partially or 

completely disordered (Chiti and Dobson, 2017). Amyloid formation can then occur through 

elongation of monomers into fibrils, where the misfolded monomers are added to one another 

following the path of the fibril length, and ultimately creating larger insoluble amyloidal 

structures (Figure 1.7 A). Amyloid fibril formation can also occur through a secondary nucleation 

pathway, where a combination of both monomeric and aggregated species interact, and where the 

preformed aggregated structure acts as a catalyst for the formation of a secondary multimer 

(Linse, 2017). 
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Figure 1.7. Amyloid fibril formation and kinetics.  

Amyloid fibril formation and kinetics. A) Misfolded or partially folded peptides form nuclei in the 

early stages of amyloid fibril formation. Nuclei growth is characterised by molecular 

rearrangements occurring as small soluble aggregates and oligomers form. Stabilization as well 

as increased compactness of the molecular structure occurs as ɓ-sheet formation and fibril 

formation progresses. B) Amyloid fibril formation is observed as a sigmoidal curve and is 

represented in terms aggregate concentration during the time elapsed since the reaction began. 

The kinetics are denoted by a lag phase, where nuclei and soluble aggregates form (Arosio et al., 

2015), a growth or elongation phase, where fibrils are generated and a plateau at the endpoint 

of the reaction. Adapted from (Chiti and Dobson, 2017). 

 

One of the first assemblies formed during the amyloid cascade are oligomers. These are 

aggregates formed by two or more monomers together, and generally include structures that 

contain up to 20 monomers, although not restricted to a specific number of monomers. 

Nonetheless, the structure they form is different from that observed in fibrils, as well as possessing 

a slower rate of growth to these (Arosio et al., 2015). Another species formed during the early 

stages of the amyloid cascade are protofibrils. These are soluble intermediate aggregates, that 

undergo structural rearrangements that can lead to the formation of a nucleus for fibril. They 

possess ɓ-sheet structures that demonstrate the progressive order of segments in the peptide within 

the soluble aggregate (Kheterpal et al., 2006). 

The kinetics of fibril formation generally shows a sigmoidal  curve (Arosio et al., 2015) (Figure 

1.7 B), in which misfolded monomers aggregate into nuclei, small and large oligomers and other 
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soluble aggregates during the lag phase, then fibril formation where turnover into amyloid forms 

occurs by primary or secondary nucleation during an exponential growth phase until fibril 

aggregate formation reaches a plateau, where a steady state of monomer at the endpoint of the 

reaction. Fibrillar amyloid structures can be identified by their filamentous morphology at this 

point. Fibril formation is usually monitored by Thioflavin T or S kinetics in in vitro assays, as 

these dyes, and others including Congo red, bind tightly to ɓ-sheets (Chiti and Dobson, 2017).  

The energy landscape of proteins (Figure 1.8), theoretically defined and visualized as a funnel, 

sees the unfolded monomer at the top of it, where entropy and free energy are high, whereas the 

rest of the proteins conformational states (the oligomers, soluble aggregates and fibrillar 

assemblies) get kinetically trapped in other individual peaks as they travel down-hill the energy 

landscape. It is generally agreed that amyloid fibrils are the most stable thermodynamic state in 

the energy landscape (Adamcik and Mezzenga, 2018; Tycko, 2014). 

 

 

Figure 1.8. The energy landscape of protein folding and aggregation. 

The different protein conformers fall into different wells of the energy landscape. Amyloid fibril. 

Adapted from (Adamcik and Mezzenga, 2018). 
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1.2.2. Aɓ fibril structure and polymorphism  

Fibrils are the endpoint of protein aggregation (Tycko, 2014). In disease, they represent the failure 

of native protein ñon-pathwayò folding and are the result of exposure of hydrophobic residues in 

the misfolded or partially folded protein and interactions between them. In particular, non-specific 

interactions between exposed residues on the misfolded protein lead to the previously described 

nuclei and initiate the amyloid cascade (Adamcik and Mezzenga, 2018). Inter-monomer and inter-

fibril interactions vary between proteins or peptides, but can also differ within a protein, a 

consequence of the diversity of interactions taking place between misfolded proteins (Iadanza et 

al., 2018).  All these interactions consequently produce amyloid fibril polymorphs, or structural 

varieties of fibrils of the same peptide sequence. Amyloid polymorphism is observed in 

neurodegenerative diseases. As mentioned previously, point mutations can generate peptides that 

aggregate faster, as well as have a biological effect, such as a more severe cognitive impairment 

and toxicity to cells (Iadanza et al., 2018). 

A wide range of in vitro studies have shown Aɓ fibril polymorphism. Aɓ fibrils, generated from 

synthetic or recombinant peptide in vitro, have revealed that variation in growth conditions 

produce significant, reproducible alterations to the fibrillar molecular structures. In the case of 

Aɓ40 (Table 1.1), growing fibrils in quiescent conditions produces a 3-fold molecular structure 

(Paravastu et al., 2008), whereas agitative conditions are known to generate 2-fold fibrillar 

structures. Differences have also been observed in fibrils of phosphorylated S8 Aɓ40 , that presents 

a unique mass-per-length, a measurement that reveals the amount of peptides within a cross-ɓ-

repeat, that established it as a two-fold structure with distinct toxicity than the latter two Aɓ40 

fibril polymorphs (Figure 1.9 A) (Petkova et al., 2005).  

It has also been noted that small changes in the peptide sequence (Table 1.3), such as a deletion 

or point mutation, as is the case for Aɓ40 E22ȹ or Aɓ40 D23N, render different fibril structures 

from that of the WT Aɓ (Figure 1.9 B). In the case of Aɓ40 D23N, in the same sample, the structure 

of two polymorphs could be determined in the same samples, one showing parallel in register ɓ-

sheets (D23N-p), and another with antiparallel ɓ-sheets (D23N-a) that appeared to be a transient 

conformation (Figure 1.9 B) (Qiang et al., 2012; Tycko, 2014).  

The difference in structures due to growth conditions is also applicable for Aɓ42  fibrils (Table 

1.2), as it has been observed that acidic conditions (Gremer et al., 2017) produce significantly 

different fibrils that display the C-terminal of the monomer deeply buried within the core of the 

fibril, compared to basic or neutral grown fibrils where this is not observed (Figure 1.9 C).  

Fibril structures have also been determined for Aɓ40 fibrils derived from ex vivo Alzheimerôs 

disease and Lewy body disease brain (Table 1.4). In their study, Lu et al. (2013) were able to 
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determine a 3-fold molecular structure of Aɓ40 fibrils that had been generated after seeding with 

brain extracts from Lewy body disease individuals (Figure 1.9 D). In contrast, Aɓ40 fibrils 

extracted from meningeal tissue vascular amyloid deposits from Alzheimerôs disease cases 

showed a distinctive two-fold structure, with a particular outward double C-shaped (Kollmer et 

al., 2019). These fibrils differ from in vitro generated fibrils in that both the C-terminal and N-

terminal regions present and outward bend that leaves them solvent-exposed. In opposition, in 

vitro generated fibrils tend to have a protected C-terminal region located within the fibril core and 

an N-terminal region that is solvent-exposed. 
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Figure 1.9. Molecular structures of Aɓ fibril polymorphs.  

Schematic of fibril structures in vitro generated Aɓ40 fibrils (A), mutant Aɓ40 fibrils (B), Aɓ42 fibrils 

(C) and ex vivo/ex vivo derived Aɓ40 (D). Two-fold or 3-fold arrangements were observed for the 

2A, 3Q and phosphorylated S8 (pS8) fibrils WT Aɓ40 fibrils. Mutant Aɓ40 E22ȹ, parallel (D23N-

p) and antiparallel (D23N-a) D23N presented 1-fold to 3-fold molecular structures and were 

distinct from the structures observed in the WT fibrils. The structures of ex vivo derived fibrils of 

Aɓ, generated by seeding monomeric Aɓ40 with Lewy body disease brain (ex vivo derived) showed 

a particular 3-fold structure. In contrast, fibrils extracted directly from vascular amyloid deposits 

from Alzheimerôs disease brain (ex vivo) showed an outward double C-shaped morphology. PDBs 

are stated in brackets. 
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Table 1.1. Molecular structure characteristics of in vitro generated Aɓ40 fibril polymorphs 
 Aɓ40 phospho-Ser 8 Aɓ40  

  
2A 

(Petkova et al., 2005) 

3Q  

(Paravastu et al., 2008) 

pS8  

(Hu, Z.W. et al., 2019) 

PDB 2LMN/2LMO 2LMP/2LMQ 6OC9 

Morphology 2-fold, striated ribbons 3-fold, twisted fibrils 
two-fold striated ribbon 

morphology 

Conditions 

they were 

formed 

210 ɛM peptide in 10 mM 

sodium phosphate, 0.01% 

(v/v) NaN3 pH 7.5 

210 ɛM peptide in 10 mM 

sodium phosphate buffer, 

pH 7.4. Quiescently grown 

with intermittent 

sonication (once per hour 

for 9 days) 

50 ɛM peptide in 20 mM 

sodium phosphate pH 7.4, 

0.01% NaN3 at 37°C. 

Seeded quiescently to 

fresh monomer for 8 

generations 

Peptide type synthetic synthetic synthetic 

Type of 

structure 

experiment based 

structural model 

experiment based 

structural model 

experiment based 

structural model 

Method of 

structure 

determination 

13C and 15N ssNMR, 

TEM, STEM 

13C and 15N ssNMR, 

TEM, STEM 

13C ssNMR, TEM, ThT 

kinetics 

Residues 

assigned in 

structure 

residues 10 - 40 residues 10 - 40 residues 1 - 40 

N-terminal 

order 

unstructured N-terminal 

(residues 1-10) 

unstructured N-terminal 

(residues 1-10) 

dynamic N-terminal 

(residues 1-7) 

twist period 

(nm) 
no resolvable twist 

 120 +/- 20 between 

minima and max period 
- 

width (nm) 5.5 +/- 0.5 
At max period: 8.0 +/- 

1.0 
8.5 

Mass-per 

length 

(kDa/nm) 

Max at 21.4 Max at 26 ± 2 Max at 19.5 

ɓ-strand 

location 

residues 10-22 and 

residues 30-36 

residues 11-22 and 30-

39 

residues 9-12, 17-22 

and 31-39 

Type of beta 

sheet structure 
in register parallel in register parallel 

in register parallel from 

residue 9-39 

Fibril core  residues 28-40 residues 29-40 residues 31-39 

Toxicity  

Cortex neurons from rats 

incubated with 10-75ɛM 

sonicated fibrils for 48 h. 

Observed >50% neuronal 

death by cell count 

compared to vehicle 

control 

 Cortex neurons from rats 

incubated with 10-75˃ M 

sonicated fibrils for 48 h. 

Observed >80% neuronal 

death by cell count 

compared to vehicle 

control 

BV2 cells incubated with 

0.01-5 M˃ fibrils and 

compared to 2A fibrils. 

Analysis after a 24 h 

incubation showed that 

MTT reduction was 

inhibited (~20%-60% 

decrease) in cells 

incubated with pS8 A̡40 

from a 0.01 -5ɛM 

concentration. 
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Table 1.2. Molecular structures characteristics of in vitro generated mutant Aɓ40 fibril 

polymorphs 
 Aɓ40 E22ȹ Aɓ40 D23N Aɓ40 D23N 

  
Osaka mutation  

(Schutz et al., 2015) 

Iowa mutation ï parallel 

(Sgourakis et al., 2015) 

Iowa mutation ï 

antiparallel  

(Qiang et al., 2012) 

PDB 2MVX 2MPZ 2LNQ 

Morphology 
2-fold, cinnamon roll-like 

interlaced protofilaments 

3- fold, unbundled rough 

and irregular twisting 
1- fold 

Conditions they 

were formed 

60 ɛM peptide in10 mM 

sodium phosphate pH 7.4, 

100 mM NaCl. Grown at 

37°C, magnetic stirring at 

700 rpm for 80 min 

100 ɛM peptide in 10 mM 

sodium phosphate pH 7.4, 

0.01% NaN3. Grown 

quiescently at 4°C for 1 

week, then 2 min 

sonication and seeded into 

fresh monomer (8 

generations). 432 000 x g 

ultracentrifugation at 

endpoint 

100 ɛM peptide in 10 mM 

sodium phosphate pH 7.4, 

0.01% NaN3.  Grown 

quiescently at 6°C for 1 

week, then 10 min 

sonication at 10% cycle 

duty and seeding into fresh 

monomer by 48 h periods 

at 6°C for 8 generations 

Peptide type recombinant synthetic synthetic 

Type of 

structure 

experiment based 

structural model 

experiment based 

structural model 

experiment based 

structural model 

Method of 

structure 

determination 

13C and 15N ssNMR, 

TEM, STEM 

13C and 15N ssNMR, 

TEM, Rosetta model 

building 

13C ssNMR, TEM 

Residues 

assigned in 

structure 

resides 1 - 40 residues 15- 40 residues 15- 40 

N-terminal 

order 
- unstructured N-terminal 

unstructured N-terminal 

and residues 37-40 

twist period 

(nm) 
- - - 

width (nm) - - - 

Mass-per length 

(kDa/nm) 
Max at 21 Max at ~27 Max at 9 

ɓ-strand location residues 5-7 and 11-19 residues 17-21 and 31-36 residues 16-21 and 31-36 

Type of beta 

sheet structure 
in register parallel in register parallel in register antiparallel 

Fibril core    residues 29-40 residues 15-40 

Toxicity  - 

Primary hippocampal 

neurons from rat incubated 

with 1-30 ɛM sonicated 

fibrils. Observed >70% 

cell death (analysed by 

neuronal count) after 48 h 

incubation at 30˃M 

compared to control 

Primary hippocampal 

neurons from rat incubated 

with 1-30ɛM sonicated 

fibrils. Reported >60% cell 

death (by neuronal count) 

after 48 h incubation at 

30˃ M compared to control 
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Table 1.3. Molecular structures characteristics of Aɓ40 fibril polymorphs generated from ex 

vivo material 

 Aɓ42 

  

pH 2  

(Gremer, et al. 2017) 

pH 8  

(Colvin, et al. 2016) 

pH 7.4  

(Wälti, et al. 2016) 

PDB 5OQV 5KK3 2NAO 

Morphology 
LS shaped, staggered 

protofilaments 

Two S-shaped cross-ɓ-

sheet entitiy with 

hydrophobic residues 

hidden in fibril core 

Double-horseshoe-like 

cross-ɓ-sheet entity 

Conditions they 

were formed 

120.5 ɛM peptide in 30% 

(v/v) acetonitrile, 0.1% 

(v/v) TFA in water pH 2 

50 ɛM peptide in 20 mM 

sodium phosphate, 0.2 

mM EDTA, 0.02% NaN3, 

pH 8.0 

30 ɛM peptide in 100 mM 

sodium phosphate pH 7.4, 

100 mM NaCl, 100 ɛM 

ZnCl, grown at 37°C with 

350 rpm shaking 

Peptide type recombinant 
recombinant (Met at 

residue 1) 
recombinant 

Type of structure structure 
experiment based 

structural model 

experiment based 

structural model 

Method of 

structure 

determination 

cryoEM, ssNMR, x-ray 

diffraction 
13C and 15N ssNMR 

13C and 15N ssNMR, 

TEM, STEM 

Residues assigned 

in structure 
residues 1 - 42 residues 11 - 42 residues 1-42 

N-terminal order  - 
unstructured N-terminal 

(1-10) 

part structured and 

dynamic N-terminal 

(residues 1-14) 

twist period (nm) - - - 

width (nm) 7 - - 

Mass-per lenght 

(kDa/nm) 
- 

Max at Ḑ48, second at 

24.7 
Max at 19  

ɓ-strand location residues 1-9 and 11-21 
residues 16-20, 26-32, 35-

36 and 39-41 

residues 2-6, 15-

18,26.28,30-32 and 39-42 

Type of beta sheet 

structure 
in register parallel in register parallel in register parallel 

Fibril core  residues 36-42   

residues 15-42, and and 

intramolecular (peptide) 

core at residues 19-34 

Toxicity  

PC12 cells. 24 h 

incubation. Sonicated 

fibrils. Tested 0 -3 ɛM. 

Decrease in >50% MTT 

reduction 

SH-SY5Y cells, 24 h 

incubation. Tested 10 nM. 

Decrease of 20-40% MTS 

reduction.  

- 
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Table 1.4. Molecular structures characteristics of Aɓ40 fibril polymorphs generated from ex 

vivo material 

 Aɓ40 

  

Ex vivo derived patient 1 

(Lu et al., 2013) 

Ex vivo derived patient 2 

(Lu et al., 2013) 

Ex vivo polymorph 1 

(Kollmer et al., 2019) 

PDB 2M4J - 6SHS 

Morphology 

3-fold molecular structure 

comprised of three cross-ɓ 

units 

3-fold molecular structure 

C-shaped 2-fold molecular 

structure, with a right-hand 

fibril twist 

Conditions they 

were formed 

0.8 mg of synthetic 

15N,13C-labeled Aɓ40 

seeded with fibrils from 

temporal/parietal lobe 

tissue and occipital lobe 

tissue from LBD patient. 

Buffer: 10 mM phosphate 

buffer, pH 7.4 

0.8 mg of synthetic 

15N,13C-labeled Aɓ40 

seeded with fibrils from 

temporal/parietal lobe 

tissue and occipital lobe 

tissue from AD patient. 

