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Aggregation, Propagation and Pathological Implications of α-synuclein Amyloid Fibrils 

in Parkinson’s Disease 

 

FRITJOF HAVEMEISTER 

Department of Life Sciences 

Chalmers University of Technology 

ABSTRACT 

Parkinson’s disease (PD) is a severe, progressive neurodegenerative disorder characterized by 

aggregation of the protein α-synuclein into amyloid fibrils, leading to the formation of Lewy 

bodies and Lewy neurites and degeneration of dopaminergic neurons in the substantia nigra. 

Although α-synuclein aggregation is a defining feature of PD, fundamental questions remain 

regarding how fibrils form, how aggregation pathways encode distinct structural polymorphs, 

and how these polymorphs influence prion-like propagation and neurodegeneration. This 

knowledge gap continues to challenge the development of effective therapeutics.  

This thesis addresses several of these knowledge gaps by investigating the aggregation and 

prion-like propagation of α-synuclein amyloid fibrils using wild-type and familial PD-

associated variants. First, to understand how assembly conditions shape α-synuclein fibril 

formation and structure, I examined the effects of monovalent cations. I show that the 

physiologically abundant cations Na+ and K+, although often treated as interchangeable, 

produce distinct effects on aggregation kinetics and fibril morphology, demonstrating that 

changes in ionic conditions can reshape α-synuclein fibril assembly pathways. I next 

investigated consequences of fibril fragmentation, a mechanism that rarely occurs in vitro but 

can be significant in vivo, showing that early-onset PD variants underwent pronounced 

structural evolution following fragmentation, reflected in altered Thioflavin-T binding. This 

shows that α-synuclein fibrils are more structurally heterogenous than previously believed 

and that they may continue to remodel their architecture over the course of PD. To resolve 

such heterogeneity, I established a Thioflavin-T fluorescence-lifetime spectroscopy-based 

methodology for phenotyping of α-synuclein polymorphs. Cross-seeding experiments 

revealed variant-specific structural trajectories, including faithful templating, monomer-

driven restructuring, and emergence of de novo polymorphs, highlighting the vast structural 

landscape accessible to α-synuclein fibrils. Finally, I investigated whether these in vitro traits 

influenced prion-like propagation in cells, showing that α-synuclein variants differed 

markedly in uptake efficiency, induction of endosomal enlargement, and ability to seed 

endogenous α-synuclein aggregation. These cellular outcomes aligned with the structural and 

kinetic behaviors observed in vitro, demonstrating that propagation efficiency is strongly 

shaped by intrinsic fibril properties. 

Altogether, this work advances the mechanistic understanding of α-synuclein aggregation and 

propagation in PD and highlights fibril assembly pathways and resulting fibril structure as 

critical targets for future therapeutic strategies. 

Keywords: Parkinson’s disease, α-synuclein, protein aggregation, amyloid fibrils, amyloid 

kinetics, fragmentation, prion-like propagation, cross-seeding, fibril morphology, 

polymorphism
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Introduction 

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disorder after 

Alzheimer’s disease (AD), affecting an estimated 12 million people worldwide, a number that 

has nearly tripled since 1990 [1]. Demographic projections indicate that this number will rise 

to approximately 25 million by 2050, driven primarily by global population ageing, 

highlighting its growing impact on global health [2]. Although PD is not itself a direct cause 

of death, patients exhibit elevated mortality rates [3], largely due to complications such as 

aspiration pneumonia resulting from dysphagia, which represents the leading cause of death 

among individuals with PD [4]. A central pathological hallmark of PD is the presence of 

Lewy bodies, which are large intracellular inclusions that are predominantly composed of 

highly ordered, β-sheet rich amyloid fibrils formed by the misfolding and self-assembly of 

the protein α-synuclein (α-syn) [5]. 

Over 200 years after James Parkinson’s original description of PD [6], continued research has 

substantially expanded our knowledge of the disease. Lewy bodies were first discovered by 

Friedrich Heinrich Lewy more than a century ago [7] but their association with PD was 

established a few years later by Constantin Tretiakoff [8]. It was first many decades later, in 

1997, that Spillantini and colleagues discovered that the protein α-syn is main constituent of 

Lewy bodies [9]. Within the following year, the same group identified α-syn as the major 

component of the filamentous inclusions in Lewy bodies, which were later recognized as 

amyloid fibrils implicated in driving PD pathology [10]. Thereafter, Braak and colleagues 

proposed that PD pathology progresses through a predictable series of anatomical stages [11], 

a concept that gained mechanistic support with the discovery that α-syn fibrils can propagate 

in a prion-like manner, evidenced by the appearance of α-syn inclusions in grafted neurons 

years after transplantation into a patient [12]. Around the same time, the first reports emerged 

showing that wild-type and mutant α-syn can assemble into fibrils with distinct 

morphologies, establishing the concept of α-syn fibril polymorphism [13,14]. These 

discoveries have shaped the field for decades, driving extensive investigation into the 

molecular mechanisms underlying fibril assembly, cell-to-cell propagation, and the structural 

heterogeneity of amyloid conformations.  

