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Summary 

 

The aggregation of alpha-synuclein (αS) protein from soluble monomer into solid amyloid fibrils in 

the brain is associated with a range of devastating neurodegenerative disorders such as Parkinson’s 

disease. Soluble oligomers formed during the aggregation process are highly neurotoxic and are 

thought to play a key role in the onset and spreading of disease. Despite their importance, these 

species are difficult to study by conventional experimental approaches owing to their transient nature, 

heterogeneity, low abundance and a remarkable sensitivity of the oligomerisation process to the 

chosen experimental conditions. In this thesis, well-established single-molecule techniques have been 

utilised to study the aggregation and oligomerisation of αS in solution, at a broad range of starting 

conditions. 

Initially, the aggregation of αS has been studied by single-molecule techniques over a two orders of 

magnitude concentration range to develop an explicit kinetic model of its aggregation. The proposed 

kinetic model could fit the experimental data of the full concentration range and revealed that the 

aggregation mechanism was governed by two major unimolecular structural conversion steps, from 

disordered to ordered oligomers and then to fibrils, which could elongate by further monomer 

addition. The complete set of the rate constants of these key microscopic steps enabled making 

quantitative predictions of the number of αS aggregates that would be formed at varying pre-defined 

conditions such as low concentrations and small volumes mimicking the size of cells, conditions that 

are very difficult to access experimentally. This analysis showed that templated seeding of monomeric 

αS required a remarkably large number of aggregates in the order of 104 species, suggesting that 

spreading of αS is unlikely to occur solely by the process of templated seeding, and may be driven by 

aggregate-induced cellular stress. 

Subsequently, the effect of two antibodies (nanobodies) that target C-terminal region of αS on its 

aggregation pathway was investigated. One common approach to therapeutic intervention in protein 

misfolding diseases such as Parkinson’s disease is focused on suppressing its aggregation by 

antibodies that bind to αS and slow down or prevent its fibril formation. Despite the therapeutic 

potential of αS-specific antibodies, a detailed molecular-level understanding of their action during the 

aggregation process is lacking, especially on its earliest steps that are difficult to monitor by more 

conventional techniques. To investigate these effects in more detail, using single-molecule 

measurements, the aggregation of αS was studied in the presence of two nanobodies. The results 

revealed that both nanobodies exerted a highly specific effect during the earliest steps of the 

aggregation process, and invoked a conformational conversion from more ordered to less ordered 
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oligomers of αS formed prior to fibril formation, setting a stage for further assessment of potential 

therapeutic effect of these nanobodies. 

While αS self-assembles into toxic oligomers and fibrils in Parkinson’s disease, it is also proposed 

that αS forms soluble alpha-helical multimers in healthy neurons. Therefore, alpha-helical multimers 

of αS in the presence of a fatty acid (arachidonic acid) were prepared in vitro. Using a series of single-

molecule assays, their clear differences were demonstrated in comparison to the oligomers formed in 

the absence of the fatty acid. The data suggested that arachidonic acid-induced oligomers were alpha-

helical, resistant to fibril formation, more prone to disaggregation, enzymatic digestion and 

degradation by proteasome compared to the oligomers formed in the absence of arachidonic acid. 

These multimers could be formed at physiologically-relevant concentrations, and pathological 

mutants of αS formed less multimers than wild-type αS. These species were hypothesised to have a 

protective role with respect to the generation of beta-sheet toxic structures during αS fibril formation. 

Finally, apart from being associated with Parkinson’s disease, αS forms solid intraneuronal inclusions 

in brains of about half of Alzheimer’s disease patients, pointing towards its implication in this 

common neurodegenerative condition, along with the key players in its aetiology, amyloid-beta 

peptide and tau protein. Single molecule methods were used to study the oligomerisation of αS at 

physiologically-relevant sub-micromolar concentrations and to investigate its cross-interactions with 

these other proteins. The results revealed the formation of stable co-oligomeric species between αS 

and amyloid-beta or tau. The ease of their formation under varying starting concentrations implied 

that the co-oligomers could be a common type of aggregate under conditions where multiple proteins 

co-exist, highlighting the need for further investigation of the properties of these species and their role 

in the mechanism of protein aggregation. 
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Abbreviations 

 

αS  Alpha-synuclein 

AD  Alzheimer’s disease 

NAC  Non-amyloid component 

β-sheet  Beta-sheet 

IDP  Intrinsically disordered protein 

PD  Parkinson’s disease 

LBs  Lewy bodies 

LNs  Lewy neurites 

PK  Proteinase-K 

wt αS  Wild-type alpha-synuclein 

sm-FRET Single-molecule Förster resonance energy transfer 

AF488 (594) Alexa Fluor 488 (or 594) 

DMSO  Dimethyl sulfoxide 

TCCD  Two-colour coincidence detection 

A90C  Alanine to cysteine mutation at residue 90 

DTT  Dithiothreitol 

APD  Avalanche photodiode 

FPGA  Field programmable gate array 

-mer  Monomer unit 

TEM  Transmission electron microscopy 

ThT  Thioflavin T 

DLB  Dementia with Lewy bodies 

MSA  Multiple system atrophy 

Nbs  Nanobodies 

TIRFM  Total internal reflection fluorescence microscopy 
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FA  Fatty acid 

ARA  Arachidonic acid 

CMC  Critical micellar concentration 

CD  Circular dichroism 

CSF  Cerebrospinal fluid 

CAC  Critical aggregation concentration 

Aβ  Amyloid-beta 

APP  Amyloid precursor protein 

PHFs  Paired helical filaments 

std  Standard deviation 

sem  Standard error of the mean     
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1. Chapter 1 

Introduction 

 

1.1 Alpha-synuclein protein 
 

In this chapter, an overview of the properties of alpha-synuclein is presented, and the details of its  

structure, aggregation behaviour and its relation to Parkinson’s disease. 

 

1.1.1 Brief history of αS 
 

Alpha-synuclein (αS) is a member of the family of synucleins, soluble proteins found in vertebrates, 

which also includes beta- and gamma-synucleins, and synoretin1. First synuclein was isolated  

28 years ago from the electric fish Torpedo californica as a protein found in the nuclear envelope and 

presynaptic nerve terminals, and the name “synuclein” arose because of its localisation2. Human αS 

was identified several years later as a non-Aβ constituent of amyloid plaques in brains of patients with 

Alzheimer’s disease (AD)3. Further research revealed that this protein was 95.3% identical in terms of 

its structure to αS found in rodents, similar to αS from Serinus canaria bird, and homologous to  the 

Torpedo protein, which is currently classed as gamma-synuclein4. 

 

Figure 1.1. a. Cartoon representation of the primary sequence of full-length αS. Three domains can 

be distinguished: N-terminal domain comprising first 60 residues, non-amyloid component (NAC) 

region consisting of residues 61-95, and C-terminal region comprising the rest of the molecule. NAC 

region forms the core of fibrillar structures. Residue 90 (black star) at the periphery of NAC region 

has been used for the covalent attachment of fluorescent probes in this study. b. Primary sequence of 

aminoacids of αS. The hexameric repeating motif is underlined, and the position 90 with a 

substitution from alanine to cysteine is highlighted in yellow. (Figure adapted from Deleersnijder, 

2013)5.  
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1.1.2 Three regions of the primary sequence of αS 

 

αS is a relatively small protein with a molecular weight of 14.5 kDa and 140 amino acids (Fig. 1.1)6.  

Its primary sequence consists of three distinct regions7: 

- a positively charged N-terminal segment (residues 1-60) 

- a central region known as the non-amyloid component (NAC) (residues 61-95) 

- and a negatively charged acidic C-terminal region (residues 96-140). 

Specific properties of each of these regions determine the behaviour of the protein, its secondary and 

tertiary structure and aggregation propensity, as well as its interactions with possible partners, as 

discussed below. 

1.1.2.1 N-terminal 

 

The N-terminal segment contains four full 11-residue imperfect repeats with a conserved hexameric 

motif (KTKEGV), which resemble the alpha-helical lipid-binding domains of exchangeable 

apolipoproteins8. The alpha-helixes formed by these repeats precisely match the class A2 helix motif 

of apolipoproteins9. Since apolipoproteins are known to reversibly bind to surfaces of lipid 

membranes, this similarity suggests that αS might also have this capability, and that the N-terminal 

region might be specifically responsible for this binding10. Indeed, multiple studies confirm this, 

showing that αS binds to lipid membranes11-14, and this can happen via its N-terminal region which 

adopts an alpha-helical structure upon binding10,15. Interestingly, pathological αS mutations, A30P, 

E46K, A53T,16 H50Q17 and G51D18 are all found in the N-terminal segment, which emphasises the 

importance of its modifications to αS behaviour. It was shown that truncation of this region promoted 

αS fibril formation, presumably by increasing the overall hydrophobicity of the protein, and addition 

of extra 11-residue repeats suppressed it19. Also, increasing the number of negative charges in this 

region was shown to slow down αS fibrillation, whereas increasing the positive charge resulted in 

acceleration of the process, demonstrating the importance of the net charge in this region20. 

1.1.2.2 NAC region 

 

The central hydrophobic NAC region is responsible for the aggregation of αS and the formation of  

beta (β)-sheet structures21. Multiple structural studies of αS fibrils show that they are comprised of 

separate entangled protofilaments, which in turn consist of multiply-stranded ordered cross-β-sheets, 

involving the central NAC region of αS and leaving residues 1-30 and 110-140 mobile and 

unstructured22-26. Therefore, the NAC region is the key constituent of αS fibrils, and alterations to its 
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structure influence fibril formation. For example, deletion of a 12-residue fragment of aminoacids 71-

82 in the middle of this region stops αS fibrillation27, which is consistent with the fact that incapable 

of fibrillation β-synuclein naturally lacks residues 71-82. Deletion of a shorter sequence, residues 66-

74, leads to the same result28. Even more convincing in demonstrating the role of the NAC region in 

αS fibrillation are alterations to single residues. Koo et. al. showed that more than 20 single amino 

acid substitutions block fibril formation, even during prolonged incubation20. In the same study, the 

overall hydrophobicity of the NAC region was also demonstrated to be important for fibril formation. 

From the substitution studies, particularly efficient were mutants with substitutions at positions 66-75 

of NAC, and were even found to exhibit inhibitory effect on non-mutated αS29. 

 

H
N CH

CH2

C

OO

C

O

H
N

H
C

CH2

CH2

C

O O

C

O

N

H2C

C
H2

CH2

H
C C

O

Glu, or E Asp, or D Pro, or P  

Figure 1.2. C-terminal of αS is acidic and negatively charged due to the presence of 10 glutamic acid 

(Glu, or E) residues and 5 aspartic acid (Asp, or D) residues. It is the only region in αS molecule 

containing prolines (Pro, or P), which are known to disrupt secondary structure due to their 

conformational rigidity. 

 

1.1.2.3 C-terminal 

 

The C-terminal of αS contains 10 Glu and 5 Asp residues (Fig. 1.2), which are negatively charged and 

acidic. Due to the high charge density, this region is responsible for the relatively high thermal 

stability of αS30. Although not a constituent of fibrils, it regulates αS aggregation by shielding the 

hydrophobic and non-polar NAC region from water-based solvent31, and is important in stabilising the 

formed fibrils32. The region is the only segment containing proline residues, which are well-known 

secondary structure breakers, and thus help to disrupt an aggregation-prone conformation33. 

Therefore, the deletion of this region enhances fibril formation34. Due to its high charge and 

hydrophobicity, C-terminal of αS is responsible for the intrinsic disorder of the entire protein 

molecule, meaning the absence of an organised secondary structure under physiological 

conditions35,36, which makes it a member of a class of intrinsically disordered (or unstructured) 

proteins (IDPs)37. Table 1.1 summarises the properties of αS and its structural domains. The presented 

data, cited from Uversky, 200038, was originally collected from the Swiss Institute of Bioinformatics. 
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The hydrophobicity was obtained by them from the Kyte and Doolittle approximation38, and the mean 

hydrophobicity was defined as the sum of normalised hydrophobicities of all residues divided by the 

total number of residues. The charge here is the net charge at pH 7.0, divided by the total number of 

residues. 

Table 1.1. A summary of the characteristics of αS and its structural domains. 

Protein part No residues MW (Da) Net Charge 

(Q) 

Total 

hydrophobicity 

Mean 

hydrophobicity 

αS full chain 140 14,460 -10 61.761 0.4541 

αS N-terminal 96 9,519.9 +4 46.893 0.5097 

αS C-terminal 44 4,958.3 -13 13.471 0.3368 

      

1.1.3 αS tissue expression and function 
 

αS is highly expressed in brain and constitutes up to 1% of proteins in neuronal cytosol39. Although 

the first studies of synuclein in Torpedo fish reported its localisation to the nuclear envelope2, research 

in rat and human brain suggests its location mainly in cytosolic fraction of neurons40 and in 

mitochondria41. In human brain, αS is abundant in the substantia nigra, thalamus, amygdala, caudate 

nucleus, hippocampus, neocortex and other brain regions4,42. It is known to be specifically localised to 

presynaptic nerve terminals, in close proximity to synaptic vesicles, and for this reason is frequently 

referred to as ‘presynaptic protein’43,44. Interestingly, structural aspects of αS behaviour under 

physiological conditions remain elusive5. For example, it is uncertain whether monomeric αS exists in 

an IDP form35, or as a helically folded tetramer45; or which portion of it exists in a helical form within 

cells due to lipid binding5. Moreover, the exact physiological role of this protein is still poorly 

understood46. It has been proposed to be involved in storage, transmission and biosynthesis of 

vesicular dopamine47, trafficking39 and stabilisation of synaptic vesicles48, to act as a cellular 

ferrireductase49, to play a role in mitochondrial function41 and neuronal protection50. This, clearly, is a 

small part of a comprehensive list of possible physiological functions of αS, especially considering 

the fact that it was identified as an interaction partner with over 50 other proteins51. Despite this lack 

of clarity of αS physiological structure and precise function, it was reported that mice lacking the 

protein displayed altered neurotransmission52 and decreased overall levels of dopamine53; and mice 

lacking all synucleins died prematurely54. This, therefore, suggests the importance of the presence of 

this protein in a healthy brain. 
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Figure 1.3. Pathological αS inclusions, Lewy bodies and neurites, in dopamine neurons in substantia 

nigra (top-left), striatum (bottom-left) and mesenchephalic nucleus of trigeminal nerve (right). 

Although stained for αS in the images, these inclusions are known to contain various other proteins 

such as tau, ubiquitin and alpha-crystallin. (From Olanow, 2013)55. 

 

1.1.4 αS relation to Parkinson’s disease 
 

Parkinson’s disease (PD) was first described by an English doctor James Parkinson in 1817, in his 

Essay on the Shaking Palsy56. It currently affects more than 1% of the population over 60 years of 

age, around 4% over 8057, and the age group of 20-50 years (in 5-10% of all cases)58. According to 

approximate estimations, around 1.2 million people in Europe suffer from PD, and over 7 million 

worldwide57, which makes it the second most common human neurodegenerative disorder  

after AD59. 

PD symptoms include resting tremor in limbs, bradykinesia or slowness of movement, muscular 

rigidity, postular instability and festination, as well as disturbances of mood, speech, memory and 

cognition60. These arise from a progressive loss of dopaminergic neurons in the substantia nigra and 

other brain regions, and are accompanied by the deposition of Lewy bodies (LBs) and Lewy neurites 

(LNs), solid intracellular inclusions in surviving neurons61,62 (Fig. 1.3). These inclusions are named 

after Friederich Heinrich Lewy, who first identified them in the brain tissue from PD patients63. The 

lesions are termed either ‘bodies’ or ‘neurites’ depending on whether they are located in the neuronal 

cell bodies, or in axons or dendrites, and also tend to differ in shape, but in all cases contain 

aggregated αS as the main consituent64, along with various other molecules such as molecular 

chaperones, lipids and components of protein degradation systems65,66. Interestingly, more than 90% 

of αS present in these inclusions is phosphorylated at serine-129, which accelerates fibril formation of 

αS67, and bears numerous other modifications, among which are truncations, nitrosylation and 

ubiquitination68. 
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The fact that LBs are composed predominantly of αS filaments was shown in 1997 by  

Spillantini et. al.64, providing strong evidence for the importance of this protein to the disease 

etiology. Other supporting arguments are the notion that point mutations in SNCA gene coding for αS 

were found in the families with hereditary PD, and locus duplications and triplications of this gene led 

to early onset PD69. In addition, artificially overexpressing αS in mice70, flies71, and primates72 

resulted in animals exhibiting age-dependent motor disfunction and formation of αS deposits 

resembling LBs, which demonstrated that an increase in αS concentration in brain can be sufficient to 

cause PD symptoms. It was proposed that neurons containing LBs had a shorter life span compared to 

healthy neurons73. Following the notion that αS is harmful to neuronal cells and causes 

neurodegeneration, attempts to treat PD patients by reducing αS in vivo were made, leading to 

unexpected results. PD was shown to develop more rapidly, with worse motor and cognitive 

symptoms, in individuals with lowered production of αS, highlighting the complexity and general lack 

of understanding of αS role in the disease progression74. 

 

1.1.5 Oligomers are believed to be the most toxic forms of αS 
 

Even though LBs consisting of αS fibrils are the pathological hallmarks of PD, increasing evidence 

suggests that oligomers and pre-fibrillar protofilaments, rather  than fibrils, are the most cytotoxic and 

damaging species75,76-79. The A30P mutation, linked to early-onset PD, was shown to accelerate 

oligomerisation and inhibit the conversion of protofibrils to fibrils76. In vitro studies demonstrated that 

dopamine-αS complex formation caused the accumulation of pre-fibrillar species80. It was noticed that 

in PD transgenic mice models, disease-related symptoms often appeared prior to detection of fibrillar 

αS70. Moreover, αS oligomer toxicity was compared with αS fibril toxicity in vivo, in substantia nigra 

of rats, and the most severe loss of neurons was observed due to αS oligomers81. To confirm oligomer 

cytotoxicity, oligomer pathology has been directly visualized in PD human brain tissue. Using a 

proximity ligation assay, oligomers of αS were observed in the absence of LBs, displaying 

intermediate proteinase-K (PK) resistance between monomers and fibrils82.  

Owing to the established high cytotoxicity of αS oligomers, there have been numerous in vitro studies 

aiming to isolate and characterise these species. Multiple protocols for the generation of oligomeric 

species have been reported, including spontaneous self-assembly in aqueous buffer during fibril 

formation79,83, using lyophilisation84 (Fig. 1.4.), preparation via fibril disaggregation79 and cold-

induced fibril dissociation85 or oligomer formation induced by the addition of small molecules such as 

dopamine and gluteraldehyde86, that yield different types of oligomeric species. A variety of αS 

oligomer morphologies have been reported such as, for example, spherical and elongated87, tubular 
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and ring-shaped88 structures, oligomers with a solid core89 or containing an inner cavity84. 

Furthermore, due to the large variation in the reported types of oligomers of αS, their functional role 

during αS aggregation reaction was found to vary, and off-pathway stable oligomers incapable of 

seeding were reported84,89 as well as stable oligomers capable of seeding86. Two distinct structural 

types of αS oligomers have been identified in two independent studies, disordered globular oligomers, 

and more compact fibril-like oligomers79,90. The second, more ordered type has been demonstrated to 

be more toxic than the first type, when applied on rat primary neurons79, which is in good agreement 

with earlier reports that ordered prefibrillar oligomers may be the key inducers of cytotoxicity78. In an 

earlier study, the two types of oligomers were proposed to be sequential intermediates on the pathway 

to fibril formation79, while in a later study90, the more compact oligomers were proposed to be off-

pathway species.  

Despite the large variation in the reported types of αS oligomers and their different roles in the 

aggregation process, the stable oligomers of αS are generally characterised by β-sheet content that is 

intermediate between monomers and mature fibrils79,91, hydrophobicity that is higher than of 

monomers or fibrils92,93, and are composed of approximately 25-30 monomer units84,89,94. 

Multiple mechanisms have been suggested to underlie the cytotoxicity of αS oligomers, such as their 

interactions with lipid membranes leading to the membrane disruption and pore formation; the 

sequestration of intracellular components such as parts of cytoskeleton, transcription factors or 

components of degradation system; the induction of oxidative stress that results in lipid peroxidation; 

the direct interaction of oligomers with cellular receptors resulting in cell apoptosis (reviewed in 

Andreasen et. al. 201591). 

 

Figure 1.4. Characterisation of stable αS oligomers prepared in vitro by using lyophilisation 

protocols. a. Representative AFM image of isolated oligomeric sample. b. 3-dimensional 

reconstruction of an average αS oligomer from cryo-EM imaging, depicting a characteristic central 

cavity. c. Analysis of oligomer structural contents using analytical ultracentrifugation. The results 

suggest the gradual acquisition of β-sheet conformation during oligomer growth. (From Chen et.al., 

201584). 
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1.1.6 αS aggregation 
 

The aggregation of αS is implicated in PD and PD-related disorders, such as LB variant of AD, 

dementia with LBs (DLB), multiple system atrophy (MSA), Hallervorden-Spatz disease, Down’s 

syndrome, and infantile neuroaxional dystrophy95-97. 

Generally, it has been shown that fibrillisation of wild-type (wt) αS is relatively inefficient and 

requires high protein concentrations and long timescales ranging from days to weeks98, unless 

inducers are used to increase the rate of the process. For example, acceleration of αS aggregation can 

be achieved using various anionic detergents, polyamines, lipids or acidic pH11. αS is known to bind 

several metal cations, including Fe2+, Al3+, Zn2+, Cu2+, and Ca2+,30 and the binding of  

Cu2+ ,99 and Ca2+ 100 was shown to influence the aggregation of αS by promoting oligomer formation  

in vitro. Additionally, mechanical agitation such as continuous shaking or stirring can be used to 

promote the fibrillisation process98,101,102. It is well-established that the aggregation of αS can be 

initiated by protein misfolding. Uversky et. al. identified a reversible structural change in αS 

monomer at the conditions of either low pH or high temperatures. It was proposed to be an early-stage 

‘aggregation-prone’ intermediate on the path towards fibril formation, because the conformational 

change matched the onset of fibril detection102. The intermediate was monomeric and less compact 

than a globular structure, hence termed ‘partially-unfolded’. It was shown to have β-sheet character, 

with the same structural characteristics at conditions of either low pH or elevated temperature. 

Authors explained the temperature-induced formation of the intermediate by an increase in 

hydrophobic interactions, and the pH-induced formation due to the decrease in the negative charge in 

the C-terminal region via the protonation of carbonyls. They proposed that any factors shifting the 

equilibrium towards the folded monomer state will promote fibril formation. In addition to low pH, 

high temperature and non-polar molecules were suggested. 

αS aggregation is known to be a nucleation-polymerization process103, characterised by a sigmoidal 

reaction profile (Fig. 1.5). There is an initial lag phase, when oligomeric nuclei are formed, followed 

by an exponential growth phase, where nuclei grow through monomer addition while forming 

protofilaments and fibrils. The process ends with the steady-state phase, when equilibrium between 

αS soluble forms and fibrils is reached. There exists a limiting concentration for this process, termed 

“the critical aggregation concentration” (CAC), below which the protein is thermodynamically stable 

in its unfolded form, and above which it tends to lower its free energy through fibrillisation. The 

values reported for αS vary, but tend to be in the low-micromolar range104,105. The sigmoidal profile, 

however, does not represent a full picture of a multitude of microscopic processes occurring during αS 

aggregation. For example, it was realised that fibril growth can be largely influenced by secondary 

nucleation events like fibril fragmentation106. Cremades et. al. identified a slow structural 
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interconversion between oligomers during the initial stages of αS aggregation using single-molecule 

techniques79. It was determined to be of the order of half-life of in vivo αS turnover.  

 

 

Figure 1.5. Typical aggregation kinetics and underlying microscopic reactions. a. The aggregation 

reaction of αS is commonly described by the sigmoidal kinetic profile. The microscopic mechanisms 

that lead to the production of aggregates during the aggregation process can be separated into primary 

nucleation, when aggregates are generated solely from monomeric units (b.) and secondary nucleation 

reactions (c.), involving the production of new aggregates from the existing aggregates, or from both 

monomers and the existing aggregates. (From Cohen et. al., 2012107). 

 

 

1.2 Single-molecule methods 
 

1.2.1 Principles of single-molecule FRET experiments 
 

It has been discussed above that oligomers of αS are commonly considered to be the most cytotoxic 

species in PD. During αS aggregation, however, they constitute a low fraction of the total protein 

concentration and are present in a vast excess of monomer, are transient and highly heterogeneous. 

Therefore, it is difficult to characterise them by bulk techniques, which depict average features of an 

ensemble. Single-molecule techniques are more useful in this case, because they enable detecting 

individual species108. Single-molecule confocal microscopy methods have been developed and used 

by the Klenerman group to study the oligomer formation during the aggregation reactions of a number 

of amyloidogenic proteins such as the SH3 domain from bovine phosphatidylinositiol-3’-kinase (PI3-

SH3)109, of αS79 and Aβ110. These techniques were also utilised to studying the interactions of the 

oligomeric species with molecular chaperones110 or cell membranes111. 
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In this work, single-molecule FRET (sm-FRET) experiments have been performed on fluorescently 

labelled αS molecules in order to investigate early stages of the aggregation of this protein. FRET, 

which stands for Fӧrster resonance energy transfer (or fluorescence resonance energy transfer), is an 

intermolecular non-radiative transfer of energy from an excited donor fluorophore to an acceptor 

fluorophore, with the efficiency given by112: 

𝐸 =  
𝑅𝑜

6

𝑅𝑜
6+ 𝑅6                                                                                       (1.1) 

where 𝑅 is the donor-acceptor separation, and 𝑅𝑜 is the distance at which 50% energy transfer occurs, 

and is dependent on the relative orientation of the fluorophores and their spectral overlap.  

The dependence on donor-acceptor separation is advantageous for the structural characterisation of 

biomolecules and monitoring their conformational changes113. When applied to αS aggregation 

studies, sm-FRET technique has demonstrated the ability to discriminate between oligomers of 

distinct structural types, follow their formation, size distribution, conformational conversion and 

stability79. 

In the sm-FRET experiments carried out in this thesis, custom-built single-molecule confocal setup 

was implemented, that is described in more detail in Chapter 2, section 2.6. The setup enables the 

detection of fluorescence emission from individual fluorescently-labelled protein monomers and 

oligomeric aggregates as they travel through the laser excitation region. This technique allows the 

detection and individual characterisation of large numbers of oligomeric aggregates present in 

aqueous solutions without the need to physically separate these species from monomeric protein. This 

is achieved by analysing an equimolar mixture of fluorescently labelled protein solutions during the 

aggregation reaction. In a typical αS aggregation experiment, a 1:1 stoichiometric ratio of Alexa Fluor 

488 (AF488) and Alexa Fluor 594 (AF594) labelled αS is combined and incubated with agitation in 

order to induce its aggregation (Fig. 1.6a). Aliquots are withdrawn from the mixture at defined time-

intervals. Upon withdrawal, the solutions are immediately diluted for single-molecule analysis, and 

continuously passed through a microfluidic channel that allows to reduce the sampling time114,115. A 

488 nm laser beam is focussed into the centre of the channel, to excite the AF488 dye directly, and the 

emitted fluorescence is simultaneously collected in both AF488 (donor) and AF594 (acceptor) 

channels (Fig. 1.6b). AF594-labelled monomers passing through the confocal volume are 

undetectable, whereas AF488-labelled monomers give rise to single bursts in the donor channel, 

enabling the level of monomeric αS to be monitored during the aggregation reaction. As oligomers 

typically contain both types of labels, they are detected as simultaneous intense bursts in the donor 

and the acceptor channels, due to the emission from both the directly excited AF488 and from the 

non-radiatively excited AF594 via FRET (Fig. 1.6c). In this manner, oligomers can be distinguished 

from monomers despite the fact that the latter are found at much higher concentrations; and the 
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oligomer numbers and fractions in solution can be quantified as a function of the reaction time. In 

addition, the fluorescence intensities recorded in both donor and acceptor channels for each oligomer 

can provide information on the structural characteristics of the detected oligomers. More detailed 

experimental procedures and analysis protocols for sm-FRET experiments are presented in Chapter 2, 

sections 2.4.-2.8., and the results of these experiments are shown and discussed in Chapters 3-5. 

 

1.2.2 Principles of single-molecule TCCD experiments 
 

Two-colour coincidence detection (TCCD) can be performed utilising the same experimental setup as 

the one used for sm-FRET experiments. In contrast to sm-FRET, where irradiation only by 488 nm 

laser beam is used, TCCD involves dual excitation by a pair of overlapped laser beams, operating at 

488 nm and 594 nm, or at 488 nm and 633 nm, depending on the AF label pairs of the analysed 

protein samples. In TCCD experiments, in contrast to monitoring FRET signal between the dye pairs, 

direct fluorescence emission from both AF488 and AF594 (or AF647) is detected as a consequence of 

direct dual-colour laser excitation. Singly labelled protein monomers will give rise to non-coincident 

fluorescence bursts, whereas oligomeric aggregates bearing two different fluorophores are expected to 

produce two fluorescence bursts that are coincident in the two emission channels, and can therefore be 

distinguished from the non-coincident monomeric bursts, as is illustrated in Fig. 1.6d. The procedures 

that were used to carry out these experiments are detailed in the next chapter, General methods, in 

sections 2.11-2.12. To note, this approach is not restricted to the analysis of aggregates that are 

sufficiently compact in order to exhibit detectable emission due to FRET. Therefore, TCCD technique 

has been applied in this thesis for the measurements of aggregates that were not necessarily expected 

to exhibit high degree of compactness, such as co-oligomers formed as a result of the direct 

interaction of αS with other aggregation-prone proteins, described in Chapter 6. 