Buffer: 10 mM phosphate 

buffer, pH 7.4 

Fibril extraction from 

vascular amyloid deposits 

(meningeal tissue) from 

AD cases. Centrifugation 

(12 000 xg) in Tris 

calcium buffer pH 8 

followed by collagenase 

digestion (5mg/mL) 

overnight at 37°C. Sample 

was then subjected to a 

wash in 

ethylendiaminetetraacetic 

acid pH 8 buffer (4°C) and 

centrifuged to then be 

subjected to a water wash 

(4°C) and centrifugation. 

Water wash repeated 9 

times 

Peptide type 
synthetic peptide seeded 

with ex vivo material  

synthetic peptide seeded 

with ex vivo material  
ex vivo material  

Type of structure 
experiment based 

structural model 

experiment based 

structural model 
structure 

Method of 

structure 

determination 

13C and 15N ssNMR, 

TEM, STEM, ThT 

Kinetics 

13C and 15N ssNMR, 

TEM, STEM, ThT 

Kinetics 

cryoEM 

Residues assigned 

in structure 
residues 1 - 40 - residues 1-40 

N-terminal order  - - - 

twist period (nm) no resolvable twist 

85 ± 10 nm between 

minima and maxima 

periods 

- 

width (nm) 7 ± 1 nm 
At max period: 11                   

At min period:  5 
7.4 ± 0.4 nm 

Mass-per length 

(kDa/nm) 
28 ± 2 kDa/nm 29.1 ± 1.2 kDa/nm - 

ɓ-strand location 
residues 12-13, 18-19 and 

35-36 
- 

residues 2-8, 10-13, 15-19 

and 32-34 

Type of beta sheet 

structure 
in register parallel in register parallel in register parallel 

Fibril core  residues 28-40 - residues 13-34 

Toxicity  - - - 
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1.2.3. Aɓ toxicity 

Aɓ oligomers are found extracellularly and intracellularly and have been detected in cortex brain 

sections of both Alzheimerôs disease cases and age matched controls. However, oligomers 

ranging from 45-55 kDa were more frequently detected in Alzheimerôs cases, indicating that 

different oligomer conformations are observed in disease (Bao et al., 2012). It appears that size, 

hydrophobicity, and conformation of each oligomeric species determines its toxicity (Kayed and 

Lasagna-Reeves, 2013). Mechanism of toxicity seems to be related to disruption of cell 

membranes by oligomer incorporation, and NMDAR-dependent long-term potentiation 

disruption (Kayed and Lasagna-Reeves, 2013).  

Cellular toxicity has also been observed after incubation with the distinct Aɓ fibril polymorphs. 

Inhibition of MTT or MTS has been reported for cells incubated with pH 2 or pH 8 Aɓ42 fibrils 

(Colvin et al., 2015; Gremer et al., 2017). Direct comparison of the Aɓ40 fibril polymorphs 

revealed a decreased neuronal survival after incubation with >10 µM fibrils 3Q compared to 2A 

(Paravastu et al., 2008). A similar trend was observed for mutant Aɓ40, where the parallel D23N 

polymorph bearing parallel ɓ-sheets had a ~10% decrease in neuronal survival compared to the 

antiparallel D23N Aɓ40 fibrils. 

In vivo, Aɓ fibril polymorphism is associated with distinctive clinical presentations of 

Alzheimerôs disease (Qiang et al., 2017). In their study, Qiang et al (2017) amplified Aɓ40 fibril 

samples from patients suffering from rapidly progressive Alzheimerôs disease (r-AD), posterior 

cortical atrophy Alzheimerôs disease (PCA-AD) and typical progression Alzheimerôs disease (t-

AD). ssNMR analysis of the brain derived fibrils showed that, although fibrillar variation was 

inherent within all the samples, a single structure was most prominent in t-AD and PCA-AD, 

whereas r-AD presented a more pronounced level of Aɓ40 fibril polymorphism. They attributed 

this increase in fibril polymorphism to r-AD's disease phenotype, where plaque burden and 

neurodegeneration occurs earlier in life and increases at a faster pace through ought disease 

progression, compared to t-AD. In addition, people diagnosed with r-AD have a disease survival 

rate of less than 3 years after diagnosis (Schmidt et al., 2011; Drummond et al., 2017; Qiang et 

al., 2017). It is of note that the presence of one of the neurotoxic Aɓ40 fibril polymorphs present 

in r-AD is unobserved in the other types of Alzheimerôs disease (Qiang et al., 2017).  

The variety of these Aɓ fibril structures as well as the diverse biological impact these have, 

observed as cellular toxicity, highlight the fact the seemingly small variations in the physical 

conditions generate distinct fibril structures that go on to determine disease progression. In the 

next section a discussion of another neurodegenerative disease where Aɓ deposition is observed, 
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as well as other proteins that interact with Aɓ in disease, are discussed in the context of 

Alzheimerôs disease.

    

1.3. Parkinsonôs disease and other synucleinopathies 

Parkinsonôs disease, Parkinsonôs disease with dementia, multiple system atrophy (MSA) and 

dementia with Lewy Bodies are synucleinopathies. They are defined by the presence of Ŭ-

synuclein aggregates in the brain. These diseases affect around 5 million people worldwide 

(Lashuel et al., 2013), with Parkinsonôs disease being the second most prevalent 

neurodegenerative disease and only surpassed by Alzheimerôs disease.  

Parkinsonôs disease is characterized by neuroaxonal dystrophy and motor impairments like 

bradykinesia, tremor and rigidity. Clinical symptoms are associated to the loss of dopamine in the 

nigrostriatal system. Pathology, in the form of Ŭ-synuclein aggregation and neuronal loss is 

mostly observed in the brain, but it can also be distributed through the entire nervous system, 

including the peripheral and enteric nervous systems (Braak and Del Tredici, 2008).  

Lewy bodies are the main intraneuronal lesion in synucleinopathies. They are round inclusions 

mainly composed predominantly of insoluble aggregated Ŭ-synuclein and are commonly 

observed in the neocortex and brain stem regions in Parkinsonôs disease. Lewy body accumulation 

eventually leads to neuronal loss, specifically, dopaminergic neurons in the substantia nigra pars 

compacta, a movement centre in the brain, hence producing the motor deficiencies observed 

(Kotzbauer et al., 2001). Like Aɓ and tau in Alzheimerôs disease, Ŭ-synuclein aggregates display 

a progressive ñinvasion-likeò deposition pattern related to disease progression. In the brain, Lewy 

bodies are first observed in the dorsal IX/X motor nucleus in the vagus nerve, expanding into the 

anterior olfactory nucleus and then through the brain stem towards the temporal mesocortex and 

neocortex (Braak et al., 2003). 

 

1.3.1. Ŭ-synuclein 

Human Ŭ-synuclein protein is encoded by the SNCA gene, located on the long arm of chromosome 

at position 21 (4q21). Mutations and multiplications of the gene are directly related to familial 

forms of synucleopathies, such as dominant familial parkinsonism, in which the mutations A53T, 

A30P and E46K have been identified (Lashuel et al., 2013).  
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The full -length form of Ŭ-synuclein (Figure 1.10) is 140 amino acids in length (14.5 kDa), while 

its common spliced forms have 126 and 112 amino acids, as they lack exon 3 and exon 5 

respectively. Its amphipathic N-terminal region, residues 1-60, contains 6 KTKEGV imperfect 

repeats (Dettmer et al., 2015). The N-terminal region is implicated in membrane binding. 

Residues 35 to 90 comprise the Non-Amyloid ɓ Component (NAC) domain, a fragment 

commonly found in senile plaques, and thought to be crucial in the aggregation of Ŭ-synuclein. 

The C-terminal region appears non-structured and is highly dynamic and is thought to be 

responsible for chaperone activity and contains the sites for the phosphorylation of the protein.  

The molecular structure of synuclein bound to an sodium dodecyl sulphate micelle has been 

determined by solution NMR (Ulmer et al., 2005). It was found the N-terminal region, responsible 

for lipid binding, is formed by 2 curved antiparallel Ŭ-helices that are linked together through 

residues 38-44, whereas its C-terminal region appeared highly dynamic. 

 

 

Figure 1.10. Molecular structure of Ŭ-synuclein bound to a micelle and protein sequence.  

Structure of the micelle-bound form Ŭ-synuclein (PDB: 1XQ8), determined by solution NMR, 

where it arranges into two antiparallel Ŭ-helices (in dark purple) that are separated by a 7-

residue long linker region that allows it to curve. In contrast, the C-terminal region is highly 

dynamic. The peptide sequence shows that the helices are restricted to the N-terminal, as the first 

6 KTKVEEGV imperfect repeats (highlighted in grey). The NAC region is denoted in the peptide 

sequence as a black bar between residues 35 and 90, is commonly associated to senile plaques. 

 

The physiological role for Ŭ-synuclein is not fully understood, but it is thought to be involved in 

the maintenance of a supply of synaptic vesicles throughout mature presynaptic vesicles, as this 

protein is only detected after synaptic development (Kim et al., 2014). In native aqueous 

conditions, Ŭ-synuclein monomers adopt an unfolded random coiled form which is changed upon 

binding to phospholipids (into helices) (Lashuel et al., 2013; Beyer, 2006). As with Aɓ, Ŭ-

synuclein is subject to post-translational modifications, more commonly nitration (to residues 
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Y39, Y125,Y133 and Y136) arising from oxidative stress, lipidation, acylation, ubiquination, and 

phosphorylation, with the latter two thought to be involved in protein deposition (Kim et al., 

2014). Phosphorylation and ubiquination are the main post-translational modifications of the 

protein in pathological conditions and the presence of these modifications is used to detect Ŭ-

synuclein in Lewy bodies. In particular, phosphorylation at serine 129 is usually present in Ŭ-

synuclein in Lewy bodies. Indeed, it has been estimated that 90% of Ŭ-synuclein found in 

dementia with Lewy bodies brains is phosphorylated, with serine 129 one of the most important 

(Brandel et al., 2015; Beyer, 2006). 

 

1.3.2. Ŭ-synuclein fibril structure and polymorphism 

As with Aɓ, Ŭ-synuclein has the capacity to form amyloid fibrils via nucleation dependent 

assembly. This occurs when nuclei, composed of partially misfolded protein, rich in ɓ-sheets 

initiate and produce a change in conformation of the non-aggregated form of the protein. 

Mutations related to early onset Parkinsonôs disease, like the A53T, have been found to accelerate 

aggregation compared to WT Ŭ-synuclein (Conway et al., 2000; Flagmeier et al., 2016). 

A wide variety of fibrillar structures have been described for in vitro generated Ŭ-synuclein fibrils 

(Guerrero-Ferreira et al., 2018; Zhao et al., 2020a; Zhao et al., 2020b; Sun et al., 2020), as well 

as derived from ex-vivo synucleopathies (Figure 1.11) (Strohaker et al., 2019; Schweighauser et 

al., 2020) (Schweighauser et al., 2020). These polymorphs vary in having a different number of 

protofilament folds, as well as variation in protofilament packing and assembly. 

In addition, differences in polymorph structure as well as degree of polymorphism, seems to be 

correlated with disease type, as different polymorphs have been described for MSA and 

Parkinsonôs disease, and a higher degree of polymorphism is observed in the latter (Strohaker et 

al., 2019). 
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Figure 1.11. Protofilaments of Ŭ-synuclein fibril polymorphs.  

Various molecular fibril structures have been determined for in vitro generated WT Ŭ-synuclein, 

mutant Ŭ-synuclein and ex vivo derived Ŭ-synuclein from MSA individuals. Adapted from 

(Schweighauser et al., 2020). 

 

1.3.3. Ŭ-synuclein toxicity 

Toxicity of Ŭ-synuclein has been studied in a variety of cell models and animal models. Mice 

models overexpressing mutant and WT Ŭ-synuclein develop intracytoplasmic Ŭ-synuclein 

aggregates (Masliah et al., 2001; Giasson et al., 2002; Graham and Sidhu, 2010; Chen, L. et al., 

2015). A decreased locomotor activity is observed in mice expressing Ŭ-synuclein mutations 

present in early onset Parkinsonôs disease (Giasson et al., 2002; Graham and Sidhu, 2010). 

Mitophagy impairment is also a common feature in these Ŭ-synuclein overexpressing mice (Chen, 

L. et al., 2015). Exogenously added WT Ŭ-synuclein fibrils to neuroblastoma cell cultures are 

reminiscent to prion-like seeding occurs in the formation of Lewy bodies (Pieri et al., 2016).  

Ŭ-synuclein oligomeric populations have been found to impose different degrees of toxicities in 

cells (Cremades et al., 2012; Chen, S.W. et al., 2015). Characterisation of two populations of Ŭ-

synuclein oligomers revealed distinct patterns of cytoplasmic reactive oxygen species in rat 
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midbrain neuronal cultures. In particular, production of reactive oxygen species, a feature 

observed in apoptotic cells, was enhanced after incubation with a population of Ŭ-synuclein 

oligomers (160 ï 560 kDa) that appear to be more structured, more compact, and contain ɓ-sheets 

in addition to less solvent-exposed hydrophobic side chains (Cremades et al., 2012).  

The distinct defined Ŭ-synuclein fibril polymorphs have also been found to possess different 

toxicities. In their study, Zhao et al (2020) found that 100 nM of WT Ŭ-synuclein preformed fibrils 

induced endogenous Ŭ-synuclein aggregation in rat primary cortical neurons after 14 days of 

incubation concomitant to a 7.5% increase in LDH release, compared to buffer treated neurons. 

Incubation with 100 nm of phosphoY39 Ŭ-synuclein preformed fibrils produced a higher number 

of Ŭ-synuclein aggregates and an increased release of LDH (10%) compared to WT Ŭ-synuclein 

fibrils (Zhao et al., 2020b). Similarly, Tuttle et al (2012) reported a 20% increase in LDH release 

in neurons, compared to buffer, after an 18-day incubation with WT Ŭ-synuclein fibrils. 

 

1.3.4. Ŭ-synuclein pathology in Alzheimerôs disease 

Common characteristics between Alzheimerôs disease and synucleinopathies can be delineated. 

Similarities in histopathological hallmarks and cellular dysfunction have long been observed in 

these diseases. Furthermore, ~60% of Alzheimerôs disease cases (both sporadic and familial) 

present Lewy body pathology simultaneously to senile plaques and tau protein tangles (Kotzbauer 

et al., 2001; Hamilton, 2000). In addition, Lewy bodies have also been observed in Down 

syndrome patients in conjunction to Aɓ senile plaques (Kotzbauer et al., 2001; Selkoe, 1999) . It 

has also been reported that individuals diagnosed with Dementia with Lewy bodies present 

plaques and neurofibrillary tangles at a ~39-80% frequency, though no correlation has yet been 

found between these lesions (Kotzbauer et al., 2001). Proteomic analysis of subtypes of 

Alzheimerôs disease patients has also revealed the specific presence of proteins and other Aɓ 

plaque components. Drummond et al. (2017) showed that hippocampal sections taken from 

rapidly progressive AD patients (r-AD) presented a significantly different proteome from those 

diagnosed with sporadic AD (s-AD). In particular, the presence of higher levels of Ŭ-synuclein 

were noted in r-AD samples, when compared to s-AD samples, noting a relationship between 

pathologies but also that differential prognosis occurs by the presence of aggregated Ŭ-synuclein. 

A multicentre study by Irwin et al. (2017) found that increasing levels of neurofibrillary tangles 

and senile plaques were associated with a higher Ŭ-synuclein pathology score and a shorter 

interval from motor symptoms to dementia in Lewy body spectrum disorder patients. 

Neuropathological assessment of post-mortem Alzheimerôs disease brain sections has revealed 

that the mean age at death is significantly different between those presenting Lewy body 
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pathologies and those who donôt present Lewy body deposition. In addition, sleep behaviour 

patterns, as well as delusions and hallucinations have been reported to be more severe in AD 

patients who present Lewy body pathology (Irwin et al., 2017). 

In vitro cell and mice model reports have described the relationship of Aɓ and Ŭ-synuclein. An 

MTT reduction decrease, and hence decrease in cell viability, was reported in neuroblastoma cells 

overexpressing Ŭ-synuclein upon exposure to fibrils and protofibrils of Aɓ42 (10 µM monomer 

equivalent), compared to the untreated mutant cells (Hunya et al., 2008). Co-overexpression of Ŭ-

synuclein and Aɓ in a bigenic mouse model has also revealed the exacerbated presence of Aɓ 

aggregates as well as increased neurodegeneration, compared to the single mutants (Masliah et 

al., 2001). The Dementia and Lewy bodies and Alzheimerôs disease transgenic mice, a modified 

3X transgenic Alzheimerôs disease mice (that expresses APP gene bearing the Swedish mutation 

and the human tau gene bearing the P301L mutation) that was modified to also express mutant 

human Ŭ-synuclein (A53T), presents accelerated cognitive decline in comparison to the 3X 

transgenic Alzheimerôs disease mice. This suggests that Ŭ-synuclein, Aɓ and tau proteins might 

interact, promoting the acceleration and/or enhancement of degenerative pathologies and 

cognitive decline (Kim et al., 2014; Clinton et al., 2010).  

In vitro biochemical experiments have also reported the synergism between Ŭ-synuclein and Aɓ.  