Today, our understanding of these processes is far more advanced, as new methodologies and 

technologies have made it possible to study the mechanisms underlying α-syn aggregation, 

propagation and fibril architecture in more detail. Biophysical advances have made it possible 

to follow amyloid aggregation kinetics and revealed that α-syn self-assembly proceeds 

through a series of microscopic steps in which small nuclei form, elongate, and amplify in 

number, predominantly through surface-catalyzed secondary nucleation, with additional 

contributions from fibrils fragmentation, processes that depend highly on solution conditions 

[15,16] and thus on the biological environment in which α-syn resides. Advances in cell-

based microscopy have enabled visualization of cell-to-cell transfer of α-syn aggregates, 

revealing endocytosis as a major pathway involved in propagation of PD pathology [17,18]. 

In recent years, the emergence of near atomic-resolution cryo-electron microscopy (cryo-EM) 

has fundamentally reshaped the ability to resolve amyloid fibril architectures [19], and 

provided deeper structural evidence of that amyloid fibrils are highly polymorphic [20]. Even 

more recently, cryo-EM based studies revealed that in vitro generated fibrils are structurally 

different from those found in human post-mortem brain tissue and that distinct fibril 
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structures are associated with specific diseases [21]. In addition, compelling cryo-EM 

evidence shows that amyloid fibrils are not structurally static but can evolve with time 

[22,23], prompting the question if fibril species that initiate and drive disease are different 

from those found post-mortem. Just as protein function emerges from the structures that 

proteins adopt, the pronounced heterogeneity of amyloid fibril structures may likewise 

influence their biological activity, a hypothesis that has gained increased attention in recent 

years. 

Although these advances have substantially advanced our understanding of amyloid fibrils 

and Parkinson’s disease, PD remains a disorder for which no disease-modifying therapy or 

cure currently exists. Following Arvid Carlsson’s discovery of dopamine as a critical 

neurotransmitter in 1957 [24], levodopa (L-dopa) was introduced in 1970 as a symptomatic 

treatment for PD to compensate for the loss of dopaminergic neurons. Despite its limited 

long-term efficacy and the development of motor fluctuations, dyskinesias and other adverse 

effects [25], it remains the most widely used therapy for PD to this day, underscoring the lack 

of therapeutic progress. The key challenge is that we still do not understand with sufficient 

detail what triggers α-syn misfolding and aggregation, which species drive disease, or how 

they damage neurons and propagate. This limits our ability to target these processes 

therapeutically. Nevertheless, a recently approved antibody therapy targeting amyloid-β (Aβ) 

has shown to slow early AD progression [26]. Although it is not a cure, it provides strong 

proof-of-concept that amyloid fibrils are therapeutically relevant targets and that it is possible 

to design drugs that ameliorate their toxic effects, showing that the field is moving in the 

right direction toward disease-modifying treatments or possibly even cure. However, 

antibody therapeutics face additional challenges in PD. Since α-syn pathology is 

predominantly intracellular, antibodies are required to not only cross the blood-brain barrier, 

a process hindered by their large molecular size [27], but also to enter cells. With increasing 

knowledge, emerging strategies are now working on overcoming this challenge [28].  

PD is a complex neurodegenerative disorder in which multiple pathogenic processes 

converge to drive neurodegeneration. Compelling evidence implicates misfolded and 

aggregated α-syn as the central pathological driver. A major contributing factor is thought to 

be increased local α-syn concentration caused by disrupted proteostasis, involving impaired 

trafficking and clearance which raises the probability of nucleation and aggregation. Defining 

how different molecules and ions interact with α-syn, how distinct aggregation mechanisms 

and propagation pathways function, and how these assemblies perturb cellular function is 

therefore essential for advancing our understanding of PD pathogenesis and for future 

development of therapeutics. 

The goal of my thesis was to expand our current knowledge of the mechanisms involved in α-

syn aggregation and propagation, and how these processes contribute to PD disease 

pathology. In paper I, I show that different monovalent cations, although often overlooked, 

have distinct, and in some cases opposing effects on WT α-syn aggregation and morphology. 