Introduction 

 

 

12 

 

Figure 1.6. Schematic representation of sm-FRET and TCCD experiments. a. 1:1 stoichiometric ratio 

of αS monomer labelled with AF488 and AF594, shown as blue and orange spheres, was combined at 

a chosen initial concentration and allowed to aggregate. During the process, the monomeric protein 

assembles into oligomers, the main focus of the present thesis, and then amyloid fibrils. Aliquots were 

withdrawn, diluted and analysed using a custom-built single-molecule microscope. b. Schematic of 

the setup used for the sm-FRET experiments, with one colour laser excitation and two-colour 

detection. On the top of the confocal microscope objective, a microfluidic device is placed, and a 

protein sample flown through its channel at a constant rate. c. Representative sm-FRET fluorescence 

intensity traces, when 488-nm excitation is used. Non-coincident bursts in the donor channel arise 

from the AF488-labelled protein monomers (represented as blue spheres), and monomers are typically 

present in excess, while the AF594-labelled monomers (orange spheres) are not detected. The 

coincident intensity burst, marked with black stars in both channels, corresponds to the oligomer. d. 

Representative TCCD fluorescence intensity traces, when simultaneous 488- and 594-nm laser 

excitation is used. Non-coincident bursts in both channels arise from either AF488- or AF594-labelled 

monomers, present in excess. The coincident intensity burst, again marked with a black star, denotes 

an oligomer. 
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1.3 Aims and structure of this thesis 
 

The aim of this thesis is to apply the described single-molecule techniques, sm-FRET and TCCD, to 

study the aggregation of αS protein in solution at a range of starting conditions. As it has already been 

discussed, these methods allow the detection and characterisation of individual molecules and 

aggregates of αS, and enable to follow the earliest steps of its self-assembly that cannot be resolved 

using more conventional bulk experimental approaches. 

The main objectives of the presented research are: 

1. To study the aggregation of αS at a broad range of starting concentrations by sm-FRET in 

order to obtain quantitative kinetic profiles of oligomer formation and monomer depletion. 

  

2. To illustrate how the resulting dataset can be applied in order to develop an explicit kinetic 

model of αS aggregation and enable extracting reaction orders of individual microscopic steps 

of this mechanism. Furthermore, to illustrate how the obtained parameters can be used to 

making predictions of the aggregation and seeding behaviour of αS at physiologically-

relevant conditions that are not readily accessible experimentally. Moreover, to put forward a 

potential mechanism of αS spreading in cellular environment. 

 

3. To investigate the influence of two αS-specific antibodies on its aggregation pathway, 

particularly on the early stages of this process comprising the formation and conformational 

conversion of oligomeric species. 

 

4. To study the oligomerisation of αS in the presence of a biologically-relevant aggregation 

inducer, a fatty acid, and to compare and contrast the resulting oligomers to the oligomers 

formed by αS in aqueous buffer in the absence of the fatty acid. 

 

5. To investigate the co-oligomerisation of αS with two other major proteins implicated in 

neurodegenerative diseases, amyloid-beta and tau, by performing their co-incubations at low 

physiologically-relevant concentrations. 

The order of the subsequent chapters in this thesis is the following: 

Chapter 2 describes the general methods and data analysis strategies used to carry out the 

experimental work presented in this thesis. 
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In Chapter 3, the aggregation of αS is investigated by single-molecule techniques at a wide range of 

the starting protein concentrations. The experimental datasets are presented that enable the 

development of a detailed kinetic model of αS aggregation. The main outcomes of this kinetic 

analysis are discussed.  Based on the data-driven predictions, a hypothetical mechanism of αS 

spreading in disease is proposed.  

In Chapter 4, the aggregation of αS is studied in the presence of two specific antibodies, NbSyn2 and 

NbSyn87. Their influence on the formation and properties of αS oligomers is described. 

Chapter 5 presents the experiments where a biologically-relevant fatty acid is used to induce the 

oligomerisation of αS. The resulting oligomers are compared to the oligomers formed by αS in the 

absence of the fatty acid. 

In Chapter 6, oligomerisation of αS and related aggregation-prone proteins is investigated at low 

starting protein concentrations. The formation of co-oligomers composed of two different proteins is 

identified. 

Chapters 3-6 of this thesis are organized in a stand-alone manner according to a common structure. 

Each chapter begins with a literature review to provide the background for the presented experimental 

work. The description of methods that are specific to the experiments in the chapter follows. 

Subsequently, detailed results of the experiments are presented along with their discussion. Finally, 

the main experimental findings and their interpretation are reviewed and summarised. 
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2. Chapter 2 

General methods 

 

2.1 Scope of this chapter 
 

This chapter summarises the most commonly utilised experimental protocols and data analysis 

methods, routinely carried out for the projects described in this thesis. Additional experiments or 

analysis methods that are specific to the individual projects will be described in the Methods sections 

of the corresponding chapters. 

 

2.2 αS expression and purification 
 

Monomeric alanine to cysteine full-length mutant (A90C) or full length wild-type (wt) αS were 

expressed and purified either by Dr. Nadia Shivji, Beata Blaszczyk or Eva Klimont based on the 

protocol by Hoyer et. al.116, and normally available as 300-400 µM aliquots stored at -80°C. A90C 

was stored with addition of dithiothreitol (DTT) to prevent cysteine oxidation and disulfide bridge 

formation.  

2.3 αS labelling procedure  
 

Labelling of A90C αS at the residue 90 of αS was achieved via a selective thiol-maleimide reaction, 

since position 90 is the only cysteine residue in the αS mutant. This labelling process occurs via 

Michael-type conjugate addition, forming a thioether as a final product, as shown in Fig. 2.1. 

 

N

O

O

R' + R''- SH N

O

O

R'

SR''

 

Figure 2.1. Reaction scheme for labelling of A90C αS. Maleimide and thiol react to form a thioether. 

R’ represents the remaining part of AF488 or AF594 molecules; and R’’ denotes 139 residues of αS. 
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PBS buffer (10 mM phosphate, 0.27 mM KCl and 137 mM NaCl, pH 7.4) was degassed by stirring 

under vacuum for 1 h.  1-2 ml aliquots of αS were eluted with the buffer through a PD10 desalting 

column containing Sepadex G25 matrix for DTT removal. Eluted fractions were combined and the 

overall concentration was determined by absorbance at 280 nm, using ɛ = 5,600 M-1 cm-1. 

Subsequently, either AF488 solution in dimethyl sulfoxide (DMSO), or AF594, or AF647 (maleimide 

linkers, Invitrogen Lifesciences) solution in DMSO was added to the protein in a molar ratio 1:1.5 

protein:dye. The solutions were stirred in dark at 4°C over a period of at least 3 h. Subsequently, each 

of the solutions was loaded onto a PD10 desalting column and eluted with Tris buffer (25 mM Tris, 

100 mM NaCl,pH 7.4), to remove excess free dye. The labelled protein of each colour separately was 

concentrated by ultracentrifugation for 5 min at 4,000 rpm and 4°C, using centrifugal filter device 

with 10 kDa cutoff (Amicon). This resulted in protein of 100-200 µM, determined by absorbance at 

495 nm and ɛ = 72,000 M-1 cm-1 for AF488-labelled portion, at 594 nm and ɛ = 96,000 M-1 cm-1 for 

AF594-labelled portion, and at ɛ = 265,000 M-1 cm-1 for AF647-labelled portion. The resulting 

samples were aliquoted into <100 µL portions, flash-frozen in liquid N2 and stored at -80°C prior to 

single-molecule measurements. The reaction completion was confirmed by mass spectrometry. The 

peak at 14,492.2 amu due to the unlabelled A90C was negligible, whereas peaks at 15,192.2 amu for 

the case of AF488-labelled αS, at 15,379.2 amu for AF594-labelled αS, and at 15,477.2 amu for 

AF647-labelled αS were intense. Since it was found that the absorbance at 280 nm was strongly 

affected by the presence of AF fluorophores, the labelling efficiency could not be determined using 

absorbance and mass spectrometry was used. From the ratios of the intensities of the peaks 

corresponding to labelled and unlabelled protein, the labelling efficiency was typically >98% (see 

Appendix 1 for representative mass spectra). 

 

2.4 Sample preparation for αS aggregation experiments 
 

For sm-FRET aggregation experiments, the AF-labelled αS was singly used upon defrosting. A 1:1 

molar ratio of AF488 and AF594-labelled monomeric αS were combined in Tris buffer (25 mM Tris, 

0.1 M NaCl, 0.01% NaN3, pH 7.4) up to a chosen starting protein concentration (0.5-140 µM, 

depending on the experiment) and a sample volume of 300 µL. The AF488 and AF594 dye pair was 

chosen as the least interfering fluorophore combination for αS fibril formation shown by the previous 

studies115. The solutions were incubated in the dark at 37°C with constant agitation at  

200 rpm (New Brunswick Scientific Innova 43), and aliquots were withdrawn at regular intervals for 

sm-FRET experiments. The purity of the starting material was confirmed by sm-FRET measurements 

of the samples prior to the incubation, and only solutions devoid of pre-formed aggregates were used 

for time-dependent measurements. 
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2.5 Production of microfluidic devices 
 

The microfluidic devices used for sm-FRET measurements of αS solutions were produced according 

to previously established protocol114. SU-8 2025 photoresist (MicroChem) was spin-coated onto a 

silicon wafer at 3,000 rpm for 30 s, and prebaked for 15 min at 95°C. Then it was exposed to UV light 

through a mask aligner with straight channels, and hard-baked at 95°C for 5 mins. A mixture of 

approximately 1:10 (w/w) ratio of curing agent (Sylgard 184, Dow Corning) to PDMS was poured 

over the master, degassed and baked at 65°C overnight. The procedure allowed devices with the 

channels of 25 µm height and 100 µm width. They were separated from the master, cut and punched 

using biopsy punches to introduce holes. Subsequently, the devices were exposed to oxygen plasma 

for 7 s, sealed to a microscope glass slide and baked at 65°C overnight. 

 

2.6 sm-FRET data acquisition 
 

Aliquots from the αS aggregation sample were diluted in a serial dilution up to 280 pM immediately 

prior to the measurement, using Tris buffer of the same composition as for the aggregations. The 

analysed solution was introduced into an inlet of a straight-channelled microfluidic device via a gel-

loading tip, and passed through the channel at a constant rate of 2 cm s-1 via a syringe pump 

(PHD2000, Harvard Apparatus). The setup used for single-molecule measurements was analogous to 

previously described115, and was built by Dr. M. Horrocks. It is schematically shown in Fig. 1.4b. 

For sm-FRET measurements, a collimated 488 nm laser beam (Spectra Physics NewPort Cyan) was 

directed through a back port of an inverted microscope (Nikon Eclipse Ti-U) at 2 mW power 

(measured at the back port of the microscope), where it was reflected by a dichroic mirror (Semrock 

DiO1 R405/488/594) and sent through an oil immersion objective (Plan Apo VC 60 x, NA 1.40, 

Nikon) to be focused 10 µm into the centre of a microfluidic channel. Fluorescence signal was 

collected by the same objective, imaged onto a 100 µm pinhole (Thorlabs) and separated into two 

channels by a dichroic mirror (Horiba 585DRLP). The pinhole was conjugate with the plane of focus 

of the microscope objective and the point of the laser excitation, and thus eliminated out-of-focus 

fluorescence and scattered light, and reduced the background noise. Donor fluorescence was filtered 

by a long-pass (Edge Basic 514) and a band-pass filter (535AF45 Omega Filters) before being 

focused onto an avalanche photodiode, APD (Perkin Elmer). Acceptor fluorescence was directed 

through a long-pass filter (610ALP Horiba) and a band-pass filter (BrightLine 629/53) before being 

focused onto a second APD. Synchronous output from the APDs was collected by custom-

implemented field-programmable gate array, FPGA (Celoxica RC10) (programmed by Dr. A. 
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Zhukov). Data were typically acquired for 400 s (80 frames, 100,000 bins per frame, 50 µs bin-width) 

per aliquot, and consisted of time-binned photon bursts in the donor and the acceptor channel. All 

measurements were made at ambient temperature around 20°C. The utilised experimental setup had 

an additional 633 nm laser line (Melles-Griot HeNe) and corresponding set of filters, allowing 

operation in the 488/633 nm mode in the cases where AF488 and AF647 dye pairs were used for the 

experiments. 

 

2.7 Alignment of the instrument 
 

Manual alignment of the single-molecule setup was routinely carried out to ensure that the detected 

fluorescence events were recorded coincidently and their intensities were maximised. Alignment 

involved the collimation and overlap of the two laser beams, 488 nm (Spectra Physics NewPort Cyan) 

and 594 nm (Cobolt Lasers), operating at the powers of 120 µW and 35-40 µW, respectively. The 

shapes and positions of the laser beams were adjusted manually by using sets of optical mirrors and 

projecting both beams onto a CCD camera. The beam overlap was initially inspected by projecting the 

adjusted laser beams onto a wall. To quantify the overlap, 25 pM dual-labelled (with AF488 and 

AF594) DNA sample was used (AtdBio), with the length of 40 base pairs, which makes it incapable 

of FRET. The sample was placed on a microscope coverslide, and irradiated by the overlapped laser 

beams. The fluorescence signal was detected in both channels simultaneously, and its intensity was 

maximised by manually adjusting positions of the pinhole and the APDs. The chosen laser powers 

enabled the detection of equal average fluorescence intensities in both channels, and were optimised 

by varying the laser powers in both channels. The data were collected with 1 ms bin times, 8,000 bins 

per frame, 80 frames and a total duration of 400 s. Subsequently, a custom-written “TCCD’’ program 

(by Dr. Clarke) was used to analyse the collected results.  

The program automatically determined the association quotient, given by117:  

𝑄 =  
(𝐶−𝐸)

𝐴+𝐵−(𝐶−𝐸)
                                                                      (2.1) 

where A and B are the event rates in the donor and acceptor channels, C is the rate of coincident 

events, E is the rate of chance coincident events. The program selected the fluorescence bursts in both 

channels above a defined threshold, corrected for the chance coincident events and outputted the Q. 

The instrument was considered suitable for the sm-FRET experiments once the value of 0.2 or more 

was obtained. 
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2.8 sm-FRET data analysis 
 

Data were analysed using custom-written Igor Pro (Wavemetrics) code (written by Dr. M. Horrocks), 

according to a previously reported method115. Time-bins with intensities greater than 15 photons bin-1 

in the donor (emission from AF488) and the acceptor (AF594) channel simultaneously (the AND 

criterion)118 were assigned to be due to oligomeric events and selected for the analysis. The donor 

counts which did not fit the criterion but were above the applied threshold were saved separately and 

assigned as monomeric αS bursts. The threshold of 15 photons bin-1 for both channels was determined 

using the previously established optimised threshold selection method117. The values of the photon 

bursts were corrected for the cross-talk and the autofluorescence from the donor to acceptor channels 

according to  DD ADI  , where ID  is the modified intensity in the donor channel, D is the original 

intensity in the donor channel, AD is the autofluorescence in the donor channel (1.6 photons bin-1, 

corresponding to the average signal from buffer only), and  DCAAI AA  , where IA  is the 

modified intensity in the acceptor channel, A is the original intensity in the acceptor channel, AA is the 

autofluorescence in the acceptor channel (1.3 photons bin-1), C is the cross-talk from donor to 

acceptor channel (13%). The crosstalk was negligible from the acceptor to donor channel. For every 

simultaneous oligomeric burst, the FRET efficiency was calculated: 

)( DA

A

II

I
E




                                                                       (2.2) 

where ID is the donor intensity in the presence of an acceptor, IA is the acceptor intensity and   is the 

gamma factor specific to the instrument (0.99), which accounts for the relative detection efficiencies 

of the dyes and their quantum yield. The FRET efficiency values were binned into histograms with a 

bin width of 0.05. Subsequently, the data were split into two size groups: small oligomers consisting 

of 2-5 monomer units (-mers) and large oligomers (6-150-mers). Further details of the size estimation 

are included in section 2.10. Large aggregates, either occupying consecutive time-bins or greater than 

150-mers, were excluded from the analysis as detailed in Horrocks et. al.115.  

 

2.9 Analysis of kinetic traces from sm-FRET experiments 
 

The resulting FRET efficiency histograms were split into the two size groups based on the general 

difference in their appearance. At small sizes, one peak was observed in the FRET efficiency 

histograms in all measured samples. At large sizes, either one, or two FRET efficiency peaks could be 

distinguished, especially at the later stages of the aggregation reaction. Whenever the FRET efficiency 
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histograms showed two distinguishable distributions, separate kinetic traces for the two distributions 

were extracted. For this, the FRET histograms of the two separate size groups were globally fitted (eq. 

2.3, Origin 7.0) to a single Gaussian distribution for 2-5-mers, or a double Gaussian distribution for  

6-150-mers, using GaussAmp functions: 

 

   












 














 














 


2
2

2
2

22

2

0

2

2

0

2
exp

2
exp

2
exp

w

xx
A

w

xx
Ayy

w

xx
Ayy

cc

c

                                    (2.3) 

where A and A2 are the amplitudes, xc and xc2 the centres, corresponding to average FRET efficiency 

values, w and w2 the widths of the distributions. The centres and the widths were global parameters, 

and the amplitudes were local parameters. The fitted Gaussian distributions were integrated and 

divided by histogram bin width (0.05) to give the total number of oligomers in each population for 

each timepoint. In the cases where the histograms displayed a single peak, they were integrated and 

divided by histogram bin width (0.05) to give the total number of oligomers for each timepoint. The 

resulting numbers of oligomers, plotted against aggregation time, formed the basis of the oligomer 

kinetic traces. In order to obtain a more conventional representation of the kinetic traces, showing the 

change in oligomer concentrations with time, further corrections were performed. Firstly, the numbers 

of oligomers were normalised to the average monomer bursts, taken at the beginning of the 

aggregation process where the monomer bursts did not undergo a rapid decrease due to monomer 

depletion. To note, the value of the average monomer bursts was twice the average value of the bursts 

arising from AF488-labelled monomer, to account for the 1:1 stoichiometry of the AF488 and the 

“invisible” AF594 monomer in the sm-FRET experiments. This gave an approximate estimate of 

oligomer fractions in the samples. Subsequently, the fractions were multiplied by the starting total 

protein concentration (µM) to give approximate oligomer concentrations.  

The kinetic traces of monomer depletion were obtained from the selected monomeric burst counts 

above the chosen threshold, normalised to the monomeric burst counts at time zero to give the 

monomer fractions, and multiplied by the starting bulk protein concentrations.  

 

2.10  Apparent oligomer size distributions from sm-FRET 

experiments 
 

In the sm-FRET experiments, the apparent size distributions of oligomers were derived using 

fluorescence intensity values of the simultaneous bursts, according to the following equation: 
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where ID is the donor intensity in the presence of an acceptor, IA is the acceptor intensity and 
 
is the 

gamma factor (0.99) and IDmonomer is the average intensity of donor monomers. The expression 

estimates the number of donor monomers per oligomer, and the factor of 2 is due to assumed 1:1 dye 

stoichiometry in the oligomers. Large species, either occupying neighbouring bins, or more than 150-

mers in size, were excluded, as these were assumed to originate from fibrils. These size distributions 

have units of number of monomers per oligomer (abbreviated as “–mers” throughout), and are termed 

“apparent” as they serve to broadly reflect the changes in the average populations of oligomer sizes 

rather that to report on the discrete sizes of oligomers. This limitation in the size estimation is due to 

the inhomogeneous laser excitation, stochastic nature of fluorescence emission and potentially 

different paths the oligomers can take through the confocal volume during the detection. The 

determination of exact physical sizes of individual oligomers of αS has been achieved previously by 

other methods such as single-molecule photobleaching94 or analytical ultracentrifugation84, and is 

beyond the scope of the present method.   

 

2.11  TCCD data acquisition 
 

The coincidence in TCCD experiments can be quantified using the association quotient Q, defined in 

eq. 2.1. In these experiments, Q value arising purely due to chance coincidence events was determined 

by analysing free AF dyes in solution, as will be detailed in the subsequent chapters. This was done in 

order to adjust the sample concentration to ensure the measurements in single-molecule regime, and 

data acquisition at a total concentration of 100 pM or less was found optimal. Following the dilution, 

solutions were immediately introduced into a straight channel of a microfluidic device via a gel-

loading tip and withdrawn at a constant rate of 1 cm s-1 via a syringe pump, as in the sm-FRET 

measurements. Overlapped laser beams were focused into the middle of the channel. For each sample, 

data were typically acquired for 600 s, with 100 µs bin-width, chosen according to the expected 

residence time in the excitation region at the chosen flow speed114, 100,000 bins per frame and a total 

of 60 frames. The fluorescence photon traces in two separate channels, the emission from AF488 and 

AF594 dyes (or AF647, when 1:1 AF488 and AF647 samples were used, and the setup was operating 

in 488/647 mode), were collected simultaneously and outputted using custom-programmed FPGA 

(Colexica). All measurements were made at ambient temperature around 20°C, similarly to sm-FRET 

measurements. 
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2.12  TCCD data analysis 
 

The collected photon traces were analysed using custom-written Igor Pro 6.22 (Wavemetrics) 

software (written by Dr. M. Horrocks) analogous to previously described115. The data were corrected 

for autofluorescence and for crosstalk. Photon bursts with intensities greater than the threshold of 15 

photons bin-1 in the blue and in the red channels were selected according to previously established 

threshold selection approach that allowed maximising the detection of coincident events. 

Simultaneous events in both channels above the threshold (the AND criterion118) were selected. To 

account for any possible coincident events due to chance, the desynchronisation approach was used117. 

Time-bins in the blue channel were randomly re-numbered before the selection of simultaneous 

events in the two channels above the threshold. Using these outputs, the association quotient Q was 

estimated according to eq. 2.1.  

 

2.13  Bulk ThT measurements 
 

Bulk thioflavin-T (ThT) assays were performed to monitor fibril formation by αS, incubated at the 

same conditions as the samples used for sm-FRET experiments. For the assays, either unlabelled wt 

αS was used, or AF594-labelled αS, and the same buffer and incubation conditions as described for 

sm-FRET assays. The aliquots were withdrawn at the same time intervals as for the sm-FRET 

measurements. Withdrawn aliquots were pre-mixed with ThT solution to contain  

18 μM of this dye. Measurements were performed on Cary Eclipse spectrometer with 440 nm 

excitation and emission at 470-600 nm. Maximum intensity values from the background-corrected 

fluorescence spectra were plotted against incubation time. 

 

2.14  TEM imaging 
 

For transmission electron microscopy (TEM) imaging, the sample preparation was the same as for the 

solutions prepared for the sm-FRET or TCCD experiments, and either labelled αS, unlabelled αS or 

other protein samples were used at a range of starting concentrations from 10-70 µM, unless specified 

otherwise. ~10-15 μL volumes of the samples were applied onto carbon-coated 400-mesh copper 

grids (EM Resolutions) for 5 min, and washed with distilled water. Negative staining was carried out 

by using 2% (w/v) uranyl acetate. TEM images were acquired using Tecnai G2 microscope (13218, 

EDAX, AMETEK) operating at an excitation voltage of 200 kV.
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3. Chapter 3 

Aggregation of αS studied by sm-FRET 
 

In this chapter, the aggregation of αS protein is studied by sm-FRET, and the results are put into the 

context of its spreading in PD. Firstly, literature is reviewed that supports the spreading of αS 

aggregates both in disease and in various model systems. Two types of αS oligomers previously 

identified in this laboratory by sm-FRET technique are introduced. Subsequently, sm-FRET 

experimental results of the aggregation of αS at a range of starting protein concentrations are 

presented, along with the optimisation of these experiments. The differences in the concentrations and 

FRET efficiency distributions of the generated oligomer populations are shown, depending on the 

starting protein concentrations. Following this, the results of kinetic modelling of the αS aggregation 

datasets are presented, and the main predictions derived from this analysis are discussed. Finally, 

based on the predictions, a hypothetical primary role of αS aggregates upon entering a cell during the 

spreading process is suggested. 

 

3.1  Introduction: Prion-like hypothesis of αS spreading 
 

3.1.1 Spreading of αS aggregates in disease 
 

The deposition of the insoluble αS inclusions in PD and related synucleopathies follows a specific 

pattern which correlates with clinical symptoms. This specific pattern of deposition appears to be 

different in different types of synucleopathies, as was established based on autopsy studies. Two 

commonly accepted classifications are McKeith classification119, used mostly for the description of 

the spreading of αS in DLB, and Braak staging120, commonly used for PD. According to Braak 

staging, the progression of αS pathology starts in the gut and olfactory system, and spreads along the 

brainstem to the vagal nerve, reaches the substantia nigra, advancing to the limbic structures and in 

the final stages progresses to neocortex120. This specific pattern is known as ‘gut-to-brain’ spreading 

of pathology121. It is not universally present in all PD patients, and there is some controversy about the 

various details of the classification122, although the general pattern of the spreading is widely 

accepted, and is frequently well-correlated with the appearance and the increasing severity of clinical 

symptoms. For example, the olfactory system is one of the earliest systems to suffer, according to this 

staging pattern, and indeed hyposomnia is present in around 90% of the early-stage cases of sporadic 
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PD123. It is interesting to note that LB inclusions are also observed in about 10% of people aged over 

60 who do not exhibit any symptoms of pathology. Neverteless, these patients have decreased levels 

of dopaminergic and noradrenergic neurons, alghough to a lesser extent than the patients with clinical 

symptoms124. The identification of this form of LB pathology, termed as incidental LB disease, shows 

that the disease may begin much earlier than the pathological symptoms become evident. It was found 

that the aggregates found in PD were more stable in comparison to the aggregates found in the 

incidental LB disease125. 

 

In additional support of the fact that αS deposits are able to spread, striking observations were made in 

PD patients who underwent a surgery in 80s and 90s, which involved grafting young neuronal cell 

transplants into their striatum in order to restore the neurotransmission of dopamine. Over years after 

this surgery, the transplaned neurons had developed LB deposits, corroborating the fact that the 

aggregates could spread during the disease126. Despite the fact that the spreading of αS lesions was 

observed and correlated with the pathology, it remains unclear what is the molecular-level mechanism 

driving this process, and whether this spreading is cell-driven, protein-driven or is a consequence of a 

combination of several driving forces. For example, there exists an opinion that the above mentioned 

Braak stages are a consequence of different properties of neuronal cells in the different parts of the 

brain, specifically, their proneness to protein aggregation, and therefore the observed aggregation is 

cell-driven127. One other increasingly popular explanation is the prion-like hypothesis, which 

originates from the discovery reported by Prusiner in 1982 that prion protein was the constituent of 

the infectious particles causing scarpie disease128. The proposed underlying mechanism of prion 

propagation was that the prion aggregates were able to act as templates in order to induce a very rapid 

stochastic misfolding of the normally present soluble proteins, this way generating a cascade of 

insoluble pathogenic protein aggregates. Later, based on numerous experimental reports demonstating 

the spreading of other amyloidogenic proteins, such as amyloid-beta and tau, along with multiple 

similarities between the resulting protein-folding diseases, it was proposed that their spreading was 

goverened by a ‘prion-like’ mechanism129.  

 

At the molecular level, the prion-like propagation is frequently linked to the process of templated 

seeding, in which the aggregates of αS act as templates to promote the misfolding and aggregation of 

soluble protein molecules130 in the same manner as prion protein. The prion-like hypothesis of αS 

propagation has gained a lot of attention over the recent years127,131,132. However, it has not been 

universally accepted, and the prion-like role of αS in the process of its pathological spreading is still 

under debate133, numerous alternative hypotheses exist to explain the observations, and the research in 

this area is actively progressing in order to both pinpoint the molecular origins of the process, and 

attempt to prevent or slow down the propagation of pathogenic aggregates127. 
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Figure 3.1. Temporal evolution of αS aggregates after the injection of different forms of human αS 

into olfactory bulbs of wild-type mice. The shaded areas denote cells positive for human αS at the 

specified time points past injection, and indicate a faster transfer of monomers and oligomers in 

comparison to fibrils of αS. (Figure from Rey et. al., 2013)134. 

 

3.1.2 Experiments to mimic the spreading of αS in animal models and cell 

culture 
 

Numerous experiments have attempted to recapitulate the spreading of αS aggregates in various 

biological systems, such as cultured cells and animal models. For example, cell-to-cell transmission of 

αS by endocytosis and exocytosis in neuronal cell culture was demonstrated, and found to occur 

concomitantly with lysosomal disfunction and cell apoptosis135. Seeding was demonstrated to occur in 

neuronal cells upon the addition of αS oligomers136. The transfer of αS was observed from the brains 

of transgenic mice to grafted neurons137. Studies performed in wild-type and transgenic mice showed 

that injection of fibrils of recombinant αS could lead to the aggregation of the endogenous protein138-

140. Experiments in monkeys demonstrated that injections of brain extracts from PD patients, 

containing LBs, into brains resulted in progressive neuronal cell death141. Interestingly, injections of 

distinct types of αS species, either monomers, oligomers or fibrils, were made into olfactory bulbs of 

transgenic mice134. The outcome of these was that the aggregate spreading was observed between the 

brain regions inter-conneced by axons, and that fibrillar aggregates travelled slower than monomers 

and oligomers, as is illustrated in Fig. 3.1. In addition to the numerous reported observations of the 

ability of αS aggregates to transfer between neurons, it was demonstrated that they could travel from 

neurons to oligodendrocytes, a type of glial cells in nervous system142, adding a further dimension 

towards the complexity of the spreading process. To note, αS is not expressed in glial cells in healthy 

adult human brain143, and the pathological transfer from neurons to glia may potentially be a useful 

feature from the diagnostic standpoint. Indeed, the deposits of αS were observed in oligodendrocytes 

in addition to neurons in patients with MSA144 and PD145, however, reports have demonstated that αS 

micro-RNA expression was absent, at least in the cases of MSA146. The fact that αS is capable of 
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transmitting between the cells where it is originally expressed to the cells where it is not expressed 

further strengthens the fact that it can spread. One key conclusion from the in vivo studies of the 

spreading of αS was that in order to be efficient, the process required the presence of endogenous αS 

protein. Therefore, pathogenic propagation was found to be not sustainable in αS-knockout animals147. 

Interestingly, in additional support of the direct connection between the aggregate spreading and 

cellular damage, normally observed in cell culture and animal models, the selective fate of the 

aggregate-containing neurons was unambiguously demonstrated in transgenic mice148.  