The NAC region often observed in Aɓ plaques, was found to be heterologously seeded, or cross-

seeded, by fibrils of Aɓ40 by turbidity analysis at pH 7.4 in the presence of 100 mM NaCl and 

10% DMSO. The aggregation kinetics of the NAC region was considerably altered by the 

presence of 25% (v/v) Aɓ40 fibrils, as a reduction in the lag time was observed (Han et al., 1995). 

Later reports showed that fibril formation occurs at a faster pace in the presence preformed fibrils 

of synthetic Ŭ-synuclein, Aɓ40 and Aɓ42 as well as with the presence of oligomers of the same 

molecules, showing the cross seeding effect between  Ŭ-synuclein, Aɓ40 and Aɓ42 (Ono et al., 

2012). 
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1.4. Project aims 

Given the evidence stated here, a relationship between Aɓ and Ŭ-synuclein pathology is observed 

in Alzheimerôs disease. The heterogeneity of the disease also points that both severity in 

neurodegeneration, as well as cognitive decline, can be influenced by the occurrence of fibril 

polymorphism. 

Thus, the aim of this thesis project is to study Ŭ-synucleinôs aggregation by Aɓ fibril structures.  

Firstly, the production of defined fibrillar Aɓ structures will be performed. This will involve the 

production of Aɓ40 and Aɓ42 peptides, followed by the production of each Aɓ fibril polymorph in 

their specific condition. Characterisation of the fibril polymorphs will be done through 

spectroscopy methods.  

The second focus of this thesis is to characterise the interaction between Aɓ fibrils and Ŭ-

synuclein by in vitro biochemical analysis. Specifically, the aggregation of Ŭ-synuclein is studied 

in the presence of the well-defined fibrillar structures of Aɓ, in a variety of physical conditions. 

The mechanism and kinetics of Ŭ-synuclein aggregation will also be studied. 

Lastly, the third focus is to understand the involvement of the distinct Aɓ fibril polymorphs in the 

generation of Ŭ-synuclein aggregation in cells. Lewy body-like formation will be studied in a 

neuroblastoma cell model that overexpresses Ŭ-synuclein. The involvement of acidic organelles 

will be studied.
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 Materials and Methods 

 

 Aɓ40 and Aɓ42 expression and purification 

In order to produce amyloid fibril polymorphs of Aɓ40 and Aɓ42, used in the analysis of the 

interaction with Ŭ-synuclein, the Aɓ peptide was expressed and purified 

 

2.1.1. Expression of Aɓ40 and Aɓ42 in Escherichia coli  

The transformation of Escherichia coli (E.coli) BL21 DE3 was done with the use of the pET-Sac-

Aɓ(Met1-40) or the pET-Sac-Aɓ(Met1-42) plasmids (provided by Dr Sara Linse), encompassing 

the Methionine-Aɓ residues 1-40 (Aɓ40) and Methionine-Aɓ residues 1-42 (Aɓ42) respectively. 

The ATG (Methionine) codon is inserted in the beginning of the sequence as a facilitator of 

expression of the protein in E. coli. For the transformation, 50 µl of cells were incubated for 30 

minutes on ice with 1.5µl of the vector. Cells were then heat shocked at 42°C for 45 seconds and 

left 10 minutes to recover. After this 450µl of lysogeny broth (LB) media was added and left 

incubating for 30 minutes at 37°C and shaking. These cells were then plated in a LB-agar media 

plate containing carbenicillin at a final concentration of 100ɛg/mL and incubated at 37°C 

overnight.  

A single colony from each overnight plate were inoculated into autoclaved LB 100 mL cultures 

containing 100 µg/mL carbenicillin and left incubating at 37°C with shaking at 200 rpm until they 

reached OD600 Ó1. Subsequently 500 µl of each culture was inoculated into 500 mL LB media 

containing 100 µg/mL carbenicillin and were left growing until reaching OD600 Ó 0.5. Induction 

was then performed by adding 0.5 mL of isopropyl ɓ-D-1-thiogalactopyranoside (IPTG) at a final 

concentration of 1 mM. Cells were allowed to grow an additional 4 hours past induction or until 

reaching cell plateau. A total of 5.5 L of induced culture was centrifuged for 15 minutes at 6000 

rpm at 4°C (Beckman Coulter JLA 8.1000 Rotor). Cell pellets were then retrieved and stored at -

20°C until needed. 

 

2.1.2. Inclusion body isolation 

2.1.2.1 Inclusion body isolation of Aɓ40 

Inclusion body isolation was done following a series of centrifugation and sonication cycles as 

described before (Walsh et al., 2009). First, cell pellets were thawed on ice and subsequently 
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resuspended and homogenized in 12.5 mL of 10 mM Tris, 1 mM ethylenediaminetetraacetic acid 

(EDTA), pH 8.5, 1mM phenylmethylsulfonyl fluoride (PMSF) and 15 ɛg/mL DNase by 

mechanical stirring at 4°C for 30 minutes. The pellet solution was then pulled through a 1 ½ 

syringe, and sonicated for 30 seconds at 22% amplitude (4 watts) at 4°C. This solution was 

centrifuged for 15 minutes at 18000 rpm and 4°C (Beckman Coulter, JLA-25.50 rotor) and 

separated into supernatant and pellet. The homogenization, sonication and centrifugation steps 

were repeated, saving the supernatant fraction (S2) for later analysis. After this, the pellet was 

homogenized by mechanical stirring in 8M urea, 10mM Tris, 1mM EDTA, pH 8.5 and sonicated 

as before. This mixture containing the Aɓ peptides were centrifuged for 30 minutes at 18000 rpm 

and 4°C (Beckman Coulter, JLA-25.50 rotor) and separated into supernatant, containing the 

inclusion body isolate (IC), and the pellet. An aliquot of each was saved for analysis and the IC 

saved for purification. 

 

2.1.2.2 Inclusion body isolation of Aɓ42 

Inclusion body isolation as performed as described in (Gremer et al., 2017). First, to lyse the cells 

and recover inclusion bodies, the cell pellet was resuspended in 20 mL of 10 mM Tris.HCl, 1 mM 

EDTA, pH 8.0 and sonicated for 2 minutes on ice at 50% duty cycle until the lysate appeared 

homogenous. The lysate was then centrifuged for 25 minutes at 18000 rpm at 4ęC using a JLA-

25.50 rotor. The supernatant was removed, and the pellet was resuspended in 10 mM Tris.HCl, 1 

mM EDTA, pH 8.0 sonicated and centrifuged as described above. This sonication and 

centrifugation steps were repeated another three times. After the last supernatant was removed, 

the remaining pellet was resuspended in 15 mL of 8 M urea or 7 mM NaOH in 10 mM Tris.HCl, 

1 mM EDTA, pH 8.0 and was sonicated as described above, until the solution became clear. The 

solution was then diluted with 10 mL of 10 mM Tris.HCl, 1 mM EDTA, pH 8.0 and filtered 

through 0.22 µm Durapore non-sterile hydrophilic polyvinylidene fluoride (PVDF) filters 

(Merck). The solution recovered after filtering was kept at 4°C until further purification.  

 

2.1.3. Anion exchange chromatography of Aɓ40 

Protein purification was done as described in (Walsh et al., 2009), subjected to two rounds of 

ñbatchò anion exchange chromatography with the use of a Buchner funnel. First, 25 mL of Q 

Sepharose Fast Flow resin (GE healthcare) was equilibrated with 100 mL 10 mM Tris, 1 mM 

EDTA, pH 8.5. The protein sample was then added to the resin and left rocking for 30 minutes at 

4°C and subsequently air-filtered and recovered to go through resin passes. The fractions were 

separated, and aliquots were kept for analysis at each step.  
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The first fraction recovered consisted of the protein sample that was let to flow through (FT). The 

resin was subsequently washed with 50 mL 10 mM Tris, 1 mM EDTA, pH 8.5 followed by 50 

mL 25 mM, 10 mM Tris, 1 mM EDTA, pH 8.5. The peptide was then eluted from the resin with 

125 mM NaCl in 10 mM Tris, 1 mM EDTA, pH 8.5, followed by 250 mM NaCl in 10 mM Tris, 

1 mM EDTA, pH 8.5 in the last elution step. Finally, the resin was washed with 1 M NaCl, 10 

mM Tris, 1 mM EDTA, pH 8.5 followed by 8 M urea, 1 M NaCl in 10 mM Tris, 1 mM EDTA, 

pH 8.5. The collected FT fraction was re-purified in the same manner. The collected aliquots were 

analysed by Tris-Tricine SDS-PAGE. 

 

2.1.4. Dialysis and lyophilisation 

After the two steps of batch anion-exchange the eluted fractions were dialysed into 50 mM 

ammonium bicarbonate. The eluted protein fractions were placed in equilibrated snake-skin 

tubing and dipped inside 50 mM ammonium bicarbonate and changed 4 times during the course 

of the two-day dialysis period. After this time, the protein was collected in 50 mL falcon tubes 

and snap frozen in dry ice covered in 70% Et-OH. Lyophilisation was then performed in a Heto 

Powerdry PL300 for the course of 2 days.  

 

2.1.5. Size exclusion chromatography for Aɓ40 purification  

The lyophilised protein was re-purified by size exclusion chromatography. A Superdex 75 16/60 

column (GE Healthcare) was connected to an AKTA  prime plus chromatograph using a 5 mL 

loop and equilibrated with 1 column volume of 50 mM ammonium bicarbonate. The peptide was 

then solubilised in 50 mM Tris, 7 M guanidine HCl, pH 8.5 and centrifuged for 10 minutes at 

14000 rpm at 4°C (Eppendorf 5418 rotor). The supernatant was then injected into the 

chromatograph and run for 180 minutes at a 2 mL/min flow, collecting 2 mL fractions. 

The fractions containing the Aɓ40 peptide were snap frozen in dry ice covered in 70% Et-OH and 

subsequently lyophilized as mentioned before for 48 h. The lyophilised pure protein was stored 

at -20°C until use.  

Monomeric protein concentration was determined by solubilising one aliquot in 50 mM Tris, 7 

M guanidine, pH 8.5 and analysing the absorbance at 280 nm wavelength using a quartz cuvette 

with 10 mm path length and an using and extinction coefficient 1490 M-1cm-1 (Stewart et al., 

2016). To validate protein purity, protein aliquots were also assigned for molecular mass 
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determination by electrospray ionisation mass spectrometry at the mass spectrometry facility at 

the Faculty of Biological Science at the University of Leeds. 

 

2.1.6. High performance liquid chromatography (HPLC) for Aɓ42 purification   

The Aɓ42 peptide was purified from the filtered cell lysate crude by preparative mass directed 

HPLC by Dr Martin Walko. For this, a Kinetex EVO (21.2 x 250 mm) C18 column was used and 

run on an increasing 10-60% gradient of acetonitrile in water + 0.1% ammonia (v/v). For each 

purification run, 0.5 mL of crude lysate was injected into the column and allowed to run at a flow 

rate of 20 ml/min over 20 minutes. Fractions containing the Aɓ42 peptide were collected with the 

use of the mass directed chromatography software Masshunter by ChemStation (Agilent) and an 

Agilent 6120 Quadropole Liquid chromatography-mass spectrometry, which separates the eluents 

at a defined m/z. Fractions containing the purified peptide were combined and lyophilised as 

mentioned before.

 

 Aɓ monomer fluorescent labelling and fibril formation 

SEC purified Aɓ40 or Aɓ42 was solubilised in fresh cold 25 mM sodium phosphate pH 7.5 at 0.5 

mg/mL final concentration and mixed with ATTO-594 in a 3.5 X molar excess fashion. This was 

left rotating on a roller at 4°C for 16 h before quenching the reaction with 3.5 mM Tris. The 

peptide was then purified by analytical SEC. For this, an analytical Superdex 75 10/300 GL SEC 

column (500 ɛl injection) in 50 mM ammonium bicarbonate pH 8.0. Fractions corresponding to 

the monomer where pooled and snap frozen in 70% EtOH dry ice and lyophilised as mentioned 

in section 2.1.4. Fluorescently labelled monomer was kept at -20°C until used. To generate 

fluorescently labelled fibrils, 1% labelled monomer was added to the reactions mentioned in 

Section 2.3. 

 

 Aɓ40 and Aɓ42 fibril preparation  
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2.3.1. 2A and 3Q Aɓ40 fibril seeding  

2A and 3Q fibrils were prepared by solubilising SEC purified lyophilised Aɓ40 peptide in 25 mM 

sodium phosphate pH 7.5 to a 0.9 mg/mL concentration and seeding with 2A and 3Q seeds (kindly 

provided by Dr Robert Tycko) in a 5% (v/v) ratio, respectively. The fibrils were then left growing 

quiescently overnight at room temperature and one cycle of sonication consisting of 5 seconds at 

22% amplitude (4 watts) followed by 45 seconds off sonication was performed the day after. 2A 

and 3Q fibrils were then stored at 4°C until used.  

To prepare new seeds, 2A and 3Q fibrils (0.9mg /mL, monomer equivalent) were subjected to 

three cycles of sonication consisting of 5 seconds at 22% amplitude (4 watts) followed by 45 

seconds off sonication. Seeds were stored at -20°C until needed. 

 

2.3.2. de novo Aɓ40 fibril  generation 

Unseeded de novo A 4̡0 fibrils were formed by solubilising the SEC purified and 

lyophilised A 4̡0 peptide to a final concentration of 0.9 mg/mL in 25 mM sodium phosphate pH 

7.5. This was then plated onto a 3881 Corning 96-well plate and incubated for 16 h at 37°C and 

600 rpm shaking. ThT fluorescence was monitored described in 2.7.1. After this time, fibrils 

were collected and stored at 4°C until needed. 

 

2.3.3. Aɓ42 fibril generation at pH 2 and pH 8  

Fibrils of Aɓ42 were generated as described in (Gremer et al., 2017), at pH 2, and as done in 

(Colvin et al., 2015), at pH 8. For the formation of Aɓ42 fibrils at pH 2 lyophilised Aɓ42 monomer 

was solubilised in 30% (v/v) acetonitrile, 0.1% trifluoroacetic acid (TFA) in water at a 120.5 µM 

concentration and was left undisturbed at room temperature. In contrast, for the formation of 

fibrils at pH 8, the lyophilised Aɓ42 monomer was solubilised in 20 mM sodium phosphate, 0.2 

mM EDTA, 0.02% (v/v) NaN3 at a 50 µM final concentration. The monomer solution was 

maintained in quiescent conditions at room temperature. Kinetics of fibril formation was followed 

by ThT fluorescence as described in section 2.8.1 and negative stain electron micrographs were 

taken for both fibrils after 24 h and 8 weeks of incubation. Fibrils were kept at room temperature 

until used. 

 

 Fibril  yields 
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Insoluble fraction formation was determined after ThT fluorescence kinetic assays. After 

collection of samples, a small aliquot of the whole sample was taken and saved for later analysis. 

Samples were then centrifuged at 14000 rpm for 35 minutes in a bench centrifuge (Eppendorf 

5418 rotor) at room temperature. Fractions were consecutively separated into supernatant and the 

pellet for later analysis. The pellet was resuspended with fresh buffer in an equal volume as the 

supernatant before SDS-PAGE. 

  

 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE) 

For SDS-PAGE, an equal volume of 2 X sample 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) was added to the samples. 

Samples were then denatured at 100°C for 5 minutes before loading into a 15% (v/v) acrylamide 

Tris-Tricine buffered gel. Gels were run in Tris-Tricine SDS buffer (National diagnostic) at 30 

mA for 30 minutes, then at 60 mA at a constant 200 V for 50 minutes, in a Biorad power gel 

chamber. Precision plus protein standard (Biorad, USA) was used as a size marker in all gels. 

Gels were stained in InstantBlue (Expedeon) and imaged with a transilluminator (Ingenius, 

Syngene). Intensity of stained protein bands was quantified in ImageJ using the gel analyser 

plugin. 

 

 Negative staining Transmission Electron Microscopy (TEM) of fibrils  

Imaging by negative staining TEM was done to validate fibril formation. For this, 10 uL aliquots 

of each fibril sample were adsorbed for 40 seconds on to carbon coated glow discharged copper 

grids. They were then washed twice with water and subsequently stained with 2% uranyl acetate 

for 40 seconds. Grids were left to dry at room temperature and stored until used.  Imaging was 

done in a JEOL 1400 electron microscope operating at 100 kV. Micrographs were taken at 5000 

X - 15000 X magnification and captured with an AMT 2k CCD camera (AMT Corp., MA) in the 

Astbury BioStructure laboratory at the University of Leeds. 

 

 Fluorescence polarization assays of Aɓ fibrils  and Ŭ-synuclein  
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Alexafluor 488 labelled monomeric Ŭ-synuclein (kindly provided by Dr Matt Jackson) was 

solubilised at a final concentration of 0.05 µM and incubated under quiescent conditions in the 

presence of 25 ÕM monomeric Ŭ-synuclein and increasing concentrations of Ŭ-synuclein seed or 

Aɓ fibril polymorphs (0-5 µM, monomer equivalent). Samples were incubated at 25°C in a 

Corning 3881 96-well black microplate with transparent bottom (Corning) and the assay was 

performed in a FLUOstar Optima plate reader (BMG LABTECH) in the Facility of Biomolecular 

interactions at the University of Leeds. To measure fluorescence polarization, excitation and 

emission wavelengths were set at 492 and 520 nm, respectively. 