These findings have biological relevance as monovalent cations are highly enriched in both 

the intracellular and extracellular environments of neurons. Paper II demonstrates that 

fragmentation, a comparatively understudied process due to its limited natural occurrence in 

vitro, can alter α-syn aggregation kinetics and drive structural evolution of WT and mutant 

variant fibrils. Fragmentation is likely to be more prevalent in vivo because of the influence 

of cellular machinery on protein aggregate integrity and structural changes to amyloid fibrils 
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are pathologically meaningful, given that growing evidence links fibril conformation to 

pathological function. Paper III shows that cross-seeding, a pathologically relevant 

mechanism in familial cases of PD, can alter the aggregation and morphological outcome of 

WT and mutant α-syn fibrils, and that these structural changes can be sensitively mapped 

using ThT fluorescence lifetime analysis. Paper IV integrates several earlier findings by 

demonstrating that fragmented and structurally diverse WT and mutant α-syn fibrils differ 

markedly in their cell uptake efficiency and their propensity to induce enlarged endosomes in 

SH-SY5Y cells. Furthermore, these fibrils demonstrate distinct cross-seeding efficiencies of 

endogenous α-syn and generate inclusions of diverse morphologies in both mouse and rat 

primary neurons. 

Thesis outline 

In the first part of this thesis, I introduce the research field, outlining its historical 

foundations, current understanding, and future outlook, setting the stage for investigating α-

syn aggregation, propagation and its pathological implications. In chapters 1-4 I cover the 

background for this thesis, including proteins, protein misfolding and aggregation, 

polymorphism, Parkinson’s disease, α-syn and the prion hypothesis. Chapter 5 provides a 

description of the methods and techniques used in the experimental work. Finally, chapter 6 

concludes the thesis by summarizing and discussing the main findings from Papers I-IV. 
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1. Proteins 

Today, roughly 20,000 protein-coding genes have been identified in humans. Through 

alternative splicing, post-translational modifications, and single amino acid polymorphisms, 

these genes can express over 100,000 distinct proteoforms, each with distinct functions 

[29,30]. The blueprint for proteins is encoded in the human genome in the form of 

Deoxyribonucleic Acid (DNA) and contains instructions for protein synthesis. Although only 

about 1-2% of the human genome consists of protein-coding DNA, the vast non-coding 

portion plays essential regulatory roles, controlling when protein-coding genes are 

transcribed and translated into functional proteins [31]. 

Proteins, in addition to nucleic acids, lipids and carbohydrates, are fundamental 

biomacromolecules which make up the human body. Proteins have a key standing as they 

govern practically every biological process within living organisms, from catalyzing 

reactions [32] and DNA replication [33] to providing structural support to cells and tissues 

[34], and transporting molecules, both within and between cells [35]. Given the vast diversity 

of proteins in the human body, and their wide range of functions, as well as the complex 

processes involved in their synthesis, folding and maintenance, it is unsurprising that 

disruptions in these mechanisms underlie many diseases. In this thesis, I will focus on one 

such disease, Parkinson’s disease, which is associated with the dysfunction of the protein α-

synuclein (α-syn). 

1.1. Protein chemistry 

To understand how a protein becomes dysfunctional, it is essential to first understand the 

fundamentals of protein structure. Proteins consist of linear chains of amino acids which are 

covalently linked together by peptide bonds, forming an array referred to as a polypeptide. 

Each amino acid consists of a central α-carbon (C) bonded to a hydrogen atom (-H), an amino 

group (-NH2), and a carboxyl group (-COOH) [36], together constituting the backbone. Each 

amino acid is, additionally, distinguished by its unique functional group (-R) which is also 

conjugated to the central α-carbon (Fig. 1). 

 
Figure 1. Chemical structure of the amino acid backbone including the functional group (R). 

 

Generally, the backbone of an amino acid is considered to have a net neutral charge at 

physiological pH (pH 7.2-7.4) where the amino group usually carries a positive charge 

whereas the carboxyl group carries a negative charge, effectively turning each amino acid or 

polypeptide zwitterionic, but with an overall neutral charge. The distinct chemical identity of 

each amino acid is instead determined by its functional group [37]. There are 20 standard 

amino acids required for protein synthesis in the human body. These can be classified into 

several different categories based on the chemistry of their functional groups, such as polar or 
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nonpolar, hydrophobic or hydrophilic and charged or uncharged [38]. The chemistry of amino 

acids, along with in what order they are joined together in the formation of a protein, plays a 

crucial role in the resulting protein structure and function. 

1.2. Protein structure and folding 

As previously mentioned, in a polypeptide, the amino acids are covalently linked by peptide 

bonds, forming a chemically repetitive backbone. To form these peptide bonds, the amino 

group of one amino acid is joined with the carboxyl group of the neighboring amino acid in a 

hydrolysis reaction. The resulting linear amino acid sequence is referred to as the primary 

structure of the protein [39]. 