 

3.1.3 Experiments to model the spreading of αS in vitro 
 

In vitro experiments have also addressed the intriguing phenomenon of αS spreading. To recap, αS is 

an unfolded IDP in solution, at neutral pH and physiologically-related temperature, whereas 

undergoes a conformation reorganisation when conditions are altered, for example, at low pH149. It is 

known from a large number of in vitro experiments that in aqueous solution, synthetic αS can self-

assemble into fibrils, which are morphologically similar to the ones found in LBs104,150 and have a 

cross-β-sheet structure98. It was demonstrated that the addition of pre-formed fibrillar aggregates to 

monomeric αS in solution accelerated its aggregation. This phenomenon is known as ‘seeding’104, and 

it has been identified for various isoforms of αS, including its pathological point-mutants151. 

Additionally,  it was shown that during the in vitro aggregation of αS, the aggregates could multiply 

in acidic buffer, which may be relevant to the environment present in cellular endosomes152.  

 

3.1.4 Two types of αS oligomers previously identified by sm-FRET method 
 

In this laboratory, sm-FRET technique was used to study the aggregation of αS in vitro at the starting 

concentration of 70 µM. In the study published in 201279 two distinct types of αS oligomers were 

observed during the aggregation process. These types of oligomers were distinguished based on their 

FRET efficiency distributions (eq. 2.2). The initially formed oligomers were characterised by FRET 

distibutions centered at lower values, and were termed “low-FRET oligomers”. The oligomers formed 

at later times were characterised by the FRET distributions centered at higher values, and were 

therefore termed “high-FRET oligomers”. The high-FRET species were characterised by a 

distribution of apparent sizes ranging from 5-150 monomer units, where the apparent sizes were 

derived from fluorescence emission and served only as estimates due to the different trajectories that 

oligomers can take through the confocal volume and the stocastic nature of fluorescence emission. 

The high-FRET oligomers were found to be more resistant to enzymatic digestion, more cytotoxic and 

more stable towards the changes in buffer conditions compared to the low-FRET types, confirming 
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that the changes in FRET efficiency distributions represented the changes in αS oligomer 

structures79,115. The two identified types of oligomers were proposed to be two sequential intermediate 

species on the pathway to αS fibril formation. 

 

3.2 Methods 

3.2.1 sm-FRET experiments to monitor the aggregation of αS 

 

Sm-FRET experiments were carried out with the oligomer samples at a range of starting total αS 

concentrations from 0.5-140 µM according to the protocols described in General methods, section 2.4. 

3.2.2 TIRFM sample preparation 

 

For total internal reflection fluorescence microscopy (TIRFM) imaging, αS was 1:1 AF488 and 

AF647 dual-labelled, and buffer and incubation conditions were the same as for the samples in sm-

FRET experiments. Samples with starting protein concentrations of 5 and 70 μM were incubated for 

>54 h to allow characterisation of oligomers at the steady state, and fibrillar material was removed by 

centrifugation for 10 min at 12,800 x g. Borosilicate glass slides (631-0122, VWR International, 

20x20 mm) were cleaned by argon plasma (PDC-002, Harrick Plasma cleaner) for 1.5 h. 

Subsequently, frame-seal slide chambers (SLF-0601, Bio-rad, Hercules, CA, USA, 9x9 mm) were 

attached to the glass and 70 μL Poly-L-lysine (P4707-50ML, Sigma-Aldrich, mol wt 70,000-150,000) 

added on top and incubated for 30 min before being washed with Tris buffer of the same composition 

as used for the aggregations. Each glass slide batch was checked for the absence of fluorescent 

artefacts by imaging a buffer-containing blank slide. For imaging, protein was diluted to 100 pM 

concentration, added to the coverslide and incubated for 10 min. 

3.2.3 TIRFM data acquisition 
 

Imaging was performed using a home-built TIRFM setup (built by Dr. P. Jönsson) described 

previously153. Inverted Nikon Eclipse TE200 microscope (Nikon Corporation, Tokyo, Japan) was 

used and a 60× magnification (Plan Apo TIRF, NA=1.45) oil-immersion objective (Nikon 

Corporation). Dual illumination by a diode laser operating at 488 nm (PC13589; Spectra Physics, 

Canada) and a He:Ne laser operating at 633 nm (25LHP, Melles Griot, CA) were utilised. The TIRF 

mode was achieved by adjusting the position of aligned laser beams before they entered the objective. 

Fluorescence signal was split by a DualView (Optical Insights, Lilburn, CA) mounted dichroic and 
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after being separated into two colours was simultaneously recorded on each half of the chip of 

Photometrics Cascade II:512 EMCCD camera (Photometrics, Tucson, AZ). To adjust the overlap of 

images in both channels, a grid with evenly-separated holes in gold-on-glass was used. Data were 

acquired using MicroManager154, and the dimensions of the recorded images were 512×512 pixels, 

with a pixel size of 107×107 nm in the sample plane. The acquired datasets consisted of short video 

files, recorded by stream acquisition of 50 images with an exposure time of 100 ms. A new coverslide 

was used for every 25 videos to avoid recording pre-bleached species. 200 videos were recorded per 

protein sample, and three separate sample preparations were analysed for 5 µM concentration (total of 

600 videos), and the same number for 70 µM concentration. All measurements were made at ambient 

temperature (c.a. 21°C). 

3.2.4 TIRFM data analysis  

 

Using TIRFM data, apparent sizes of oligomers were determined by normalising oligomer 

fluorescence intensities to the average monomer brightness as described in previous studies111. 

Briefly, the data were analysed using custom-written MATLAB software (R2011b, MathWorks, 

Natick, MA), developed by Dr. K. Ganzinger. The fluorescence images were background-corrected 

and spots detected above empirically determined thresholds, (5 and 7 std above the background for 

the blue and the red channel) chosen to be in agreement with what is detected by eye. Firstly, by 

analysing predominantly monomeric data the average 647-labelled monomer intensity ( monomerI ) was 

determined. It was defined as the average intensity of detected spots in the first frame prior to 

photobleaching (N=5,123) minus the average intensity of the spots in the last frame after the 

photobleaching and was 41 ± 0.6 (sem) counts. Subsequently, oligomer intensities were extracted 

from the red (AF647 fluorescence) channel ( redI ). Oligomers were distinguished from monomers by 

detecting coincident spots in the red and the blue channels, with a requirement for the colocalized 

particles to stay within 300 nm of each other to account for any limitations in image registration (c.a. 

120 nm) and localisation precision (c.a. 50 nm for both detection in the blue and red channels). A 

centroid fit to the bright objects was followed by a Gaussian fit, and the extracted intensity values 

corresponded to the amplitudes of the Gaussian fits155. The intensities were averaged over multiple 

frames prior to photobleaching. To determine the apparent sizes, the oligomer intensities were 

doubled to account for the “invisible” blue fluorophores (since oligomers were created by aggregation 

of a 1:1 mixture of AF488 and AF647 labelled protein monomers), and divided by average monomer 

brightness determined: 
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The apparent size values were represented as histograms with bin-widths of 1. The size distributions 

were corrected to account for potentially present non-coincident singly-labelled oligomers, by 

multiplying each size population by the factor based on the binomial probability, which corrects for 

the assumption that each oligomer contains an equal number of red and blue fluorophores: 
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3.3 Results 

3.3.1 Results of control bulk and TEM imaging experiments to verify the 

ability of AF-labelled αS to assemble into fibrils 

 

 

Figure 3.2. a. Bulk ThT fluorescence traces, showing the progression of fibril formation for 

unlabelled wt αS at the same incubation conditions as for the sm-FRET experiments. (n=3, std). Fit to 

sigmoid function with t1/2(70 µM)=31.5±1.3 h and t1/2(35 µM)=34.3±0.9 h (error from the fit).  

b. Progression of fibril formation, monitored by ThT fluorescence emission, using either unlabelled 

wt or AF594-labelled αS at 70 µM (n=3, std). 

 

For sm-FRET experiments presented in this chapter, αS with an alanine to cysteine mutation at the 

residue 90 of αS (A90C) was used, which enabled the attachment of a single AF dye per protein 

molecule. The mutation was demonstrated not to significantly affect the aggregation properties of αS 

in the previous studies from this laboratory79,115,156, because the residue 90 is located at the periphery 

of the β-sheet core. In order to confirm this, bulk ThT measurements and TEM imaging experiments 

were carried out according to the protocols described in General methods. 

Firstly, bulk ThT fluorescence traces were recorded, employing ex-situ measurements upon 

withdrawal of αS aliquots from the samples incubated under the same conditions as in the subsequent 

sm-FRET experiments (in the dark at 37°C with constant agitation at 200 rpm). In Fig. 3.2.a, the 
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resulting fluorescence intensity traces indicate that fibril formation under these experimental 

conditions is detectable past 24 h and reaches a plateau phase after 40 h. Interestingly, there is no 

large difference between the time-frame of this process when the starting αS concentration is halved, 

and an equilibrium phase is reached within 40 h both at 70 µM and 35 µM concentrations. Therefore, 

this time-period is the most interesting for monitoring the formation of oligomers, since their 

formation is expected to precede fibril formation. Secondly, the aggregation was monitored by bulk 

ThT assay for both unlabelled wt αS as well as AF594-labelled αS under the same incubation 

conditions (Fig. 3.2b), and a close time-progression was observed, confirming that the attachment of 

the AF tag does not substantially interfere with the aggregation process. Finally, dual-labelled samples 

of AF488 and AF594-tagged αS were incubated over a period of 3 d under the same conditions as for 

the bulk ThT and sm-FRET experiments, and imaged by TEM (Fig. 3.3.). The presence of amyloid 

fibrils and no evidence of amorphous aggregation support the absence of substantial influence of the 

attachment of AF dyes to αS on its aggregation propensity. 

 

 

Figure 3.3. Representative TEM images of fibrils, formed by AF-labelled αS. 1:1 AF488 and AF594-

labelled αS samples are prepared under the same incubation conditions as the samples for bulk ThT 

and sm-FRET experiments. After prolonged incubation with agitation, fibrils are observed. 
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Figure 3.4. Representative TEM images of oligomers formed by 1:1 AF488 and AF594-labelled αS 

samples with the starting protein concentrations of 70 µM (left) and 35 µM (right), incubated for 24 h 

at the same conditions as for the bulk ThT experiments and sm-FRET measurements, followed by 

centrifugation for 10 min at 12,800 x g in order to remove large fibrils. Spherical oligomers and a low 

number of short protofibrils are present in the supernatant. 

 

3.3.2 Results of control TEM imaging and sm-FRET experiments to verify 

oligomer formation by αS and to optimise detection conditions 
 

Once it was confirmed that the fluorescently-labelled protein was able to assemble into fibrils, its 

oligomerisation properties were investigated. Firstly, oligomers of αS were visualised by TEM in 

order to confirm their presence and to determine their morphology. These species were smaller than 

amyloid fibrils, as expected, and round-shaped, as shown in Fig. 3.4.  

Subsequently, the incubation conditions were varied in order to select optimum conditions for 

oligomer generation. While it is known that αS assembles into fibrils in the presence of shear forces, 

its oligomer formation was reported upon incubation either with79 or without84 shaking, and its 

efficiency was found to depend on many factors such as shaking rate, buffer conditions and the 

starting protein concentration. Thus, comparative sm-FRET experiments were performed, where αS 

oligomerisation was monitored in solutions at 0.5-35 µM both in the presence and in the absence of 

shaking. The results in Fig. 3.5 show that the oligomerisation was more efficient with shaking, judged 

by higher numbers of oligomers detected under these incubation conditions. 
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Figure 3.5. Results of sm-FRET assays monitoring the numbers of oligomers formed in the samples 

of αS at 0.5-35 µM concentrations upon incubation with shaking (a.) or under quiescent conditions 

(b.) (n=3, sem). 

 

 

 

Figure 3.6. Sticking controls for αS oligomerisation experiments. a. 35 µM solution of αS incubated 

in DNA low-bind test-tubes (Eppendorf) (n=3, sem). b. 35 µM solution incubated in a non-coated 

flat-cap test-tube (Star Lab). Drop in the detected numbers of oligomers is due to their sticking to the 

walls of the test-tube. c. Representative traces of monomer burst rate and oligomer burst rate, 

resulting from sm-FRET measurement using 35 µM aggregated αS sample and detection up to 2,000 s 

(400 frames). d. Within the first 400 s (80 frames) of detection, both the monomer and oligomer burst 

rates are stable, indicating the absence of either sticking or dissociation within this detection time-

period. 
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It was additionally confirmed that not only the presence of shear forces, but also the choice of the test-

tubes used for the incubation of αS samples affected the results, and test-tubes with hydrophobic 

coating enabled the oligomers to stay in solutions and not to adhere to the walls of the test-tubes, as is 

illustrated in Fig. 3.6 a and b.  

Furthermore, the potential sticking or oligomer dissociation during sm-FRET measurement were 

considered during the choice of experimental conditions. Since the solutions were analysed in single-

molecule regime, this required their high dilutions up to ~280 pM concentration of αS. In order to 

select a detection time over which there was no appreciable oligomer dissociation, the event rates of 

coincident bursts versus time were analysed (Fig. 3.6). In addition, because the protein solutions can 

encounter many surfaces during the sm-FRET detection, such as the walls of a gel-loading tip used as 

a vessel and surfaces of the microfluidic channel, sticking of both monomer and oligomers can occur 

during the detection. Therefore, the event rates of detected monomeric bursts over time were also 

analysed in order to select a detection time-period where the event-rates were stable (Fig. 3.6 c and d).  

The final consideration for choosing optimum conditions for sm-FRET aggregation experiments using 

αS was whether large fibrillar species present in the aggregating samples strongly contributed to the 

signal. As it has been detailed in General methods (section 2.8), sm-FRET experiments are designed 

to be selective for small aggregates, because large species occupying consecutive time-bins are 

excluded during the analysis, as well as the species that are assigned apparent sizes of 150-mers and 

more. The effectiveness of the size-exclusion method was previously validated by Dr. M. Horrocks115. 

From the recorded bulk ThT traces (Fig. 3.2), even though amyloid fibrils are detectable in αS 

solutions during the second day of the aggregation reaction, their concentration is higher on the third 

day. In order to check whether the size-exclusion approach in sm-FRET experiments was sensitive to 

the concentration of fibrils, aggregation timecourses were recorded over a period of 54 h. In these 

measurements, the protein solutions were recorded either immediately after their withdrawal from the 

aggregating samples, or following centrifugation of the withdrawn solutions for 10 min at  

12,800 x g to separate insoluble fibrillar pellets before the sm-FRET analysis. These experiments 

were carried out using relatively high starting αS concentrations, 70 µM and 35 µM, since at these 

concentrations fibril formation was found to be very efficient under shaking conditions. From the 

results (Fig. 3.7), there was no noticeable difference in the numbers of detected oligomers in either 

case over a period of first 33 h of incubation, indicating that the contribution of fibrillar species was 

negligible in the sm-FRET experiments during this time period, and generally small within 54 h. 
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Figure 3.7. Control sm-FRET measurements to assess a potential contribution from large fibrils to the 

signal in the kinetic measurements of oligomer formation (n=3, sem). Dual-labelled samples of αS 

were incubated at 70 µM and 35 µM starting concentrations, and the sm-FRET measurements were 

carried out using the samples either directly withdrawn from the incubating solutions (shown in back), 

or using the supernatants of the samples after centrifugation for 10 min at 12,800 x g (shown in red). 

The results are represented in numbers of coincident events versus incubation time. The data are 

broadly unaffected within the first 33 h. Comparable numbers of aggregates present at this time 

regardless of the presence or the absence of centrifugation confirm that the signal at this time mainly 

arises from the small oligomeric species, and that the signal arising from fibrils that are already 

present at 24-33 h does not contribute to the measurement. At later times, higher numbers of 

aggregates are detected in the samples without centrifugation, presumably due to a contribution from 

fibrils which are highly abundant at this late incubation time. All of the subsequent sm-FRET 

measurements were performed without centrifugation, unless otherwise stated. 

 

3.3.3 Results of sm-FRET oligomer formation by αS at a range of starting 

protein concentrations 
 

In these experiments, αS oligomer formation was measured in solution at physiologically-related pH 

and 37°C (as detailed in General methods, section 2.4), with initial monomer concentrations of 0.5, 5, 

10, 35, 70 and 140 µM using sm-FRET technique to follow the changes in the numbers of oligomers 

in the samples within first 54 h. As in all of the previously described control experiments, equimolar 

quantities of AF488 and AF594-labelled αS were combined up to the chosen starting concentration, 

allowed to aggregate and aliquots were withdrawn for the measurements at the times indicated. As has 

already been discussed, the attachment of AF dyes at the residue 90 of αS molecule was found not to 

significantly affect its fibril formation. In addition, because residue 90 is at the periphery of the fibril-

forming NAC region of αS, attachment at this position results in the fluorophores becoming in close 

proximity on the formation of β-sheet structure during aggregation, enabling the conversion process to 

be followed by monitoring the changes in the FRET efficiency values (eq. 2.2 in General methods). 

As has already been stated, it was found in the previous works from this laboratory that lower FRET 

efficiencies were observed for initially formed oligomers lacking significant persistent structure, 

termed low-FRET oligomers, while higher FRET efficiencies were identified for more compact  

β-sheet-rich oligomers, termed high-FRET oligomers79,115.  
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Within 54 h after the initiation of the aggregation reaction, oligomer formation was observed for all 

concentrations of αS, and the highest concentrations of oligomers were formed in the samples with the 

highest initial protein concentrations, and varied as a function of the initial monomer concentration, as 

shown in Fig. 3.8a. In this figure, the results for the solutions at 0.5 µM starting protein concentration 

are included but because the resulting oligomer concentrations are low in comparison to other data, 

these results are separately shown in Fig. 3.9. The FRET efficiency histograms of the oligomers 

measured at various timepoints (Fig. 3.8b), particularly at high starting protein concentrations, 

indicated the existence of two distinct populations. At early times, low-FRET population could be 

observed, centered at FRET efficiency value of ~0.4, which represented the initially formed, 

disordered low-FRET oligomers. At later times, the second population centered at higher FRET 

efficiency values was detected, corresponding to more compact, high-FRET oligomers, in agreement 

with the previous studies that were carried out at the 70 µM concentration of αS79,115.  
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Figure 3.8. Results of the sm-FRET aggregation experiments using αS at a range of starting 

concentrations. a. Kinetic profiles of oligomer formation and monomer depletion, plotted against the 

incubation time (n=6, sem). To note, the increase in the oligomer concentrations for 0.5 µM solutions 

is present and the resulting species are in the low-nanomolar range, which is not readily visible on the 

scale in a. Magnification is shown in Fig. 3.9. b. Representative FRET efficiency histograms, 

resulting from sm-FRET aggregation experiments with initial protein concentrations of 5, 10, 70 and 

140 µM, detected over 400 s. The data were split into two apparent size groups: small (2-5-mers) and 

large (6-150-mers) oligomers. For the large oligomers, illustrative fits to Gaussian functions are 

shown in blue (eq. 2.3), and the resulting mean FRET efficiency values, E, were: for 5 µM, 9 h 

E=0.34, 27 and 51 h global E=0.49; for 10 µM, 9 h E=0.33, 27 and 51 h global E=0.52; for 70 µM, 

global E(low-FRET)=0.37 and global E(high-FRET)=0.71; for 140 µM, global E(low-FRET)=0.44 

and global E(high-FRET)=0.67. Further details of the fitting functions and the resulting average 

parameters (n=6) are in section 3.3.3. and Table 3.1. 
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Figure 3.9. Sm-FRET results of αS aggregation at 0.5 µM starting protein concentration. a. Oligomer 

kinetic profiles, represented both in numbers of oligomers versus incubation time, and the 

concentrations of oligomers versus incubation time (n=6, sem). b. Appearance of FRET efficiency 

histograms of samples with 0.5 µM starting protein concentrations. The histograms of large oligomers 

are fitted to the single-Gaussian function (eq. 2.3), with E(global)=0.34. No shift in the centres of the 

histograms is observed within the time of the aggregation experiment. 

 

The experimental data were divided into groups with different oligomer apparent sizes, based on the 

number of peaks that were resolvable in the FRET efficiency histograms. Typically, in these data, one 

peak was observed at low apparent sizes probably due to low photon counts arising from small 

species, and two peaks were observed at larger apparent sizes, starting from 6-mers, as is illustrated in 

Fig. 3.10. Therefore, the groups included “small” oligomers containing 2-5-mers which showed one 

peak in the FRET histograms, and “large” oligomers containing 6-150-mers where two peaks could be 

identified in the FRET histograms. As has already been discussed before, species composed of more 

than 150-mers, and species occupying neighbouring time bins, typically observed in the samples past 

the first day of incubation, were assumed to arise from fibrils and excluded from the measurements.  
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Figure 3.10. Appearance of FRET efficiency histograms resulting from a 35 µM sample of αS after 

30 h of incubation and extended detection time (2,500 s), split into individual apparent sizes. 

Typically, the histograms display a single peak below 5-mers, due to the applied thresholds and low 

photon counts from these small species, and start to show two FRET populations at 6-mers and 

higher. This is the basis for splitting the sm-FRET data into size groups of 2-5-mers and 6-150-mers. 

 

Examination of the histograms obtained for the lowest concentration samples (0.5 µM) showed that 

only the low-FRET population could be observed during the studied aggregation period (Fig. 3.9). For 

the 5 and 10 µM samples, the low-FRET distribution was clearly detectable during the first 9 h of the 

measurements, whereas at later times the histograms showed a much broader single distribution, and 

the overall oligomer concentrations were extracted without separation into the low- and high-FRET 

sub-populations (Fig. 3.8). FRET efficiency histograms for 35, 70 and 140 µM starting protein 

concentrations showed two distinguishable distributions attributed to low- and high-FRET oligomer 

types (Fig. 3.8b), and separate kinetic traces for both types were obtained using global fitting to a 

single Gaussian distribution for 2-5-mers, or a double Gaussian distribution (eq. 2.3 in General 

methods). The resulting parameters are in Table 3.1, where xc and xc2 are the centres of the FRET 

efficiency histograms, corresponding to the average FRET efficiency values, and w and w2 are the 

widths of the distributions.  

 

Table 3.1. Parameters from the global fitting to GaussAmp functions (eq. 2.3). Error is std from n=6, 

where n is a dataset from a separate experiment. 

conc 

(µM) 

Small (2-5-mers) Large (5-150-mers) 

xc std(xc) w std(w) xc std(xc) w std(w) xc2 std(xc2) w2 std(w2) 

35 0.532 0.005 0.087 0.002 0.399 0.066 0.105 0.010 0.641 0.017 0.0921 0.009 

70 0.515 0.033 0.236 0.357 0.336 0.007 0.114 0.032 0.654 0.007 0.0951 0.009 

140 0.539 0.007 0.085 0.003 0.423 0.038 0.099 0.008 0.629 0.010 0.0859 0.005 
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The centres and the widths were shared, and the amplitudes of the histograms were varied during the 

fitting procedure (eq. 2.3). The fits using the global parameters listed in Table 3.1 accurately 

described individual histograms up to (and including) 33 h, the early aggregation time period where 

the contribution from fibrils was negligible. Following this fitting, the kinetic profiles of low-FRET 

oligomer and high-FRET oligomer sub-populations were obtained, as reported previously for 70 µM 

samples79. The kinetic traces for these low- and high-FRET species separately are shown in Fig. 

3.13b, and have distinctly different kinetics of formation, with the low-FRET population appearing 

and increasing within the first 24 h of the experiment, but the high-FRET population reaching a 

maximum value at longer times.  

 

3.3.4 Results of oligomer apparent size populations derived from sm-

FRET and TIRFM measurements 
 

The apparent size estimation in sm-FRET experiments was based on oligomer fluorescence intensity, 

as discussed in detail in General methods (section 2.10), and the representative size distributions are 

shown in Figure 3.11. This shows that the majority of the species detected at all times in the 

aggregation reaction were smaller than 10-mers. The distributions displayed the progression to larger 

mean apparent sizes with time, indicating oligomer growth during the aggregation reaction.  

 

Figure 3.11. a. Number density histograms showing the evolution of apparent oligomer size 

distributions due to αS oligomer growth in the aggregation experiments for 5-70 µM samples.  

b. Representative contour plots of FRET efficiency against populated apparent oligomer sizes of  

70 µM and 5 µM samples after 9, 24 and 48 h of aggregation. The conversion process from low-

FRET oligomers to high-FRET oligomers at 70 µM is observed, as indicated by the shift in the mean 

FRET efficiencies to higher values. 
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Additional TIRFM measurements were performed to confirm the derived apparent size distributions, 

as detailed in the Methods section of this chapter (section 3.2). The results of these experiments are 

shown in Fig. 3.12. Interestingly, despite the differences in instrumentation used in this experiment in 

comparison to sm-FRET, the resulting apparent size populations were similar, indicating that the 

majority of species had the apparent sizes below 10-mers. The similarity is rather unsurprising 

considering that either method is based on the size estimation from fluorescence intensities, and 

indicates the absence of any strong preferential surface absorption of oligomers with specific apparent 

sizes, or substantial influence of the sample illumination geometry in these experiments. 

 

 

Figure 3.12. Apparent size distributions derived from TIRFM measurements of oligomers using  

5 µM and 70 µM samples at the steady state. Similar to the apparent size estimation from the sm-

FRET measurements, the values are derived from fluorescence intensities, as detailed in section 3.2. 

The results are in agreement with the data from the sm-FRET measurements. The total numbers of 

analysed oligomers are specified. Histograms are normalized to the total area. There is no substantial 

difference in the distributions derived for 5 µM and 70 µM samples. 

 

While the fluorescence-derived size populations are termed “apparent” throughout this work and there 

are clear limitations in the determination of discrete sizes of oligomers from fluorescence intensities 

(discussed in 2.10), it is also worth noting that the precise size estimation of individual oligomers 

within mixtures has generally been very challenging. Multiple experimental approaches have been 

previously applied in order to overcome this challenge, with varying degrees of success. Size 

estimation of oligomers has been possible using atomic force microscopy imaging (AFM). However, 

because sample preparation requires immobilisation of the protein aggregates on a solid substrate, 

most commonly freshly-cleaved mica, it is potentially limited by a possible bias in the surface 

adhesion of oligomers of particular sizes. Moreover, it depends on the resolution of the AFM tip, 

which is known to be especially restricted in the lateral direction157. Size estimation using size-

exclusion chromatography successfully separates oligomers from monomeric protein, as has been 

demonstrated in the studies of αS84,89, whereas does not discriminate between the differently sized 

oligomer sub-populations. Similarly, gel electrophoresis also provides limited separation due to the 

restricted pore sizes of the used gels. Combination of size-exclusion chromatography and multiangle 
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light scattering has proven to be more successful, although able to discriminate between oligomer size 

groups with distinctly different mean size distributions rather than individual discrete oligomers. 

Using this method, for example, a sub-population of αS oligomers consisting of 30±6 monomers were 

separated89. Analytical ultracentrifugation has also been applied with a similar outcome, which 

allowed separating two distinct sub-populations of αS oligomers, with the average sizes of 18-mers 

and 29-mers84. Single-molecule methods based on fluorescence intensity, such as the methods 

presented in this work and previous studies83,110,111,115,156,158,159, do not discriminate between low-order 

species effectively and instead reflect on the overall time-dependent or sample-dependent changes. 

One alternative and fairly promising experimental single-molecule approach for the size estimation is 

based on counting the fluorescence bleaching steps. This has been successfully applied to 

fluorescently-labelled amyloid-beta in order to characterise the exact stoichiometry of amyloid-beta 

oligomers160, although was not suitable for the characterisation of high-order oligomers, larger than 

20-mers, because of the inability to observe discrete bleaching steps in the aggregates bearing too 

many fluorophores. The latter issue was addressed by applying the fluorescence bleaching step 

counting method to study sub-stoichiometrically labelled protein molecules of αS to characterise 

larger species consisting of 31-mers94.  

 

3.3.5 Results of kinetic modelling of the profiles of oligomer formation and 

monomer depletion from sm-FRET and insights into αS spreading 
 

Single-molecule timecourses recorded using sm-FRET at the range of the starting protein 

concentrations between 0.5 and 140 µM were subsequently analysed by Dr. G. Garcia, who applied a 

nucleation-conversion-polymerisation model in order to globally fit the datasets of monomer 

depletion and oligomer formation, and then made predictions of αS seeding behaviour using the 

parameters extracted from the fitting. These results are briefly described and reproduced in this 

section in order to illustrate how the sm-FRET data can be employed to study the mechanism of αS 

aggregation and to make predictions of this process under a variety of starting conditions that cannot 

be readily accessed experimentally. The applied nucleation-conversion-polymerisation model 

introduces a series of conformational conversion steps prior to fibril formation, as is schematically 

shown in Fig. 3.13a.  
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Figure 3.13. Modelling the kinetics of αS aggregation (Figure reproduced from Iljina & Garcia et. al., 

201683). a. The model considers coarse-grained conversion reaction between oligomeric populations 

with no size dependence, and allows fibrils to grow once formed. Unimolecular conversions with no 

monomer dependence are assumed between populations. b. The resulting nucleation-conversion-

polymerization model is used to describe the oligomer populations derived from sm-FRET, whereby 

monomer units form low-FRET oligomers with rate constant 𝑘𝑛 and an average reaction order of 𝑛. 

These oligomers can then convert to ordered high-FRET oligomers via a first-order reaction with rate 

constant 𝑘1
𝑐, with a subsequent final first-order conversion to fibrils with rate constant 𝑘2

𝑐. Fibrils can 

then recruit single monomer units to grow in a succession of elongation steps, with a length-

independent rate constant 𝑘+ . At early reaction times, reverse reactions were neglected, and 

conversion constants were fixed as equal such that 𝑘1
𝑐 = 𝑘2

𝑐 ≡ 𝑘𝑐. The resulting simplified model, 

with four free parameters, was fitted globally to early-time (up to 33 h) kinetic data showing changes 

with time in monomeric and oligomeric populations for a range of initial monomer concentrations. 