 

 Thioflavin T  (ThT)  fluorescence assays 

2.8.1 Aɓ fibril formation  

For de novo Aɓ40 fibrils, pH 2 Aɓ42 and pH 8 Aɓ42 fibril formation, aliquots of the individual 

monomers were prepared in the previously specified buffer adding ThT to a final concentration 

of 10 M˃. ThT fluorescence was set up at 480 nm for emission and 440 nm for excitation in 

a Clariostar BMG Labtech. de novo Aɓ40 fibrils were grown at 37°C and 600 rpm, whereas pH 8 

and pH 2 Aɓ42 fibrils were grown quiescently at room temperature. 

 

2.8.2 Cross-seeding of Ŭ-synuclein monomer by Aɓ fibrils  

2.8.1.1 Cross-seeding at pH 7.5 

Monomeric SEC purified Ŭ-synuclein (kindly provided by Dr Matt Jackson, Mike Davies and 

Sabine Ulamec) was solubilised to a final concentration of 70 ɛM in 0.015 mM ThT, 25 mM 

sodium phosphate pH 7.5. It was then seeded with the fibril polymorphs of Aɓ40, Aɓ42 or Ŭ-

synuclein seed (kindly provided by Mike Davies) at 1%, 5% or 20% final concentration in 

triplicates on a Corning 3881 96-well black microplate with transparent bottom (Corning). The 

plate was sealed with adhesive film to avoid evaporation and inserted into a Clariostar or Fluostar 

OMEGA fluorescence plate reader (BMG Labtech). Kinetics experiments were performed under 

constant 600 rpm shaking and kept at 37°C. Fluorescence emission was read with bottom optics 

for >60 h, and ThT fluorescence was set up using a 440 ± 10 nm filter for excitation and a 470 ± 

10 nm filter for emission wavelength. 
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2.8.1.2 Cross-seeding at pH 4.5 

For analysis of cross-seeding at pH 4.5, monomeric SEC purified Ŭ-synuclein was solubilised in 

0.0.15 mM ThT, 20 mM ammonium acetate, 20 mM NaCl pH 4.5. Fibril seeding concentration, 

plate and plate reader set up was done as described in section 2.8.1.1. 

 

 

 Curcumin binding assay 

To assess structural heterogeneity of fibrils, a curcumin binding assay was set up following 

(Strohaker et al., 2019). Cross-seeded fibrils, formed by 70 ɛM Ŭ-synuclein cross-seeded with 

20% (v/v) Aɓ fibrils, were prepared without ThT as mentioned in section 2.8.1.2.  

A 10 mM curcumin stock was done in DMSO which was then used to prepare 1 mM curcumin in 

20 mM ammonium acetate, 20 mM NaCl pH 4.5. Samples were then prepared by following a 1:6 

protein dye ratio and then loaded in triplicate on to a black clear bottomed 96 well plate in the 

Clariostar and fluorescent emission spectra was measured between 485 and 700 nm. The data was 

analysed using Graphpad Prism 6.1. 

 

 Cell culture  

2.10.1 Recovery of cells from frozen stocks and maintaining 

Frozen SH-SY5Y-GFP-Ŭ-synuclein cells were retrieved from liquid nitrogen storage and quick-

thawed by placing cryovials in a water bath at 37°C. Cells were then resuspended in full media 

composed of DMEM culture medium (Gibco), supplemented with 10% FBS (Sigma-Aldrich), 

1% (v/v) GlutaMAX (Gibco), 20 units/ml penicillin, 20 mg/ml streptomycin (Penn-Strep, Gibco) 

and grown in 75 cm2 cell culture flasks. Cells were incubated at 37°C, 5% CO2. After 24 h, 

medium was replaced with fresh full media. To maintain, cells were passaged using a 0.25% 

Trypsin-EDTA solution (Sigma-Aldrich) when they reached 80% confluency.  

 

2.10.2 Cell stock maintenance (freezing) 

Cryo-storage of cells was done to preserve cell lines. Cells were trypsinised, resuspended in full 

media and centrifuged at 100 xg for 5 minutes. The supernatant was decanted, and cells were 
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resuspended in cold freezing medium composed of full media supplemented with 10% (v/v) 

dimethyl sulfoxide (DMSO). Cryovials were filled with 1 ml of cell solution and then placed in 

Styrofoam containers to be frozen overnight at -80°C. Long-term storage of cells was kept in 

liquid nitrogen. 

 

 

 Aɓ40 and Aɓ42 fibril polymorph cross-seeding Ŭ-synuclein in cells 

SH-SY5Y cells tagged with GFP-Ŭ-synuclein were plated in individual FluoroDishes (World 

Precision Instruments) at 100 000 cells per well and cultured as above mentioned. After 16 h, the 

cells were incubated with 1 µM 2A Aɓ40, 3Q Aɓ40, de novo Aɓ40, pH 2 Aɓ42 or pH 8 Aɓ42 fibrils 

for the course of 6 days. The buffer in which fibrils were made was used as a negative control and 

1 ɛM Ŭ-synuclein seeds (provided by Mike Davies) were used as a positive control in the imaging 

experiments. 

 

2.11.1 Cell permeabilisation for  insoluble GFP puncta formation analysis 

After the recombinant amyloid beta fibrils exposition, cells were first rinsed with Dulbeccoôs PBS 

(Sigma) twice, and then washed with 0.2% (w/v) saponin in PBS by quiescently leaving for ten 

minutes at room temperature. This step disrupts the cell membrane of cells and allow soluble Ŭ-

synuclein-GFP to be washed away. Cells were then rinsed by doing two PBS washes and 

subsequently fixed with 4% formaldehyde in PBS. After ten minutes, cells were rinsed twice with 

PBS and stained for nuclei using 10 ɛg/mL Hoechst stain. Confocal fluorescent microscopy was 

then performed with the use of a LSM880 or LSM700 upright microscopes (Zeiss). Z-stacking 

was done on tiles of 4x4 images taken at a 40X objective per glass dish, accounting for at least 

50 cells per individual tile. Threshold and gain settings were determined per individual 

experiment. For each experiment, preliminary manual counting was done. Images were then 

processed with the Fiji software and data was analysed using GraphPad Prism Version 6.01 

software. 

 

 Cellular  viability  assays after incubation with Aɓ40 and Aɓ42 fibrils   
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For cell viability assays, cells were plated in 96-well plates at 10 000 cells per well and kept at 

37°C and 5% CO2. After 16 h, cells were then incubated with 1, 2, and 10 µM (monomer 

equivalent) 2A, 3Q and de novo Aɓ40 fibrils, pH 2 or pH 8 Aɓ42 fibrils for 48 h. After exposure to 

Aɓ fibrils cellular viability was assessed. Unless otherwise stated data analysis of cell viability 

data was done with GraphPad Prism Version 6.01 software. 

 

2.12.1 ATP assay  

For ATP quantification in cells, the ATPLite (Perkin Elmer) kit was used following the 

manufacturerôs specifications. The ATPLite is a luminescence assay based on the firefly 

luciferase enzyme and D-luciferin production of light by the presence of ATP in the media.  

Following incubation of the cells with fibrils, 50 ɛL of the kitôs lysis buffer was added to cells in 

100 ɛL of media and shaken at 600 rpm for 5 minutes at room temperature. The substrate reaction 

mix containing firefly luciferase enzyme and D-luciferin was then added to the cells. Media was 

transferred to a white bottomed 96-well plate and luminescence was measured in a FluoStar 

Optima (BMG Labtech) plate reader in the Facility of Biomolecular interactions at the University 

of Leeds. 

 

2.12.2 LDH assay  

The Pierce LDH Cytotoxicity Assay Kit (Thermo Scientific) was used to measure LDH release, 

a sign of plasma membrane damage in cells, following manufacturerôs instructions. 

After fibril incubation, 50 ɛL of media were transferred to a black clear-bottomed 96-well plate 

(Prod. No. 3631, Corning) and mixed with the reaction mixture. This was kept at room 

temperature for 30 minutes and reaction was subsequently stopped by adding the kitôs stop 

solution. Absorbance was measured at 490 and 680 nm for the LDH activity assay on a Fluostar 

OMEGA fluorescence plate reader plate reader.  

 

2.12.3 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)  

reduction assay  

After exposure to Aɓ fibrils, MTT in PBS was added to each well at 0.5 mg/mL final 

concentration. The plates were then incubated for two and a half hours at 37°C and 5% CO2. Cell 

media was then removed from wells and 100 µL of dimethyl sulfoxide was added and incubated 
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for 10 minutes at 37°C. Absorbance was measured at 570 nm and 650 nm in a Clariostar (BMG 

Labtech) plate reader. 

 

 

 

 Live cell imaging of after Aɓ40 and Aɓ42 fibrils incubation  

For the analysis of colocalization between fibrils and lysosomes SH-SY5Y cells tagged with GFP-

Ŭ-synuclein were plated in individual FluoroDishes (World Precision Instruments) at 100 000 

cells per well and cultured as mentioned in section 2.8.1.1. The cells were then incubated with 1 

µM fluorescently labelled 2A Aɓ40, 3Q Aɓ40, de novo Aɓ40, pH 2 Aɓ42 or pH 8 Aɓ42 fibrils (some 

kindly provided by Maddie Brown) for the course of 3 and 6 days. After this time, the cells were 

washed with PBS and incubated with warm phenol free full media. Deep red lysotracker (Thermo 

Fisher) and Hoechst stain was added to the media to a final concentration of and 10 ɛM, 

respectively. Imaging was then done in an LSM700 upright microscope (Zeiss). Z-stacking 

images taken at a 40 X objective per glass dish, accounting for at least 15 cells per image. 

Threshold and gain settings were determined per individual experiment. Images were then 

processed with the Fiji software and data was analysed using GraphPad Prism Version 6.01 

software. 

 

 Cell fractionation   

2.14.1 Sequential detergent fractionation of cells incubated with Aɓ fibrils  

To observe differences in Ŭ-synuclein levels in cells, soluble and insoluble cell fractionation was 

done following a modified protocol of PHFôs retrieval (Goedert et al., 1992).  

SH-SY5Y cells tagged with GFP- Ŭ-synuclein were plated at 100 000 cells per well in 6-well 

plates (Thermo Fisher) and incubated for 6 days with Aɓ40 and Aɓ42 fibril polymorphs. Cells were 

then lysed and re-suspended in 1% triton, PBS with cOmpleteÊ, EDTA-free protease inhibitor 

cocktail. They were then sonicated at 40% amplitude for 10 sec (1 sec on, 2 sec off) at 4°C and 

centrifuged for 10 minutes at 16 000 x g at 4°C in a bench top centrifuge (5418, Eppendorf). The 

supernatant was collected, brought up to 1% (v/v) sarkosyl and left rotating for 1 h at room 

temperature. The samples were then ultracentrifuged for 1 h at 100 000 x g at 4°C using a 
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Beckmann Coulter Optima Ultracentrifuge, equipped with a TLA100 rotor. Supernatant and 

pellet were separated, and the pellet was re-suspended in 1/3 of the sample supernatant volume. 

Total protein concentration was then measured using the DC protein concentration kit (Biorad) 

following the manufacturerôs instructions. Samples were all normalised before running SDS-

PAGE as described in section 2.5.  

 

2.14.2 Subcellular fractionation and lysosome isolation  

Lysosome isolation was done as described in (Davidson et al., 1990). For this,  SH-SY5Y cells 

tagged with GFP- Ŭ-synuclein were plated and allowed to grow on 175 cm2 flasks until 100% 

confluent as established on section 2.9.2. These cells (3x107 cells/mL) were then trypsinised and 

resuspended in homogenisation buffer consisting of 10 mM triethanolamine, 10 mM acetic acid, 

5 mM EDTA, 25 mM sucrose, pH 7.4. Lysing was done by subjecting cells to 10 passages through 

a 10 µm steel ball-bearing homogeniser. Cells were then centrifuged at 400 x g at 4°C on a bench 

top centrifuge (5418 R, Eppendorf) for 10 minutes and the supernatant collected. The supernatant 

was then brought to 9 mL with 27 % Percoll solution in homogenisation buffer. This mixture was 

then ultracentrifuged at 23 000 rpm for 1 h at 4°C on an Avanti J-HC centrifuge using a 70.1 Ti 

Fixed angle rotor (Beckman Coulter). Then, 500 µL fractions were pooled from the 

ultracentrifuged cell lysate and assayed for alkaline phosphatase and Ŭ-N-

acetylgalactosaminidase (NAGA) enzyme activities. 

Once assayed, fractions positive for NAGA were collected and ultracentrifuged at 214 000 x g 

for 1 h at 4°C using a Beckmann Coulter Optima Ultracentrifuge, equipped with a TLA 110 rotor. 

 

2.14.2.1 Ŭ-N-acetylgalactosaminidase enzyme (NAGA) assay  

To isolate lysosomes after cell fractionation by ultracentrifugation, the detection of the NAGA 

enzyme, a lysosomal glycosidase, was done by the addition of substrate (2,4-dinitrophenyl-N-

acetyl-Ŭ-D-galactosaminide).  First, 2 mM 2,4-dinitrophenyl-N-acetyl-Ŭ-D-galactosaminide was 

prepared in 100 mM citric acid, 0.2% (v/v) triton, pH 4.5. A 5 ɛL aliquot was taken from the cell 

fractions and placed in a clear bottom 96-well plate. Next, 100 ɛL of substrate was added to the 

wells and the plate was incubated at 37°C for 30 minutes. The reaction was quenched with 100 

ɛL of 200 mM glycine pH 10.3 and absorbance was measured at 405 nm in a Clariostar plate 

reader (BMG Labtech)(Robbins, 1979; Morten et al., 2007). 
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2.14.2.2 Alk aline phosphatase assay  

As a control for the NAGA assay, an alkaline phosphatase assay was set up and done in parallel 

for the cell fractions collected after ultracentrifugation. Alkaline phosphatase is a membrane 

bound glycoprotein (Morten et al., 2007), and so in this assay acts as a marker of the cell 

membrane. For this, 5 mM 4-nitrophenylphosphate substrate was prepared in 5 mM magnesium 

chloride, 10 mM triethanolamine, 10 mM acetic acid, 1 mM EDTA pH 7.4 and kept on ice until 

needed. A 5 ɛL aliquot was taken from the fractions and placed in a 96 well plate. Then, 100 ɛL 

of the prepared substrate was added to the wells and the plate was incubated at 37°C for 30 

minutes. Absorbance was then measure at 405 nm in a Clariostar plate reader (BMG Labtech) 

and data was compared to the results from NAGA assay to pool lysosomes after the cell 

fractionation. 

 

 Western blotting  

After separation of soluble and insoluble fractions of cells that had been incubated with Aɓ fibrils, 

SDS-PAGE and immunoblotting were done to detect Ŭ-synuclein levels. First, gels were 

transferred to a methanol activated PVDF membrane (0.45 µm pore size, Amersham, GE 

Healthcare) on a Biorad semi-dry transfer blotter for 1 h at 12 V. The membrane was 

consecutively fixed with 4% formaldehyde and then blocked for 1 h at room temperature in 5% 

(w/v) milk, 20 mM Tris.HCl, 150 mM NaCl pH 7.2, 0.1% (v/v) tween (TBS-T). Primary antibody 

stocks were done in 5% (w/v) milk TBS-T. The antibodies probed were the anti-aggregated Ŭ-

synuclein antibody clone 5G4 (1:2000, Merck) and the anti-GAPDH antibody (1:1000, 

Proteintech group Inc.). Following blocking, membranes were left incubating at 4°C and rotating 

for 16 h, in the primary antibody stock solution previously made. Anti-mouse HRP or anti-rabbit 

HRP secondary antibodies were made in TBS-T (1:2000, Cell signalling technology). The 

membrane was washed twice in TBS-T and then left incubating for 1 h at room temperature in 

secondary antibody. After this time, the membrane was washed twice in TBS-T and twice in TBS 

and chemiluminescence was detected using the SupersSignal West Pico PLUS substrate (Thermo 

Fisher) following the manufacturerôs instructions. 

 

 Lysosomal degradation 

Fibrils, synuclein monomer were mixed together keeping a 20% (v/v) seeding concentration in 

PCR tubes. Consecutively, lysosomal isolate (0.09 units) were added into the mixture and kept at 
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37°C. Aliquots of 10 ɛL were taken after 4 h and 16 h of incubation and analysed by SDS-PAGE. 

Densitometry analysis was done using ImageJ and Graphpad Prism 6.1. 

 

 Statistical analysis 

Statistical analysis was performed using Graphpad Prism 6.1. Where appropriate, ANOVA was 

subjected to post-hoc Tukeyôs or Holm-Sidakôs test to compare every mean of a sample to every 

other mean.  p values <0.05, <0.01, <0.001 and <0.0001 are indicated by (*), (**), (***)  and 

(****)  respectively. Lack of significance was indicated in the text when p>0.05.
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 Aɓ40 and Aɓ42 fibril polymorph formation  

 

3.1. Introduction  

Distinct molecular structures have been defined for in vitro generated fibrils of both 40 and 42 

residue Aɓ peptides. In this work I focused on the 2A and 3Q polymorphs of Aɓ40 and fibril forms 

of Aɓ42 generated at pH 2 and pH 8, herein called pH 2 and pH 8 Aɓ42 fibrils, respectively. These 

fibrils have been comprehensively characterised (Colvin et al., 2015; Gremer et al., 2017; 

Paravastu et al., 2008; Petkova et al., 2005), and are known to have distinct molecular structures, 

making them good models to examine how fibril polymorphism affects the interaction with Ŭ-

synuclein and its aggregation. 