During protein folding, peptide bonds not only connect amino acids, but also contribute to 

important structural features. The amide hydrogen of one amino acid’s backbone can form a 

hydrogen bond with the carbonyl oxygen of a nearby amino acid residue. When these 

interactions occur in a regular, repeating pattern, they can give rise to α-helices and β-sheets, 

which are stable local folding patterns that constitute the secondary structure of a protein 

[40]. An α-helix is formed by a single polypeptide strand that adopts a right-handed helical 

conformation, with 3.6 amino acid residues per turn. The structure is stabilized by 

intramolecular hydrogen bonding with an amino acid four residues earlier in the amino acid 

sequence [41] (Fig. 2A). In contrast, β-sheets are stabilized by hydrogen bonding between 

neighboring β-strands, either within a single polypeptide or between adjacent polypeptide 

chains [42] (Fig. 2B). β-sheets can be arranged either in parallel, where the strands are 

oriented in the same direction, or in antiparallel, where the strands are oriented in opposite 

directions. My work focuses mainly on the formation of intermolecular β-sheets, which are 

the main building blocks of amyloid fibrils. 

 

 
Figure 2. Chemical structure of a-helix and an antiparallel β-sheet. 
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In contrast to the covalent bonds that link amino acids in the primary structure, the bonds 

formed between the majority of amino acid functional groups and between peptide bonds, are 

noncovalent, with cysteines being the exception since they are capable of forming covalent 

disulfide bonds. Typical intramolecular interactions involved in protein folding include ionic 

bonds between charged amino acids, hydrogen bonds between polar amino acids, and van der 

Waals forces involving hydrophobic side chains [43]. The chemical properties of each amino 

acids functional group, alongside the specific sequence in which they are assembled, govern 

these intramolecular interactions that drive the folding into the three-dimensional, or tertiary, 

structure, which is typically required for the protein to become functional [44]. If multiple 

polypeptide chains are assembled to form a functional protein, the resulting multimer 

arrangement is referred to as the quaternary structure (e.g. Hemoglobin) [45]. These structural 

features, governed by the chemical properties of each amino acid, are fundamental to the 

protein’s stability and biological function 

Theoretically, proteins could fold into a countless number of structures. How then is it 

possible for proteins to fold into their native, functional conformation within a timeframe 

ranging from seconds [46] to microseconds [47]? To answer this question, one needs to 

consider both the kinetic and thermodynamic aspects of protein folding. The current most 

refined model of protein folding considering both aspects, is the protein folding funnel [48] 

(Fig. 3).  

 

 
Figure 3. Protein folding funnel illustrating the free energy landscape of protein folding. The 

protein passes through a number of intermediate conformations going from unfolded (top) to 

its native state (bottom), progressively decreasing its free energy while being guided toward 

its lowest energy, functional structure. 

 

The folding funnel is a visualization of the free energy landscape of protein folding. A protein 

in its unfolded, high-energy state sits at the top of the funnel with a vast number of possible 

confirmations available (represented by the width of the funnel). As folding begins, the 

unfolded random coil rapidly collapses, reducing its free energy and conformational 

flexibility, as it starts its descent toward lower free energy states further down in the funnel. 

Along this descent, the protein may pass through one or more folding intermediates, which 

are represented by local minima on the energy landscape [49]. The number of intermediates 
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which the protein must pass through to achieve its native state can vary between proteins, 

with some proteins folding through multiple intermediates, while others can fold without 

detectable intermediates, so called two-state folders [50]. One intermediate that is commonly 

detected experimentally is the molten globule [51], represented by a partially folded structure 

with much of the native secondary structure in place but where the tightly packed tertiary 

structure of fully folded proteins is still missing [52]. Ultimately, the protein reaches its 

lowest free-energy native and functional state at the bottom of the funnel. Kinetic factors, 

such as the rate of folding, and energy barriers between intermediates, determine the time 

required for a protein to reach its native state [53]. 
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2. Amyloid fibrils 

2.1. Protein misfolding 

Given that during our lifetime an unimaginable number of proteins are going through folding 

and unfolding processes, it is not surprising that sometimes proteins are not folded correctly 

or fail to remain correctly folded. A protein that cannot achieve or maintain its correctly 

folded native state is considered as misfolded. If the misfolding persists, this can lead to 

either loss of function or toxic gain of function. Cells have therefore developed exquisite 

proteostasis networks to ensure protein homeostasis and avoid the accumulation of misfolded 

proteins [54]. These networks include proteins which assist and facilitate folding, such as 

chaperones [55] and folding enzymes [56], along with systems for degrading misfolded or 

damaged proteins, such as the Ubiquitin-proteasome system [57]. 