The resulting nucleation reaction order was found to be 𝑛 =  0.90 ± 0.1 , with rate constants 

 𝑘𝑛 = (4.0 ±  2.0)  × 10−4  𝜇M1−𝑛h−1 , 𝑘𝑐 = (9.5 ± 5.0) ×  10−2  h−1 , and 𝑘+ = (9.0 ± 7.0) ×
10−2  𝜇M−1h−1.  
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The model (developed and utilised by Dr. G. Garcia) considers a general mechanism where low-

FRET oligomers are formed from monomeric units in solution. These low-FRET oligomers then 

convert to high-FRET oligomers, which in turn convert into fibrils. Fibrils then grow by monomer 

addition. A summary of the fitting results is shown in Fig. 3.13b, and the obtained parameters (listed 

in the caption of Fig. 3.13) are consistent with earlier results using sm-FRET datasets of αS 

aggregation at a single starting concentration of 70 µM79,115.  

To note, in this model oligomers are considered to be on-pathway to fibril formation, which is 

supported by several experimental observations. The presence of the lag phase in the formation of 

high-FRET oligomers relative to that of the low-FRET oligomers suggests that these species originate 

from the rearrangement of their preceding low-FRET species. This is further confirmed by the 

oligomer release upon fibril disaggregation, which has been observed in fibril disaggregation 

experiments carried out in previous work79. By the principle of microscopic reversibility this shows 

that both high- and low-FRET species are on the pathway to form fibrils. In addition, a correlation 

between the rates of the oligomer and fibril formation for αS and its pathological mutants has been 

recently observed in this laboratory, particularly the inhibition of both of these processes for A30P 

point-mutant of αS, further supporting the oligomer on-pathway nature156. Additionally, from the 

TEM imaging, the diameters of oligomers and fibrils generated in these experiments appear 

comparable (Figs. 3.2 and 3.3).  

The key application of the kinetic analysis to the sm-FRET datasets was to carry out simulations using 

the fitting parameters, derived in Fig. 3.13, in order to make predictions of the impact of seeding with 

either high-FRET oligomers or small fibrils. These results have been described in detail in Iljina & 

Garcia et. al. 2016.83 Several key conclusions have been made as a result of these simulations. Both 

high-FRET oligomers and small fibrils were found to be effective at seeding. The impact of seeding 

was found to vary not only depending on the nature of the seeds, but also on the initial αS monomer 

concentration; and to be ineffective below 10 nM of starting αS and particularly prominent at the 

concentrations above 1 µM. 

Furthermore, to assess the role of seeds in αS aggregation at more physiologically-related conditions, 

the numbers of oligomers or fibrils were predicted that would need to be introduced to a volume 

approximately corresponding to a single cell (10 µm)3 in order to double the aggregation rate in the 

presence of a set of chosen initial concentrations of αS, which include the range of reported in vivo 

concentrations of αS161,162. Following these predictions, if the monomer concentration is 2 µM, 10,000 

fibrils were found to be required, or 16,000 high-FRET oligomers, and an approximately five times 

higher (9.4 µM) concentration of αS monomer would be needed for the production of this number of 

oligomers. These requirements for the templated seeding of αS are relatively high in comparison to, 

for example, recently reported results for tau k18 using a similar approach159. 
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These resulting high requirements for the templated seeding by αS were subsequently linked to its 

potential role as a prion-like protein. The processes of templated seeding and prion-like spreading 

have been closely related in literature, and prion-like behaviour has been frequently assigned to αS, as 

has been detailed in section 3.1 of this chapter. Because the templated seeding in these simulations 

was found to be effective only in the presence of very high numbers of aggregates, it was 

hypothesised that this process is unlikely to be the main driving force behind the spreading of αS 

aggregates in vivo, where the presence of such high numbers of aggregates is unlikely to be common. 

Furthermore, using the same oligomer preparations as for the sm-FRET experiments, it was 

determined that only around 50 pM of oligomers are required in order to produce detectable release of 

reactive oxygen species, if the oligomeric solutions are applied to mixed neuronal cultures (as detailed 

in Iljina & Garcia et. al., 2016). This concentration, determined by the sm-FRET analysis, 

corresponds to 30 oligomers per volume of a single cell, (10 µm)3. The resulting number is much 

lower than the tens of thousands of oligomers that were determined to be required for the efficient 

templated seeding of αS. This difference suggests that the oligomers of αS have a higher propensity to 

cause cellular damage than to template the aggregation of monomeric αS. It was therefore 

hypothesised that the spreading may occur by an alternative cell-driven mechanism that does not 

strongly depend on the seeding effectiveness. In this mechanism, schematically illustrated in Fig. 

3.14, the primary role of αS aggregates upon entering a cell is not to induce the aggregation of 

endogenous monomeric αS by templated seeding (Fig. 3.14a), but rather to stress the cell and trigger 

the production of reactive oxygen species and other compounds that in turn promote the aggregation 

of monomeric αS (Fig. 3.14b). It would be very interesting to experimentally test whether this 

mechanism of spreading occurs in cellular environment. If this model inferred from the kinetic 

analysis is dominant in vivo, then reducing cellular stress may be a potentially promising therapeutic 

strategy to prevent the spreading of αS. 
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Figure 3.14. Schematic outline of two simplified models of αS aggregate spreading in cellular 

environment (Figure reproduced from Iljina & Garcia et. al., 201683). a. Aggregate-driven, or prion-

like, propagation of aggregated species. The primary role of the aggregate upon entering a cell is to 

induce the aggregation of monomeric protein by the mechanism of templated seeding. b. Cell-driven 

model. The initial role of the aggregate is to induce cellular stress, which disrupts the homeostasis and 

creates conditions where protein aggregation becomes favourable. 

 

3.4 Summary and conclusions 
 

The αS aggregates of αS are observed to spread during the disease both in human brain and in various 

disease models such as transgenic mice and cultured cells. Furthermore, αS is known to undergo a 

process of templated seeding, whereby added pre-formed aggregates of αS result in the accelerated 

aggregation of monomeric αS. In this chapter, the aggregation of αS was studied by sm-FRET under a 

range of starting monomer concentrations of 0.5-140 µM. Initially, sm-FRET experiments were 

optimised in order to select the conditions that would allow studying the oligomerisation process. 

Fluorescently-labelled αS used for the measurements was confirmed to form fibrils over a comparable 

timescale to the unlabelled protein. Oligomer formation was found to be most efficient under shaking 

conditions. The presence of hydrophobic coating on the walls of the test-tubes was found important 

for preventing oligomer adhesion during incubation. Optimum detection time in sm-FRET 

experiments was selected to minimise the effects of protein sticking or oligomer dissociation during 

the single-molecule measurements. The potential contribution from fibrillar aggregates to the 

measurements was assessed.  

Following the optimisation, the kinetics of αS oligomerisation at 0.5-140 µM was studied. The results 

showed that the highest oligomer concentrations were generated at the highest starting protein 

concentrations. In addition, differences in the generated oligomer sub-populations were observed. 
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Two αS oligomer types, low-FRET and high-FRET oligomers that were previously identified by sm-

FRET method in this laboratory, were clearly distinguishable at the starting αS concentration of  

35 µM and above. The formation of the most compact oligomer type, the high-FRET oligomer, was 

not detectable at the lowest starting concentrations, 0.5 µM. The apparent size distributions of 

oligomeric species were estimated using both confocal sm-FRET technique in solution, and TIRFM 

imaging of surface-immobilised oligomers. The apparent size distributions of oligomers were found to 

peak at sizes below 10-mers by both methods, and the limitations of the methods used for oligomer 

size estimation were discussed. Subsequently, the results of theoretical analysis were presented. The 

kinetic model, developed and applied to the sm-FRET data by Dr. G. Garcia, considered oligomers as 

the intermediates on the pathway to fibril formation. This model was able to successfully fit the 

kinetic profiles at the full concentration range. Following the fitting, the numbers of αS aggregates 

that would be required for effective seeding were predicted. These predictions resulted in very high 

numbers in the order of 104 of aggregates. Based on these identified high requirements for seeding 

and a broad literature evidence of αS spreading, a cell-driven mechanism of αS spreading was 

proposed, where the primary role of αS aggregates is to stress cells, that ultimately triggers αS  

aggregation.
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4. Chapter 4 

Aggregation of αS in the presence of nanobodies 
 

In this chapter, the aggregation of αS in the presence of two αS-specific antibodies, NbSyn2 and 

NbSyn87, was studied by sm-FRET. The effect of the Nb binding on the formation and the properties 

of oligomers of αS was investigated.  

 

4.1 Introduction 
 

Owing to the central role of protein aggregation in diseases such as PD, potential drug targets have 

been actively investigated163, including reagents that are designed to bind to amyloidogenic proteins 

and inhibit their aggregation. Two commonly exploited strategies are active and passive 

immunization164. Active immunization uses an animal’s immune system to generate antibodies upon 

administration of aggregation-prone proteins such as αS, whereas passive immunisation involves the 

delivery of antibodies.  

Antibodies are large molecules composed of two heavy chains and two light chains, held together by 

disulfide bridges165. In the early nineties, antibodies that were composed of heavy chain dimers and 

lacked light chains were discovered to be naturally produced by the immune system of camelids166. 

Subsequently, their small and highly stable single-domain fragments, termed “nanobodies” (Nbs), 

were generated167. Nbs are small recombinant intact binding domains, which are approximately one 

quarter the size of camelid-derived antibodies (Fig. 4.1). A nanomolar-affinity binding of Nbs was 

found to inhibit the in vitro aggregation of proteins such as human lysozyme, beta-2-microglobulin, 

prion protein and amyloid-beta168, enabling their use as valuable tools in the studies of protein 

aggregation. Moreover, the ability of Nbs to alter the conformations of target proteins in living cells 

was demonstrated169. In addition, Nbs raised against prion protein were shown to be able to cross the 

blood-brain barrier170, making them potentially attractive in the context of protein-deposition diseases. 

Recently, two Nbs, NbSyn2171 and NbSyn87172 were developed, that bind to distinctive epitopes 

within the C-terminal domain of αS (residues 137-140 and 118-131) (Fig. 4.1). Even though these 

Nbs were raised against monomeric αS, they recognised the fibrils of αS because C-terminal region is 

exposed in amyloid fibrils24. This enabled their use as biophysical probes to study αS fibril 

maturation172. Subsequently, their effects on the conformations of monomeric αS were explored173. In 

addition, it is known from previous in vitro studies that the C-terminal part of αS is exposed in 

oligomers174, making the Nbs directed at this region of αS good candidates for the studies of αS 

oligomerisation. 
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Figure 4.1. The structure and primary sequence of nanobodies a. Schematic representation of the 

relation between conventional antibodies, heavy-chain antibodies and nanobodies. Constant heavy 

domains are indicated with C, and variable domains (either heavy or light) with V. b. 3-dimensional 

representation of the crystal structure of NbSyn2 in complex with a peptide corresponding to the 

residues 132-140 of αS molecule, comprising a part of the binding epitope. N- and C- terminal regions 

of NbSyn2 are indicated. (From De Genst et. al., 2010171). c. The primary sequences of NbSyn87 and 

NbSyn2, with binding epitopes highlighted in red (From Guilliams et. al., 2013172). 

 

4.2 Methods 

4.2.1 Expression and purification of Nbs 

 

Nbs used in this work were expressed and purified by Dr. E. De Genst. NbSyn87, NbSyn2 and a 

lysozyme-specific nanobody NbHul5g were expressed in the periplasm of E. coli and purified using 

immobilized metal affinity chromatography and size-exclusion chromatography as previously 

described171.  

 

4.2.2 Estimation of the concentration of free αS 
 

This was estimated as the difference between the starting total concentration of αS and the 

concentration of bound αS in the presence of Nbs, calculated according to the following equation, 

based on the law of mass action175 (see Appendix 2 for derivation): 

 



Aggregation of αS in the presence of nanobodies 

 

49 

[𝑎𝑆]𝑏𝑜𝑢𝑛𝑑 =  
1

2
([𝑎𝑆] +  [𝑁𝑏] +  𝐾𝑑 −  √([𝑎𝑆] +  [𝑁𝑏] +  𝐾𝑑)2 − 4[𝑎𝑆][𝑁𝑏])                 (4.1) 

where [𝑎𝑆]𝑏𝑜𝑢𝑛𝑑 is the concentration of bound αS, [𝑎𝑆] and [𝑁𝑏] are the starting concentrations of αS 

and Nb, 70 µM and 140 µM, respectively, and 𝐾𝑑 is the corresponding dissociation constant172. 

 

4.2.3 Sm-FRET experiments 
 

The experiments and data analysis were carried out according to the protocols described in General 

methods (sections 2.6-2.10). For the aggregation reactions, equimolar concentrations of AF488 and 

AF594-labelled A90C αS were combined in PBS buffer (10 mM phosphate, 0.27 mM KCl and  

137 mM NaCl, pH 7.4) to a final volume of 300 μL, bringing the total αS concentration to 70 μM, 

either in the presence or in the absence of 140 μM of unlabelled NbSyn87, NbSyn2 or NbHul5g. 

 

4.2.4 TEM Imaging 

 

Imaging was performed according to the protocol in General methods, section 2.14. Since PBS buffer 

used for the sample preparation lead to the precipitation of negative stain, PBS buffer was exchanged 

for Tris (25 mM Tris, 0.1 M NaCl, pH 7.4) using spin filters with molecular cutoff of 5 kDa 

(Sartonis). 

 

4.2.5 Proteinase-K digestion assays 

 

To confirm the structural differences of αS oligomers generated in the presence of αS-specific Nbs to 

the oligomers formed in the presence of the non-specific NbHul5g, their susceptibility to PK digestion 

was measured. The sample preparation was the same as for sm-FRET kinetic measurements, and 

solutions contained a 1:1 dual-labelled mixture of αS (70 µM) with two equivalents of unlabelled 

Nbs. PK aliquots were prepared in PBS buffer of the same composition as in all previous experiments, 

with the addition of 1 mM CaCl2, and stored at -80°C before use. Protein samples after 29-h 

incubation under the same conditions as in previous experiments were diluted into a range of PK 

concentrations between 0-10 µg ml-1 in PBS buffer with 1 mM CaCl2. The total protein concentration 

during incubations with PK was 280 nM of αS and 560 nM of Nbs. Note that even though only 

fluorescently labelled αS was detected in this experiment and unlabelled Nbs remained undetected, 
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both αS and Nbs were expected to be susceptible to the digestion by PK. Therefore, αS samples in the 

absence of Nbs were not measured to ensure consistent comparison between the same starting total 

protein concentrations. The samples were incubated at 37°C for 10 min, and subsequently further 

diluted (up to 280 pM of αS) prior to analysis by sm-FRET. The results were presented as fractions of 

degradation against PK concentrations.  

 

4.2.6 Nanobody labelling with AF dyes 

 

Random lysine labelling was performed using N-hydroxysuccinimide (NHS) linked AF647 or AF488. 

1.5 molar equivalents of AF647 (or AF488) NHS ester (Life Technologies) were added to unlabelled 

Nb solution in 100 mM sodium bicarbonate buffer (pH 8.3), and incubated with agitation for 3 h. The 

labelled protein was then separated from free dye using Sephadex G-25 loaded PD-10 desalting 

columns (GE Healthcare). The labelling efficiency was determined using UV-Vis absorbance 

measurements, and was above 90% (NanoDrop 2000c UV-Vis Spectrophotometer, Thermo 

Scientific). The stoichiometry of AF647 labelling of the nanobodies was determined according to the 

manufacturer’s specifications and confirmed by mass-spectrometry and was found to be close to a 1:1 

stoichiometry.  

 

4.2.7 TCCD control measurements to confirm the absence of Nb to αS 

binding in single-molecule measurements  
 

To verify the absence of direct binding between fluorescently-labelled Nbs and fluorescently-labelled 

αS at single-molecule concentrations, control TCCD experiments were performed. Dual laser 

excitation with either 488/594 nm or 488/633 nm laser beams (depending on the AF label pairs of the 

analysed samples) was used, and data acquisition and analysis were as described in General methods, 

sections 2.11-2.12. 

For the measurements, 1:1 stoichiometric ratio of AF-labelled αS and AF-labelled NbSyn87 was used. 

This Nb was chosen owing to its highest affinity for αS and therefore the highest potential chance for 

it to remain bound in the single-molecule experiments. The following equimolar combinations were 

tested: AF647-NbSyn87 + AF488-αS, AF488-NbSyn87 + AF647-αS, AF488-NbSyn87 + AF594-αS. 

In addition, samples of free AF647 + AF488 and aggregated AF647-αS + AF488-αS were analysed as 

controls. For the measurements, the samples were diluted either in PBS buffer or deionised water up 

to single-molecule concentration suitable for TCCD analysis. The dilution into different buffers 
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served as a test for potential changes in the co-interaction of the Nb and αS due to the changes in pH 

and ionic strength. To determine Q (eq. 2.1 in General methods) corresponding to a non-interacting 

system and resulting purely from the chance-coincidence, 1:1 stoichiometric mixture of free AF dyes 

was analysed by TCCD, keeping the same detection conditions as for the protein measurements. As 

positive controls, the samples of dual-labelled αS incubated under agitation at 2 µM for 72 h were 

also recorded. The data were analysed in the same manner as the data recorded using the fluorescently 

labelled protein samples. 

 

4.2.8 Comparison of average αS monomer fluorescence intensities in the 

presence or in the absence of unlabelled Nbs 
 

As an additional test to verify that the unlabelled Nbs did not interfere with the fluorescence emission 

from AF labels on αS, the values of average monomer brightness in sm-FRET measurements were 

compared across the samples with or without the Nbs, following data collection with the sample 

dilutions into either PBS or water.  

 

4.3 Results 
 

4.3.1 NbSyn87 and NbSyn2 impede the formation of high-FRET 

oligomeric species of αS  
 

To monitor the impact of Nbs on the formation of αS oligomers, sm-FRET kinetic experiments were 

carried out similarly to the experiments described in Chapter 3. The measurements of oligomer 

formation were chosen to be limited to the first 30 h of aggregation, since it was previously confirmed 

that the contribution from fibrillar species during this time was negligible (Fig. 3.7).  

In these experiments, equimolar mixtures of AF488 labelled αS and AF594 labelled αS were used at 

the total protein concentration of 70 µM, either in the presence or in the absence of 140 µM of 

unlabelled Nbs. From the dissociation constants of NbSyn2 and NbSyn87 for monomeric αS, 

respectively ~264 nM and ~42 nM172 at 37°C, it was calculated (eq. 4.1 in Methods) that under these 

conditions the free αS concentration is ~260 nM and ~40 nM, approximating full saturation of all 

binding sites (i.e. 99.7% for NbSyn2 and 99.95% for NbSyn87). The solutions were incubated with 

agitation under the same conditions as in the experiments in Chapter 3, and subsequently diluted 105-

fold to generate appropriate conditions for single-molecule detection, and analysed using sm-FRET. 
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The solutions were recorded either following their dilution into aqueous buffer of the same 

composition as what was used for the incubations (PBS, defined in Methods), or following sample 

dilutions into deionised water, because it was recently found in this laboratory that dilution into low 

ionic strength solutions enabled a better separation of the low- and high-FRET oligomer types115.  

The average brightness of AF-labelled αS in the presence of the unlabelled Nbs was determined in 

order to verify that they did not affect the fluorescence properties of the dyes in the sm-FRET 

experiments. The resulting average AF488-αS monomer intensities selected above the threshold of  

15 photons bin-1 are listed in Table 4.1. The values are all comparable, confirming the absence of 

alteration of fluorescence intensity values in the presence of Nbs. Furthermore,  control TCCD 

experiments using AF-labelled Nbs and αS were performed to confirm that the Nbs were fully 

unbound from αS during the detection under both solution conditions, consistent with their previously 

reported Kd values172. The results of these control experiments are summarised in Table 4.2, listing the 

derived association quotients, Q, (eq. 2.1. in General methods). In all cases, the Q values for NbSyn87 

+ αS samples were comparable to the values obtained for the free dyes in solution, and lower than the 

Q value for aggregated αS. Therefore, based on these control experiments, it can be concluded that 

Nbs were fully unbound from αS during the detection. 

 

Table 4.1. Average AF488-labelled αS monomer intensity above the threshold of 15 photons bin-1, as 

determined from sm-FRET measurements (Nmolecules = 185,584). 

Sample type αS 

αS + 

NbHul5g 

αS + 

NbSyn2 

αS + 

NbSyn87 

PBS H2O PBS H2O PBS H2O PBS H2O 

Mean intensity (photons bin-1) 19.4 19.2 19.2 19.0 19.3 19.1 19.2 19.4 

 

 

Table 4.2. Summary of %Q values (eq. 2.1), resulting from TCCD control experiments using 1:1 

stoichiometric ratio of fluorescently labelled NbSyn87 and αS. Free dyes are measured as a negative 

control, and aggregated (for 72 h) dual-labelled αS as a positive control. Buffers used for the dilutions 

are specified. 

%Q 

Free 

AF488 + AF647 

 

αS, 2 µM 

 

AF647-NbSyn87 

+ AF488-αS 

AF488-NbSyn87 

+ AF647-αS 

AF488-NbSyn87 

 + AF594-αS 

PBS PBS PBS H2O PBS H2O PBS 

0.025 

± 

0.030  

0.917 

± 

0.291 

0.093 

± 

0.13 

0.094 

± 

0.001 

0.012 

± 

0.029 

0.051 

± 

0.051 

0.021 

± 

0.010 
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Figure 4.2. Aggregation kinetics of αS at 70 µM in the presence of 140 µM Nbs, studied by sm-

FRET. a. Monomer depletion profiles (n=6, sem). b. Total oligomer concentrations (n=3, sem). c. 

Bulk ThT assays carried out (by Dr. E. De Genst) under the same incubation conditions as the sm-

FRET assays, using 70 µM wt αS, either alone or in the presence of 140 µM Nbs (n=3, std).  

 

Subsequently, the kinetic profiles of αS aggregation in the presence or in the absence of the Nbs were 

recorded by sm-FRET. The resulting kinetic profiles of monomer depletion and oligomer formation 

by αS are shown in Fig. 4.2.  

The most rapid decrease in the monomer concentration, deduced from the monomer burst-rates (as 

detailed in General methods, section 2.9.) occurred in the samples containing 70-µM αS alone or in 

the presence of control NbHul5g, and was attributed to the formation of αS fibrils. Samples 

containing NbSyn2 and NbSyn87, however, showed slower monomer depletion. TEM images of the 

samples after prolonged incubation confirmed the presence of abundant amyloid fibrils in the 

solutions containing αS alone or in the presence of NbHul5g and NbSyn2, while only oligomers and 

short protofibrils could be detected in the presence of NbSyn87 (Fig. 4.3).  

The kinetic profiles of oligomer formation were comparable across all samples and dilution 

conditions, suggesting that the αS-specific Nbs did not reduce the overall numbers of αS oligomers 

(Fig. 4.2b). However, the inspection of individual FRET efficiency histograms of the samples 

recorded upon dilution into water revealed clear differences between the control samples and the 

samples containing αS-specific NbSyn2 and NbSyn87 (Fig. 4.4).  
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Figure 4.3. TEM images of aggregates formed in 1:1 AF488:AF594 dual-labelled αS solutions (70 

µM). Top: labelled αS solutions at different time-points during the aggregation reaction with 

agitation. Bottom: αS solutions in the presence of 140 µM of unlabelled NbHul5g, NbSyn2 and 

NbSyn87 after >100 h incubation with agitation. Large amyloid fibrils and fibrillar fragments were 

observed in all samples at this time, except in the presence of NbSyn87, where short protofibrils were 

present along with round-shaped oligomeric aggregates. 

 

As previously (Chapter 3), the FRET efficiency histograms were split into two groups, corresponding 

to the histograms derived from small oligomers containing 2-5-mers and large oligomers comprising 

6-150-mers. This splitting allowed to identify the time-dependent changes more easily, which were 

most clearly observed in the histograms of large oligomers during aggregation, and were less visible 

for those of small oligomers due to low photon counts, as was illustrated in Fig. 3.10. 

For the samples of αS-only and αS in the presence of control NbHul5g, two peaks could be observed 

in the FRET efficiency histograms of large oligomers (Fig. 4.4.), corresponding to the two previously 

discussed oligomer populations (section 3.1.4). Low-FRET oligomers were characterised by the 

population centred at an average FRET efficiency value (E) of 0.4, and high-FRET oligomers were 

indicated by a peak centred at E value of around 0.8 (Fig. 4.4). The high-FRET population was 

dominant by the end of the second day of incubation, in good agreement with the kinetics of high-

FRET oligomer formation by 70-µM solutions of αS, as described in Chapter 3. In contrast, the FRET 

histograms of oligomers formed in the presence of αS-specific Nbs showed a single broad distribution 

centred at ~0.6, without a clear distinguishable peak of high-FRET oligomer sub-population. The 

appearance of these FRET efficiency histograms resembles those that have been obtained for αS 

solutions at low concentrations (5-10 µM of αS) in which high-FRET oligomers were not formed in 
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large proportions (Chaper 3). Therefore, the appearance of FRET efficiency histograms could suggest 

that in the presence of αS-specific Nbs, the formation of high-FRET oligomers was impeded. 

To further test this hypothesis, comparative sm-FRET PK digestion assays were carried out (as 

described in Methods section 4.2.5) using the samples after 29 h of incubation, when the solutions 

were enriched in high-FRET oligomers. It was previously established that high-FRET oligomers are 

much more resistant to the digestion by PK enzyme in comparison to low-FRET oligomers79. The 

resulting PK digestion profiles are shown in Fig. 4.5. From this result, the populations of oligomeric 

species formed in the presence of NbHul5g are more resistant to PK digestion than those formed in 

the presence of NbSyn2 or NbSyn87. This is consistent with the presence of a higher proportion of 

high-FRET oligomers in solutions containing NbHul5g compared to the samples containing NbSyn2 

and NbSyn87 and supports the hypothesis that NbSyn2 and NbSyn87 inhibit the formation of high-

FRET oligomers. To note, the relative minor differences in the profiles derived for the samples 

aggregated in the presence of αS-specific Nbs (Fig. 4.5) may reflect the differences in the binding 

affinity of the two Nbs rather than the structural dissimilarity of the αS oligomers, formed in the 

presence of the αS-specific Nbs. The binding of αS-specific Nbs may protect against αS degradation. 

Because of the 10-fold difference in the affinities of the two αS-specific Nbs, higher fraction of αS 

was expected to be bound by NbSyn87 than by NbSyn2 under the PK incubation conditions, hence 

explaining the resulting higher stability of oligomers formed in the presence of NbSyn87 in 

comparison to the oligomers formed in the presence of NbSyn2.  
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Figure 4.4. Representative FRET efficiency histograms obtained for different time points during first 

30 h of αS aggregation, recorded upon dilution into deionised water for the sm-FRET detection. Here, 

the histograms have been split into two populations of apparent sizes, small (2-5-mers) and large (6-

150-mers). For large oligomers, the differences in the FRET efficiency histograms can be observed. 

 

 

 

Figure 4.5. Results of comparative sm-FRET PK digestion assays. Fraction of degradation is defined 

as (number of oligomers in the PK-exposed sample / number of oligomers in the initial sample) (n=3, 

std). The αS control in the absence of Nbs was not measured for consistency, since it was presumed 

that PK would act on both the fluorescently-labelled αS and the unlabelled Nbs (see section 4.2.5).  
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4.3.2 NbSyn87 and NbSyn2 act to rapidly convert high-FRET oligomeric 

species into low-FRET oligomeric species 
 

Subsequently, it was sought to check whether the αS-specific Nbs could disrupt pre-formed high-

FRET oligomers. To this end, solutions from aggregation reactions of 70-µM dual-labelled αS 

without the Nbs were collected after 29-h incubation and analysed by sm-FRET to confirm the 

presence of high-FRET oligomers. Then, two equivalents (referring to the total αS concentration) of 

unlabelled NbSyn2, NbSyn87 or NbHul5g were added to these samples prior to sm-FRET analysis. 

The representative contour plots of FRET efficiency versus apparent oligomer size, and FRET 

efficiency histograms are shown in Fig. 4.6, and consistent results were obtained in at least three 

separate experiments.  

The addition of NbSyn2 or NbSyn87 resulted in a decrease of the mean FRET efficiency values (Fig. 

4.6b). These changes in FRET efficiencies cannot be explained by optical effects due to the binding of 

the Nbs to the oligomeric species, which was confirmed by the experimentally observed absence of 

coincidence between the labelled Nb and αS under the single-molecule detection conditions. 

 

 

Figure 4.6. Results of sm-FRET measurements after addition of two equivalents of unlabelled Nbs to 

pre-formed high-FRET oligomers. a. Representative contour plots of FRET efficiency versus apparent 

oligomer size resulting from sm-FRET measurement performed immediately after addition of Nbs to 

aggregated solutions of αS (after 29 h), containing high-FRET oligomers. b. Corresponding FRET 

efficiency histograms split into two size populations, small (2-5-mers) and large (6-150-mers) 

oligomers. In the absence of Nbs and upon addition of non-specific NbHul5g, the majority of the 

detected large oligomeric species yielded FRET efficiency values above 0.6, characteristic of high-

FRET oligomers. Upon addition of either NbSyn2 or NbSyn87, the average FRET efficiency 

distributions shifted to lower values, and this shift was particularly pronounced in the presence of 

NbSyn87. 
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The changes in FRET efficiency values following the addition of NbSyn2 or NbSyn87 can therefore 

be solely attributed to the Nb-induced conformational conversion of the high-FRET oligomers to the 

less ordered low-FRET oligomers, occuring rapidly after the addition of the Nbs. According to these 

results, the process was particularly fast in the presence of NbSyn87, occurring within 5 minutes, 

which was estimated from the length of the incubation time between the addition of the nanobodies 

and subsequent sm-FRET analysis. To measure the timescale of the conversion process more 

precisely, a stopped-flow technique would need to be designed that would enable the discrimination 

between different oligomer types. Alternatively, rapid real-time TIRFM FRET imaging could be used, 

or cryo-EM imaging of the samples, plunge-frozen rapidly after the addition of nanobodies. The more 

pronounced effect of NbSyn87 compared to NbSyn2 in this experiment is consistent with its known 

higher affinity for αS. The oligomers were expected to remain in the altered structure during sm-

FRET analysis since the conformational reorganization from low-FRET to high-FRET oligomers 

needs to overcome a high energy barrier, reflected in the previously determined half-time of several 

hours79. It may be interesting to study the identified Nb-induced conversion in further detail, in 

particular, to determine whether or not the addition of Nbs can induce the conversion of fibrillar 

aggregates of αS to their precursor high-FRET and low-FRET oligomers. This may be achieved by 

performing experiments similar to those described in the present section, but using pre-formed 

amyloid fibrils rather than high-FRET oligomers and monitoring the conversion process over an 

extended period of time. 