The 2A and 3Q fibril polymorphs of the Aɓ40 peptide are used in this study as they present a 

distinct two-fold striated ribbon structure and three-fold twisted fibrillar forms respectively. 

(Figure 3.1, A and B). They were initially formed from synthetic Aɓ40 peptide under different 

conditions: the 2A under agitation, and quiescently for the 3Q. The fibril structural model for both 

fibril types was generated from chemical shifts from solid state nuclear magnetic resonance 

(ssNMR), TEM and scanning transmission electron microscopy (STEM) data. All of these 

revealed that they a have an unstructured N-terminal, an in register parallel ɓ-sheet structure and 

5 nm or 8 nm widths for the 2A and 3Q, respectively (Paravastu et al., 2008; Petkova et al., 2005).  

A third Aɓ40 fibril polymorph was used in this study. This de novo fibril preparation is formed 

under agitative conditions, and has also been noted to have different 13C-13C dipolar assisted 

rotational rationale ssNMR spectrum to the one observed for the 2A and 3Q, specifically for 

residues I31 and V24 (Madine et al., 2012). However, unseeded fibril preparations are known to 

contain a mixture of fibril structures (Petkova et al., 2005; Stewart et al., 2017). 

Differences in structures have also been observed for fibrils of Aɓ42. My work focused on the 

fibrils formed at pH 2 and pH 8 (Figure 3.1, C and D), and whose structures were determined by 

cryogenic electron microscopy (cryoEM) and ssNMR, respectively. These in vitro generated 

fibrils have distinct morphologies: Aɓ42 pH 2 fibrils are formed by staggered protofilaments that 

have an LS shaped arrangement (Figure 3.1 C), whereas pH 8 fibrils are formed as a dimer from 

two S-shaped monomers with the hydrophobic residues hidden in the fibril core (Figure 3.1 D). 

 Both pH 2 and pH 8 fibrils were formed from recombinant peptide and, as the Aɓ40 fibrils 

described before, present an in register parallel ɓ-sheet structure and different to the previously 
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described fibrils (Colvin et al., 2016; Gremer et al., 2017). Apart from their distinctive shape, the 

pH 2 structure differs from the pH 8 in presenting a structured N-terminal region. 

 

 

Figure 3.1. Aɓ40 and Aɓ42 fibril polymorphs. 

Molecular fibril structures of the 2A (PDB 2LMN/2LMO) (A), 3Q (PDB 2LMP/2LMQ) (B) Aɓ40 

fibri ls, and pH 2 (PDB 5OQV) (C) and pH 8 (PDB 5KK3) (D) Aɓ42 fibrils. All of these fibrils were 

prepared under distinct physical conditions and present different structural properties. 

 

3.2. Expression of Aɓ40 and Aɓ42 peptides  

The first step in the investigation of the interactions between Aɓ fibril polymorphs and Ŭ-

synuclein was the formation of the fibrils. This begins with the production of the Aɓ peptides, 

followed by fibril formation and the characterisation of the fibrils.  
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The method used for the production of both Aɓ peptides was bacterial expression. This requires 

the introduction of a methionine (Met) at their N-termini for the promotion of expression and 

increase in protein yield. Methionine-Aɓ peptides have been used extensively, and it is known 

that the Met residue does not significantly alter the aggregation kinetics of either Aɓ40 or Aɓ42 

when compared to their synthetic counterpart that doesnôt contain the Met residue. In addition, 

no significant differences have been observed in regards their toxic effect to hippocampal rat 

neurons (Walsh et al., 2009). In addition, the 13C-13C dipolar assisted rotational rationale ssNMR 

spectra signals from 2A and 3Q Aɓ40 fibrils prepared Methionine-Aɓ40 peptide coincides to the 

ones originally reported, implying this residue does not alter the overall fibrillar structure 

(residues 10-40) (Stewart et al., 2017). 

E. coli BL21 DE3 cells were transformed with plasmids encoding either the 40 or 42 residue Aɓ 

peptide, bearing a Met residue at the N-terminal. Cells were cultured and expression of the 

peptides was induced with IPTG. SDS-PAGE of aliquots taken before and after induction with 

IPTG showed that the Aɓ40 and Aɓ42 (Figure 3.2 A and B) were indeed expressed in the cells after 

4 h of induction.  

 

Figure 3.2. Aɓ40 and Aɓ42 peptide expression 

BL21 DE3 E. coli cells were transformed with the A) pET Sac Met-Aɓ40 plasmid or B) pET Sac 

Met-Aɓ42 plasmid and grown in LB media for the production of Aɓ40 or Aɓ42 respectively. Cells 

were induced with 0.1 M IPTG for 4 h before harvesting. Samples were taken before and after 

induction and resolved by SDS-PAGE on a 15% Tris-Tricine gel. 
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3.3. Purification of Aɓ40 

The presence of contaminants, soluble aggregates or pre-aggregated forms of both Aɓ40 and Aɓ42 

peptides can change the  aggregation kinetics, or ultimately alter their fibrillar morphology 

rendering a distinct uncharacterized form unsuitable for the purpose of this study (Hellstrand et 

al., 2010; Meisl et al., 2016). It is therefore necessary to ensure the samples used to prepare fibrils 

are pure. Figure 3.3 summarizes the different steps in the methods used to purify the Aɓ40 and 

Aɓ42 peptides. Both protocols, anion exchange chromatography followed by SEC for Aɓ40, and 

HPLC for Aɓ42, have successfully purified these peptides for the production of fibrils and its 

structural analysis (Finder et al., 2010; Hoarau et al., 2016; Walsh et al., 2009). 

 

Figure 3.3. Expression and purification of Aɓ40 and Aɓ42 workflow 

Two different approaches were taken: anion exchange chromatography and SEC to purify Aɓ40, 

and HPLC for Aɓ42 purification. 

 

3.3.1 Inclusion body isolation and anion exchange chromatography of Aɓ40 

Aɓ forms insoluble aggregates in inclusion bodies in bacterial expression systems (Meisl et al., 

2016; Walsh et al., 2009). To purify the Aɓ peptides form inclusion bodies centrifugation-

sonication cycles were performed. This method is known to remove nucleic acids and proteins 

weakly associated to inclusion bodies (Hoarau et al., 2016). Inclusion bodies were homogenized 

in 8 M urea and solubilisation was followed by a sonication and centrifugation step. 
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Figure 3.4. SDS-PAGE gel of induction, inclusion body isolation and anion-exchange batch 

purification of Aɓ40. 

Purification by anion exchange was done by harvesting cells by centrifugation after 4 h of 

induction with IPTG. The isolation of inclusion bodies was performed by a sonication and 

centrifugation cycle of the cell pellet. Supernatants from this process were collected (S1 and S2). 

Inclusion bodies were homogenized in 8 M urea, followed by sonication and centrifugation (IB). 

This last sample was added to Q-Sepharose resin, and anion exchange was run in batch mode, 

where fractions for the flow through (FT), wash 1 and 2 (W1 and W2) and elution (E1, E2, E3) 

were collected. The calculated molecular weight of the Aɓ40 peptide with an N-terminal Met 

residue is 4461.05 Da and corresponds to a band at ~5 kDa in the 15% Tris-tricine gel. 

 

After inclusion body solubilisation, the next step of purification of Aɓ40 was batch anion exchange 

chromatography. For this, the Q-Sepharose resin and the homogenized inclusion body solution 

were mixed in a Buchner funnel, allowed to equilibrate, and elution of the peptide off the resin 

was done with the addition of 125 mM NaCl in the buffer, before the system was washed and 

regenerated for the purification of the flow through. SDS-PAGE analysis of aliquots taken at 

different points during this process showed that Aɓ40 was eluted at this NaCl concentration, but 

that anion exchange alone was not effective in eliminating all impurities (lanes E1 - E3, Figure 

3.4), and that an additional purification step is necessary. 
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3.3.2 Size exclusion chromatography (SEC) of Aɓ40 

Following the lyophilisation of anion-exchange purified Aɓ40, the peptide was subjected to SEC, 

which has been demonstrated to result in homogeneous monomeric Aɓ (Walsh et al., 2009). 

 

 

 

Figure 3.5. Protein purification SEC of Aɓ40 peptide. 

The elution (E1-E5) fractions collected from the anion exchange batch purification were 

subjected to SEC. A) After equilibration of a Superdex 75 16/60 column in 50mM ammonium 

bicarbonate, the peptide sample in 50 mM Tris pH 8.5, 7 M guanidice.HCl was injected into the 

system. The SEC trace (mAU, absorbance at 280 nm) showed that monomeric Aɓ40 eluted in 

fractions collected around 200-225 mL (*) . B) Samples collected from SEC were analysed by 

SDS-PAGE on a 15% Tris-Tricine gel. Samples collected between 200-225 mL corresponded to 

monomeric Aɓ40 and were revealed as a single band of ~5 kDa demonstrated the efficient 

purification of Aɓ40 through this method. 

 

The SEC trace showed one prominent peak eluting between 200 and 225 mL and a smaller eluting 

~100 mL (Figure 3.5 A). Samples of the fractions collected were analysed by SDS-PAGE (Figure 

3.5 B), showing a single band at ~5 kDa on the fractions collected between 200-225 mL, 

corresponding to Aɓ40. Mass spectrometry analysis of these samples showed a mass of ~4461 Da 

(Figure 3.6), consistent with the predicted Met-Aɓ40 of 4461.05 Da. Some preparations of the 

peptide presented very low abundant ion adducts and a possible valine cleavage product, but this 

did not have an effect on fibril formation. A total of ~2-3 mg/L of Aɓ40 were typically obtained 

using this method of purification. 
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Figure 3.6. Mass spectrometry spectra of purified Aɓ40 peptide. 

Deconvoluted mass spectrometry spectrum of Aɓ40 after being purified by size exclusion 

chromatography. Mass spectrometry analysis was done by electrospray ionisation at the Mass 

spectrometry facility at the University of Leeds. Samples submitted showed a mass ~4461 Da, 

which corresponds to the expected mass of Met-Aɓ40 (4461.05 Da). The presence of low abundant 

metal ion adducts to Met-Aɓ40 (4484 Da) as well as a possible Met-Aɓ40 valine cleavage product 

(4343 Da) were observed.  

 

3.4. Purification  of Aɓ42 

For the purification of Aɓ42 the approach stated by Yoo et al. (2018) was followed. The inclusion 

body preparation is first filtered through a PVDF membrane before performing preparative 

HPLC, and typically results in a high yield of peptide (mgs per litre of bacterial culture) and takes 

less time when compared to the method used for Aɓ40 purification.  

 

3.4.1 Inclusion body isolation of Aɓ42  

In contrast to the Aɓ40 cell lysis and inclusion body preparation, this method uses 5 cycles of 

centrifugation and sonication before filtering: four to remove weakly bound impurities by 

pelleting and a last one to solubilise inclusion bodies. My initial Aɓ42 peptide preparations were 

done by homogenization of inclusion bodies in 8 M urea, but switched to 7 mM sodium hydroxide 



52 

 

in later preparations of the peptide as this concentration was found to be better for the HPLC 

column (method improved by Dr Martin Walko) 

Unfortunately, a slight loss of Aɓ42 is observed during the 2nd to 4th centrifugation cycles, as the 

band corresponding to Aɓ42 is observable in the supernatant fractions (Figure 3.7, S2-S4, ~5kDa). 

This however did not result in a pronounced decrease in the total yield of protein obtained.  

 

 

Figure 3.7. Isolation of Aɓ42 peptide from inclusion bodies. 

Induced cells were harvested by centrifugation (CP) and lysed by sonication. Four cycles of 

sonication and centrifugation were done (S1-S4) to isolate inclusion bodies. Inclusion bodies 

were then solubilised by the addition of 8 M urea (IB). Samples were analysed by SDS-PAGE on 

a 15% Tris-Tricine gel. 

 

3.4.2 HPLC purification  of Aɓ42 

The solubilized inclusion body solution obtained from the centrifugation-isolation cycles was 

passed through a hydrophilic PVDF syringe filter before preparative HPLC. For this a C18 

column was used and a gradient of 10 - 60% gradient of acetonitrile was run to elute the peptide 

(method kindly performed by Dr Martin Walko). Three well resolved peaks were observed in the 

HPLC trace of the filtered inclusion body solution (Figure 3.8, A). A run of the purified peptide 

resulted in the elution of a single peak at ~ 3.5 minutes (Figure 3.8, B), corresponding to the first 

peak observed in the HPLC trace of the crude solution. SDS-PAGE analysis of the purified 

peptide revealed a single band at ~5 kDa, consistent with monomeric Aɓ42 (Figure 3.9, A).  
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Figure 3.8. HPLC spectra of Aɓ42 peptide purification. 

For purification a Kinetex EVO C18, 21.2x250 mm column using a 10-60% gradient of 

acetonitrile in water with 0.1% ammonia and run at 20 ml/min over 20 minutes. LC trace (mAU, 

210 nm) of IB solution after preparative HPLC (A) and the purified peptide (B) show that the first 

eluted peak (*)  of the IB solution corresponds to Aɓ42. Samples collected at this time were 

combined, lyophilised and stored for later use. 

 

 

Figure 3.9. SDS-PAGE of HPLC purified Aɓ42 and high-resolution mass-spectrometry. 

Samples collected through the purification process were analysed by SDS-PAGE. Samples 

correspond to the cell pellet (CP), the inclusion body isolation centrifugation steps (S1-S4), the 

solubilized insoluble bodies, before (IB-UF) and after (IB-F) being filtered, and the HPLC 

purified Aɓ42, which is a single band on the gel of ~5 kDa. B) Deconvoluted mass spectrum of 

Aɓ42. Mass spectrometry confirms that the observed mass of Aɓ42 with an N-terminal methionine 

corresponds to the expected 4645.29 Da mass. Metal ion adducts were observed to a in low 

abundance after purification (4672.5 and 4698.3 Da).  

 

* 
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Mass spectrometry analysis of the purified peptide showed a mass of ~4644 Da, consistent with 

the calculated 4645.29 Da Met-Aɓ42 mass (Figure 3.9, B). Low abundant ion adducts were 

observed for some Aɓ42 preparations but did not alter fibril formation. All Aɓ42 HPLC collected 

fractions were combined, lyophilised and stored at -20°C until peptide use. A total of ~6.5 mg per 

litre of bacterial culture of purified peptide were obtained. 

 

3.5. Fibril production  

3.5.1 2A and 3Q Aɓ40 fibril polymorph seeding 

Elongation of fibrils from seeds or shorter fibrils is a common method to make amyloid fibril s 

and bypasses the nucleation step of fibril assembly and allows the intrinsic molecular structure of 

the seed/fibril to be propagated through generations (Arosio et al., 2015). This is observed by a 

reduction in the lag time and the more rapid entry into the elongation phase in the aggregation 

kinetics of amyloidal peptides. Kinetic analysis of the seeding of the Aɓ40 monomer by 2A and 

3Q fibrils by monitoring ThT fluorescence showed an accelerated rate of fibril formation 

compared to the unseeded monomer (Figure 3.10) and a reduction in the half-times of the seeded 

reactions compared to the monomer on its own (Table 3.1). 

 

Figure 3.10. 2A and 3Q fibril seeding. 

Fibril seeding of the 2A and 3Q Aɓ40 fibril polymorphs was monitored by ThT fluorescence. For 

this Aɓ40 monomer (100 ɛM) was resuspended in 25 mM sodium phosphate pH 8.5 and seeded at 

1 and 5% (v/v) with 2A (A) or 3Q (B) fibrils. The seeding of monomer bypasses the nucleation 

process and reaches the growth phase at a much faster rate, as well as allowing for the molecular 

structure of the fibril to be propagated through generations. Experiment done in triplicates (Mean 

± S.D.). 
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Table 3.1. Half times of the kinetic reaction of 2A and 3Q Aɓ40 fibril seeding. 

  Half-time (h) 
 2A 3Q monomer 

1% seeding 3.97 ± 0.08 2.5 ± 0.13 - 

5% seeding 2.97 ± 0.58 2.5 ± 0.19 - 

monomer - - 6.4 ± 0.86 h 

 

 

3.5.2 de novo Aɓ40 fibril  generation 

The unseeded fibril elongation of Aɓ40, termed herein as de novo fibril  preparation, was monitored 

by ThT fluorescence (Figure 3.11). The lag time was calculated following the fitting of the 

experimental data to a sigmoidal function ώ ώ ὃȾρ ÅØÐὯὸ ὸȢ , where the lag 

time is defined as ὸ ὸȢ ρȾςὯ (Arosio et al., 2015). The monomer showed a calculated 

lag time of 6.2 h at this concentration, and plateau was reached within 10 h of incubation under 

the conditions before mentioned. The reaction was stopped after 24 h of incubation and fibrils 

were collected to be analysed by TEM (Figure 3.13). 