Although cells possess a highly refined proteostasis network, extensive misfolding can 

sometimes overwhelm the system, allowing misfolded protein to accumulate, in some cases 

leading to the formation of aggregates which are resistant to degradation [58]. Proteostasis 

network dysfunction increases significantly with age, which is also why many of the protein 

misfolding diseases are age related. Apart from age, additional risk factors include genetic 

mutations [59] and cellular [60] or environmental stress [61]. Protein misfolding diseases are 

usually associated with specific proteins and can be classified into categories, such as 

neurodegenerative proteinopathies. Examples are Alzheimer’s disease (Aβ42) [62], 

Parkinson’s disease (α-syn) [63], and ALS (TDP-43, SOD1) [64], which manifest in the brain 

and are characterized by the aggregation of proteins into insoluble amyloid fibrils [65]. Other 

categories include systemic amyloidosis diseases, in which misfolded proteins circulate and 

deposit across multiple organs, such as transthyretin amyloidosis (TTR protein) [66] and 

lysozyme amyloidosis [67], and loss-of-function diseases, for example cystic fibrosis (CFTR 

protein) [68] and alpha-1 antitrypsin deficiency (alpha-1 antitrypsin) [69], which result from 

loss of function, i.e. misfolded proteins failing to perform their normal biological function. In 

the context of this thesis, the focus will be on neurodegenerative proteinopathies, specifically 

Parkinson’s disease, which involves the formation of amyloid fibrils derived from misfolded 

α-syn protein. 

2.2. Amyloid fibrils, aggregation and disassembly 

Amyloid fibrils are a specific form of protein aggregate composed of a single protein species. 

They are characterized by a linear, fibrillar morphology and a dense cross β-sheet core 

structure. A mature amyloid fibril is usually made up of two or more protofibrils which are 

twisted around each other, resulting in fibrils with typical diameters of about 7-13 nm 

whereas they can extend to several micrometers in length [70,71]. Amyloid fibrils are 

commonly associated with neurodegenerative or other protein deposition diseases [65,72], 

however, under the right conditions, most, if not all, proteins can form amyloid fibrils. In 

some cases, amyloid structures have even been shown to have functional biological roles, for 

example in biofilm formation of bacteria [73] and in transcriptional regulation in yeast [74].  

As explained in chapter 1.2, a protein’s native state is typically considered its most stable 

conformation, corresponding to a global free energy minimum. However, amyloid fibrils 

represent an even more thermodynamically stable state, with a lower free energy than the 

native fold [75], accessible due to the intermolecular interactions that stabilize the fibril. This 
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can be schematically visualized by expanding the free energy protein folding landscape from 

chapter 1.2 to include an adjacent funnel for misfolding and aggregation (Fig. 4). 

 

 
Figure 4. Expanded protein folding landscape, including both the native state and amyloid 

folding funnel. 

 

Formation of the characteristic amyloid cross-β structure of amyloid fibrils requires the 

polypeptide chain to be partially or fully unfolded, exposing aggregation-prone regions [76], 

and making the fibrillar state kinetically accessible. This exposure can occur when the native 

fold of a protein is destabilized by factors such as mutations [77], changes in pH [78] or 

temperature [79], or through interactions with other components naturally present in the 

cellular environment, like lipids [80] or metal-ions [81], that help overcome the kinetic 

barrier of unfolding. In contrast, intrinsically disordered proteins (IDPs), which are the focus 

of this thesis, naturally lack a stable folded structure, making them inherently prone to 

aggregation and facilitating the initial step of fibril formation [82]. However, IDPs are still 

influenced by the same external factors as described above, which can modulate their 

aggregation kinetics and propensity, as well as alter the mechanisms by which they assemble. 

A common feature of amyloid formation is that aggregation occurs under supersaturated 

conditions, in which the monomer concentration surpasses the protein’s solubility threshold, 

enabling nucleation and subsequent fibril growth [83]. 
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Figure 5. Schematic overview of the microscopic steps that drive amyloid fibril formation. 

The schematic encompasses primary nucleation and dissociation, elongation, fragmentation, 

secondary nucleation and their respective rate constants kn, k+, k-, and k2. 

 

Once a protein is unfolded, be it naturally or via misfolding reactions, the aggregation process 

can proceed according to the reaction scheme depicted in Fig. 5. Partially or fully unfolded 

proteins can associate to form small assemblies known as nuclei in a process called primary 

nucleation. This step can occur in bulk solution or at a surface, such as the air-water interface 

[84,85]. These nuclei consist of either oligomeric species or very short fibrillar fragments, 

and their formation represents the slowest step in the aggregation pathway, corresponding to 

the highest free energy barrier and the lowest rate [86]. The initially formed nuclei can then 

grow through monomer addition at their ends in a process known as elongation, which 

proceeds with a lower energy barrier compared to primary nucleation, and therefore occurs 

with a correspondingly higher rate [83]. Fibrils can also form on the surfaces of existing 

aggregates, where the fibril surface catalyzes the formation of new nuclei in a process known 

as secondary nucleation [84]. This pathway has a low free energy barrier and therefore 

proceeds with a high rate. Once a nucleus forms on the fibril surface, it can detach and 

elongate independently, rapidly amplifying the total number of aggregates [84]. Although 

amyloid fibrils are generally considered highly stable, they can also undergo disassembly, 

either by fragmentation or through monomer depolymerization from fibril ends. 

Fragmentation occurs when a fibril breaks into smaller segments, each of which can act as an 

independent fibril, thereby increasing the number of available ends for elongation [87]. 