 

4.4 Summary and conclusions 
 

In this chapter, the effect of two αS-specific nanobodies on its aggregation pathway was studied using 

sm-FRET. The two nanobodies, NbSyn2 and NbSyn87, are known to recognise the C-terminal part of 

αS molecule and bind to this region with nanomolar affinity.  

The oligomerisation of αS at 70 µM was studied either in the presence or in the absence of two molar 

equivalents of the Nbs. Initial control experiments indicated that the Nbs were unbound from αS 

under single-molecule conditions. The kinetic profiles of oligomer formation were found to be similar 

both in the presence and in the absence of Nbs, suggesting that these antibodies did not decrease the 

overall numbers of formed oligomers. Interestingly, the kinetics of monomer depletion was found to 

be slower in the presence of the Nbs than in their absence. In addition, fibril formation was found to 

be abolished in the presence of NbSyn87, judged by TEM imaging. FRET efficiency distributions of 

oligomers revealed that in the presence of the Nbs, the formation of high-FRET oligomer type was 

supressed. Oligomers formed in the presence of the Nbs were found to be more susceptible to PK 

digestion relative to the oligomers formed in the presence of a control non-specific Nb. It was also 
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found that pre-formed high-FRET oligomers could undergo a rapid conformational conversion to low-

FRET oligomers upon the addition of excess Nbs. 

These experimental results are consistent with an impact of NbSyn2 and NbSyn87 on the early 

conformation conversion between low-FRET and high-FRET oligomers taking place prior to fibril 

formation. This action leads to the destabilisation of high-FRET oligomers and the shift of the total 

oligomer population to low-FRET species, which ultimately results in the inhibition of fibril 

formation, particularly in the presence of NbSyn87. 
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5. Chapter 5  

Aggregation of αS in the presence of arachidonic 

acid 
 

In this chapter, fatty acid-induced oligomerisation of αS is characterised at the single-molecule level. 

The resulting species are compared to the oligomers of αS formed in aqueous buffer in a set of sm-

FRET assays to reveal a lower stability of the fatty-acid induced species. 

 

5.1 Introduction 
 

While αS is the main component of the solid pathogenic deposits in PD and DLB brains, lipids have 

been found to be co-localized with αS in the brain-stem LBs176 and cortical LBs177. αS is localized to 

presynaptic nerve terminals in close proximity to synaptic vesicles43,44, and is involved in the 

transmission of vesicular cargo47, as well as in vesicle trafficking and retrieval39. These processes 

occur via phospholipid membrane-based mechanisms178-181, implying a direct connection between the 

normal physiological function of αS with phospholipids and fatty acids (FAs). Furthermore, αS shares 

structural homology with the family of FA-binding proteins and was shown to bind FAs in a dose-

dependent fashion182. Soluble oligomers of αS have been identified in the cytosols of PD and DLB 

human brains, and their detection was enhanced by delipidation, suggesting that oligomers are 

complexed with lipids and FAs in vivo183. Other in vivo observations additionally support the interplay 

between αS and FAs. For example, dietary intake of polyunsaturated FAs resulted in a substantial 

increase in αS gene expression in rats184,185. In addition, αS oligomerisation and neuronal injury in 

mice were detected as a consequence of FA dietary intake186. Moreover, a significant increase in the 

cytosolic levels of polyunsaturated FAs along with αS oligomer accumulation were observed in PD 

human brains187. 

 

 

Figure 5.1. Chemical structure of arachidonic acid. It belongs to the class of omega-6 fatty acids, 

since its first double bond is located at the sixth carbon starting from the omega end (shown in red). 
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Arachidonic acid (ARA) is an unsaturated FA (Fig. 5.1) and is one of the most abundant FAs in grey 

matter phospholipids of human brain188. ARA is continuously released from the phospholipid 

membranes into endocrine cells and neurons by the action of enzymes189, and has very diverse 

functions in vivo. Its content is elevated in conjunction with inflammatory response caused by noxious 

substances190, stimulation of certain receptors191, during traumatic brain injury192,193, and ARA is a 

precursor to pro-inflammatory substances termed eicosanoids194. Increased concentration of free ARA 

was shown to lead to the elevation of metal ion concentration in neurons, which caused apoptosis, and 

therefore ARA was referred to as a ‘death pore opener’195. On the other hand, ARA is constructively 

involved in the action of numerous other ion channels (reviewed in Meves, 2008)196. In addition, it 

activates a plasma membrane protein syntaxin, which is critical to the growth and regeneration of 

neuronal cells197,198. It also takes part in the enhancement of the formation of SNARE protein 

complex198 which drives cell exocytosis. Furthermore, ARA facilitates neurotransmission and was 

proposed to act as a retrograde messenger in the process of long-term potentiation199, although this 

remains controversial200. In addition, the presence of ARA has been discovered to mediate a short-

term increase in the neurotransmitter release at synapses in vertebrates, confirming its involvement in 

synaptic plasticity201.  

Multiple in vitro studies have demonstrated that ARA was able to promote the self-assembly of αS, 

leading to the formation of either oligomeric or fibrillar aggregates, depending on the acid to protein 

ratios11,183,202,203. Initially, the effect was shown only with ARA present at 1 mM concentration in 

solution202, which is above its critical micelle concentration (CMC), measured to be  

60 µM203,204. Subsequently, the promotion of αS aggregation in the presence of ARA was reported at 

lower concentrations of ARA11,203, including 10 µM concentration183. Interestingly, a rapid change of 

αS from unstructured to alpha-helical conformation in the presence of ARA was observed203, implying 

a rapid interaction between monomeric αS and ARA. In addition, a shift in the CMC of ARA from  

60 µM to 100 µM was observed, and proposed to be due to the dispersion of ARA micelles by the 

direct binding of αS to the FA203. These observations imply a possibility that the FA itself is a 

constituent of the formed aggregates, although this remains to be confirmed experimentally. In 

addition, the reported sodium dodecyl sulfate-resistance and the stability of the ARA-induced 

aggregates of αS upon boiling, chromatographic procedures and addition of denaturants202 suggests a 

possibility that these species may be cross-linked, which also requires verification. Despite the 

increasing focus on the oligomers of αS as the key cytotoxic species in the disease21,76,205, and the 

numerous observations of the ARA-induced oligomer formation in the presence of the excess of 

ARA, it is not entirely clear whether these aggregates differ from the oligomers of αS that are formed 

in the absence of the FA, owing to the challenges in characterising large numbers of either species due 

to their low concentrations in solutions and limited methods for their comparison. 
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5.2 Methods 

5.2.1 ARA solution preparation 

 

ARA (Sigma Aldrich) was stored under nitrogen at -80°C, and aqueous stock solutions were freshly 

prepared prior to all experiments by adding the pure FA to ice-cold buffer (25 mM Tris, 0.2 M NaCl) 

followed by vigorous agitation. 

 

5.2.2 αS aggregation 
 

For the preparation of αS oligomers in the absence of ARA, protein solution was made, containing 1:1 

stoichiometric ratios of AF488- and AF594-labelled αS in Tris buffer (25 mM Tris,  

0.1 M NaCl, 0.01% NaN3, pH 7.4), and a total protein concentration of 35 µM unless stated 

otherwise. The aggregation mixture was incubated in the dark over 24 h at 37°C with constant 

shaking at 200 r.p.m. (New Brunswick Scientific Innova 43, 25 mm orbital diameter), and 

subsequently centrifuged for 15 min at 12,800 x g and separated from fibrillar pellet. 

For the preparations of ARA-induced oligomers of αS, an aggregation mixture contained 1:1 ratio of 

AF488- and AF594-labelled αS, with the total αS concentration of 35 µM, and 1 mM concentration of 

ARA, combined in Tris buffer (25 mM Tris, 0.1 M NaCl, 0.01% NaN3, pH 7.4). The mixture was 

incubated in the dark over 24 h at 37°C without agitation.  

 

5.2.3 sm-FRET measurements and data analysis  
 

Single-molecule confocal setup, the experimental procedure and data analysis were carried out 

according to the protocols described in the General Methods chapter, sections 2.5-2.10. 

 

5.2.4 Preparation of fluorescently labelled duplexes for control 

measurements 
 

DNA duplexes dual-labelled with AF dyes were used. For the preparation of the DNA duplexes, 

synthetic complementary pairs of oligonucleotides were purchased from ATDBio, and were purified 

by the supplier by double HPLC.  The dual-labelled duplexes were formed by heating a 1:1 mixture of 
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either TCCD olig 1 and 2, or FRET olig 1 and 2 (the primary sequences of the oligonucleotides are 

included in section 5.3.3.) at a total concentration of 1 µM to 95°C, and slowly cooling to room 

temperature. The duplexes were diluted to single-molecule concentrations into Tris buffer of the same 

composition as used for the aggregation preparations, either in the presence or in the absence of ARA.  

 

5.2.5 CD measurements 
 

Circular dichroism (CD) measurements presented in Fig. 5.2c were carried out with the assistance of  

Dr. L. Tosatto. For experiments in Fig. 5.2c, samples were prepared in the same way as for the sm-

FRET experiments, using AF594-labelled αS, and diluted into Tris buffer to the final protein 

concentrations of 3-10 µM prior to the measurements. Spectra were recorded on Jasco J-810 

spectropolarimeter, using a quarz cuvette of 1 mm path length. The spectra were acquired between 

205 and 250 nm, with an interval of 0.2 nm, and an average of 10 accumulations per spectrum, using 

1 nm bandwidth and a scanning speed of 50 nm min-1. The spectra were corrected for the background 

from the buffer in the case of αS in buffer samples, and for the background from the buffer with ARA, 

for the samples containing ARA. FFT smoothing with a window of 25 datapoints was applied (Origin 

7.0), and the resulting spectra were presented as millidergees versus wavelength. For experiments in 

Fig. 5.9d, samples containing 2 µM αS (1:1 AF488-αS and AF594-αS) and 10 µM ARA at a total 

volume of 300 µL were incubated for 24 h under the same conditions as before. Subsequently, 10 

samples (3 mL) were combined and centrifuged in a filter device with a molecular cut-off of 100 kDa 

(Amicon Ultra, Millipore). It was expected that some of the ARA-induced oligomers would remain on 

top of the filter resulting in the multimer-enriched sample. The spectra of both flow-through and the 

solution remaining on the filter were acquired using the same spectrometer and settings as before, 

between 200 and 250 nm, with 20 accumulations per spectrum. The spectra were corrected for the 

background from buffer. No additional smoothing was applied, and the results were expressed as 

millidegrees versus wavelength. For the measurement in Fig. 5.8c (of the samples washed with buffer 

to remove excess ARA), the protein concentration was 4 µM, the spectrum was recorded using 

identical settings as above, with 20 accumulations per spectrum, and the spectrum of buffer was 

subtracted from the spectrum of the sample. 
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5.2.6 Oligomer stability at different ionic strengths 
 

It was recently demonstrated using the sm-FRET method that αS oligomers had differential stabilities 

depending on the ionic strength of buffer solutions115. To compare the stability of the ARA-induced 

oligomers and αS oligomers formed in pure buffer with respect to the changes in ionic strength, the 

samples after 24 h of incubation were diluted 1:100,000 into either Tris, Tris/2 (Tris buffer diluted 

with an equal volume of deionised water), Tris/4, Tris/8 and Tris/16, and analysed by sm-FRET 

immediately after dilution (Fig. 5.7c). 

 

5.2.7 Proteasome degradation assays 
 

Mammalian 26S proteasomes (expressed and purified by Dr. Y. Ye) were purified from HEK293T 

cells overexpressing rpn11-His-TEV-biotin acceptor sequence (kind gift from Lan Huang, UC Irvine) 

and purified using established protocols206,207. Cells were grown until 100% confluent and collected 

and resuspended with a scraper in ice-cold Proteasome buffer (50 mM Tris, pH 7.5, 0.5% NP-40, 10% 

glycerol, 5 mM ATP, 1 mM DTT, 5 mM MgCl2). Dounce homogenizer was then used for cell lysis 

and the lysate was cleared by centrifugation at 3,000 × g for 5 min at 4°C. This lysate was 

subsequently incubated with 2 ml bed volume of NeutrAvidin beads (Pierce) at 4°C overnight. 

Unbound proteins were washed off with 20 ml proteasome buffer and bound proteasomes were 

cleaved off the column with 6 µl of TEV protease (Invitrogen). Proteasomes were concentrated to  

>2 µM and frozen in aliquots for single use. For the comparison between the ARA-induced oligomers 

and αS oligomers formed in pure Tris buffer with respect to their stability towards degradation by 26S 

proteasome, samples containing 35 µM αS in buffer, or  35 µM αS plus 1 mM ARA after 24 h of 

incubation were diluted 1:3.75 for proteasomal degradation. The final assay contained 40 nM 

proteasome, 125 mM ATP.MgCl2, 5 µM creatine kinase and 0.1 M creatine phosphatase in 50 mM 

Tris buffer (pH 7.4). The resulting samples were analysed by sm-FRET both immediately after 

mixing, and after incubation for 12 h under quiescent conditions at 37°C. The fractions of non-

degraded oligomers were determined as the numbers of oligomers after the incubation with the 

proteasome divided by the numbers of oligomers immediately after mixing (Fig. 5.7d).  
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5.2.8 Oligomer disaggregation upon dilution 
 

To further compare the stabilities of ARA-induced oligomers and oligomers of αS formed in pure 

buffer, both types of samples after 24 h of incubation were diluted 1:100,000 into Tris buffer of the 

same composition as for the aggregations, incubated at quiescent conditions at ambient temperature in 

low-binding test-tubes (Protein LoBind, Eppendorf), and regular aliquots were analysed by sm-FRET 

over 7 h after dilution, ensuring that the aliquots were withdrawn for the analysis at the same 

incubation time for either type of samples, to allow a comparison of the disaggregation reactions (Fig. 

5.7e). The same experiment was carried out using ARA-induced oligomers prepared at 2 µM αS and 

10 µM ARA, and compared with the disaggregation profiles of the ARA-induced oligomers generated 

at high concentration, as show in Fig. 5.9e. 

 

5.2.9 Proteinase-K digestion assays 
 

To carry out further structural comparison between the ARA-induced oligomers and αS oligomers 

formed in pure Tris buffer, their susceptibility to PK digestion was investigated (Fig. 5.7f). β-sheet 

structure, present in fibrils and high-FRET oligomers, is resistant to PK digestion, as was shown in 

previous works79. PK aliquots were prepared in Tris buffer defined above, with the addition of 1 mM 

CaCl2, and stored at -80°C before use. Samples after 24 h incubation were diluted into a range of PK 

concentrations between 0-10 µg ml-1 in Tris buffer with 1 mM CaCl2, incubated at 37°C for 5 min, 

and subsequently further diluted for sm-FRET analysis.  

 

5.2.10  Depletion of ARA concentration 
 

ARA-induced oligomers were prepared as described above, and subsequently the concentration of 

free ARA was decreased by washing with copious amounts of buffer, and the protein was 

concentrated using a spin filter with a molecular cutoff of 5 kDa (Sartorius). Based on the total 

volume of buffer used for washing in this experiment, the concentration of ARA would be reduced to 

less than 500 nM. Note that this estimation is a lower bound and does not account for the ARA 

binding to αS. This preparation is referred to as “ARA washed” in Fig. 5.8. 
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5.2.11  Comparison of ARA-induced multimerisation using pathological 

mutants of αS 

 

In order to investigate whether the formation of ARA-induced oligomers could be observed at low 

physiologically-related concentrations when using pathological mutants of αS, dual-labelled A90C αS 

was used, and dual-labelled A30PA90C, A53TA90C and E46KA90C αS variants, denoted as A30P*, 

A53T* and E46K* in Fig. 5.9f, where ‘*’ indicates that these isoforms carry the A90C mutation for 

the fluorophore incorporation in addition to the disease-associated mutation. The pathological mutants 

were expressed and purified by Dr. L. Tosatto as previously described in detail141. Samples of 2 µM 

αS of every isoform in the presence of 10 µM ARA, or in its absence (6 separate samples in each 

case) were prepared and incubated at 37°C without shaking for >30 h to allow steady-state aggregate 

populations, and subsequently analysed by sm-FRET, keeping the protein concentration for the 

detection the same for all samples, as judged by comparing the monomer burst rates. Numbers of the 

detected aggregates were compared (Fig. 5.9f). 

 

5.3 Results 
 

5.3.1 The presence of ARA results in rapid oligomer formation by αS 
 

The self-assembly of αS was monitored in solutions of 35 µM αS in the presence of 1 mM 

concentration of ARA, above CMC of the FA203,204. The samples were incubated under quiescent 

conditions, either in the presence or in the absence of ARA. Since the aggregation of pure αS in 

physiological buffer is known to be inefficient at quiescent conditions in vitro98, the oligomerisation at 

35 µM concentration of αS in the absence of ARA was negligible, and only a small increase in the 

numbers of detected oligomers was observed over a 24-h incubation (Fig. 5.2a). In contrast, 35 µM 

αS incubated with 1 mM ARA showed a rapid formation of oligomers, judged by the presence of high 

levels of detected FRET events, recorded shortly after the addition of ARA (Fig. 5.2a). The increase 

in the numbers of these species continued most rapidly for 6 h, followed by a plateau and a 

subsequent slight decrease after 20 h (Fig. 5.2a), which could be due to a partial disaggregation of the 

species or, alternatively, due to their higher-order association. In addition to the rise in the numbers of 

multimers over time, there was an identifiable increase in their average apparent sizes, observed from 

the broadening of the apparent size distributions (Fig. 5.2b). Typically, there was a progression 

towards larger species within first 6-7 h of the experiment, and no subsequent change, suggesting that 

their formation reached a steady state within this time period.  
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Figure 5.2. Effect of ARA on αS. a. Kinetic profile of αS aggregate formation induced by ARA at 

quiescent conditions, and of αS aggregation in pure buffer under quiescent conditions (n=3, std).  

b. Time-evolution of the apparent size histograms indicating growth of the aggregates. c. CD spectra 

of AF594-labelled αS with and without ARA. Without the acid, at 0 h protein is mostly in random-

coil conformation, and contains beta-sheet structure at 24 h with shaking, indicated by a broad 

negative band at 217 nm. In the presence of ARA, both shortly after addition and after 24 h of 

incubation, CD spectra show the features corresponding to the alpha-helical state, negative bands at 

208 nm and 221 nm. Raw data are shown because the protein concentration for the measurement was 

approximate, not allowing for an accurate conversion to mean residue ellipticity. d. Kinetic profile of 

aggregate formation by 35 µM αS in the presence of 1 mM ARA under either shaking or non-shaking 

conditions (n=3, std). Comparable results suggest the absence of the effect of shaking on the kinetics 

of aggregate formation in the presence of ARA. 

 

5.3.2 CD spectra indicate a rapid attainment of alpha-helical conformation 

in the presence of ARA 
 

CD measurements showed that the fluorescently labelled αS was intrinsically disordered in the 

absence of ARA at the beginning of the experiment, and acquired β-sheet conformation after 24 h of 

incubation, which overall indicated that the labelled protein assembled into fibrils as in previous 

works79,83 (Fig. 5.2c). In contrast, the spectra of the samples in the presence of ARA were 

characteristic of alpha-helical conformation shortly upon addition of ARA, and after 24 h of 
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incubation (Fig. 5.2c). The observed attainment of alpha-helical conformation by αS in the presence 

of ARA is in agreement  with previously reported results for αS with ARA203, as well as for αS in the 

presence of the excess of a structurally similar docosahexaenoic acid208. Generally, the transition from 

the disordered to alpha-helical state is typical for αS upon its association with lipid membranes178,180, 

and suggests that αS binds ARA at the chosen experimental conditions.  

 

5.3.3 Results of control experiments to investigate the photophysical effects 

of ARA on AF dyes 
 

In order to verify that in the measurements the coincident fluorescence signal was arising from the 

formed multimers of αS, control experiments were performed. Firstly, the absence of any background 

fluorescence from the ARA solution in buffer was confirmed. Secondly, it was checked that there was 

no apparent effect of ARA on the fluorescence signal from the fluorophores in the sm-FRET 

experiments, which was confirmed by performing control measurements using dual-labelled (AF488 

and AF594) 40-base pair DNA samples with the oligonucleotides of the following sequences: 

 

TCCD olig 1: AF488-TAGTGTAACTTAAGCCTAGGATAAGAGCCAGTAATCGGTA  

TCCD olig 2: AF594-TACCGATTACTGGCTCTTATCCTAGGCTTAAGTTACACTA 

FRETolig 1: TACTGCCTTTCTGTATCGC-AF488-  

                                                     -TATCGCGTAGTTACCTGCCTTGCATAGCCACTCATAGCCT 

FRETolig 2: 

AGGCTATGAGTGGCTATGCAAGGCAGGTAACTACGCGATAAGCGATACAGA-AF594 

 

The protocol for the preparation of the dual-labelled duplexes is detailed in the Methods section 5.2.4. 

Solutions containing TCCD DNA duplex were measured using a dual laser excitation, by illuminating 

the samples with overlapped 488 nm and 594 nm laser beams. FRET DNA duplex had the dyes close 

enough for the FRET process to occur; therefore, the experiments were carried out using 488 nm laser 

excitation, according to the same protocol as what was used for the sm-FRET measurements of the 

dual-labelled protein samples. In both cases, the numbers of the recorded coincident events in the 

donor and the acceptor channels were counted for the samples in pure buffer, and in the presence of 

ARA, and were compared (Fig. 5.3a and b). In addition, the average intensities of the fluorescence 

bursts in both the donor and the acceptor channels were compared (Fig. 5.3c). 
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Figure 5.3. Control experiments to investigate the photophysical effects of ARA on AF dyes in the 

single-molecule experiments. a. and b. Number of coincident events recorded for either FRET or 

TCCD DNA duplexes diluted into pure buffer, or into buffer containing ARA (n=5, std). c. Average 

intensity of the fluorescence bursts in both the donor and the acceptor channels, derived from TCCD 

experiments with dual-laser excitation. 

 

 

 

Figure 5.4. Control aggregation experiments. a. 35 µM αS in buffer. Aggregation is promoted by 

shaking, therefore shaking conditions are chosen for αS–only oligomer production in all further 

experiments (n=3, std). b. 35 µM A122C isoform of αS in the presence of 1 mM ARA (n=3, std). 

Comparable results under either shaking or non-shaking conditions, similarly to the results with A90C 

mutant of αS, shown in Fig. 5.2d.  
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5.3.4 Determination of the optimum conditions for the preparation of 

ARA-induced oligomers and oligomers in buffer 
 

To check whether the formation of αS oligomers, promoted by ARA, occurred when shear forces 

were introduced, incubations with shaking were performed as well as incubations under quiescent 

conditions, which yielded comparable results at the same starting concentrations of αS and ARA (Fig. 

5.2d). The preparations of the ARA-induced oligomers and the oligomers formed in its absence have 

been carried out at several other starting conditions in order to select the most high-yielding protocols. 

Firstly, it was tested whether the rapid multimerisation of αS promoted by ARA was specific to A90C 

isoform only, or whether it could occur when using another mutant of αS, A122C, where the 

fluorophore was incorporated in the C-terminal part insead of NAC region. Rapid ARA-induced 

oligomer formation was observed in these experiments when using an A122C mutant of αS instead of 

the A90C, where fluorophore was attached to a molecule of αS at residue 122 instead of residue 90 

(Fig. 5.4). This indicated that the effect was not specific to the chosen A90C isoform of αS, and also 

may suggest that neither residue 122 nor 90 were directly involved in the binding to the FA. It is 

interesting to note that previously, the residues 2-19 and 123-140 in the αS molecule were identified 

to be homologous with a motif of FA-binding proteins182. The absence of any inhibition of the ARA-

promoted oligomerisation in the case of incorporating the fluorescent dye at the residue 122, 

neighbouring with 123, may suggest that the ARA binding region in the C-terminal part of αS is either 

absent or comprises later residues. Since there was no difference in the acid-induced oligomer 

formation under either quiescent or shaking conditions, all subsequent ARA-induced oligomer 

preparations were carried out without shaking. In the case of control samples, 35 µM αS in Tris 

buffer, the oligomerisation was more efficient under shaking conditions, reflected by the higher 

numbers of the detected species under these conditions (Fig. 5.4), and therefore the subsequent 

preparations of αS oligomers in buffer were carried out with shaking. Typically, the observed 

numbers of oligomers were much higher in the samples containing ARA compared to the samples 

without the FA, indicating that the oligomers promoted by ARA were much more abundant. In 

addition, the aggregations using 35 µM αS and 1 mM ARA yielded the highest concentrations of 

ARA-induced oligomeric species amongst several other attempted combinations, summarised in Fig. 

5.5. The quiescent preparation using 35 µM αS and 1 mM ARA was found to be the most high-

yielding among other tested preparations, including incubations using different isoforms of αS or 

varying concentrations of both αS and ARA, as detailed in Figs. 5.4 and 5.5.  
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Figure 5.5. Kinetic profiles of ARA-induced oligomer formation at different starting total αS 

concentrations (n=3, std in each case). In a. and b., oligomer concentrations were approximately 

estimated by normalising to the monomeric bursts (twice the bursts in the donor channel) to estimate 

the fraction of oligomers, and subsequent multiplication by the bulk starting total protein 

concentration. The highest estimated concentration of oligomers was generated at 35 µM αS in the 

presence of 1 mM ARA. 

 

5.3.5 Further evidence for the differences between ARA-induced oligomers 

and oligomers formed in its absence 
 

Once the ARA-induced oligomers of αS were observed, it was sought to compare these multimers to 

the toxic high-FRET oligomers of αS which are formed by the protein in aqueous buffer. As it was 

demonstrated in the preceding chapters, αS assembles into β-sheet-rich oligomers in aqueous buffer 

under constant agitation, consistent with the previously published results from this research 

laboratory79,83,115. Therefore, the same strategy as before was used to prepare these αS-only oligomers 

(see Methods section 5.2.2 for details), and a series of comparative experiments using ARA-induced 

oligomers and αS-only oligomers was carried out, as will be described in the following sections. 
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Figure 5.6. TEM images of aggregates. a. αS aggregates in buffer (35 µM, 24 h, shaking). From left 

to right: before centrifugation (15 min at 12,800 x g), a mixture of oligomers and fibrils is observed; 

oligomers are present in the supernatant after centrifugation; insoluble pellet after centrifugation 

contains fibrillar aggregates. Scale bars (left to right) 200 nm, 200 nm and 100 nm.    b. ARA-induced 

oligomers of αS (35 µM, 1 mM ARA, 24 h, non-shaking). No fibrils observed after centrifugation. 

Abundant soluble oligomers and oligomer agglomerates are present. Scale bars 100 nm (left) and 50 

nm (right). c. ARA acid micelles in buffer (1 mM ARA) in the absence of αS. Scale bars 1 µm (left) 

and 100 nm (right). 

 

5.3.6 Morphological differences by TEM 
 

Firstly, using TEM imaging, it was observed that the ARA-induced oligomers had markedly different 

morphologies compared to the oligomers of αS formed in aqueous buffer (Fig. 5.6). In the case of αS 

samples in buffer solution, after 24 h of incubation the solutions contained a mixture of monomers, 

soluble oligomeric species as well as insoluble fibrils (Fig. 5.6a). The majority of the insoluble fibrils 

could be removed by centrifugation, as judged by TEM and confirmed in previous studies83, therefore 

this step was introduced for the preparation of the αS-only oligomers. In the ARA-containing αS 

solutions, abundant populations of oligomers were observed, frequently associated into higher-order 

assemblies (Fig. 5.6b). Interestingly, these aggregates were soluble, judged from the absence of 
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fibrillar aggregates in TEM images and the absence of insoluble pellets after centrifugation of the 

samples. In the absence of αS, at 1 mM ARA, micelles were formed (Fig. 5.6c). In the presence of the 

protein, however, the aggregates visualized using TEM were smaller compared to the micellar 

structures, which is consistent with the previously reported observation that αS is able to disrupt the 

micelles of ARA203. Overall, ARA-induced oligomers were larger and had less regular shapes than the 

αS-only oligomers, probably due to the association with the FA, and had a tendency to assemble into 

higher-order soluble agglomerates. They looked similar in morphology to the previously reported 

oligomers of αS in the excess of docosahexaenoic acid208. 

 

5.3.7 Comparative sm-FRET assays 
 

Having observed by TEM that ARA-induced oligomers had different morphologies compared to αS-

only oligomers, further differences were investigated between these types of species (Fig. 5.7). 

Firstly, a closer inspection of the FRET efficiency histograms revealed clear differences (Fig. 5.7a). 

The FRET efficiency histograms obtained for the samples of αS-only oligomers were in good 

agreement with the previous results, showing a conversion from low-FRET oligomer type to high-

FRET oligomer type. As in previous experiments (Chapter 3), after 9 h of incubation mainly 

disordered oligomers were present with the mean FRET efficiency value E=0.4, whereas after 24 h 

the majority of the population contained more compact oligomers with high FRET values, E=0.6. In 

contrast, ARA-induced oligomers gave rise to FRET efficiency histograms that showed a single peak 

with E value of 0.5 after 9 h of incubation and a broader FRET distribution after 24 h, as shown in 

Fig. 5.7a. Since the appearance of FRET efficiency histograms was found to be well-correlated with 

the stability of oligomeric aggregates in previous works79, the observed differences in the appearance 

of the FRET efficiency histograms of the ARA-induced multimers compared to αS oligomers in 

buffer solution could suggest differences in oligomer stabilities, and possibly differences in their 

structures. In addition, αS oligomers formed in the presence of ARA were found to be larger in terms 

of average numbers of monomers per oligomer, particularly at later incubations times past 6 h of 

incubation, as shown in Fig. 5.7b. 