 

 
Figure 3.11. ThT kinetic analysis of the unseeded de novo Aɓ40 fibril generation. 

de novo fibril formation (100 ɛM) exhibited a calculated lag time of ~6 h and plateauing occurred 

after ~10 h of incubation at 37°C and 600 rpm shaking.  Experiment done in triplicates (Mean ± 

S.D.) 
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The lag time for the reaction of the unseeded de novo Aɓ40 fibril preparation bearing an exogenous 

initiating methionine residue depends on the concentration, buffer and temperature in which the 

fibrils where formed. Reports using similar conditions as this study have been found to be between 

20 minutes and 6 h (Walsh et al., 2009; Bunce et al., 2019), consistent to what was observed here.  

 

3.5.3 Characterisation of fibrillation of  Aɓ40 

After fibril formation, fibril yields were determined for the fibril preparations. This consisted of 

the sedimentation of the fibrils by centrifugation, separation of the supernatant and pellet fractions 

and subsequent SDS-PAGE analysis (Figure 3.12, A).  ι80% of Aɓ40 was in the pellet fraction 

for all of the Aɓ40 fibril preparations, confirming the formation of insoluble material. Multiple 

comparison analysis showed no significant difference on insoluble material formation between 

these fibrils (Figure 3.12, B).  

To confirm fibril formation in the 2A, 3Q and de novo Aɓ40 fibril preparations, negative stain 

TEM imaging was performed (Figure 3.13). Although analysis of fibrils through this method 

confirmed that fibrils had formed successfully for each of the fibril polymorphs, it was not 

possible to distinguish the twist observed in the 3Q structure by this technique. However, 

structural differences have been observed by solid state NMR spectroscopy for fibrils produced 

by elongation of 2A and 3Q fibrils from seeds (Paravastu et al., 2008; Petkova et al., 2005), as 

well as by GAG binding analysis between the fibril polymorphs, in which a specific binding sites 

for GAGs were revealed as well as distinct binding affinities for both the 2A and 3Qs (Madine et 

al., 2012). 13C-13C dipolar assisted rotational rationale ssNMR spectra obtained for preparations 

of 2A and 3Q fibrils produced in house have been reported to be consistent with the published 

structural models (Stewart et al., 2017) .  
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Figure 3.12. Fibril yields of the Aɓ40 fibril polymorphs. 

The Aɓ40 fibril polymorphs formed were subjected to centrifugation at 14000 rpm (room 

temperature, Eppendorf 5418 rotor) for 35 minutes and subsequent separation of the pellet and 

supernatant fractions. A) SDS-PAGE analysis was done in a 15 % Tris-tricine gel for the whole 

(W), supernatant (S) and pellet (P) samples of the three fibril polymorphs to assess fibril yields. 

B) Densitometric quantification of the fibril yields showed that for the 3 polymorphs ~81-92% of 

the sample remained in the pellet, confirming the insoluble fraction formation after seeding with 

2A or 3Q seeds, or de novo Aɓ40 fibril formation.  

 

 

 

Figure 3.13. Electron micrographs of the Aɓ40 fibril polymorphs. 

Negative stain TEM was performed on each of the fibril preparations. Scale bar is 500 nm. 
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Assessment of fibril polymorphism has been evaluated by analysis of curcumin dye binding. 

Heterogeneity of fibrils from brain derived Ŭ-synuclein amplifications from Parkinsonôs disease 

and MSA patients has been evaluated through curcumin dye binding. Structural differences, 

observed as emission spectra shifts, between in vitro generated fibrils and brain-derived 

amplifications, has been noted (Lau et al., 2020; Strohaker et al., 2019). Preliminary analysis of 

Aɓ40 fibril preparations using this method did not demonstrate spectra that were significantly 

different between the 2A, 3Q and de novo fibril preparations upon binding curcumin (Figure 3.14, 

A), although minor visual differences can be observed. However, two-way ANOVA of the mean 

curcumin fluorescence spectra (Tukey corrected) demonstrated statistically significant 

differences for the three Aɓ40 polymorphs in their binding capability to curcumin (Figure 3.14, 

B), proving to be a possible method to discern between the molecular structures of the Aɓ40 fibrils. 

Similarly, one-way ANOVA of the raw endpoint ThT fluorescence (Figure 3.15) showed a 

significant difference of the 2A with 3Q and de novo fibrils, but not between de novo and 3Q 

fibrils suggesting differences in available ThT binding sites, and structural morphologies (Table 

3.2). Differences in ThT fluorescence intensities have been reported for WT Ŭ-synuclein fibrils 

when compared to its disease associated single point mutation A30P and A53T Ŭ-synuclein fibrils, 

as well as for Ŭ-synuclein fibrils cross-seeded with either fibrils from the A30P or A53T (Sidhu 

et al., 2018). 

 

Figure 3.14. Curcumin dye binding to Aɓ40 polymorphs. 

Analysis of the fluorescence spectrum of the 2A, 3Q and de novo Aɓ40 upon binding to curcumin 

appeared to be different between the fibril polymorphs, however significance was not reached. 

B) In comparison, mean curcumin fluorescence intensity revealed to be significantly different 

between the three fibril polymorphs (Tukey multiple comparisons, **** p<0.0001). 
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Figure 3.15. Endpoint ThT fluorescence of the Aɓ40 polymorphs. 

Endpoint ThT fluorescence intensities of 5% seeded 2A and 3Q fibrils and de novo Aɓ40 formed 

fibrils were significantly different (Tukey multiple comparison test, * p<0.05, ** p<0.005).   

 

Table 3.2. Significant differences of curcumin and ThT fluorescence observed between the Aɓ40 

fibril preparations. 

 Significant 
difference 

  Curcumin ThT 

2A Aɓ40 vs. 3Q Aɓ40  Yes Yes 

3Q Aɓ40 vs. de novo Aɓ40  Yes No 

de novo Aɓ40 vs. 2A Aɓ40 Yes Yes 

 

 

3.5.4 Aɓ42 fibril generation at pH 2 and pH 8  

Aɓ42 fibrils used in this study were formed as described in Colvin et al (2016) and Gremer et al. 

(2017), using buffers at pH 2 and pH 8, at room temperature and under quiescent conditions. 

Fibrillation was followed by ThT fluorescence analysis for 100 h for fibrils formed at pH 2 (Figure 

3.16, A), and until plateau occurred for pH 8 fibrils (Figure 3.16, B). Differences were observed 

in each of the fibrilôs half-times (Table 3.3) and their calculated lag times were 15.3 h and 0.73 h, 

for pH 2 and pH 8 fibrils, respectively. 

To confirm fibril formation, negative stain TEM imaging was performed for the two Aɓ42 fibril 

preparations (Figure 3.16, C and D). Although some visual differences can be observed between 
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the fibrils, e.g. rounder-shaped like pH 2 fibrils compared to pH 8 Aɓ42 fibrils, analysis of mean 

ThT fluorescence intensity (Figure 3.17) revealed that the pH 8 showed a significantly higher 

fluorescence.  

 

Figure 3.16. Fibril s of Aɓ42 grown at pH 2 and pH 8. 

Analysis of ThT kinetics of pH 2 (A) and pH 8 (B) fibrils of Aɓ42 showed a lag time of 0.73 h for 

the Aɓ42 fibrils formed at pH 8 (50 ɛM) and 15.36 h for the fibrils formed at pH 2 (120.5 ɛM). 

Negative stain TEM of the samples after 24 h of incubation revealed the formation of fibrils (C, 

pH 2, D pH 8). Scale bar is 500 nm. Experiment done in duplicates (Mean ± S.D.) 

 

Table 3.3. Half times of Aɓ42 fibrils formed at pH 2 and pH 8. 

  Half time (h) 

pH 2 Aɓ42 fibril  15.6 ± 0.23 

pH 8 Aɓ42 fibril  0.78 ± 0.005 
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Figure 3.17. Endpoint ThT fluorescence of Aɓ42 fibrils. 

Endpoint ThT fluorescence intensities of the pH 2 and pH 8 Aɓ42 formed fibrils were significantly 

different. Experiment done in duplicates (Mean ± S.D., Tukey multiple comparison test, * 

p<0.05). 

 

3.6. Discussion 

Here, methods of purification for the Aɓ40 and Aɓ42 peptides and fibril preparation were evaluated. 

The purification protocols used were quick and efficient in the production of both Aɓ40 and Aɓ42 

peptides. Although both methods are relatively affordable and can be easily scaled up, advantages 

of HPLC over anion exchange and SEC purification are noted, as the time to purify the peptide 

decreased from 3 weeks to 1 week and purified peptide yield was double. HPLC has been 

proposed a cost-effective method of purification that renders high-quality recombinant proteins 

(Dammers et al., 2015; Warner et al., 2017; Yoo et al., 2018). 

After validation of peptide purity by mass spectrometry and SDS-PAGE, fibril formation was 

performed and verified through fluorescence spectroscopy, biochemical and imaging techniques. 

ThT fluorescence analysis and fibril yields of the Aɓ40 and Aɓ42 fibril polymorphs was consistent 

with ɓ-sheet and insoluble material formation. Kinetic ThT analysis showed that plateauing 

occurred within 24 h for all Aɓ40 or Aɓ42 fibril growth. However, noted differences in half times 

and lag times are seen between de novo Aɓ40, pH 8 and pH 2 Aɓ42 (Tables 3.2 and 3.3), showing 

6 h, 0.73 h and 15 h lag times, respectively.  
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Confirmation of fibrillation after seeded (2A and 3Q Aɓ40) or de novo (de novo Aɓ40, pH 2 Aɓ42, 

pH 8 Aɓ42) fibril formation was done by and TEM imaging, although no specific differences were 

distinguishable through this technique. The inability to discern the fibril twist present in the 3Q 

Aɓ40 fibril preparations has been noted in the past, however it has also been confirmed that the 

dipolar assisted rotational rationale ssNMR spectra correspond to the ones originally published 

regardless of this caveat (Stewart et al., 2017).  

Nevertheless, variation in curcumin fluorescence was observed between the three Aɓ40 

polymorphs, a dye recently used to observe polymorphism of brain derived in vitro generated Ŭ-

synuclein fibrils (Strohaker et al., 2019). Differences between 2Aôs with 3Qôs and de novoôs mean 

ThT fluorescence intensity were also noted, but not between 3Qôs and de novoôs mean ThT 

fluorescence intensity. In the same manner, marked significant differences in the mean ThT 

fluorescence intensities were observed between the Aɓ42 fibrils formed at pH 2 and pH 8. It is 

known that pH can influence the fluorescent spectra of organic compounds (Hope et al., 2016) 

and therefore caution should be taken when assessing the two Aɓ42 fibrils through this method.  

ssNMR analysis of the interaction between curcumin and Aɓ42 fibrils showed that curcumin 

interacts with residues 12, and 17ī21 of the peptide (Masuda et al., 2011). Molecular dynamics 

simulations and docking of curcumin to Aɓ42 fibrils (PDB 2MXU) showed that binding occurred 

through contacts of the aromatic rings of the molecule to residues V12 - F20 of the first and 

second monomer of the fibril, as well as residues I32 - L34 of the fourth and fifth monomer of the 

fibril, in a non-disruptive way (Jakubowski et al., 2020). These sites correspond to the most 

common ɓ-strand locations in the Aɓ fibril structures.  

Curcumin fluorescence intensity variations between the fibril polymorphs might occur due to 

differences in the number of ɓ-strands and the position they adopt in the fibril structure of the 

distinct polymorphs (i.e. exposed in some structures, or hidden within the fibril core and 

inaccessible to the fluorescent probe/molecule). Differences in ThT fluorescence intensity might 

be accounted by the same reason, as ThT binds parallel to the fibril axis, between the fibril ɓ-

strands (Krebs et al., 2005) and preferentially interacting with channels formed by aromatic 

residues in the side chains (Biancalana and Koide, 2010). Validation of these results could be 

done with the use of other structural techniques, as well as other molecular probes. Fibril 

polymorphism has recently been evaluated with luminescent conjugated oligo- and 

polythiophenes. These molecules are thought to possess the same binding site as Congo red, but 

in contrast to it, are known to have a twistable thiophene backbone that upon restriction a different 

emission profile is observed (Fandrich et al., 2018). This feature can be seen as an optical 

fingerprint of a specific molecule and proven useful tool for fibril polymorphism characterisation. 
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Hence, these results suggest the presence of variation in structural conformations, observed 

through binding site availability for curcumin and ThT, in the Aɓ40 fibril types, but further 

investigation is required for the validation of all 5 fibril types. 

In the following chapters the Aɓ fibril  preparations formed here will be used to study their 

interaction with purified Ŭ-synuclein in vitro as well as in cells.
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 Cross-seeding analysis of Ŭ-synuclein fibril formation by  

Aɓ fibrils 

 

4.1. Introduction  

A growing body of evidence highlights the overlap of pathologies in neurodegenerative diseases. 

Ŭ-synuclein is an intrinsically disordered protein that is involved in the maintenance and supply 

of synaptic vesicles for neurotransmitter release and synaptic plasticity (Lashuel et al., 2013; 

Spillantini and Goedert, 2018). Parkinsonôs disease and other Lewy body diseases are 

characterised by the deposition of intraneuronal inclusions of misfolded Ŭ-synuclein (Spillantini 

et al., 1997). However, it is known that a region of Ŭ-synuclein, encompassing residues 61 - 95, 

also known as the non-amyloid-ɓ-component, or NAC region, is commonly found in Aɓ plaques 

in Alzheimerôs disease (Twohig and Nielsen, 2019; Hurtig et al., 2000; Jensen et al., 1997). This 

interaction between Ŭ-synuclein and Aɓ has been further investigated in Alzheimerôs disease 

pathology and Lewy body spectrum disorders. In a retrospective study, Irwin et al. (2017) 

examined symptoms, onset, genetic and neuropathological features in a cohort of Alzheimerôs 

disease cases with autopsy-confirmed Ŭ-synucleinopathy. They found that increasing levels of 

neurofibrillary tangles, composed of tau tangles, and neuritic Aɓ plaques, were associated with a 

higher degree of Ŭ-synuclein pathology, after assessment by immunohistochemistry and 

assignment of a semiquantitative global cortical score for burden of Lewy bodies and Lewy 

neurites (Irwin et al., 2017; Hurtig et al., 2000). Assessment of Alzheimerôs patients also revealed 

that the mean age at death occurs at a younger age in those cases who presented Lewy body 

pathology when compared to those who did not present Lewy body deposition, additionally the 

presence of Lewy body was associated with having at least one APOE Ů4 allele, a risk factor for 

Alzheimerôs disease (Chung et al., 2015).  

Amyloid fibrils can act as seeds that initiate the polymerisation of monomers. Typically, 

homologous seeding leads to a reduction in the lag-time and half-times of the aggregation reaction 

when assessed by ThT binding kinetic assays (Arosio et al., 2015). However, the interaction 

between misfolded proteins of different sequences can occur in disease (Morales et al., 2013). 

Examples of heterologous seeding, or cross-seeding, between amyloidogenic proteins have been 

described extensively (Guo et al., 2013; Sarell et al., 2013; Watanabe-Nakayama et al., 2020; 

Young et al., 2017). Moreover, the cross-talk between Ŭ-synuclein and Aɓ has been described in 

vivo models (Masliah et al., 2001), where the co-overexpression of human Ŭ-synuclein and the 

APP protein in mice led to the generation of higher order Ŭ-synuclein oligomeric species, as well 

as a higher number of Lewy body-like inclusions in the cortex of mice. In vitro, Ŭ-synuclein fibrils 
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are known to act as catalysts of Aɓ aggregation at neutral pH (Chia et al., 2017). Cross-seeding 

of Ŭ-synuclein monomer by Aɓ fibrils has also been described in vitro (Ono et al., 2012). In their 

study, Ono et al (2012) showed that Ŭ-synuclein fibril formation occurs at a faster rate in the 

presence of preformed fibrils of synthetic Ŭ-synuclein, Aɓ40 or Aɓ42 when analysing cross-seeding 

with Thioflavin S (ThS) binding kinetics. In their experiments, the presence of oligomers and 

fibrils, whether they were from Aɓ40, Aɓ42 or Ŭ-synuclein, promoted the aggregation of Ŭ-

synuclein monomer and fibril formation. In addition, they observed that both Aɓ40 and Aɓ42 

monomer were cross-seeded by fibrillar Ŭ-synuclein fibrils and presented a reduced lag-time when 

compared to the unseeded Aɓ40 and Aɓ42 monomers.  

Co-aggregation of Ŭ-synuclein and Aɓ monomers has also been described in vitro. In their ThT 

kinetic binding experiments, Koppen and collaborators (Koppen et al., 2020) observed a reduction 

in the lag time of Ŭ-synucleinôs aggregation kinetics in the presence of 1 ɛM monomeric Aɓ42 and 

pyroglutamated Aɓ(3-42) monomers compared to un-seeded wild-type (WT) Ŭ-synuclein (55 

ɛM) at neutral pH. Fibril formation was confirmed by immuno-gold TEM, but the presence of a 

specific morphology of fibril was not possible to discern through this method, nor were the 

presence of co-polymers, or fibrils formed by both Aɓ and Ŭ-synuclein. Differing evidence of this 

interaction has been noted by Chia et al. (2017). In their study, they observed that the Ŭ-synuclein 

monomer (0.1 ï 1 molar equivalents) acted as an inhibitor of Aɓ42 aggregation, whereas the Ŭ-

synuclein seeds accelerated the rate of aggregation of the Aɓ42 monomer at pH 8. These events 

are suggested to occur by the inhibition of binding between misfolded monomeric Aɓ42 to the 

surface of newly formed fibrils of Aɓ42 by monomeric Ŭ-synuclein and impede the catalysis of 

formation of new nuclei in its surface, otherwise known as secondary nucleation. No Ŭ-synuclein 

aggregation was observed within the time analysed.  