Monomer depolymerization can occur when a solution is undersaturated, meaning that the 

monomer concentration is below the solubility limit and fibrils dissolve to restore equilibrium 

[83], or it can be triggered by external factors that help shift the equilibrium, such as 

temperature changes [88,89], chemical denaturants [90], or the action of chaperones [91]. 
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Figure 6. Illustration of a sigmoidal aggregation curve showing the lag, growth, and plateau 

phase. The half-time, corresponding to the time it takes for 50% of the total fibril mass to 

form 

 

The kinetics of amyloid formation can be monitored using biophysical aggregation assays. 

The reactions typically follow a sigmoidal trajectory, which can be described as consisting of 

three distinct phases (Fig. 6). The kinetics start with a lag phase, during which primary 

nucleation and the formation of nuclei is dominant and the formation of fibrils remain 

undetectable [92]. This is followed by the growth phase, which is mainly driven by 

elongation and secondary nucleation, and results in a rapid increase in fibril mass [93]. 

Finally, under conditions where the available pool of monomers is constant, a plateau phase is 

reached, where fibrils and monomers are at equilibrium [94]. Fragmentation and monomer 

depolymerization can occur in any of these phases, but are more prominent in the growth and 

plateau phase, where the fibril mass is higher [95].  

2.3. Fibril structure and polymorphism 

Despite distinct differences in the amino acid sequence and biological function of amyloid 

forming proteins, most fibrils share common structural features that contribute to their high 

stability [96]. Whether fibrils originate from hen egg white lysozyme (Fig. 7A), which 

requires destabilization of its native fold, or α-syn fibrils (Fig. 7B), where the protein is 

intrinsically disordered, the characteristic cross β-sheet structure and key morphological 

characteristics are largely conserved. To achieve a more detailed distinction between fibrils, 

scientists have over the years attempted to acquire deeper structural information to reveal 

their molecular architecture. 
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Figure 7. Atomic Force Microscopy (AFM) micrograph of (A) hen egg white lysozyme 

amyloid fibrils, which in its native state degrades bacterial cell walls and (B) α-synuclein 

amyloid fibrils, the central pathological hallmark of Parkinson’s disease. 

 

Already over a century ago abnormal inclusions were found in the brains of Alzheimer’s [97] 

and Parkinson’s [7] patients. These inclusions were later found to contain amyloids using 

Congo red staining [98]. Years later, the filamentous structure of amyloid fibrils was first 

observed using electron microscopy [99] and the paired helical structure of amyloid fibrils 

was identified using negative-stain electron microscopy [100]. Subsequently, X-ray fiber 

diffraction revealed the hallmark cross-β architecture, characterized by a 4.7 Å reflection 

pattern corresponding to the hydrogen bonding distance between β-strands and a 10-11 Å 

reflection arising from the spacing between β-sheets (Figure 8) [101]. It was, however, not 

until decades later that the specific proteins responsible for amyloid fibril formation in 

diseases such as Alzheimer’s (Aβ42) [102] and Parkinson’s (α-syn) [9] were identified. 

 

 
Figure 8. Schematic illustration of an amyloid fibril highlighting the characteristic cross-β 

architecture, including the 4.7 Å reflection corresponding to the spacing between β-strands 

and the 10-11 Å reflection arising from the distance between β-sheets (left). Two or more 

protofibrils associate laterally to form a mature amyloid fibril (right). 
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To achieve deeper structural understanding of amyloid fibrils, approaching atomic resolution, 

even more powerful techniques were, however, required. Using X-ray crystallography it was 

possible to study fibrils formed by shorter peptides [103], but this has not been suitable for 

more complex amyloid fibrils due to their inability to crystallize. The first molecular level 

resolution structures of amyloid fibrils from full-length proteins were instead solved using 

solid-state nuclear magnetic resonance (ssNMR) [104], but the technique is restricted to 

recombinant amyloid fibrils due to the need for isotope labelling. Cryo-electron microscopy 

(cryo-EM), although developed in the 1980s, eventually made it possible to overcome these 

limitations. With major advancements in detector technology and image processing in the 

2010s, cryo-EM nowadays achieves atomic-level resolution, enabling characterization of 

both brain-derived and in vitro formed fibrils [105,106]. 

 

 
Figure 9. Cryo-EM structures of two protofilaments making up the mature fibril. (A) WT α-

synuclein 5a fibril, PDB: 8ZLP [107]. (B) WT α-synuclein P8 fibril, PDB: 9LON [108]. 

 

The recent advancements in high-resolution imaging techniques have also brought renewed 

attention to the topic of structural polymorphism in amyloid fibrils, which refers to the 

existence of different folds and interaction surfaces between the monomer units in amyloid 

fibrils formed by the same protein, as highlighted by two of the, by now many, available 

high-resolution structures of WT α-syn fibril assemblies shown in Fig. 9A and 9B [107,109]. 