To explore whether these differences in the FRET histograms and apparent size distributions of the 

ARA-induced oligomers compared to αS-only oligomers were associated with the differences in 

oligomer stabilities, more comparative experiments were carried out. Previously, it was found that the 

high-FRET oligomers were more stable with respect to dilution into low ionic strength buffer in 

comparison to their preceding disordered oligomers. Therefore, the stabilities of ARA-induced 

multimers and αS-only (high-FRET) oligomers to the changes in ionic strength were compared. 
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Samples were diluted into buffers with varying ionic strength and the numbers of oligomers in 

solution were counted using sm-FRET (Fig. 5.7c). The result showed that the αS-only high-FRET 

oligomers prepared in buffer were stable with respect to the changes in ionic strength, which agreed 

with the previous results. In contrast, ARA-induced oligomers dissociated to a greater extent at low 

ionic strengths, which is probably due to the lack of β-sheet structure in these species. 

 

Figure 5.7. Comparative sm-FRET experiments to investigate the differences between ARA-induced 

oligomers and oligomers formed in aqueous buffer during 24 h of incubation. a. Appearance and time 

evolution of FRET efficiency histograms. Fits to eq. 2.3, with FRET eficiency values (E) of E(αS 

9h)=0.4±0.01, E(αS 24h)=0.57±0.01, E(αS ARA 9h)=0.52±0.01, E(αS ARA 24h)=0.301±0.003 and 

0.48±0.03. b. Comparison of apparent size distributions. c. Salt gradient measurements (n=3, std).  

d. Degradation by 26S proteasome over 12 h (n=3, std). e. Oligomer disaggregation upon dilution into 

aqueous buffer to 280 pM (n=3, std). f. Comparative dose-response assay of PK digestion 

(n=3, std).  
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Next, it was investigated whether the lower structural stability of ARA-induced αS oligomers could 

facilitate their enzymatic degradation. The 26S proteasome is the main protein degradation machinery 

in eukaryotic cells, including degradation of αS monomers upon modification by ubiquitin209, yet it 

was reported to be inactive to certain αS aggregates210. In order to compare the susceptibilities of the 

ARA-induced oligomers and the αS-only oligomers towards degradation by the proteasome, 

comparative assays were carried out, using identical degradation mixtures and incubation conditions 

for both kinds of oligomers and exposing both types of aggregates to mammalian 26S proteasome for 

a period of 12 h (Fig. 5.7d). Over this selected incubation time, the numbers of ARA-induced 

oligomers were reduced upon proteasome-treatment. In contrast, the samples devoid of ARA were not 

targeted by the proteasome, in agreement with the previous literature. This suggested that ARA-

induced oligomers were more degradable by proteasome in comparison to the αS-only oligomers. 

To confirm that ARA-induced oligomers were less stable than αS-only oligomers, oligomer 

disaggregation experiments were carried out, where the oligomeric samples were diluted to single-

molecule concentrations in buffer, and left under quiescent conditions for several hours. During this 

time, the decrease in the numbers of oligomers due to their dissociation into monomers in solution 

was monitored by sm-FRET (Fig. 5.7e). While the decrease in the numbers of oligomers was 

observed for both the ARA-induced oligomers and the oligomers formed in its absence, it was faster 

for the former species confirming the previous findings of their lower stability. This difference points 

towards structural differences of the ARA-induced oligomers compared to αS-only oligomers.  

To gain further information about this difference, comparative proteolytic digestion assays were 

performed, by exposing both the ARA-induced oligomers and the oligomers formed in the absence of 

ARA to varying concentrations of PK enzyme (Fig. 5.7e). Previous studies showed that high 

resistance to PK digestion was characteristic for β-sheet conformation in αS aggregates, and amyloid 

fibrils were the most resistant in this assay79. Here, both types of oligomers were susceptible to PK 

digestion. However, the fractions of remaining non-digested oligomers were consistently higher in the 

samples containing αS-only oligomers, additionally indicating that the ARA-induced oligomers were 

less stable, consistent with the lack of β-sheet structure in these aggregates.  

 

5.3.8 Attempts to remove ARA from the multimers 
 

Lastly, it was investigated whether ARA itself was a constituent of the ARA-induced oligomers. Due 

to the observed tendency to assemble into large agglomerates (Fig. 5.6b), it was presumed that the 

association of ARA-induced oligomers into larger aggregates could occur via the free FA molecules, 
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and it was set out to test whether these species could remain stable upon decreasing the concentration 

of ARA in solution. To address this, ARA- and αS-containing samples were prepared as described 

above, and the concentration of the FA was decreased by washing with the excess of aqueous buffer 

and by subsequently concentrating the protein solutions, as described in Methods (section 5.2.10). 

This resulted in the increase in the numbers of recovered oligomers (Fig. 5.8a), as well as an 11 ± 5% 

increase in the population of small species consisting of less than 6-mers, and a drop in the sub-

population of larger oligomers (Fig. 5.8b). This indicated that the multimers had undergone a partial 

dissociation during the process (Fig. 5.8b), suggesting that the excess of FA molecules stabilised the 

larger multimers. Nevertheless, the finding that the majority of the aggregates could be recovered and 

remained sufficiently stable to be detected at picomolar concentrations of the protein in the sm-FRET 

experiments implies a degree of stability, and indicates a strong binding of ARA to αS in these 

aggregates. These observations are compatible with the previous reports of the stability of the FA-

induced multimers of αS upon chromatographic procedures202,208, and highlight the difficulty of 

removing FAs from αS under these conditions. The result that the oligomers partially dissociated 

upon the decrease of FA suggests that ARA is a stabilising constituent of these aggregates, which is 

consistent with previous related findings that αS co-aggregated with anionic lipids211. Consistent with 

this, the CD spectrum of αS solution, recorded after decreasing the concentration of ARA, indicated 

that the alpha-helical conformation was preserved in the samples (Fig. 5.8c). 

 

 

Figure 5.8. ARA depletion experiments and comparative cell assays. a. Numbers of oligomers, 

detected by sm-FRET before and after decreasing the concentration of ARA by washing with excess 

buffer (see Methods section 5.2.10) (n=3, std). b. The increase in the smallest oligomers (2-5-mers) is 

observed, whereas the fraction of larger species drops, indicating that oligomers undergo a partial 

dissociation upon separation from the FA. c. CD spectrum acquired after washing the protein sample, 

showing that alpha-helical conformation is retained. The detection of intact small multimers and 

alpha-helical conformation indicate that ARA is still present in solution and bound to αS in these 

multimers. Thus, it is very difficult to fully separate the FA from αS under these conditions. (Raw 

data are shown because the protein concentration for the measurement was approximate, not allowing 

for an accurate conversion to mean residue ellipticity). 
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5.3.9 ARA-induced oligomer formation at physiologically-relevant 

concentrations of αS and ARA 
 

In the above experiments ARA has been used at high concentration above its CMC value203,204. 

Because ARA is a biologically relevant molecule and occurs in vivo at concentrations  below its 

CMC, the experiments were extended to more physiologically-relevant ARA concentrations of  

2-10 µM196 (Figs. 5.9 and 5.10). In addition, the concentrations of αS protein at the synapse were 

reported to be in the range 2-5 µM212. Therefore, to mimic the concentrations of both αS and ARA 

found in vivo, 2 µM αS and 10 µM ARA were combined. Under these conditions, a rapid 

multimerization was still observed shortly after the addition of ARA, as shown in Fig. 5.9a, and an 

increase in the numbers of oligomers was present during the first 6 h, resembling the timescales of the 

process at higher concentrations (Fig. 5.2a). The numbers of the detected oligomers, and their 

estimated concentrations (Fig. 5.10b) were lower in comparison to the results in the high-

concentration experiments, which highlights the challenge of monitoring this low-concentration 

process by more conventional bulk methods. Despite the lower overall numbers of oligomers, the 

growth of these species was again observed, with similar apparent size distributions compared to the 

higher-concentration reaction (Fig. 5.9b), and very similar FRET efficiency histograms (Fig. 5.9c). 

Further, CD measurements were used to determine the conformation of these multimers. Preliminary 

attempts to measure the solutions containing 2 µM αS and 10 µM ARA resulted in the spectra 

indicating the presence of intrinsically disordered protein. This was consistent with the single-

molecule observations that even though the multimers were present in the solutions, the majority of 

αS was still in its monomeric form, as is indicated by the low estimated concentrations of the 

multimers (Fig. 5.10b). Therefore, the multimers were enriched using 100 kDa spin-filters, as 

described in Methods (section 5.2.5), and their CD spectrum indicated that these species were alpha-

helically-folded, similarly to the species generated at 35 µM αS with 1 mM ARA (Fig. 5.9d). To note, 

the retention by the 100 kDa cutoff filter is consistent with the oligomers being the size of a tetramer 

and larger. 

Based on these results, it could be concluded that the preparation at 2 µM αS and 10 µM ARA yielded 

the same species as the higher-concentration preparation, even though the overall numbers of 

multimers were low at these physiologically-related concentrations. To confirm this conclusion, the 

disaggregation of the low-concentration multimers was monitored, by diluting the samples to single-

molecule concentrations and recording the decrease in their numbers over time due to their 

dissociation. The resulting disaggregation profiles were similar to the ones obtained for the high-

concentration preparations at 35 µM αS and 1 mM ARA, as shown in Fig. 5.9e. 

 



Aggregation of αS in the presence of arachidonic acid 

 

 

78 

 

Figure 5.9. Experiments using physiological concentrations of αS and ARA. a. Kinetic profile of 

oligomer formation at 2 µM αS in the presence of 10 µM ARA (dashed line), and in the absence of 

ARA under the same conditions (black line) (n=3, std). b. Comparison of apparent size distributions 

at 35 µM αS with 1 mM ARA (red), or 2 µM αS with 10 µM ARA (black). c. Representative FRET 

efficiency histograms, resulting from sm-FRET analysis of the oligomers formed with either 35 µM 

αS with 1 mM ARA, or 2 µM αS with 10 µM ARA after 6 h. After this and later times, there was no 

difference in the appearance of the histograms, apart from lower total numbers detected in the lower-

concentration samples, when the same protein concentration was used for the detection.  

d. CD spectra of the solutions of 2 µM αS with 10 µM ARA after 24 h and enrichment using 100 kDa 

spinfilter. (Raw data are shown because the protein concentration for the measurement was 

approximate, not allowing for an accurate conversion to mean residue ellipticity). e. Overlaid 

oligomer disaggregation profiles upon dilution into aqueous buffer to 280 pM of 35 µM αS samples 

with 1 mM ARA (red), and 2 µM αS with 10 µM ARA (grey) (n=3, std).  

f. Numbers of oligomers detected after >30 h using a range of αS isoforms, either A90C or 

pathological mutants, at 2 µM with 10 µM ARA (grey) or in the absence of ARA (red) (n=6, sem). 
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Lastly, in order to test whether disease-associated point mutations of αS could lead to the self-

assembly upon the action of ARA, the samples were prepared using 2 µM αS as well as 2 µM A30P, 

A53T and E46K mutants of αS, with the addition of 10 µM ARA. As a result, the formation of 

oligomers was observed for αS, as before. In the case of the mutants, however, the samples contained 

more aggregates than the wt (A90C) protein in the absence of ARA, and the presence of ARA had 

less effect on the number of aggregates, as shown in Fig. 5.9f. Thus, at the chosen conditions, the 

effect of ARA to induce a higher number of oligomers (compared to the number generated in its 

absence) was comparable between wt αS and A30P mutant, and much less apparent for the 

pathological mutants A53T and E46K in comparison to the wt αS. 

 

 

 

Figure 5.10. Extension to lower concentrations of αS and ARA. The same sample preparation 

protocol was used as for the preparation of ARA-induced oligomers in the previous experiments, but 

the total concentrations of both αS and ARA were gradually decreased. a. Keeping the same ratio of 

ARA:αS, the induction of oligomerisation was observed reproducibly starting from 10 µM of ARA 

(n=3, std). As control samples, αS in buffer solutions were incubated in the absence of ARA under the 

same conditions (n=3, std). b. Kinetic profile of oligomer formation at 2 µM αS with 10 µM ARA, 

converted to approximate oligomer concentrations. 
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5.4 Summary and conclusions  
 

There is evidence of αS interplay with fatty acids (FAs) in vivo, and arachidonic acid (ARA) is one of 

the most abundant FAs in grey matter of human brain. In this chapter, alpha-helical multimers of αS 

were generated in the presence of ARA, and their differences compared to the toxic β-sheet-rich 

oligomers of αS were demonstrated. ARA-induced oligomers differed from the oligomers generated 

in the absence of ARA in both morphology and size, displayed lower stability towards the changes in 

buffer conditions and had a higher propensity to disassemble upon sample dilutions. In addition, they 

were more susceptible to enzymatic digestion and degradation by proteasome. Despite their apparent 

lower stability in comparison to the αS-only oligomers, these multimers could preserve their 

conformation upon the reduction of ARA concentration, which is particularly significant considering 

that ARA is highly transient in vivo194. 

The ARA-induced oligomers in these experiments were evidently distinct from the β-sheet-rich 

oligomers formed during the aberrant aggregation of αS. Moreover, they were resistant to fibril 

formation, as judged from TEM imaging, and required ARA for their stabilisation, as concluded from 

the ARA washing experiments. These species may therefore represent the products with an alternative 

conformation involving both αS and ARA, as is schematically illustrated in Fig. 5.11. Because their 

formation is fast and recruits monomeric αS, it can compete with the slow formation of high-FRET β-

sheet-rich oligomers particularly when the total monomer concentration is low. It was previously 

shown that the high-FRET β-sheet-rich oligomers of αS were the most cytotoxic species79. Therefore, 

any competing mechanisms that inhibit their formation may be highly neuroprotective. This is 

consistent with the finding that disease-associated mutants of αS had a lower tendency to assemble 

into the FA-induced species compared to the wt αS, which leaves them in a free state and may 

ultimately lead to the generation of higher concentrations of toxic β-sheet-rich oligomers via the 

aberrant aggregation mechanism. It is interesting to note that the ARA-induced multimers described 

here bear similarities with previously reported oligomers of αS, prepared by the addition of a 

polyphenol epigallocatechin-3-gallate (EGCG)213,214, which is a natural compound and a major 

constituent of green tea. Both ARA-induced oligomers and EGCG-induced oligomers are formed 

rapidly upon the addition of the corresponding inducer, are off-pathway aggregation products, have a 

tendency to agglomerate into higher-order assemblies and posess lower cytotoxicity compared to the 

on-pathway β-sheet-rich aggregates of αS. In contrast, however, the EGCG aggregates have more 

regular spherical shapes in comparison to ARA-induced species and do not acquire the alpha-helical 

secondary structure even upon prolonged sample incubations, as determined by CD measurements214. 

Considering the remarkable ease of formation of the ARA-induced multimers and their stability under 

physiologically relevant concentrations, it can be argued that the formation of closely-related 
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multimers may potentially occur in vivo. In line with this, multiple properties of the ARA-induced 

oligomers show close resemblance to the native alpha-helical multimers of αS extracted ex vivo45,215 

such as being small, below 10-mers in apparent size, alpha-helically-folded and aggregation-resistant. 

In the described experiments, these multimers were present in the excess of monomeric αS, which 

was concluded from the observation of an excess of monomeric bursts in addition to the multimers 

during sm-FRET measurements, and from the CD spectra of the flow-through after their enrichment 

(Fig. 5.9d). This may suggest that these species are in equilibrium with monomeric αS, similarly to 

what was proposed for the native multimers216,217. It should be noted, however, that the full-length N-

terminally acetylated αS is the major form of αS in both PD and healthy brain tissue161, and therefore 

the influence of this modification on the formation of the ARA-induced oligomers remains to be 

determined.  

Clearly, although ARA has been used in the present study, numerous polyunsaturated FAs and their 

mixtures in vivo may play a similar role to facilitate the formation and stabilization of aggregation-

resistant alpha-helical multimers of αS. This may contribute towards the reduction in cytotoxicity 

associated with these FAs218,219 in the context of PD and related disorders. Given the strong 

biophysical evidence for the formation of alpha-helical multimers of αS in the presence of ARA in the 

described experiments, it can therefore be suggested that ARA and other polyunsaturated FAs may be 

the unidentified stabilising co-factors for the native multimers of αS, suggested previously220. Thus, 

polyunsaturated FAs may play a crucial role in αS homeostasis via the stabilization of native 

multimers and the prevention of aberrant aggregation of αS.  

 

Figure 5.11. Schematic outline of the self-assembly mechanisms of αS in the absence and in the 

presence of ARA. a. Without ARA, monomeric protein assembles according to the aberrant 

aggregation mechanism. In this mechanism, αS forms disordered low-FRET oligomers, which convert 

to toxic and β-sheet-rich high-FRET oligomers, which in turn convert into fibrils. b. Upon the 

addition of ARA, the alpha-helical ARA-induced multimers are formed, comprising both αS and 

ARA. Equilibrium with monomer is consistent with the immediate ARA-induced oligomer formation, 

and equilibrium with low-FRET oligomers can account for the observed time-progression during first 

6 h of the reaction. 
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6. Chapter 6 

Mixed oligomerisations monitored by TCCD 
 

In this chapter, steady-state populations of oligomers were measured at a range of low starting protein 

concentrations of αS, Aβ and tau k18 and their combinations using single-molecule TCCD technique. 

The low starting protein concentrations were chosen to mimic the physiological abundance of these 

proteins. 

 

6.1 Introduction 

6.1.1 Amyloid-beta peptide 
 

Amyloid beta (Aβ) is a small (around 4.5 kDa) extracellular peptide that is a proteolytic cleavage 

product from a larger transmembrane amyloid precursor protein (APP)221. The peptide comprises 28 

residues of the extracellular domain of APP and 11-15 residues of its transmembrane domain222 (Fig. 

6.1). Aβ is central in the so-called amyloid cascade hypothesis, which states that the aggregation and 

deposition of this peptide are the primary molecular events in AD, and later are followed by the 

phosphorylation and deposition of tau and widespread neuronal death224.  

Even though the physiological function of Aβ remains unknown, the peptide was proposed to act as 

an antioxidant due to its property to trap multivalent cations of metals such as copper, iron and zinc 

via direct binding, abolishing their involvement in redox reactions225. Recent studies have suggested a 

surprising role for Aβ as an antifungal and antibacterial agent in cell culture and animal models, and 

its oligomerisation and fibrillisation were presented as protective mechanisms against the 

pathogens226.   

The most common isoforms of Aβ are the peptides composed of 40 and 42 residues (Aβ40 and 

Aβ42)227. The Aβ42 isoform has an additional Ile-Ala dipeptide at its C terminus, making it more 

hydrophobic and more aggregation-prone than Aβ40228,229. Hence, while the relative ratio of the Aβ40 

to Aβ42 in cerebrospinal fluid (CSF) is approximately 9:1, the concentration of Aβ42 is enriched 

relative to Aβ40 in deposits such as amyloid plaques230,231. Moreover, some early-onset versions of 

AD have been related to the overproduction of Aβ42 relative to Aβ40232, and an increase in the ratio 

of Aβ42 to Aβ40 cleaved from APP has been correlated to increase in toxicity both in vitro and 

in vivo233-238. 
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Figure 6.1. Schematic representation of the secretase cleavage of APP to the A peptides. In the 

amyloidogenic pathway, APP is sequentially cleaved by - and -secretases. This pathway competes 

with a non-amyloidogenic pathway where APP is cleaved by α-secretase within the Adomain. All 

three secretases have been characterised in detail223 and the cleavage by -secretase was determined to 

be the rate-limiting step during the generation of A. (From Cole and Vassar, 2007)223.   

 

6.1.2 Evidence for co-oligomer formation between Aβ isoforms 
 

Although solid fibrillar deposits of Aβ accumulate in AD brains, the major cytotoxic effects causing 

the earliest pathological events are associated with smaller aggregates, Aβ oligomers239. Such species 

are formed via the association of monomeric Aβ and ultimately polymerise into amyloid fibrils when 

the total protein concentration exceeds the critical aggregation concentration (CAC)240. Due to their 

transient presence and low abundance, the oligomers have been difficult to characterise using 

conventional experimental techniques241, particularly in the systems containing multiple isoforms of 

Aβ. There have been multiple studies of the mixtures of Aβ isoforms, demonstrating that Aβ40 and 

Aβ42 co-interact during the aggregation reaction242-246. Furthermore, there is evidence that Aβ40 and 

Aβ42 can form co-oligomers in vitro234,242, and on the surface of neurons247. A detailed study revealed 

that while Aβ40 and Aβ42 form separate fibrils in solution, the peptides co-interact in the early stages 

of Aβ aggregation, during primary nucleation248.  

Since most biophysical studies are typically performed at non-physiological high-micromolar 

concentrations of Aβ, it has not been possible to extrapolate the observations to very low total 

concentrations of Aβ peptide observed in vivo249. Because of the demonstrated strong and non-linear 

concentration dependence of Aβ aggregation250-253, a meaningful extrapolation would require direct 

measurements of Aβ oligomer populations at sub-micromolar peptide concentrations, providing a 

strong motivation for the direct measurements of Aβ oligomerisation at nanomolar concentrations 

carried out in this chapter. 
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Figure 6.2. Schematic diagram of the primary sequence of the full-length Aβ peptide. a. Schematic 

diagram of the primary sequence showing the main regions. N-terminal domain comprising first 16 

residues is believed to be disordered in solution. The hydrophobic central domain (HCD) and C-

terminal domain have high propensity for the formation of β-sheet structure. The two domains are 

connected with a flexible hydrophilic linker comprising residues 22-30. The most common isoforms 

of the peptide, Aβ40 or 42, differ in either the presence or the absence of isoleucine and alanine 

residues at the end of the C-terminal domain. b. The primary sequence of Aβ40 and Aβ42. (Figure 

adapted from Hu et. al. 2012)254.  

 

6.1.3 Evidence for Aβ and αS co-interaction in human brain and in cell 

culture  
 

The in vivo interaction of αS protein with Aβ dates back to the original discovery of αS in 1993, when 

a “non-amyloid component” or NAC region, composed of 35 residues that correspond to the residues 

61-95 of the full-length αS protein was identified in AD brain amyloid3. NAC was the second 

component after Aβ that was identified in amyloid deposits purified from human AD brain, and this 

occurred prior to the discovery that αS was the major component of LBs in PD64. The localisation of 

αS to brain amyloid in AD strongly points towards a potential co-interaction of αS and Aβ. 

More than half patients with AD were found to have LB inclusions, and their presence was associated 

with a faster disease progression (reviewed in Galpern and Lang, 2006255). For example, 56.8% of the 

examined brains of 145 patients with sporadic AD contained LB inclusions256. The co-occurrence of 

both proteins in the diseased human brain was further supported by their co-immunoprecipitation 

from the samples of human patients with AD and DLB257. It was reported that the levels of αS were 

increased in AD patients relative to healthy controls, and this increase was associated with decreased 

cognition258.  Furthermore, AD-associated lesions such as plaques of Aβ were observed in the patients 

with PD and the majority of cases with DLB. Their presence was linked to a faster deterioration of 

cognition and neurodegeneration259. Interestingly, the spatial distribution of pathological lesions was 

different amongst different types of neurological conditions. For example, brains of patients with 

dementia suffering from AD with LB pathology displayed a distinctly different distribution of LB 

inclusions in comparison to the brains of PD patients, as has been demonstrated in a relatively recent 
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comprehensive study utilising cluster analysis260. Despite the established co-occurrence of αS and Aβ 

in neurological diseases, their mutual effects and the underlying molecular-level mechanisms of their 

co-interaction still remain to be understood, and some surprising discoveries of this interplay have 

already been made both in vitro and in vivo. For example, the injection of soluble αS into AD 

transgenic mice unexpectedly resulted in the inhibition of amyloid plaque formation and an increase 

in the levels of soluble Aβ in CSF, demonstrating that this cross-interaction may have direct 

consequences to the disease progression and thus requires an in-depth investigation261.  

 

Figure 6.3. Co-oligomers between Aβ42 (orange) and the NAC region of αS (blue), modelled using 

molecular dynamics simulations. Figure from Atsmon-Raz et. al., 2016262. 

 

6.1.4 Aβ and αS co-interaction in vitro 
 

Given the strong evidence for a co-interaction of αS and Aβ in vivo, research in vitro has been carried 

out in order to understand this process on a more fundamental level. The direct binding between αS 

and various isoforms of Aβ in solution was demonstrated as early as in 1995, and was shown to 

accelerate the aggregation of Aβ263.  In that study, the binding regions were found to comprise the 

residues 25-35 in the N-terminal region of Aβ, and C-terminal part of αS. Subsequently, another in 

vitro study confirmed the binding between αS and Aβ40, and reported the epitope to be within 

residues 1-56 and 57-97 of αS264. In this study, recombinant biotinylated αS was also shown to bind to 

amyloid derived from AD brain. Furthermore, using multidimensional NMR spectroscopy, a direct 

binding between αS and either Aβ40 or Aβ42 was demonstrated265.  

The interplay between αS and Aβ in vitro during their aggregation has been investigated in numerous 

studies, with the outcomes dependent on the experimental conditions and the starting state of the 

proteins. For example, it was found that pre-formed sonicated fibrils and cross-linked oligomers of αS 

and Aβ (both 40 and 42 isoforms) could cross-seed each other’s aggregation266. In addition, 

dopamine-induced off-pathway oligomers of αS were found to promote the formation of β-sheet-rich 
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oligomers of Aβ42, without any incorporation of αS in these aggregates267. The fibrillisation of Aβ40 

in solution was found to be inhibited by soluble αS, and this effect was even more prominent in the 

presence of an engineered fibrillisation-incompetent soluble αS with a disulphide bond between 

residues 41-48268. 

The formation of cross-aggregates containing both αS and Aβ has been predicted and observed in 

several studies. Molecular dynamics simulations have revealed that the direct interaction between αS 

and Aβ42 could lead to the formation of stable ring-shaped hybrid oligomers in solution and on lipid 

membranes257. In another molecular dynamics simulation, the formation of hetero-dimers was 

predicted between αS(1-95) and Aβ42 in solution269. Even more recent molecular dynamics 

simulations have modelled combining pre-formed oligomers (hexamers) of αS61-95 with hexamers of 

Aβ42 to reveal their cross-interactions to form co-oligomers262, as shown in Fig. 6.3. It was found that 

the resulting co-oligomers were heterogeneous in structure and that αS oligomers were able to 

promote the formation of new strands in Aβ42 oligomers during this co-interaction. Moreover, the 

formation of a dimeric complex between αS(1-15) and Aβ(1-16) upon their coordination to Cu2+ ions 

was observed experimentally270. 

 

6.1.5 Tau protein 
 

Tau is a microtubule-binding protein found in neurons of vertebrates, that is proposed to stabilise 

microtubules and regulate microtubule networks, as well as to bind to filamentous actin, recruit 

signalling proteins, and to take part in the regulation of microtubule-mediated transport271. The protein 

molecule is broadly divided into two regions, a positively-charged carboxyl-terminal microtubule-

binding domain that can be phosphorylated272, and an amino-terminal projection domain. There are 

multiple naturally occurring isoforms of this protein, and six isoforms exist in human brain, with 

molecular weight ranging from 45 kDa to 65 kDa due to the variation in the length of the projection 

domain and the number of microtubule-binding repeats273. 

Tau is an IDP in solution, but can aggregate into solid fibrillar deposits, frequently referred to as 

“paired helical filaments” (PHFs) in AD and other tauopathies274. Characterisation of the PHFs 

purified from human brain showed that they comprised β-sheet structure surrounded by unstructured 

protein275, and were thus amyloid in nature.  
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Figure 6.4. a. Schematic diagram of the primary sequence of tau protein. Two main parts are shown, 

the projection domain that does not bind to the microtubules, and the microtubule binding domain. 

Repeats R1-R4 consist of 31-32 residues each, and comprise the PHF core. The six isoforms found in 

human brain arise from the presence or the absence of two inserts near the N terminus (N1 and N2) 

and one in the carboxyl-terminal parts (R2). The k18 construct is shown, and a specific mutation, 

I260C, introduced for fluorophore incorporation is denoted by a black star. b. Primary sequence of tau 

k18. The residue 260 with a substitution from isoleucine to cysteine (for fluorophore incorporation) is 

shown in yellow. (Figure adapted from Shammas et. al. 2015159). 

 

6.1.6 The aggregation of tau protein 
 

The in vitro assembly of the full-length protein into structures resembling PHFs has been found to be 

inefficient, and various shorter constructs of this protein have been engineered. For example, 

constructs k19 and k18, which represent the central part of microtubule binding region, responsible 

for forming PHFs276. The difference between k19 and k18 is that they correspond to fetal and adult 

tau, respectively. At neutral pH, the full-length isoform htau40 and tau constructs k19 and k18 have 

the net positive charge of +2, +7 and +10 respectively277.  

The full-length protein and the shorter constructs show similar trends in their folding and aggregation 

behaviour that is overall governed by their high charge and very low hydrophobic content. It has been 

shown that the proteins remain monomeric in solution of varying pH and salt concentration even at 

micromolar concentrations of the proteins, and the aggregation reaction was triggered in the presence 

of polyanions such as heparin277 or FAs275. It was proposed that polyanions favoured the aggregation 

reaction by neutralising the positive charges in the repeat region of tau. With heparin present in 

solution, the aggregation of tau and its repeats was found to be most efficient at pH values near its pI 
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values, indicating that the minimisation of net charge promoted this process277. In addition, the 

aggregation was found to be more favoured at low ionic strength, further supporting the ionic 

character of tau-heparin interactions driving the self-assembly. Interestingly, the increase in the 

hydrophobic content, monitored by ANS dye binding during the aggregation process, was found to be 

the same for full-length tau as for the repeats, suggesting that the hydrophobic regions are present 

mainly in these repeat domains of the protein277. Multiple post-translational modifications, such as 

phosphorylation, glycosylation or truncations by proteolytic cleavage, have been identified for tau and 

their effects on the aggregation of tau still require elucidation. For example, it has been shown that 

certain forms of hyperphosphorylated tau lead to the acceleration of aggregation, while others are 

inhibitory278.  