The cross-interaction between Aɓ and Ŭ-synuclein is emphasised in these previous studies, 

nonetheless, the molecular mechanism by which the synergistic effect between Ŭ-synuclein and 

Aɓ fibrils occurs in pathology has yet to be fully characterised. Moreover, it is still unknown 

whether different Aɓ polymorphs promote Ŭ-synuclein aggregation to differing extents. Here, 

making use of the different fibrillar Aɓ40 and Aɓ42 fibril preparations, the effect on Ŭ-synuclein 

aggregation is analysed in in vitro biochemical assays. 

 

4.2. Binding of Aɓ fibrils and Ŭ-synuclein monomer at pH 7.4  

An in vitro fluorescence polarization assay was set up to analyse the binding of the Aɓ40 fibril 

preparations to Ŭ-synuclein monomer (kindly provided by Dr Matt Jackson). Fluorescence 
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polarization is based on the random tumbling of particles in solution and the particlesô size. As 

the fluorescent dye in the labelled molecule is excited, only those particles oriented within the 

same range of where polarized light was applied will be able to emit polarized light. The larger 

the particle is, the slower the tumbling it has in solution and the higher the possibility of emitting 

light with respect of the polarization plane (Montagnaro et al., 2008; Rossi and Taylor, 2011). For 

this assay, Alexa-488 labelled monomeric Ŭ-synuclein and monomeric Ŭ-synuclein were 

incubated with 0.5 - 10 ÕM (monomer equivalent) Aɓ40 fibril polymorphs in PBS at pH 7.4. If 

binding occurs between the small fluorescent Ŭ-synuclein monomer and the Aɓ fibrils an increase 

in polarized light, or polarization value, would be apparent.  

 

 

Figure 4.1. Ŭ-synuclein short fibrils (seeds). 

Ŭ-synuclein fibrils (seeds) were formed by 48 h of stirring at 37°C on a heat plate. These method 

renders fibrils of an average length of 50 nm. Scale bar 500 nm.   

  

After 10 minutes of incubation at room temperature, fluorescence polarization was measured. An 

increase in fluorescence polarization was observed as the concentration of Aɓ40 fibril preparations 

or Ŭ-synuclein ~50 nm long short fibrils kindly provided by Mike Davies (Figure 4.1), from here 

onwards referred as seeds, increased (Figure 4.2). On the other hand, the incubation of the labelled 

Ŭ-synuclein with 0.5 ï 5 ÕM of the monomeric Aɓ40 did not result in a significant increase of 

fluorescence polarization signal. These data demonstrate that Aɓ40 fibrils bind to Ŭ-synuclein 

monomer, but this binding was not significantly different between the Aɓ40 fibril preparations. 
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Figure 4.2. Binding of Aɓ fibril polymorphs with Ŭ-synuclein monomer. 

Fluorescence polarization assay was set up to analyse binding between the Aɓ40 fibril 

preparations and Ŭ-synuclein monomer. 20 ɛM Ŭ-synuclein monomer was incubated with 0.05 

ɛM Ŭ-synuclein monomer-Alexa 488 and increasing concentrations of either 2A (A), 3Q (B) or 

de novo Aɓ40 fibril preparations (C). The Ŭ-synuclein short fibril and Aɓ40 monomer were used as 

controls. An increase in fluorescence polarization was noted after the addition of Aɓ40 fibrils at 

increasing concentrations, suggesting binding to the Ŭ-synuclein monomer. In contrast the Aɓ40 

monomer did not present a significant increase in fluorescence polarization. For all fibril 

polymorphs the experiment was done in duplicates (N= 3, mean ± SEM). 

 

4.3. Analysis of cross-seeding of Ŭ-synuclein monomer by Aɓ40 fibrils at pH 

7.5 

Previous experiments have shown the cross-seeding of Ŭ-synuclein monomer by Aɓ40 and Aɓ42 

fibrils at pH 7.4 (Ono et al., 2012), a pH present in the cerebrospinal fluid (Messeter and Siesjo, 

1971). However, the impact of fibril polymorphism on cross-seeding has not been described to 

date. To analyse if the extent of cross-seeding is differential between the Aɓ40 fibril preparations, 

ThT fluorescence kinetics analysis was performed. For this 1% - 20% (v/v) of the 2A, 3Q or de 

novo Aɓ40 fibril preparations were added to 70 ÕM Ŭ-synuclein monomer and incubated at 37°C 

under agitative conditions for a 70h period in 25 mM sodium phosphate (pH 7.5).  Unseeded Ŭ-

synuclein and Ŭ-synuclein seeded with Ŭ-synuclein seeds at 1% - 20% (v/v) were set up in parallel 

as controls. The experimental data was fitted to a sigmoidal function ώ ώ ὃȾρ

ÅØÐὯὸ ὸȢ , where the lag time is defined as ὸ ὸȢ ρȾςὯ (Arosio et al., 2015). 

Aggregation of Ŭ-synuclein monomer occurred in the presence of Ŭ-synuclein seeds, observed as 

an increase in ThT fluorescence intensity, whilst the unseeded monomer did not exhibit in an 

increase in fluorescence intensity over the timescale analysed (Figure 4.3, A, C and E). Ŭ-

synucleinôs rate of aggregation was increased when the concentration of Ŭ-synuclein seeds 

increased. No lag time was observed in the 20% and 5% (v/v) self-seeded reactions and the 

calculated half-times (Table 4.1) confirms that aggregation rate is faster for the 20% Ŭ-synuclein 
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seeded sample, followed by the 5% and 1% Ŭ-synuclein seeded samples. In marked contrast, the 

addition of any of the Aɓ40 polymorphs (Figure 4.3 B, D and F) resulted in no increase in 

fluorescence intensity and thus it can be concluded there was no aggregation into amyloid, at least 

over 70 h under these conditions. 

After the ThT kinetic assay at pH 7.5, samples were subjected to a sedimentation assay, whereby 

samples were centrifuged for 35 minutes at 14000 rpm (room temperature, Eppendorf 5418 rotor) 

and further analysed by SDS-PAGE. The formation of insoluble pelleted material was observed 

and quantified by densitometry for the unseeded and self-seeded Ŭ-synuclein aggregation 

reactions (Figure 4.4). In the unseeded reaction, Ŭ-synuclein remained in the supernatant fractions 

and less than 5% became insoluble (Figure 4.4 A and B). Contrary to this, the self-seeded reaction 

showed that the majority of Ŭ-synuclein was insoluble and pelleted in the 5% (v/v) and 20% (v/v) 

self-seeded reactions, although ~20% of the sample could still be observed in the supernatant 

(Figure 4.4, C and D). The 1% (v/v) self-seeded reaction showed that ~50% of the Ŭ-synuclein 

was insoluble. 

Different results were observed for the samples incubated with Aɓ40 fibrils. SDS-PAGE showed 

that most of the Ŭ-synuclein remained in the supernatant fraction after centrifugation (Figure 4.5 

A, C and E). Densitometric quantification of the fibril yields (Figure 4.5 B, D and F) confirmed 

that < 10% of the Ŭ-synuclein was in the pellet fraction for these samples, while the other ~90% 

was observed in the supernatant fraction. The Ŭ-synuclein observed in the pellet could be residual 

Ŭ-synuclein soluble protein in the pellet fraction, as a similar percentage was in the pellet fraction 

in the unseeded Ŭ-synuclein sample. 
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Figure 4.3. Cross-seeding analysis of Ŭ-synuclein monomer by Aɓ40 fibril polymorphs at pH 

7.5. 

ThT kinetic analysis of the unseeded Ŭ-synuclein (70 µM) and 1% (A), 5% (C) and 20% (v/v) (E) 

Ŭ-synuclein seeded reactions was done at pH 7.5 for 70 h. In parallel, ThT kinetics were followed 

for the Ŭ-synuclein cross-seeded with Aɓ40 polymorphs 2A, 3Q or de novo in a 1% (B), 5% (D) or 

20% (F) (v/v) ratio. No increase in fluorescence intensity was observed for the unseeded Ŭ-

synuclein, whereas adding Ŭ-synuclein seed at all concentrations reduced or abolished the lag 

time. No increase in fluorescence intensity was observed for any of the samples incubated with 

Aɓ40 fibrils. The experiment was done at least in duplicates for all conditions (N = 3, Mean ± 

S.D).   
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Table 4.1 .Half -times of the Ŭ-synuclein aggregation reaction after adding 1%, 5% or 20% 

(v/v) Ŭ-synuclein seed. 

  Half -time (h) 

Ŭ-synuclein monomer + 1% Ŭ-synuclein seed 39.3 ± 0.7 

Ŭ-synuclein monomer + 5% Ŭ-synuclein seed 2.7 ± 0.1 

Ŭ-synuclein monomer + 20% Ŭ-synuclein seed 1.5 

 

 

Figure 4.4. Fibril yields and densitometry of unseeded and self-seeded Ŭ-synuclein samples 

from the ThT kinetic assay of self-seeding of at pH 7.5. 

After 70 h of incubation, the unseeded Ŭ-synuclein monomer (A) and the Ŭ-synuclein monomer 

incubated with 1% (v/v), 5% (v/v) or 20% (v/v) Ŭ-synuclein seed (C), were centrifuged and 

separated into pellet (P) and supernatant (S) fractions, whilst keeping an aliquot of the whole (W) 

sample. SDS-PAGE analysis was then done using a 15 % Tris-tricine gel. For the unseeded Ŭ-

synuclein, most of the Ŭ-synuclein remained in the supernatant fraction, and a small fraction 

appeared to pellet. As for the 1%, 5% and 20% (v/v) self-seeded samples, the pellet contained 

most of the Ŭ-synuclein. Densitometric quantification of the fibril yields (B and D) confirmed that 

~10% of Ŭ-synuclein was seen in the pellet in the unseeded Ŭ-synuclein samples. For the 1% self-

seeded, half of the sample formed insoluble material, and >80% of the sample was insoluble for 

the 5% and 20% (v/v) self-seeded. The experiment was done at least in duplicates for all 

conditions (N = 3, Mean ± S.D). 
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Figure 4.5. Fibril yields and densitometry of samples from the ThT kinetic assay of cross-

seeding of Ŭ-synuclein monomer by Aɓ40 fibril preparations at pH 7.5. 

After 70 h of incubation, Ŭ-synuclein monomer samples incubated with 1% (v/v), 5% (v/v) or 20% 

(v/v) 2A (A), 3Q (C) or de novo (E) Aɓ40 fibril  preparation were centrifuged and separated into 

pellet (P) and supernatant (S) fractions, keeping an aliquot of the whole (W) sample. SDS-PAGE 

analysis was then done in a 15 % Tris-tricine gel. It was observed that most of the Ŭ-synuclein 

remained in the supernatant fraction, while the Aɓ40 fibril preparations remained insoluble as 

they were only observed in the pellet fraction after centrifugation. Densitometric quantification 

of the fibril yields (B, D and F) confirmed that ~80-90% of the Ŭ-synuclein in the samples co-

incubated with the Aɓ40 fibrils remained in the soluble fraction in all cross-seeded samples. The 

experiment was done at least in duplicates for all conditions (N = 3, Mean ± S.D). 
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Negative stain transmission electron microscopy (TEM) of the samples after ThT kinetic analysis 

at pH 7.5 showed the presence of fibrils in the Ŭ-synuclein seeded sample (Figure 4.6). In contrast, 

the unseeded Ŭ-synuclein sample (Figure 4.6) and the Ŭ-synuclein monomer incubated with the 

different fibril preparations of Aɓ40 fibrils at different concentrations (Figure 4.7) exhibited large 

amorphous aggregates. Although it is not possible to confirm through TEM, the presence of 

fibrillar material in the Ŭ-synuclein samples incubated with Aɓ40 fibrils could be attributed to the 

Aɓ40 fibrils, as it was observed that Aɓ40 remained insoluble in the fibril yields (Figure 4.5). It is 

also noted that there was an absence of fibrils in the 20% (v/v) de novo sample, but this could be 

due to fibrils not attaching to the grid. 

 

 

 

Figure 4.6. Electron microscopy imaging of unseeded Ŭ-synuclein monomer and self-seeded 

Ŭ-synuclein after ThT kinetics at pH 7.5. 

After 70 h, ThT kinetic reactions were stopped and samples analysed by negative stain TEM. This 

confirmed the absence of fibrils in the unseeded sample, and the presence of fibrils in the 20% 

(v/v) self-seeded Ŭ-synuclein sample. Scale bar is 500 nm for the monomer and 100 nm for 20% 

(v/v) self-seeded sample. 
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Figure 4.7. Electron microscopy imaging of Ŭ-synuclein monomer incubated with Aɓ40 fibrils 

after ThT kinetics at pH 7.5. 

After 70 h, ThT kinetic reactions were stopped and samples analysed by negative stain TEM. This 

confirmed the minimal presence of fibrils in the samples after the incubation of Ŭ-synuclein with 

the 2A, 3Q and de novo Aɓ40 fibrils at 1% (v/v), 5% (v/v) and 20% (v/v) concentration. Scale bar 

is 500 nm. 
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As Ono et al (2012) had shown that Ŭ-synuclein could be cross-seeded by both Aɓ40 and Aɓ42 

fibrils, a cross-seeding assay was set up using their experimental conditions. For this, 25 ɛM 

synuclein was incubated with at 10% (v/v) Aɓ40 fibril preparations at pH 7.4 and 37°C, in the 

presence of ThS, a dibenzothiazole derivative and homologous compound of ThT (Figure 4.8), 

that is commonly used for histological staining of Aɓ plaques (Rodriguez-Rodriguez et al., 2010; 

Wu et al., 2006). As was observed at pH 7.5 with ThT, no increase in fluorescence intensity was 

seen after 70h for the unseeded Ŭ-synuclein monomer, nor the samples incubated with the Aɓ40 

fibril preparations (Figure 4.9 A). Negative stain TEM showed the presence of amorphous 

aggregates in the samples, and the area of the grid analysed did not show the presence of any 

fibrillar material, although the presence of the Aɓ fibrils cannot be excluded.  

 

 

 

Figure 4.8. Molecular structures of ThT and ThS. 

ThT and ThS are widely used amyloid dyes known to bind on the fibril surface, in grooves formed 

by side chains (adapted from Wu et al., 2006). 

 

It can therefore be concluded that at neutral pH the aggregation of Ŭ-synuclein into amyloid fibrils 

was promoted by the addition of Ŭ-synuclein seeds. Conversely, those samples incubated with the 

Aɓ40 fibril preparations from this study did not cross-seed the aggregation of Ŭ-synuclein into 

amyloid fibrils by the endpoint of the experiment (70 h). The cross-seeding effect denoted by Ono 

et al., (2012), where they use synthetic peptide and pH 7.4 in a ThS reaction, could be due to the 

use of Aɓ40 fibril polymorphs different to the ones used in this study.  
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Figure 4.9. Cross-seeding analysis of Ŭ-synuclein monomer by Aɓ40 fibrils at pH 7.4. 

ThS kinetic analysis after adding Aɓ40 polymorphs 2A, 3Q and de novo to 25 ÕM Ŭ-synuclein 

monomer in a 10% (v/v) cross-seeding ratio at pH 7.4, for 70 h (A). No increase in fluorescence 

intensity was observed after 70h for the unseeded Ŭ-synuclein, nor the samples incubated with 

Aɓ40 fibrils at all concentrations (Mean ± S.D). Negative stain TEM of the endpoint sample of the 

10% (v/v) 2A (B), 3Q (C) and de novo (D) cross-seeded Ŭ-synuclein samples did not show fibrillar 

material. Scale bar is 500 nm. 

 

4.4. Cross-seeding of Ŭ-synuclein monomer by Aɓ40 fibrils at pH 4.5 

The interaction between Aɓ40 fibrils and the Ŭ-synuclein monomer was also examined at pH 4.5, 

another pH of physiological importance. The lysosome, has a pH of 4.5 in its lumen and contains 

proteolytic enzymes involved in degradation of proteins, including Ŭ-synuclein, which are 

delivered by the autophagic pathways (Mak et al., 2010). Ŭ-synuclein is known to readily 

aggregate into amyloid fibrils at pH 3 - 6 (Buell et al., 2014; Cho et al., 2009). Large aggregate 

internalization has been proposed to occur through phagocytosis and further channelled to the 

endolysosomal pathway in HEK-293 cells (Couceiro et al., 2015). At the same time, Aɓ40 and 

Aɓ42 peptides are suggested to accumulate in lysosomes in differentiated PC12 cells and induce 

toxicity (Liu, R.Q. et al., 2010). 

To determine if cross-seeding occurred between the fibril preparations and Ŭ-synuclein at pH 4.5, 

1% - 20% (v/v) 2A, 3Q or de novo Aɓ40 fibrils were added to 70 ÕM Ŭ-synuclein monomer and 

incubated at 37°C under agitative conditions for 50 h. As a control, self-seeded Ŭ-synuclein 



76 

 

aggregation was examined using 1% (v/v), 5% (v/v) or 20% (v/v) Ŭ-synuclein seed. ThT 

fluorescence was used to monitor amyloid formation. 