The concept of amyloid polymorphism was first noted in the late 1990s, when transmission 

electron microscopy (TEM) and early cryo-EM studies revealed polymorphic forms of 

amylin fibrils [110], and a few years later, structural polymorphism at the molecular level was 

reported for Aβ40 fibrils using ssNMR [111]. However, interest in the topic expanded 

substantially in 2017, when advancements in cryo-EM technology enabled the first atomic-

resolution structures of tau fibrils, revealing fibril polymorphism at atomic scale [105]. The 

advancements have since led to many new discoveries, several of which have had a large 

impact on the field. Cryo-EM experiments of post-mortem brain samples revealed that 

individual neurodegenerative diseases are associated with one or several distinct fibril 

polymorphs [21]. For example, α-syn fibrils from Parkinson’s (PD) patients displayed a 
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single distinct structure [112], whereas samples from patients with the related α-

synucleinopathy multiple system atrophy (MSA) contained two structurally distinct 

polymorphs [113], both different from the PD fold. Similar disease-specific structural 

signatures have been observed in other disorders, including Alzheimer’s disease [114,115] 

and ALS [116,117], where fibril folds appear to differ between different subtypes of disease, 

suggesting a possibility of structure-based classification. Importantly, the polymorphs 

identified in post-mortem brain tissue are structurally distinct from the polymorphs generated 

in vitro [21]. Amyloid formation was long assumed to occur predominantly through 

templated aggregation, whereby structural features of an existing fibril are maintained during 

elongation and secondary nucleation [118]. However, recent work has demonstrated that even 

though templating occurs to some extent, the resulting fibril structures are highly sensitive to 

solution conditions, often more so than to the structure of the parent seed, particularly during 

secondary nucleation [119,120], and even elongation can result in fibrils that are structurally 

different from the parent seed [121]. Furthermore, time-based aggregation studies of 

recombinant IAPP [22] and tau [23] combined with cryo-EM have now intriguingly revealed 

that fibril structures, even within a sample kept under constant physiochemical conditions, 

can evolve over time, such that some fibril structures present at earlier timepoints of 

aggregation can disappear while new ones are formed as aggregation progresses. These 

findings highlight that fibril polymorphism is dynamic, even under controlled in vitro 

conditions. The relationship between fibril polymorphs identified in vitro and those observed 

in vivo remains unclear, and a central open question is how distinct polymorphs contribute to 

toxicity and neurodegeneration. This uncertainty underscores the need to determine whether 

fibril structures isolated from post-mortem brain tissue, which unavoidably represents the 

end-stage of a long disease process, accurately reflect the conformations present earlier in 

disease and which may thus be the primary cause of neurodegeneration. In other words, it is 

possible that early-stage fibrils adopt distinct, transient conformations that later mature into 

the late-stage folds observed in patient brains, raising important questions about which 

conformations that are most relevant for disease initiation and progression 

In paper II, I expand on the concept of structural evolution in α-syn amyloid fibrils. In paper 

IV, I examine how distinct α-syn polymorphs generated from different familial mutants 

influence fibril uptake and the in-cell seeding of endogenous α-syn, demonstrating how 

structural variation can influence disease progression. 
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3. Parkinson’s disease 

Parkinson’s disease (PD), originally known as ‘Shaking Palsy’, was first discovered in 1817 

by the surgeon James Parkinson, who characterized it as a neurological syndrome based on 

six clinical cases [6]. Today, PD is known as the second most common neurodegenerative 

disease after Alzheimer’s, affecting 12 million of people worldwide [122]. PD is commonly 

recognized as an age-related disorder, with the typical onset occurring around 60-65 years of 

age [123]. However, this pattern mainly reflects sporadic cases. Familial forms of disease, 

caused by inherited genetic mutations and accounting for roughly 5-15% of all cases, can 

onset much earlier in life [124], with first symptoms developing as early as the age of 20, and 

in rare instances even earlier, which is classified as juvenile PD [125]. The genes currently 

known to cause familial PD when mutated include SNCA (the α-syn encoding gene), 

LRRK2, VPS35, and GBA, which are associated with autosomal-dominant PD and PRKN, 

PINK1, and PARK7/DJ-1, which lead to autosomal-recessive forms of the disease [63]. Other 

than mutations, risk factors also include lifestyle, health factors, traumatic brain injuries and 

environmental factors [126]. The focus of this thesis will specifically be on mutations in the 

SNCA gene, causing single amino acid substituted variants of α-syn examined in papers II-

IV.  