 

6.1.7 Evidence for tau and αS co-interaction in human brain and in cell 

culture 
 

The co-occurrence of solid deposits of tau protein and of αS has been observed in a wide range of 

neurodegenerative conditions such as PD with dementia, DLB, LB variant of AD, Down’s syndrome 

or Guam-Parkinson-ALS dementia279. Moreover, as it has already been stated in section 6.1.3., more 

than half patients with AD were found to have LB inclusions, and their presence was associated with 

faster disease progression255. In addition, the analysis of fractions from PD brains has identified the 

presence of elevated levels of phosphorylated tau279.  

Interestingly, numerous histopathological studies have identified the presence of both proteins within 

the same solid inclusions in human brain. For example, a detailed mass spectrometry study of cortical 

LBs has identified around 300 proteins as the components of these deposits, such as molecular 

chaperones and various cytoskeletal proteins including tau281. Using double-immunolabelling electron 

microscopy, it was observed that the two proteins formed separate homo-filaments within the same 

inclusions in the brains of patients with parkinsonism and DLB282. In addition to the observation of 

co-aggregates by double immunostaining, their morphological patterns have been characterised in 

great detail and classified into separate types depending on the shape of the lesions and the location of 

the overlapping areas280. Furthermore, using oligomer-specific antibodies that recognised either αS or 

tau, hybrid oligomers containing both proteins were found in the brain samples from the patients with 

PD and DLB283. In addition, experiments in hippocampal neuronal cells showed that pre-formed 

fibrils of αS could cross-seed the aggregation of tau284. The efficiency of this process depended on the 

conformations of the fibrils, or the type of “strain” as defined in the study, and was most efficient 

when using fibrils prepared by repetitive self-seeded fibrillisation of αS. The effect was identified 
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both in cultured neuronal cells and in mice models. Moreover, tau and αS were found to be closely 

associated in the resulting filaments, as determined by double-labelling immune electron microscopy. 

Experiments in cell culture corroborated the in vivo finding that αS could be colocalised with tau285,286. 

For example, the colocalisation of αS with tau and phosphorylated tau was detected by FRET assays 

in human neuroglioma and mouse cortical neurons, co-transfected with αS and tau287. In this study, in 

addition to the identification of the co-localisation between the two proteins,  the co-transfection was 

found to affect the aggregation pattern of αS in the cells, resulting in a higher number of smaller 

aggregates formed by αS, increase in the secretion of αS and an increase in the amount of insoluble 

αS. These changes, interestingly, were associated with an increase in αS cytotoxicity, and could 

potentially suggest the presence of direct interactions between αS and tau molecules during the 

aggregation process. 

 

 

Figure 6.5. Co-aggregates of αS and tau, detected by double immunofluorescence in the brains of 

patients with DLB. αS is shown in green and tau is shown in red. A-F are tau-positive LBs, J-L are 

αS-positive NFTs, and M-O are neuropil threads. Scale bar is 10 µm. (Figure is reproduced from 

Colom-Cadena et. al., 2013280). 
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6.1.8 Tau and αS co-interaction in vitro 
 

In vitro, tau does not readily self-assemble into amyloid fibrils and requires the presence of charged 

polyanions such as heparin. However, it was found that its fibrillisation was promoted in the presence 

of αS, and that the two proteins accelerated the fibrillisation of each other288, suggesting the presence 

of a direct interaction between the molecules of the two proteins in solution. In further support of this, 

some fibrils, formed in the presence of both proteins, were found to contain the segments of both αS 

and tau288. Furthermore, it was found that the molecules of αS and tau could directly interact. This was 

demonstrated by extracting tau protein from human brain lysates by αS affinity chromatography using 

αS-Sepharose beads285. Interestingly, exclusively tau was extracted by that approach, and not other 

cytoskeletal proteins such as tubulin, which were confirmed to be present in the analysed lystates, 

pointing towards a higher affinity of the binding between αS and tau than between αS and these other 

proteins. Further investigation of this binding was carried out in the same study using recombinant 

tau40, which is the longest isoform of tau consisting of 440 amino acids. It was identified that the 

binding epitopes comprised the NAC and C-terminal region of αS molecule (residues 55-140) and the 

microtubule-binding domain of tau, and that the binding was inhibited by tubulin due to its 

competition with αS for the binding the microtubule domain of tau (residues 192-383). The work 

revealed that the identified direct co-interaction between αS and tau was sensitive to the ionic strength 

and decreased with the increased ionic strength of buffer, and also could be inhibited upon the 

addition of charged polyanions such as heparin. These observations suggested the involvement of 

direct electrostatic interactions in this binding. In addition, in the same study, it was found that αS 

promoted the phosphorylation of tau285. Furthermore, αS pathological mutations A30P and A53T had 

no effect on the binding, although this result appeared contradictory since later studies reported either 

a decrease of the co-interaction of αS with tau due to A30P mutation286, or an increase due to this and 

other disease-associated point mutations of αS289, pointing towards the need for further studies to 

resolve the controversy. The point-mutation of tau found in frontotemporal dementia, P301L, was 

reported to prevent the tau and αS co-interaction290. An interesting single-molecule study, published in 

2012, was carried out using fluorescently-labelled recombinant αS and tau and utilising single-

molecule techniques, fluorescence correlation spectroscopy and scanning for intensely fluorescent 

targets291. In that study, mixed oligomers of tau and αS were prepared, by either combining 

monomeric proteins or pre-formed oligomers of tau with monomeric αS in the presence of 

aggregation inducers DMSO or metal ions such as Al3+ and Fe3+. Under these conditions, the 

formation of mixed oligomers was observed within short time-period, over 90-100 min after mixing. 

Their formation was most prominent in the presence of Al3+ ions and absent without aggregation 

inducers within this time-period. These species had a broad size distribution of approximately 20-200 
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monomers, determined from fluorescence intensity distribution analysis, and varying proportions of 

both proteins depending on the added aggregation inducers291.  

 

6.1.9 Tau and Aβ co-interaction in vitro 
 

Direct binding between tau and Aβ in solution was demonstrated for various isoforms of both 

proteins292. Even more recently, it has been shown that pre-formed fibrils of Aβ42 could cross-seed 

the aggregation of tau in solution, as well as in cultured cells and in mice transgenic for tau293, 

suggesting that a direct co-interaction of Aβ and tau could occur. 

 

6.2 Methods 

6.2.1 Aβ peptide stock preparation 

 

Monomeric solutions of HiLyteFluor 488 and HiLyteFluor 647-labelled Aβ40 and Aβ42 (Anaspec, 

Fremont) were prepared as described previously110,294, by dissolving the lyophilised peptide in NaOH, 

pH 12, sonication over ice for 15 min (Bandelin Sonorex), and flash-freezing into aliquots and storage 

at -80°C. Initially, stock solutions were prepared by diluting the protein solutions into SSPE buffer 

(150 mM NaCl, 10 mM Na2H2PO4  x H2O, 10 mM Na2EDTA, 0.01% NaN3, pH 7.4) followed by 

serial dilutions with the same SSPE buffer, pH 7.4, to the desired aggregation reaction concentrations.  

 

6.2.2 Aβ sample preparation for TEM imaging 

 

Prior to the experiments, the ability of the labelled Aβ peptides to self-assemble into amyloid fibrils at 

pH 7.4 was confirmed by TEM imaging (Fig. 6.6), and was in agreement with the previous studies 

that used identical peptide preparations110,111. For imaging, 1:1 488:647 Hilyte Fluor Aβ40 or Aβ42 

peptide solutions were prepared at 10 µM concentration and incubated for 3 d at 37°C with rotary 

shaking (200 rpm, New Brunswick Scientific Innova). Imaging was carried out according to the 

protocol described in General Methods, section 2.14. Representative results are shown in Fig. 6.6, and 

confirm the ability of the fluorescently-labelled peptides to assemble into amyloid fibrils. 
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Figure 6.6. TEM images of amyloid fibrils formed by 1:1 488:647 Hilyte Fluor labelled Aβ40 (a.) 

and 1:1 488:647 Hilyte Fluor labelled Aβ42 (b.). Scale bar is 100 nm. 

 

6.2.3 Aβ oligomer preparation 

 

For the incubations, 1:1 molar ratios of 488 and 647-labelled samples were used, either 488:647 Aβ40 

or 488:647 Aβ42 for the self-aggregations, or 488 Aβ40:647 Aβ42 for the mixed aggregations. Three 

separate samples for each concentration (0-250 nM of total Aβ) and protein combination were 

prepared. LoBind microcentrifuge test-tubes (Eppendorf, Hamburg, Germany) were used for all 

incubations to prevent surface absorption, as was found to be effective in previous studies83,115,156,295. 

Incubations were performed for 3 d at 37°C with rotary shaking (200 rpm, New Brunswick Scientific 

Innova), and the samples were subsequently analysed using single-molecule TCCD.  

 

6.2.4 αS and tau k18 oligomer preparation 
 

AF488 and AF594 labelled αS A90C was used, and AF488 and AF594 k18 construct of tau with a 

His6-tag in N-terminus (kindly provided by Dr. Y. Ye). Samples were prepared and incubated 

according to the same protocols as described for Aβ. 

 

6.2.5 Sample preparation for CAC measurements 

 

For the critical aggregation concentration (CAC) measurements using fibril disaggregation of Aβ, 

fibrils were first prepared by 72 h incubation of 10 µM solutions of singly-labelled Aβ peptides, either 

488 Aβ40, or 647 Aβ40, and 10 µM 488 Aβ42 or 647 Aβ42, pH-adjusted to 7.4 and incubated under 

the same conditions as above. Pelleting was carried out by centrifugation at  

12,800 x g for 15 min, followed by two identical washing steps involving removal of the supernatant, 
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washing of the pellet and additional centrifugation for 5 min. Finally, the pellet was re-suspended in 

fresh pH 7.4 SSPE buffer, by adding 100 µL buffer to ensure the excess of fibrillar material. The 

resulting samples were incubated under quiescent conditions at 37°C for 3 d, and centrifuged for  

15 min at 12,800 x g prior to measurements. For the confirmation of equilibrium past 3 d, identical 

samples were incubated for longer (7 d), yielding agreeable results. 

 

Fibrils of αS were prepared by incubating 70 µM AF-488 labelled αS for 7 d with shaking (under the 

same conditions as for the sm-FRET experiments, as detailed in section 2.4). Pelleting and washing 

were performed similarly to Aβ samples. Fibrillar pellets were resuspended in fresh Tris buffer (100 

µL) ensuring the excess of fibrillar material. The resulting samples were incubated under static 

conditions at 37°C for 3 d, and centrifuged for 15 min at 12,800 x g prior to measurements.  

 

6.2.6 TCCD measurements of oligomers 

 

TCCD with dual laser excitation in 488/633 nm mode was performed for the measurements of Aβ 

solutions, and in 488/594 nm mode for the measurements of αS or k18 solutions. For the 

measurements, dual-labelled protein samples were diluted in SSPE or Tris buffer (depending on 

which buffer was used for incubations) up to 100 pM concentration suitable for the single-molecule 

analysis and TCCD measurements were performed according to the procedure described in General 

Methods, section 2.11. For each solution, data were acquired for 600 s, with 100 µs bin-width, 

100,000 bins per frame and a total of 60 frames. The analysis was carried out as described in General 

methods, section 2.12. The fraction of coincident events was estimated according to:  

 

)( ECBA

EC
Q




                                                                          (6.1) 

 

where A is the number of fluorescent bursts in the blue channel above the 15 photons bin-1 threshold, 

B is the number of fluorescent bursts in the red channel, C is the number of coincident events, and E 

is the number of chance-coincident events. The approximate oligomer concentration was calculated as 

the fraction of coincident events (oligomers) multiplied by the starting total protein concentration. 

 

6.2.7 Measurements of fluorescently labelled oligomers of Aβ in the 

presence of unlabelled Aβ protein  
 

These experiments were carried out in order to determine whether the presence of unlabelled Aβ 

peptide had an effect on the formation of fluorescently dual-labelled oligomers. This was done by 
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preparing the samples according to the protocol used for the preparation of oligomeric Aβ samples in 

buffer, but with the addition of unlabelled Aβ prior to incubation. The initial concentration of the 

unlabelled Aβ stocks was determined using BCA protein assay kit (Thermo Fisher Scientific), 

following the manufacturer-provided protocol. 

 

6.2.8 CAC measurements and analysis 
 

These measurements were performed to determine the total concentration of soluble protein released 

from the fibrils into buffer solution upon prolonged incubations. This was done by relating the burst 

counts of the measured soluble supernatants to the burst counts from a DNA standard of precisely 

known concentration. Data were acquired using the same single-molecule setup as for the TCCD 

measurements. Single-colour illumination was used, either 488 nm for the measurement of 488-

labelled samples, or 633 nm for the measurements of 647-labelled samples. In the case of a dual-

labelled DNA standard, data were acquired by exciting with one colour, and subsequently with 

another colour in the next recording. The measurements were stationary, with solutions placed on a 

glass coverslide and focussing the laser beam 10 µm into the solution. Data were acquired for 200 s 

with 1 ms time-bins (chosen according to the expected residence time in the confocal volume at these 

conditions114), 8,000 bins per frame and a total of 25 frames.  

 

Initially, a calibration curve was recorded using a dual-labelled 40 base pair DNA duplex, generated 

from double-HPLC purified complementary synthetic oligonucleotides (AtdBio) with the following 

sequence: 

AF488-TAGTGTAACTTAAGCCTAGGATAAGAGCCAGTAATCGGTA 

AF647-TACCGATTACTGGCTCTTATCCTAGGCTTAAGTTACACTA 

 

The DNA duplex was formed by heating a 1:1 mixture of oligonucleotides (1 µM) to 95°C followed 

by slow cooling to room temperature, analogous to previously described protocol114 (section 5.2.4). 

Calibration was made with the reference to a triplicated measurement of the DNA standard, diluted in 

SSPE buffer at a range of concentrations, which resulted in a linear increase in the numbers of 

fluorescence bursts above a chosen threshold (10 photons bin-1) with sample detection concentration 

(0-250 pM). The resulting calibration curve is shown in Fig. 6.7. 
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Figure 6.7. Calibration curve resulting from the measurements of 40 base pair DNA standard at a 

range of concentrations (n=3, std). It shows a linear increase in the number of bursts above a fixed 

threshold of 10 photons bin-1 with the increase in the concentration of the sample. 

 

 

Subsequently, the supernatants collected from the fibrillar samples were diluted in SSPE (serial 

dilution) by a factor of 8 × 103 and measured as described. The number of bursts above the same 

threshold as for the standard (10 photons bin-1) was counted and converted to the detection 

concentration, and subsequently to the bulk concentration using the dilution factor. The results are 

summarised in Table 6.1. in the Results section. Additionally, it was found in control measurements 

that comparable numbers of bursts were obtained from the samples after 3 and 7 d of incubation, 

confirming the equilibration past 3 d. 

 

6.2.9 Additional CAC measurements, using HiLyte Fluor-labelled DNA 

oligonucleotide 

 

Double-HPLC purified synthetic oligonucleotide was used (AtdBio) with the following sequence: 

HiLyte Fluor 488-TAGTGTAACTTAAGCCTAGGATAAGAGCCAGTAATCGGTA. Calibration 

curve in the 488 (donor) channel was recorded, by noting the manufacturer-provided initial 

concentration of the oligonucleotide. Calibration curve was generated from triplicated measurements 

of the oligonucleotide at a range of concentrations. Single-colour illumination was used, and solutions 

were excited with 488 nm laser beam. For each sample, data were acquired for 400 s under a constant 

flow of 1 cm s-1, using 100 µs bin-width, 100,000 bins per frame and a total of 40 frames. For the 

burst selection in the blue channel, a threshold of 15 photons bin-1 was applied. It was verified that 

under these detection conditions, discrete bursts could be obtained for up to 30 pM concentration of 

the analysed 488-labelled solution, and increase as a function of the concentration, as shown in  

Fig. 6.8. 
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Figure 6.8. Calibration curve resulting from the measurements of HiLyte Fluor 488-labelled synthetic 

oligonucleotide under flow, using a threshold of 15 photons bin-1 for the selection of bursts 

(n=3, std). The results were fitted to a straight line giving y = 0 + 76.95x (R2=0.95). 

 

Once the calibration plot was generated, supernatants of various 488-labelled protein samples were 

analysed with the reference to this plot. In all cases, the sample preparation was the same as for the 

static CAC measurements described in section 6.2.8. Multiple samples were analysed in analogous 

way as in the previous CAC experiments. Firstly, the numbers of collected bursts above the threshold 

of 15 photons bin-1 were converted to single-molecule concentrations using the straight-line equation 

derived from the calibration (Fig. 6.8). Secondly, the single-molecule concentrations were converted 

to the bulk concentrations by dividing by the known dilution factor, which was typically 1 × 10−4, or 

in some cases 2 × 10−4, which ensured burst separation. Representative intermediate results of this 

conversion are shown in Table 6.3 (Results), and final derived CAC values are listed in Table 6.4 

(Results). Since the precision of the resulting CAC values in this approach depends on the quality of 

the generated calibration curve, the quality of this curve may be improved by recording more 

datapoints and increasing the number of repeats in order to decrease the error associated with these 

measurements. 

 

6.2.10  TCCD chance coincidence controls using free dyes in solution 
 

To confirm that the TCCD experiments were probing the specific interaction between protein 

molecules rather than a random association of the fluorescent dyes, control measurements were 

performed using pairs of free fluorescent dyes in solution. 

The free unbound dyes were prepared according to a previously published protocol134, by reacting  

5 mM of AF488 NHS ester (Succinimidyl ester) or 5 mM of AF647 NHS ester with Tris.HCl (pH 7.2, 

250 mM, 300 µL) at room temperature for 3 h. The solutions were then further diluted with Tris 

buffer, aliquoted and stored at –80°C.  
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For the experiments, 1:1 molar ratio of AF488 and AF647 were combined at a total concentration of 

either 2 µM or 0.5 µM, by diluting the concentrated dyes into Tris buffer with 1% NaN3. Five 

separate samples were prepared per concentration. The samples were recorded immediately after the 

preparation, and then following a 72-h incubation at the same incubation conditions as for the protein 

samples. For the detection using TCCD, the samples were diluted into Tris buffer to 100 pM 

concentration, and recorded under flow using the same procedure and settings as for the detection of 

protein samples. As positive controls, the samples of dual-labelled αS were also recorded. The data 

were analysed in the same way as the data recorded using the fluorescently-labelled proteins (detailed 

in sections 2.12 and 6.2.6). Subsequently, two parameters were assessed, the coincidence coefficient 

(eq. 6.1) and the overall number of detected coincident events, and the results are in Table 6.5 

(Results). 

6.3 Results 

6.3.1 TCCD measurements of self- and co-oligomers 
 

To measure the steady-state populations of oligomers, equimolar ratios of monomeric Aβ, αS or tau 

fragment k18 singly labelled with a 488-fluorophore were combined with monomeric peptides singly 

labelled with a 647 (or 594)-fluorophore in aqueous buffer, using a range of low total protein 

concentrations which are close to the natural abundance of the proteins. The solutions were left for 72 

h at 37°C until a steady-state population of oligomers and monomers was generated in each case. As 

the monomeric peptides self-associate to generate oligomers, they can be distinguished from the 

excess of monomers by the criteria of coincidence and quantified by TCCD (eq. 6.1), as described in 

Methods section and in the General Methods chapter, sections 2.11 and 2.12.  

The resulting plots of oligomer populations versus the total starting protein concentrations are shown 

in Fig. 6.9 for the self-oligomerising systems. Even though the fluorescent dye pairs were varied 

(either 488/647 or 488/594) in these TCCD experiments, the relative comparison between the results 

is possible because in each case, the data were internally normalised to the corresponding monomeric 

burst rates. It is interesting to note that Aβ40 yielded the highest steady-state concentration of 

oligomers, followed by αS and Aβ42, whereas k18 formed only low amount of oligomers. This latter 

result is consistent with the established property of this protein to be aggregation-incompetent in 

aqueous buffer in the absence of aggregation inducers. In Fig. 6.10, the results of co-oligomerisation 

experiments are shown, where stoichiometric amounts of two different proteins bearing different 

fluorescent dyes were combined for the same experiment as in Fig. 6.9, and co-oligomers containing 

both types of proteins were detected. The result suggests that for all recorded protein combinations, 

the co-oligomeric species were formed in low abundance, below 10 nM in all cases. The control 
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experiments using free dyes in solution, shown in Fig. 6.10e, suggest that even though the total 

amount of the detected co-oligomers was low, it was nevertheless above the signal purely arising from 

free fluorescent probes, thus confirming the formation of these co-oligomeric species under the 

chosen incubation conditions. 

 

Figure 6.9. Self-oligomers of αS, Aβ40, Aβ42 and tau k18, recorded by TCCD after 3 d incubation at 

a range of total starting protein concentrations (n=3, std), with 600 s detection time per sample. 

 

Figure 6.10. Co-oligomers of Aβ isoforms (a.) and co-oligomers of αS with Aβ40 (b.), Aβ42 (c.) and 

tau k18 (d.), recorded by TCCD after 3 d incubation at a range of total starting protein concentrations 

(n=3, std), with 600 s detection time per sample. In addition, TCCD control results are shown (e.) In 

these controls, the signal from free dyes in solution was monitored following sample incubations at 

the same incubation conditions as for the protein samples, and the same analysis was performed. 
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6.3.2 Control measurements for the confirmation of steady state in the Aβ 

oligomeric samples 
 

In the TCCD analysis of the populations of self- and mixed oligomers, the protein samples were 

measured after 3 d incubation with agitation, as has been described in Methods. In order to verify that 

this time period was sufficient for the attainment of steady-state, control measurements were carried 

out after longer incubation time, past 7 d. The resulting Q values and the numbers of coincident events 

were compared to the results from the same samples after 3 d, and found to be in agreement. The 

representative results for Aβ isoforms are shown in Table 6.1. 

 

Table 6.1. Results of control TCCD measurements of Aβ oligomeric samples after incubation over 3 

d and 7 d, at the starting protein concentrations of 10 nM and 100 nM. 

Sample type 
Average %Q 

(n=4) 
std %Q 

Number of  

events (n=4) 
std 

Aβ 40, 10 nM, 3 d 1.78 0.18 279 88 

Aβ 40, 100 nM, 3 d 3.05 0.42 1025 660 

Aβ 40 : Aβ 42, 10 nM, 3 d 8.54 4.59 5097 3346 

Aβ 40 : Aβ 42, 100 nM, 3 d 5.84 0.70 1484 246 

Aβ 42, 10 nM, 3 d 0.95 0.13 259 120 

Aβ 42, 100 nM, 3 d 0.34 0.32 128 86 

     Aβ 40, 10 nM, 7 d 0.53 0.16 107 45 

Aβ 40, 100 nM, 7 d 4.48 0.35 1662 686 

Aβ 40 : Aβ 42, 10 nM, 7 d 4.95 0.17 1622 507 

Aβ 40 : Aβ 42, 100 nM, 7 d 3.21 0.58 855 97 

Aβ 42, 10 nM, 7 d 1.06 0.02 151 9 

Aβ 42, 100 nM, 7 d 0.28 0.08 69 37 

 

6.3.3 Measurements of fluorescently labelled oligomers of Aβ in the 

presence of unlabelled Aβ peptide  
 

These experiments were carried out in order to determine whether the presence of unlabelled Aβ40 

peptide had an effect on the formation of fluorescently dual-labelled oligomers. The result, shown in 

Fig. 6.11., suggests that more oligomers could be detected in the presence of unlabelled peptide. This 

can be either due to higher stability of the labelled species in the presence of unlabelled peptide, or 

because more oligomers were formed under these conditions.  
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Figure 6.11. TCCD measurements of Aβ40 oligomers after the incubation in the presence or in the 

absence of unlabelled monomeric Aβ40 at 5 µM (n=3, std). 

 

6.3.4 Measurements of fluorescently labelled oligomers and co-oligomers 

in the presence of either labelled or unlabelled fibrils 
 

In these experiments, oligomer measurements were carried out by TCCD in the presence of various 

combinations of either labelled or pre-formed unlabelled fibrils of αS, or Aβ isoforms in order to 

check whether co-oligomers could be formed under these conditions as well as upon combining 

monomeric proteins in solution. The results are summarised in Fig. 6.12 and confirm co-oligomer 

formation under these conditions. Note that the results are presented as Q (eq. 6.1) and not converted 

into approximate oligomer concentrations due to unknown concentration of the total soluble protein in 

the experiment, which would need to account for the unknown concentration of monomer released 

from fibrils in the presence of another soluble protein. Nevertheless, this result demonstrates that co-

oligomers can be formed and detected upon incubation of soluble protein with pre-formed fibrils of 

another isoform. This is interesting because the solid aggregates of either protein are found in the 

disease and monomeric protein is naturally present, suggesting that similar stable co-oligomeric 

species could also be formed. 

 

6.3.5 Results of CAC measurements 
 

Experiments were performed in order to estimate the concentration of soluble Aβ or αS released from 

pre-formed fibrils of either protein into aqueous buffer following prolonged incubation. This 

concentration corresponded to the critical aggregation concentration (CAC) of the proteins.  When the 

monomer concentration is below the CAC, most of the protein molecules are expected to be 

monomeric, whereas above the CAC, most molecules are expected to be within aggregates. Thus, 

CAC is the minimum protein concentration in solution that is required for the fibrillisation to occur. 
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Figure 6.12. Association coefficients (Q), measured after combining pellets of either Aβ or αS with 

monomeric proteins, followed by an incubation under static conditions for 3 d. Black triangles: 488- 

and 594-labelled αS fibrils + unlabelled Aβ42. Red circles: 488-Aβ42 fibrils + 594-αS monomer. 

Grey squares: 488-Aβ42 monomer + 594-αS fibrils. Blue diamonds: 488-Aβ40 + 594-αS monomer 

(n=3, std). As controls, fluorescent dyes were measured after incubation at a 1:1 stoichiometric ratio 

and the total concentration of 500 nM for 3 d. 

 

The experimental approach is fully described in Methods (sections 6.2.5-6.2.8), and the resulting 

CAC values are summarised in Table 6.2. CAC for Aβ isoforms was measured to be 94 ± 37 nM for 

Aβ40, and 28 ± 4 nM for Aβ42 at pH 7.4. The value for Aβ40 is in good agreement with the 

previously reported result of 100 nM at pH 7.4296, and the value for Aβ42 is lower than a previously 

reported value of 0.2 µM at pH 8297, consistent with a reported decrease in CAC with lowering the 

pH296. This gives values of the free energy for fibril formation as ∆𝐺°42,42
(𝑓𝑖𝑏)

= -44.8 ± 0.4 kJ mol-1 for 

Aβ42 and ∆𝐺°40,40
(𝑓𝑖𝑏)

= -41.7 ± 1.1 kJ mol-1 for Aβ40. The result for Aβ40 is within the range of 

previously reported values for the unlabelled peptide298,299, which were -37.7 kJ mol-1 and -46.7 kJ 

mol-1
, indicating that the presence of the fluorophore labels at the N-terminus does not substantially 

alter the free energy of fibril formation. Lower CAC values measured for Aβ42 isoform relative to 

Aβ40 isoform suggest that Aβ42 fibrils disaggregate to a lesser extent than fibrils of Aβ40. This 

observation implies that the Aβ42 fibrils are more stable than their Aβ40 counterparts, correlating 

well with previous reports of Aβ disassembly and stability300,301. The resulting CAC for αS was 

0.7±0.2 µM, which is lower than an earlier reported value, 28 µM, measured using quantitative amino 

acid analysis104. It is closer to a more recently reported value of ca. 2.7 µM, which was obtained from 

absorption measurements of the concentrations of denatured supernatants and subsequent 

extrapolation to the situation exploring the absence of denaturant105. 
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To note, CAC values are expected to vary depending on the conditions at which the protein is 

incubated such as, for example, the presence or the absence of lipid membranes, pH and ionic 

strengths, therefore any absolute CAC values derived in these experiments are expected to be specific 

to the chosen incubation conditions. 

 

 

Table 6.2. Results of the measured concentrations of supernatants above fibrillar pellets. Calibration 

to AF488 and 647 dual-labelled 40 base pair DNA duplex. 

 

Protein Average number 

of 

bursts (n=6) 

std (n=6) [SM] (pM) std ([SM]) [Bulk] 

(nM) 

std ([Bulk]) 

Aβ40-488 2370 1316 12.7 7.1 102  57  

Aβ40-647 2198 1189 10.6 5.7 85  46  

          

Aβ42-488 689 127 3.65 0.6 29.2  4.8  

Aβ42-647 673 181 3.25 0.85 26  6.8  

       

αS-488 1349 351 7.3 1.8 730 200 

 

6.3.6 Results of additional CAC measurements using HiLyte Fluor-

labelled oligonucleotide 
 

The above CAC measurements were carried out using dual-labelled DNA standard bearing AF 

fluorescent dyes. While the samples of αS were labelled with AF fluorophores, Aβ peptides used for 

the preparation of fibrillar samples were labelled with Hilyte Fluor dyes. Therefore, it was set out to 

check whether the differences in the fluorescent tags affected the outcome of these experiments. In 

addition, previous CAC measurements were stationary, whereas the confocal setup in principle allows 

the detection under laminar flow, by utilising microfluidics114. In order to check whether these factors 

significantly affected the resulting values, additional control CAC measurements were carried out, 

where a DNA single strand labelled with HiLyte Fluor 488 was used as a standard, and the detection 

under flow was implemented for both the generation of the calibration curve as well as the 

measurements of the supernatants collected after the incubation of 488-labelled protein fibrils in 

buffer. 

The new calibration curve was generated as described in Methods, section 6.2.9, and the protein 

samples were re-measured and re-analysed to derive CAC values. The results are summarised in 

Tables 6.3 and 6.4. 
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Table 6.3. Results of the conversion to derive bulk CAC values using the calibration to HiLyte 488 

oligonucleotide.  