An increase of ThT fluorescence was observed for the unseeded Ŭ-synuclein reaction after ~30 h 

and this plateaued after 50 h of incubation under these conditions (Figure 4.10). Incubation with 

1% (v/v), 5% (v/v) or 20% (v/v) Ŭ-synuclein seed increased the rate of aggregation of Ŭ-synuclein; 

a reduction in the lag time for the 1% seeded (v/v) (Figure 4.10 A) and ablation of the lag time 

for the 5% (v/v) (Figure 4.10 C) and 20% (v/v) self-seeded (Figure 4.10 E) were observed.  

For the Ŭ-synuclein samples incubated with 1% (v/v) Aɓ40 fibrils an increase in ThT fluorescence 

was observed and plateauing occurred after 50h, but no difference in the rate of aggregation was 

observed compared to the unseeded Ŭ-synuclein (Figure 4.10 B). In contrast the aggregation 

appeared to occur more quickly for the 5% (v/v) cross-seeded samples (Figure 4.10 D) and a 

marked reduction in the lag time as well as half time was observed for the 20% (v/v) cross-seeded 

samples (Figure 4.10 F, Table 4.2).  
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Figure 4.10. Cross-seeding analysis of Ŭ-synuclein monomer by Aɓ40 fibrils at pH 4.5. 

ThT kinetic analysis of the unseeded Ŭ-synuclein (70 µM) and 1% (v/v) (A), 5% (v/v) (C) and 20% 

(v/v) (E) Ŭ-synuclein seeded reactions was done at pH 4.5 for 50 h. In parallel, ThT kinetics were 

followed for the Ŭ-synuclein cross-seeded with Aɓ40 polymorphs 2A, 3Q or de novo in a 1% (v/v) 

(B), 5% (v/v) (D) or 20% (v/v) (F) (v/v) ratio. The unseeded Ŭ-synuclein aggregated after ~20h; 

adding Ŭ-synuclein seed at all concentrations reduced or abolished the lag time. ThT kinetics 

showed an increase in fluorescence intensity after 50h for all the samples incubated with the Aɓ40 

fibril preparations, at all concentrations. No difference in the lag time was observed for the 1% 

(v/v) cross-seeded samples compared to the unseeded Ŭ-synuclein. The lag time was reduced at 

5% (v/v) and 20% (v/v) cross-seeding, but no apparent differences were observed between the 

fibril preparations. The experiment was done at least in duplicates for all conditions (Mean ± 

S.D). 
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Figure 4.11. Lag time comparison of cross-seeded Ŭ-synuclein monomer by Aɓ40 fibril 

preparations at pH 4.5. 

No significant difference in lag times was observed for the samples cross-seeded at a 1% (v/v) 

concentration (A) compared to the unseeded Ŭ-synuclein. However, at a 5% (v/v) cross-seeding 

concentration (B) a reduction in lag time was observed for the samples cross-seeded with 2A and 

de novo Aɓ40 as well as samples seeded with Ŭ-synuclein seed. A significant reduction in lag time 

was observed in the 20% (v/v) Aɓ40 fibril cross-seeded and Ŭ-synuclein seeded sample (C). Mean 

± S.D. Significance level after ANOVA with Tukey multiple comparison test: * p<0.05, *** 

p<0.001, **** p<0.0001. 

 

 

Table 4.2. Half-times and lag-times of the Ŭ-synuclein aggregation reaction after 20% (v/v) Ŭ-

synuclein seeding and cross-seeding with Aɓ40 fibrils at pH 4.5. 

  Half-time (h) Lag-time (h) 

  Mean ± S.D. Mean ± S.D. 

Ŭsynuclein monomer 43.69 ± 10.5 40.04 ± 9.4 

Ŭsynuclein monomer + 20% 2A 10.1 ± 2.66 7.38 ± 3.28 

Ŭsynuclein monomer + 20% 3Q 14.9 ± 6.5 12.08 ± 6.23 

Ŭsynuclein monomer + 20% de novo 10.86 ± 2.9 8.29 ± 3.23 

Ŭsynuclein monomer + 20% Ŭsynuclein seed 0.78 ± 0.42 - 

 

ANOVA and multiple comparison of the lag times (Figure 4.11) showed there was no significant 

difference between the lag time of the unseeded Ŭ-synuclein when compared to the samples 

incubated with 1% (v/v) Aɓ40 fibril preparations. In contrast a significant decrease in the lag time 

was observed for the 5% (v/v) 2A and de novo cross-seeded samples compared to the un-seeded 

Ŭ-synuclein. Multiple comparisons of the lag times showed that all 20% (v/v) cross-seeded 
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samples were significantly different from the unseeded Ŭ-synuclein reaction (Figure 4.11 C), but 

the lag times were not significantly different between the Aɓ40 fibril  polymorphs.  

After the ThT kinetic analysis at pH 4.5, insoluble material and fibril formation was analysed by 

SDS-PAGE and negative stain TEM. A shift from soluble to insoluble material could be seen at 

the endpoint of the samples at pH 4.5. Both the unseeded Ŭ-synuclein (Figure 4.12 A), as well as 

Ŭ-synuclein in the samples incubated with the different concentrations of Ŭ-synuclein seed (Figure 

4.12 C) were pelleted after centrifugation. It was noted that ~85% and ~95% of Ŭ-synuclein in the 

sample was insoluble and observed in the pellet respectively in the unseeded Ŭ-synuclein reaction 

(Figure 4.12 B) and Ŭ-synuclein seeded reaction (Figure 4.12 D), respectively. Negative stain 

TEM of the Ŭ-synuclein seeded samples as well as the unseeded samples confirmed the presence 

of fibrils (Figure 4.13). 

Furthermore, Ŭ-synuclein in samples that were cross-seeded with Aɓ40 fibril preparations (Figure 

4.14 A, C and E) formed insoluble material that was pelleted after centrifugation. The pellet 

fraction also contained Aɓ40 (~5 kDa) from the fibrils that were introduced at the beginning of the 

experiment. Negative stain TEM (Figure 4.15) demonstrated that this insoluble material was in 

fact fibrillar material, as mostly fibrils were observed through the whole sample analysed. No 

discernible differences were noted between the fibrils formed from cross-seeding and self-

seeding, mostly because in all samples the fibrils appeared highly clumped. In the same manner, 

Aɓ40 fibrils could not be distinguished from Ŭ-synuclein fibrils in the cross-seeded samples 

through this method. 
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Figure 4.12. Fibril yields of samples from the ThT kinetic of unseeded and self-seeding of Ŭ-

synuclein at pH 4.5 

After 50h of incubation, the unseeded Ŭ-synuclein monomer (A) and the Ŭ-synuclein monomer 

incubated with 1% (v/v), 5% (v/v) or 20% (v/v) Ŭ-synuclein seed (C), were centrifuged and 

separated into pellet (P) and supernatant (S) fractions, whilst keeping an aliquot of the whole (W) 

sample. SDS-PAGE analysis was then performed on a 15 % Tris-tricine gel. Insoluble pelleted Ŭ-

synuclein was observed on both the unseeded sample (A) and seeded samples (C). Densitometric 

quantification of the fibril yields (B and D) confirmed the formation of insoluble Ŭ-synuclein, as 

~90% of the Ŭ-synuclein was in the pellet fraction. N=3, Mean ± S.D. 

 

 

Figure 4.13. Electron microscopy imaging of samples after self-seeding of Ŭ-synuclein 

monomer at pH 4.5. 

Negative stain TEM confirmed the presence of fibrils in the unseeded and self-seeded samples 

after ThT kinetic assays at pH 4.5. Highly clumped fibrils were visible in all samples. Scale bar 

is 500 nm. 
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Figure 4.14. Fibril yields of samples from the ThT kinetic assay of cross-seeding of Ŭ-synuclein 

monomer by Aɓ40 fibril preparations at pH 4.5. 

After 50 h of incubation, Ŭ-synuclein monomer samples incubated with 1% (v/v), 5% (v/v) or 20% 

(v/v) 2A (A), 3Q (C) or de novo (E) Aɓ40 fibril preparations were centrifuged and separated into 

pellet (P) and supernatant (S) fractions, keeping an aliquot of the whole (W) sample. SDS-PAGE 

analysis was then done in a 15 % Tris-tricine gel. It was observed that Ŭ-synuclein formed 

insoluble material after incubation with all of the Aɓ40 fibril preparations and at all 

concentrations, and the Aɓ40 fibrils remained insoluble. Densitometric quantification of the Ŭ-

synuclein fibril yields (D, E and F) confirmed the formation of insoluble material of Ŭ-synuclein, 

as more than 90% of the Ŭ-synuclein was in the pellet fraction. N=3, mean ± S.D. 
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Figure 4.15. Electron microscopy imaging of samples after cross-seeding of Ŭ-synuclein 

monomer by Aɓ40 fibrils at pH 4.5. 

After ThT kinetic reactions were completed, negative stain TEM confirmed the presence of fibrils 

in the samples after the cross-seeding of Ŭ-synuclein by the 2A, 3Q or de novo Aɓ40 fibrils at 1% 

(v/v), 5% (v/v) and 20% (v/v) concentration. Scale bar is 500 nm. 
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Taken together, these results suggest there is a pH dependence in the cross-seeding of Ŭ-synuclein 

by Aɓ40 fibril preparations. The cross-seeding of Ŭ-synuclein aggregation by the presence of Aɓ40 

fibril preparations occurred at pH 4.5, observed as a reduction of the lag time in the ThT 

fluorescence. Negative stain TEM confirmed that this aggregation resulted in insoluble fibrillar 

material.  

These results show that multiple fibril preparations of Aɓ40 can cross-seed Ŭ-synuclein and form 

amyloid at pH 4.5, and it is not a phenomenon specific to one fibril type. However cross-seeding 

is not observed at neutral pH. 

 

4.5. Ŭ-synuclein monomer cross-seeding by Aɓ42 fibrils   

The most abundant isoform of Aɓ in the brain is Aɓ40 (Selkoe and Hardy, 2016; Murphy and 

LeVine, 2010). However, a closer link has been established between the 42-residue peptide, Aɓ42, 

and Alzheimerôs disease (Meilandt et al., 2020). A shift in the ratio of Aɓ40:Aɓ42 as well as an 

overall increase of Aɓ42 is observed in plaques of mice models bearing familial mutations of the 

PSEN1 gene (Duff et al., 1996; Kovacs et al., 1996).  This increase in the deposition of Aɓ42 

compared to Aɓ40 has also been seen in cases of dementia with Lewy bodies, by 

immunohistochemistry and immunoblotting analysis on parahippocampal and hippocampal brain 

sections (Lippa et al., 1999a). More recent reports have established that the CSF ratio of Aɓ42:Aɓ40 

decreases in Alzheimerôs disease , a characteristic believed to be due to a conversion of soluble 

Aɓ42 into plaques (Hansson et al., 2019; Niemantsverdriet et al., 2017).  

Aɓ42 has been found to enhance Ŭ-synuclein aggregation in vitro. In their experiment set up at pH 

7.5, Masliah et al. (2001) reported that the 24 h incubation of recombinant monomeric human Ŭ-

synuclein with high concentrations of synthetic monomeric Aɓ42 generated oligomers and high 

molecular weight polymers of Ŭ-synuclein, observable by western blot. These higher order species 

were not present in the control unseeded samples nor the ones incubated with Aɓ40. Moreover, in 

their ThS fluorescence at pH 7.4 and 37°C, Ono et al. (2012) found a 67% increase on the growth 

rate of Ŭ-synuclein by the presence of 10% (v/v) Aɓ42 fibrils when compared to the Ŭ-synuclein 

samples incubated with Aɓ40 fibrils and the unseeded Ŭ-synuclein. However, to date, no studies 

have examined the effect of Aɓ42 fibril polymorphism on the cross seeding of Ŭ-synuclein. 

Here, by using pH 2 and pH 8 Aɓ42 fibril preparations (generated as described in Chapter 2), I 

examine whether Aɓ42 polymorphs can cross-seed Ŭ-synuclein aggregation. A ThT fluorescence 

assay was performed on Ŭ-synuclein monomer incubated with 1 - 20% (v/v) pH 2 and pH 8 Aɓ42 

fibrils, at pH 7.5 and pH 4.5. It was observed that at pH 7.5 there was no increase in fluorescence 
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intensity after the incubation of the Ŭ-synuclein monomer with different concentrations of the 

Aɓ42 fibril preparations (Figure 4.16 A, C and E). Contrary to this, at pH 4.5 cross-seeding of the 

Ŭ-synuclein aggregation by the Aɓ42 fibrils at 20% (v/v) was observed, with a significant reduction 

in the lag time when compared with the unseeded Ŭ-synuclein sample (Figure 4.16 F, Table 4.3).  

Multiple comparison ANOVA of the lag times at pH 4.5 did not find significant differences 

between the samples cross-seeded with 20% (v/v) pH 2 and pH 8 Aɓ42 fibrils (Table 4.3, Figure 

4.17 C). Surprisingly, the incubation of the Ŭ-synuclein monomer with 1% (v/v) of either pH 2 or 

pH 8 Aɓ42 fibrils appeared to increase the lag time (Figure 4.17 B), although no significant 

differences to the unseeded Ŭ-synucleinôs lag time were observed after ANOVA multiple 

comparisons (Figure 4.17 A).  

The presence of insoluble material was analysed by separation into supernatant and pellet 

fractions by ultracentrifugation, followed by SDS-PAGE and densitometry analysis. It was 

observed that ~10% of the Ŭ-synuclein in the sample was in the insoluble pellet fraction at pH 7.5 

after the incubation with pH 2 Aɓ42 fibrils (Figure 4.18 A and C) and pH 8 Aɓ42 fibrils (Figure 

4.18 B and D). However, at pH 4.5, the formation of insoluble Ŭ-synuclein is observed for all 

samples (Figure 4.19). At pH 4.5,  ~50% of the Ŭ-synuclein was in the pellet fraction in the 

samples cross-seeded with 1% pH 2 Aɓ42 (Figure 4.19 C), and less than 40 % of the Ŭ-synuclein 

was insoluble in those samples incubated with 1% pH 8 Aɓ42 at pH 4.5 (Figure 4.19 D).  
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Figure 4.16. Cross-seeding analysis of Ŭ-synuclein monomer by Aɓ42 fibrils at pH 7.5 and 4.5. 

ThT kinetic analysis after adding Aɓ40 polymorphs 2A, 3Q and de novo to 70 ÕM Ŭ-synuclein 

monomer in a 1%, 5% or 20% (v/v) cross-seeding ratio at pH 7.5 (A, C and E) and pH 4.5 (B, D 

and F), for 50 h. At pH 7.5, there was no increase in fluorescence intensity after 70 h for the 

unseeded Ŭ-synuclein nor the samples incubated with Aɓ42 fibril preparations, nor concentration. 

In contrast, at pH 4.5 the unseeded Ŭ-synuclein aggregated after ~20h. ThT kinetics showed an 

increase in fluorescence intensity for all the samples incubated with the Aɓ42 fibril preparations, 

at all concentrations. Mean ± S.D.  
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Table 4.3. Half -times and lag-times of the Ŭ-synuclein aggregation reaction after 20% (v/v) Ŭ-

synuclein seeding and cross-seeding with Aɓ42 fibrils at pH 4.5. 

 Half-time (h) Lag-time (h) 

 Mean ± S.D. Mean ± S.D. 

Ŭsynuclein monomer 43.7 ± 10.5 40 ± 9.4 

Ŭ-synuclein monomer + 20% (v/v) pH 2 

Aɓ42 
12.7 ± 1.8 8.7 ± 1.8 

Ŭ-synuclein monomer + 20% (v/v) pH 8 

Aɓ42 
11.8 ± 3.6 7.6 ± 4 

 

 

 

 

Figure 4.17. Lag time comparison of cross-seeded Ŭ-synuclein monomer by Aɓ42 fibril 

preparations at pH 4.5. 

No significant difference in lag times was observed for the samples cross-seeded at a 1% (v/v) 

and 5% (v/v) concentration (A and B) compared to the unseeded Ŭ-synuclein. However, at a 20% 

(v/v) cross-seeding concentration (C) a reduction in lag time was observed for the samples cross-

seeded with both pH 2 and pH 8. Mean ± S.D. Significance level after ANOVA with Tukey multiple 

comparison test: *** p<0.001. 
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Figure 4.18. Fibril yields of samples from the ThT kinetic assay of cross-seeding of Ŭ-synuclein 

monomer by Aɓ42 fibril preparations at pH 7.5. 

After 70 h of incubation, Ŭ-synuclein monomer samples incubated with 1%, 5% or 20% (v/v) pH 

2 (A) and pH 8 (C) Aɓ42 fibrils were centrifuged and separated into pellet (P) and supernatant 

(S) fractions, keeping an aliquot of the whole (W) sample. SDS-PAGE analysis was then done in 

a 15 % Tris-tricine gel. It was observed that Ŭ-synuclein remains in the supernatant fraction. 

Densitometric quantification of the fibril yields (B and D) confirmed that ~5-10% of the sample 

remained in the pellet fraction after incubation with the Aɓ42 fibrils. N= 3, mean ± S.D. 

 
































































































































