Protein 

Average number 

of std 

(n=3) 

[SM] 

(pM) 

std 

([SM]) 

[Bulk] std 

([Bulk]) 
bursts (n=3) (nM) 

Aβ40-488, 3 d 859 389 11.16 5.055 111.6 50.55 

Aβ40-488, 7 d 1268 429 16.478 5.575 167.8 55.75 

αS-488, 3 d 5665 418 73.619 5.43 736.2 54.3 

αS-488, 7 d 6942 2070 90.2 26.9 902 269 

 

Table 6.4. Summary of the resulting average CAC values derived from the measurements of the 

supernatants above fibrillar pellets under flow, with the calibration to HiLyte 488 oligonucleotide.  

Protein 
[Bulk] 

(n=6) (nM) 
std (nM) 

Aβ40-488, 3 d 93 26 

Aβ40-488 + 300 nM unlabelled Nb3, 3 

d 517 402 

αS-488, 3 d 652 62 

Aβ40-488, 7 d 318 271 

αS-488, 7 d 1792 238 

Aβ42-488, 7 d 162 25 

αS-488 + 300 nM unlabelled Aβ42 , 3 d 557 28 

 

From the results in Table 6.4, the CAC value for Aβ40-488 after 3-d incubation is in good agreement 

with the corresponding value from the stationary measurement, 93±26 nM and 102±57 nM, 

respectively. Similarly, there is consistency between the previously measured value of 700±200 nM 

and the currently obtained 652±62 nM for αS-488 after 3-d incubation. Therefore, it can be concluded 

that in these experiments, there was no substantial difference in the results depending on whether AF 

or HiLyte Fluor fluorescent probes were used to tag the standard used for calibration, and whether the 

data were acquired using a stationary measurement or under continuous flow. The main requirements 

for this approach to measure CACs were to achieve conditions which would allow the acquisition of 

discrete fluorescence bursts, and to ensure that the relative comparisons were made between the 

datasets acquired and analysed using identical settings. Overall, the resulting consistency in the CAC 

values derived using two independent sets of experiments validates the measured CAC values under 

the chosen incubation conditions. In addition to the results obtained after 3-d incubation, Table 6.4 

includes the results following the incubation for one week. From these results, the derived CAC 

values after this longer time period are higher, however, still within the sub-micromolar (or low-

micromolar for αS) range. 
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Furthermore, it was attempted to incubate fibrils in the presence of an unlabelled antibody in order to 

check whether this lead to any noticeable differences in the resulting CAC values. The addition of  

300 nM of unlabelled nanobody specific to Aβ40, Nb3 (provided by Dr. E. De Genst), to the labelled 

fibrils of the peptide resulted in a much higher variation in the obtained CAC values (Table 6.4). This 

variability can be either due to a possible involvement of this Nb in the disassembly of fibrils, or, 

alternatively, due to the increased sample sticking during the detection. Because Nb3 is known not to 

bind fibrils of Aβ, the latter explanation is likely to be dominant, particularly because it has been 

observed that the addition of unlabelled Nbs in these experiments generally resulted in higher 

stickiness of the labelled samples, thus making the results less reproducible. The addition of 300 nM 

of unlabelled Aβ42 peptide to the labelled fibrils of αS did not lead to any effect on the measured 

CAC values, suggesting that the presence of the peptide in this case did not affect the disassembly of 

αS fibrils.  

 

6.3.7 TCCD chance coincidence controls using free dyes in solution 
 

Control TCCD measurements were carried out to quantify the association resulting from free dyes in 

solution, as detailed in Methods, section 6.2.10. From the results summarised in Table 6.5, the %Q 

values (Q derived using eq. 6.1 x 100) and the numbers of coincident events for the free dyes in 

solution were low and constant over time. To note, for the samples of αS, both the %Q values and the 

numbers of coincident events were low at the start of the incubation, indicating the presence of only a 

small number of aggregates, and increased after the incubation due to the formation of more 

aggregates. Therefore, it can be concluded that the low and constant %Q and the number of coincident 

events obtained from the free dyes in buffer indicated that these dyes did not assemble during the 

incubation reaction. 

Table 6.5. Results of the TCCD chance coincidence control experiments. 

Sample type Average 

%Q 

std %Q 

(n=5) 

Number of 

events 

std 

(n=5) 

buffer 0 0 0 0 

Dyes, 0.5 µM, 0 h 0.035 0.012 7 3 

Dyes, 0.5 µM, 72 h 0.052 0.056 8 7 

Dyes, 2 µM, 0 h 0.0357 0.034 9 9 

Dyes, 2 µM, 72 h 0.017 

 

0.0099 

 

3 

 

2 

 

αS, 0.5 µM, 0 h 0.311 0.375 24 20 

αS, 0.5 µM, 72 h 1.76 0.267 225 111 

αS, 2 µM, 72 h 0.917 0.291 146 97 
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6.3.8 Apparent oligomer size distributions from TCCD 
 

In the TCCD experiments, the apparent sizes of the recorded oligomers were estimated from 

fluorescence intensities according to the following relation: 
















monomerred

red

monomerblue

blue

I

I

I

I
sizeApparent

                                                         (6.2) 

where Iblue is the oligomer fluorescence intensity in the 488- channel, Iblue monomer is the average 

monomer intensity in the same channel, Ired is the oligomer fluorescence intensity in the 647-  

(or 594-) channel, Ired monomer is the average monomer intensity in the 647 (or 594) channel.  

Similarly to the apparent sizes derived from sm-FRET experiments, the apparent size distributions in 

this case are termed ‘apparent’ and are likely to be not discrete and broadened, owing to the 

differences in the paths that the detected aggregates can take through the confocal volume, the 

inhomogeneous laser excitation of the sample, the stochastic nature of fluorescence emission as well 

as FRET between the dye pairs, and fluorescence quenching in higher-order oligomers. However, 

fluorescence quenching was previously demonstrated not to be significant for the oligomers of Aβ up 

to 20-mers160.  

In principle, because only dual-coloured aggregates are detected in the TCCD experiment, whereas 

singly-coloured species can also be formed, a binomial correction could be introduced after the 

analysis in eq. 6.2. In this case, the number population of each apparent size group would be 

multiplied by a correction factor from the Pascal’s triangle, as has been done for the apparent size 

distributions in the earlier single-molecule studies110,111. However, more recently a detailed theoretical 

study was carried out in this laboratory, which further confirmed that the size estimation based on 

fluorescence intensities in the confocal experiments indeed does not allow discrete estimation of 

oligomer sizes158, reinforcing the originally introduced term ‘apparent’. Therefore, because of the 

limitations in resolving individually sized oligomer sub-populations using this method, the binomial 

correction of the apparent size histograms in this work was not introduced, and only the distributions 

derived using eq. 6.2 were presented. 

Despite the fact that the TCCD-derived apparent size distributions do not represent the precise 

physical sizes of the studied oligomers due to the above mentioned limitations, they do contain useful 

qualitative information about the changes in the sizes of oligomers. For example, the size evolution of 

the analysed species can be observed through the broadening of the apparent size distributions, as has 

been illustrated for the apparent size distributions at different timepoints during the time course of the 

aggregation reaction of αS, as was shown in Fig. 3.11. In addition, the apparent size histograms 
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resulting from different protein samples can be compared to determine whether the overall shapes and 

the mean values of these distributions are different. Representative histograms, derived from TCCD 

experiment for Aβ, αS and dual-labelled DNA samples are shown in Fig. 6.13. 

In Fig. 6.13, the apparent size distributions of Aβ oligomers are similar to the apparent size 

distributions derived from the samples of αS, and are in all cases mostly below 5-mers. Fig. 6.13b 

shows the resulting apparent size distribution for a model system, consisting of dual-labelled DNA 

molecules in the excess of a 1:1 molar ratio of free fluorescent dyes to mimic the presence of dimers 

in the excess of monomeric protein. The distribution is peaking at dimers and trimers rather than only 

at dimers, which is due to the previously mentioned expected broadening of the fluorescence signal 

used to derive these distributions. 

 

Figure 6.13. Apparent size distributions derived from TCCD experiment, using eq. 6.2. a. αS sample 

at 500 nM concentration after 72 h of incubation with agitation. b. Dual-labelled 40 base pair DNA 

duplex, diluted into 1:1 mixture of AF488 and AF647 fluorescent dyes in order to mimic a dimer in 

the excess of monomer. c. Aβ samples at 20 nM concentration after 72 h of incubation with agitation. 

 

6.3.9 Apparent oligomer size distributions from TIRFM imaging 
 

TIRFM imaging experiments were performed using Aβ samples in order to confirm that the apparent 

size populations using this method were similar to the ones derived from the confocal TCCD 

experiments, as was previously found for the oligomers of αS (Fig. 3.13). To achieve this comparison, 

samples containing 1:1 molar ratio of 488-labelled Aβ40 and 647-labelled Aβ42 were prepared at the 

total concentration of 20 nM, which is expected to be below the CAC for either peptide, and incubated 

under the same conditions as for the TCCD measurements. TIRFM imaging and data analysis were 
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carried out according to the same experimental protocols as what was described in section 3.2 for the 

samples of αS. The resulting apparent size populations of these species are shown in Fig. 6.14, 

together with the results from TCCD experiments. Once the histograms of the apparent size 

populations derived by either method were presented as probability densities, they overlapped (Fig. 

6.14b), demonstrating good agreement between the two employed methods. These results are 

consistent with the previously reported experimental results from this laboratory, using the same 

methods and the oligomers of Aβ40111. The sizes in both TIRFM and TCCD experiments are termed 

apparent and serve only as estimates. It was additionally attempted to derive more precise size 

populations by TIRFM, using photobleaching with fluorescence step-counting, by imaging 1:1 AF488 

and AF647-labelled oligomer samples. In these preliminary trials, up to 3 bleaching steps in either 

fluorescence channel could be clearly observed, indicating that this method is able to detect oligomers 

of up to 6-mers. These preliminary attempts can be extended in the future. 

 

 

Figure 6.14. Comparison of the apparent size distributions of Aβ40 : Aβ42 co-oligomers, formed 

over 72 h of incubation with agitation. a. Overlaid raw apparent size histograms. b. The histograms 

are normalised to the total oligomer counts to highlight the similarity of the results derived by either 

method. 

 

6.3.10  Results of theoretical modelling of self- and co-oligomer datasets of 

Aβ isoforms to determine and compare the free energies of oligomer 

formation 

 

Since the recorded datasets of self- and co-oligomer formation, presented in section 6.3.1, were the 

most comprehensive for Aβ peptides, these data were used for theoretical analysis. The statistical 

mechanical model for the self- and co-oligomer formation at equilibrium was developed and 

implemented by Dr. G. Garcia and A. Dear, and has been detailed in Iljina et. al., 2016302. The main 

assumptions of the model and the key results following its application to the datasets of steady-state 

oligomer populations will be described below. 
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In the theoretical model, the key parameter describing the oligomerisation process was the Gibbs free 

energy, ∆𝐺°, released upon adding two monomers together to form a new intermolecular interaction. 

The oligomers were treated as simple non-interacting one-dimensional chain structures with nearest-

neighbour interactions independent of the chain length, as is schematically illustrated in Fig. 6.15a. 

The assumption of one-dimensional chain structures was considered to be valid since both self- and 

co-oligomers formed under the chosen experimental conditions were inferred to be mostly dimeric, 

and therefore the contribution from larger oligomers was not expected to strongly perturb this 

analysis. The directly measured size distributions of the oligomers, shown in Figs. 6.13 and 6.14, 

confirmed that the formed species were mostly small. However, the fluorescence-derived size 

distributions are likely to be broadened and do not allow the determination of discrete physical sizes 

of oligomers, as has been previously discussed. 

In the model, for an aggregation process, the following relationship was identified: 𝑒∆𝐺° (𝑘𝑇)⁄ = 𝑐 𝑐0⁄  

with a CAC 𝑐  for a standard concentration 𝑐0  of 1 M. The nature of the aggregates present at 

equilibrium was expected to depend strongly on the initial concentration of the monomeric peptides. 

When the monomer concentration was below the CAC, the majority of the peptides in the system 

were expected to be present in monomeric states and only a few aggregates to be formed consisting of 

a small number of monomers. In contrast, above the CAC, most molecules were expected to be 

present as aggregates. These aggregates could be either oligomers or fibrils. Because these species are 

known to differ in morphology and structure, two separate  ∆𝐺° values were allowed in order to 

separately describe both the oligomeric and fibrillar states, ∆𝐺°(𝑜𝑙𝑖𝑔𝑜)  and ∆𝐺°(𝑓𝑖𝑏) . At low 

concentrations, below the CAC, the formation of large aggregates was expected to be suppressed, and 

the majority of aggregates to be oligomeric. At the total concentration reaching the CAC, the majority 

of monomers would be sequestered into fibrillar forms, and the concentration of oligomers would be 

expected not to increase even upon increasing the total peptide concentration. Therefore, based on the 

developed model, it was expected to observe an initial increase in the concentrations of oligomers 

with the increase in the total starting protein concentration, controlled by the free energy of oligomer 

formation ∆𝐺°(𝑜𝑙𝑖𝑔𝑜). Once the total peptide concentration reaches the CAC, 𝑐0𝑒∆𝐺°(𝑓𝑖𝑏) (𝑘𝑇)⁄ , it was 

expected to observe a plateau in the concentration of oligomers, controlled by the free energy of fibril 

formation ∆𝐺°(𝑓𝑖𝑏). The total protein concentration at which the oligomer concentration reaches a 

plateau was expected to correspond to the fibril CAC. 

Once established, the model was fitted to Aβ oligomer datasets, and the fitted results are shown in  

Fig. 6.15b. From these results, the similarity in the slopes of the growth regions below the CAC of the 

Aβ40 and Aβ42 self-oligomerising systems suggests that there is no large difference in the mean free 

energy of oligomerisation in both cases. By fitting the model to the self-oligomerising systems, the 
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free energy of oligomerisation for Aβ40, ∆𝐺°40,40
(𝑜𝑙𝑖𝑔𝑜)

, was determined to be -36.3 ± 3.0 kJ mol-1, and 

similarly ∆𝐺°42,42
(𝑜𝑙𝑖𝑔𝑜)

 for Aβ42 was -36.3 ± 3.2 kJ mol-1. The CAC for Aβ40 was estimated as  

222 ± 10 nM by the same fitting procedure, and the CAC for Aβ42 was estimated as 86 ± 10 nM. 

These values allow independent estimation of ∆𝐺°40,40
(𝑓𝑖𝑏)

 as -39.5 ± 0.1 kJ mol-1 and ∆𝐺°42,42
(𝑓𝑖𝑏)

 as 

 -42.0 ± 0.3 kJ mol-1, demonstrating broad consistency with the direct measurements, described in 

sections 6.3.5 and 6.3.6 (Fig. 6.15c). The value of ∆𝐺°40,42
(𝑜𝑙𝑖𝑔𝑜)

 was estimated to be -32.6 ± 2.6 kJ mol-1, 

and the absence of apparent plateau in the co-oligomer plot was consistent with both isoforms being 

present below their CAC values.  Crucially, according to this analysis the resulting free energies of 

oligomerisation were large and negative, suggesting that both self- and co-oligomers could be formed 

with comparable free energy penalty.  

 

Figure 6.15. a. Schematic of the statistical mechanical model used to estimate Aβ oligomer numbers 

and relative composition. b. Equilibrium oligomer concentrations as a function of the total initial 

monomer concentration in the aggregation reaction, fitted to the statistical mechanical model in order 

to extract the free energies of oligomerisation and estimate the CAC for Aβ40 and Aβ42 (fitted curves 

shown overlaid). The fitted free energies of oligomerisation are also shown in comparison to the free 

energies of fibril formation obtained by direct measurement of the CAC (“Direct”), and also the free 

energies of fibril formation obtained from the fitted estimation of the CAC (“Fitted”). 
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6.4 Summary and conclusions  
 

Sensitive TCCD measurements of oligomer and co-oligomer formation at a range of low starting 

concentrations of Aβ, αS and k18 were carried out. The formation of self-oligomers, as well as the 

formation of co-oligomers containing monomers of two protein types was observed. The populations 

of the detected co-oligomers were low, but nevertheless significant as was confirmed in control 

experiments by analysing non-interacting fluorescent dyes in solution. Additionally, the incubation 

conditions were varied, and oligomer formation was measured in the presence of unlabelled protein or 

in the presence of pre-formed fibrils, demonstrating the ease of formation of these species under a 

range of starting conditions. Furthermore, the critical aggregation concentrations of Aβ isoforms and 

αS were measured in two independent single-molecule experiments, and sub-micromolar values were 

obtained. The apparent size distributions of the oligomers were compared, and similar results were 

obtained from TCCD experiments and TIRFM imaging, showing that the majority of the species were 

below 5-mers.  

Since the formation of both self-oligomers and co-oligomers of the studied proteins was observed for 

all protein combinations that were analysed in this chapter, and the energetics of co-oligomer 

formation and self-oligomer formation were found comparable, these co-oligomeric species may be a 

common type of protein aggregates under the conditions where several types of proteins co-exist.  

Even though the described experiments were carried out at the steady-state, it may be very interesting 

to extend the investigation of co-oligomers in order to determine the role of these aggregates in the 

kinetics of protein aggregation. 
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7. Concluding remarks and future directions 
 

Overall, this dissertation summarises the results of an in-depth investigation of αS aggregation in vitro 

at a broad range of starting conditions. Since this study has been carried out using a powerful set of 

single-molecule techniques, it reveals unique information on the earliest stages of the aggregation of 

this protein that cannot be comprehensively characterised using bulk experimental approaches. 

Specifically, it enables the quantification and characterisation of oligomeric species that are formed 

prior to the formation of fibrillar aggregates.  

In this thesis, the recorded kinetic profiles of oligomer formation and monomer depletion during the 

aggregation of αS over a 280-fold range of starting αS monomer concentrations enabled a 

comprehensive quantitative analysis of its aggregation mechanism. The developed explicit kinetic 

model could fit the experimental results over the entire concentration range, revealing that the 

aggregation reaction involved two major unimolecular structural conversion steps. The complete set 

of the rate constants of these key microscopic steps allowed making predictions of the seeding 

behaviour of αS. The major outcome of this analysis was the identification of high requirements for 

its templated seeding. It was determined that the number of pre-formed aggregates that would be 

required to double the aggregation rate of αS in a cell-like volume would be in the order of 104, a 

number that is unlikely to be frequently encountered in vivo. Given the well-established proneness of 

αS to spread in disease, as well as high cytotoxicity of its aggregated forms, particularly oligomers, it 

was hypothesised that the spreading of this protein was almost likely to be a cell-driven process. 

Within this picture, the proposed primary role of an aggregate of αS upon entering a cell would be not 

to template the aggregation of endogenous monomeric protein, as is believed to occur during the 

spreading of prions, but instead to exert cellular stress. This would result in a change in the local 

cellular environment and the production of specific aggregation-triggering agents, ultimately leading 

to the aggregation of monomeric αS as a downstream process. This would be followed by exocytosis 

of the resulting αS aggregates and their entry into neighbouring cells containing monomeric αS to 

repeat the process, thus resulting in spreading. 

Clearly, even though the primary role of the aggregates of αS as cell stressors has been proposed in 

this analysis, it remains to be established which stressors might be the best at promoting the 

subsequent pathogenic aggregation. It may be therefore interesting to further test this, which could be 

potentially done in a multitude of ways. The first tests could involve straightforward aggregation 

experiments in vitro. Firstly, aggregations using monomeric αS under well-controlled quiescent 

conditions could be performed. In these experiments, various plausible cell stressors could be added at 

physiologically-relevant concentrations in order to find out which of them could result in the most 
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efficient triggering of the aggregation of monomeric αS. Among the potential cell stressors, reactive 

oxygen species could be investigated, as well as biologically-relevant metal ions, numerous cytokines 

and stress proteins, as well as their combinations. In the experiments utilising monomeric αS, the 

screening of additives could help to identify the biologically-relevant components that are most 

effective at triggering the aggregation reaction. Subsequently, the same could be repeated using a 

seeded aggregation system that would involve monomeric αS with the concomitant addition of pre-

formed αS aggregates and the tested stressors. Since the predictions suggest fibrils as the best seeds, it 

would be very interesting to carry out aggregation experiments using well-established preparations of 

pre-formed fibrillar seeds. Indeed, sonicated fibrils may be promising candidates, since well-

established reported procedures for their preparation are available. These tests could help to identify 

the stressors that most effectively promote the seeding. A combination of the stressors that are most 

effective at both triggering the aggregation reaction and promoting the effect of seeding would be the 

best candidates for enabling the spreading of αS under cellular environment according to the proposed 

model, and hence the ones whose concentration should be decreased in vivo as a potential therapeutic 

strategy. This could be subsequently tested by designing experiments aiming to deplete the identified 

most active stressors in vivo in the systems that are expected to exhibit αS aggregation.  

Apart from investigating the aggregation mechanism at a range of starting protein concentrations, the 

effect of two αS-specific Nbs on the aggregation and oligomerisation of αS has been tested. The 

results were consistent with a selective impact of the Nbs on the conformation conversion between 

oligomers preceding fibril formation. The investigation indicated that the Nbs effectively inhibited the 

formation of the most compact high-FRET oligomers. Because high-FRET oligomers have been 

established to be the most cytotoxic aggregates of αS, this finding may be of potential therapeutic 

value, provided that further experiments are performed. For example, this result may serve as a basis 

for experiments examining the effects of Nb-bound oligomers on cells and the effects of Nbs on the 

aggregation of αS in vivo, in order to determine whether the presence of Nbs can lead to a significant 

and prolonged reduction in cytotoxicity, and whether the concentrations of Nbs needed to observe this 

effect are within the range of concentrations that could be delivered and maintained under more 

complex conditions of cellular environment. 

In addition, the impact of a biologically-relevant fatty acid ARA on the aggregation of αS has been 

studied. Interestingly, the oligomers formed upon the action of ARA were found to be distinctly 

different from the oligomers formed in its absence. To point out, the presented comparative 

experiments would be very challenging to perform using more conventional experimental approaches. 

For example, the comparison of such properties as oligomer stability at varying salt concentrations, 

oligomer disaggregation or the comparison between oligomers formed at varying starting 

concentrations would be very challenging to perform using more conventional methods. The resulting 
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strong effect of ARA on the properties of the formed oligomers is an interesting demonstration of the 

fact that biologically-relevant components can dramatically affect the aggregation of αS as well as the 

nature of the generated species. It may be interesting to extend this study in order to investigate 

whether the alpha-helical oligomers of αS can be formed upon the action of other biologically 

relevant fatty acids or lipids in order to identify the most active inducers of the formation of these 

types of aggregates. As it has already been mentioned in the corresponding chapter, the role of these 

multimers both in the mechanism of aggregation and in effecting cells also remains to be investigated 

further. Because these aggregates so clearly differ from the oligomers formed during the aggregation 

of αS in aqueous buffer, they may be off-pathway to fibril formation. Thus, it still remains to be 

established whether their formation can be protective, or equally damaging despite the identified 

structural differences. 

Finally, the co-oligomerisation of αS with other major amyloidogenic proteins, Aβ and tau, has been 

studied, as well as the oligomerisation of Aβ isoforms. The main conclusion from these experiments 

was that stable co-oligomers could be formed between the investigated proteins. Their stability was 

indicated by the ability to detect these species upon their dilutions to very low concentrations used for 

the single-molecule measurements. Because their formation was observed under a wide range of 

conditions, either upon combining low concentrations of monomeric proteins in solutions, mixing 

monomeric proteins with pre-formed fibrils of another protein, or in the presence of excess of 

unlabelled protein, it can be argued that their formation can generally readily occur under the 

conditions when multiple proteins are combined. This can suggest that co-oligomers may be as 

common type of aggregates as the self-oligomers of amyloidogenic proteins. Therefore, their 

properties and their comparison to the self-oligomers may be further investigated, such as, for 

example, the comparison of their relative hydrophobicity and toxicity. Furthermore, tests for their 

formation in cultured cells might be insightful, as well as their identification in vivo. It is interesting to 

note that experiments aiming to identify the presence of co-oligomers in human CSF are currently 

carried out in this laboratory, with positive results. In addition, the role of these co-oligomers during 

the aggregation reaction remains to be established. The presumption that they are off-pathway species 

and act to inhibit the formation of self-fibrils can be unequivocally proven or disproven by performing 

co-aggregation kinetic experiments. As a promising extension of these potential experiments, it may 

also be of interest to determine whether these species have any impact on the self- or cross- seeding. 

Given the permanent co-existence of multiple proteins under more complex cellular environment, the 

quantitative seeding predictions based on the kinetic datasets for mixed systems containing multiple 

proteins may be a very interesting as well as highly biologically relevant extension of the seeding 

predictions derived for αS in this study. 
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To conclude, the research described in this thesis represents an effort to unravel the molecular 

mechanism of αS aggregation by in vitro experiments carried out using a rare set of tools, and 

provides unique quantitative information on the processes of αS aggregation, spreading and 

interactions with other proteins and biologically-relevant components, adding to the knowledge of its 

aggregation behaviour under a range of presented starting conditions. Furthermore, the described 

approaches can be applied in order to study various other amyloidogenic proteins and their 

combinations, to learn about the earliest stages in their aggregation pathways and to predict their 

aggregation and seeding behaviour, thus providing multiple avenues for future investigations. 
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8. Appendix 1 
 

Representative time of flight mass spectra of AF-labelled αS, following the labelling protocol 

described in section 2.3 (spectra courtesy of Dr. M. Horrocks). In both spectra, the peak at c.a.  

14,460 Da, representing unlabelled A90C, is undetectable, and only AF-labelled A90C is present. 
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9. Appendix 2 
 

Derivation of equation 4.1: 

[𝑎𝑆]𝑏𝑜𝑢𝑛𝑑 =  
1

2
([𝑎𝑆] +  [𝑁𝑏] +  𝐾𝑑 −  √([𝑎𝑆] +  [𝑁𝑏] +  𝐾𝑑)2 − 4[𝑎𝑆][𝑁𝑏])                 (4.1) 

where [𝑎𝑆]𝑏𝑜𝑢𝑛𝑑 is the concentration of bound αS, [𝑎𝑆] and [𝑁𝑏] are the starting concentrations of αS 

and Nb, 70 µM and 140 µM, respectively, and 𝐾𝑑 is the corresponding dissociation constant172 

Equation 4.1 is a solution of a quadratic equation that results from the definition of the dissociation 

constant, 𝐾𝑑, based on the law of mass action175. The derivation of this equation is included below. 

For the reaction 

[𝑎𝑆]𝑓𝑟𝑒𝑒 +   [𝑁𝑏]𝑓𝑟𝑒𝑒 ↔  [𝑐𝑜𝑚𝑝𝑙𝑒𝑥] 

According to the law of mass action, the equilibrium dissociation constant is defined as 

 𝐾𝑑 =  
[𝑎𝑆]𝑓𝑟𝑒𝑒   [𝑁𝑏]𝑓𝑟𝑒𝑒

[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]
 

The concentrations of the unbound components can be expressed simply as the difference between 

their total starting concentrations and the concentation of the bound complex: 

[𝑁𝑏]𝑓𝑟𝑒𝑒 =  [𝑁𝑏]𝑡𝑜𝑡 − [𝑐𝑜𝑚𝑝𝑙𝑒𝑥] 

[𝑎𝑆]𝑓𝑟𝑒𝑒 =  [𝑎𝑆]𝑡𝑜𝑡  − [𝑐𝑜𝑚𝑝𝑙𝑒𝑥]   

Can substitute these into the expression for 𝐾𝑑: 

𝐾𝑑 =  
[𝑎𝑆]𝑓𝑟𝑒𝑒   [𝑁𝑏]𝑓𝑟𝑒𝑒

[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]
 = 

([𝑎𝑆]𝑡𝑜𝑡 −[𝑐𝑜𝑚𝑝𝑙𝑒𝑥])×([𝑁𝑏]𝑡𝑜𝑡−[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]) 

[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]
  

By expanding the brackets in the numerator, multiplying both sides by [𝑐𝑜𝑚𝑝𝑙𝑒𝑥] and re-arranging, 

obtain 

[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]2 − [𝑐𝑜𝑚𝑝𝑙𝑒𝑥] × ( [𝑎𝑆]𝑡𝑜𝑡 + [𝑁𝑏]𝑡𝑜𝑡 +  𝐾𝑑) + [𝑎𝑆]𝑡𝑜𝑡 × [𝑁𝑏]𝑡𝑜𝑡 = 0  

which is a quadratic equation of the form 𝑎𝑥2 + 𝑏𝑥 + 𝑐 = 0 

where 𝑥 = [𝑐𝑜𝑚𝑝𝑙𝑒𝑥]; 𝑎 = 1; 𝑏 =  −( [𝑎𝑆]𝑡𝑜𝑡 +  [𝑁𝑏]𝑡𝑜𝑡 + 𝐾𝑑); and 𝑐 =  [𝑎𝑆]𝑡𝑜𝑡 × [𝑁𝑏]𝑡𝑜𝑡 

Its solution, 𝑥 =  
−𝑏 ±√𝑏2−4𝑎𝑠

2𝑎
 results in the equation 4.1, by assuming that [𝑐𝑜𝑚𝑝𝑙𝑒𝑥] = [𝑎𝑆]𝑏𝑜𝑢𝑛𝑑    

(owing to the experimentally determined 1:1 binding stoichiometry172); and that [𝑎𝑆]𝑏𝑜𝑢𝑛𝑑  ≤

 [𝑎𝑆]𝑡𝑜𝑡𝑎𝑙. 
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10. Appendix 3 
 

Peer-reviewed articles from this work 

Iljina, M., Garcia G. A., et al. Kinetic model of the aggregation of alpha-synuclein provides insights 

into prion-like spreading. Proceedings of the National Academy of Sciences of the United States of 

America, vol. 113 no. 9 E1206–E1215 doi:10.1073/pnas.1524128113 (2016). 

Iljina M., Garcia G.A., Dear A.J., Flint J., et. al. Quantitative analysis of co-oligomer formation by 

amyloid-beta peptide isoforms. Scientific Reports, doi:10.1038/srep28658 (2016). 

Iljina M., et. al. Arachidonic acid mediates the formation of abundant alpha-helical multimers of 

alpha-synuclein. Just accepted in Scientific Reports (2016). 
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