PD is characterized by the loss of dopaminergic neurons, which are most abundantly found in 

the substantia nigra region of the brain [127]. Dopamine as a crucial neurotransmitter was 

first discovered by Arvid Carlsson in 1957 [24] and has important functions in brain 

processes coupled to, for example, reward, motor control and motivation [128]. Dopamine 

deficiency is related to symptoms commonly associated with PD, such as tremors, 

bradykinesia, muscle rigidity, and postural instability, which typically appear only after a 

substantial loss of dopaminergic neurons in the substantia nigra [129]. Despite extensive 

efforts and decades of research aimed at developing new treatments for PD, L-dopa, a 

precursor to dopamine, remains the primary and most widely used therapy since its 

introduction in 1970. As a precursor to dopamine, it partially restores dopamine levels and 

compensates for the loss of dopaminergic neurons [130]. However, L-dopa is only effective 

as a symptomatic treatment and is limited by declining long-term efficacy as well as the 

development of side effects such as motor fluctuations, dyskinesias and other adverse effects 

[25], and a much-needed cure remains to be found. The underlying causes behind the loss of 

dopaminergic neurons have not yet been fully identified, however growing evidence point 

towards synaptic, mitochondrial and endolysosomal dysfunction as important mechanisms 

involved in disease development [131]. Preceding this dysfunction is the aggregation of α-

syn, a protein thought to be involved in synaptic vesicle trafficking and neurotransmitter 

release, which can aggregate into toxic amyloid fibrils and deposit into larger inclusions 

known as Lewy bodies, a pathological hallmark for PD [132].  

The subsequent sub-chapters will address α-syn, the core protein of this thesis, and its 

aggregation, accumulation into Lewy bodies as well as promising future treatments. 

3.1. α-synuclein 

In 1997, α-syn was identified as the main constituent of Lewy bodies, establishing its critical 

role in PD [9]. The protein is a 140 amino acid long, 14.4-kDa protein encoded by the SNCA 

gene which, together with β-synuclein and γ-synuclein, makes up the synuclein family [133]. 

α-syn is highly abundant in the brain and is predominantly localized to presynaptic nerve 
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terminals in neurons. In the cytosol, α-syn is an intrinsically disordered protein which adopts 

a random coil structure [134]. However, it can bind to membranes and adopt a partially α-

helical conformation [135] and if misfolded, α-syn can aggregate into amyloid fibrils with a 

cross-β-sheet structure and subsequently deposit into larger inclusions called Lewy bodies, 

which are a pathological hallmark for PD [77]. Although not yet fully understood, the normal 

function of α-syn has been assigned to regulating neurotransmitter release, such as dopamine, 

by binding to and modulating synaptic vesicles in the presynaptic nerve terminals [136]. 

Particularly, α-syn has been found to be involved in synaptic vesicle clustering [137], vesicle 

recycling [138], and vesicle docking [139]. 

 
Figure 10. Primary sequence of α-synuclein showing the N-terminal membrane binding 

domain (green), the hydrophobic NAC region (blue), the C-terminal metal-binding domain 

(red), and the amyloid core (purple). The positions of the hereditary point mutations are 

indicated with black pins. 

 

The primary sequence of α-syn (Fig. 10) has classically been divided into three domains; the 

positively charged N-terminal membrane binding domain spanning residues 1-60, the 

hydrophobic NAC region, spanning residues 61-95, and the negatively charged metal binding 

C-terminal domain, spanning residues 96-140. The N-terminal part is important for binding to 

lipid membranes, such as synaptic vesicles, where it adopts a primarily α-helical 

conformation [140]. The NAC region was originally thought to be the primary driver of β-

sheet formation, but recent Cryo-EM studies have shown that the core region of α-syn fibrils 

is larger than that represented by the NAC, and this annotation can therefore be considered as 

somewhat obsolete. Most reported high-resolution structures identify approximately residues 

36-100 as forming the core of α-syn amyloid fibrils [141], thus suggesting overlap between 

the N-terminal membrane interaction part and the fibril core forming region. The C-terminal 

region plays a crucial role in aggregation, despite not being part of the fibrillar core structure, 

as screening of its negative charges, for example through the interaction with metal ions [81] 

[142] or changes in pH [143], can increase the aggregation propensity of α-syn.  

To date, eight point-mutations in the SNCA gene (A30G, A30P, E46K, H50Q, G51D, A53E, 

A53T, A53V) have been identified as associated with hereditary PD [144]. All are located 

within the N-terminal domain of α-syn, and all except A30P and A30G, are positioned within 

the amyloid core (Fig. 10). Although these variants are quite rare, accounting for about 0.5% 

of all PD cases [145,146], they represent important research models as they alter α-syn 

folding and aggregation behavior [147]. Furthermore, all these point mutations are associated 

with early-onset PD, with the exception of H50Q, which causes late-onset PD [147]. In this 
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thesis, paper I focuses on wild-type (WT) α-syn, while paper II-IV extends the analysis to 

include the A30P, E46K, H50Q, and A53T variants.  

3.2. α-synuclein aggregation 

Beyond its physiological roles, α-syn can misfold and assemble into amyloid fibrils. As 

outlined in the previous chapter, the focus of this thesis is on WT α-syn and the hereditary 

mutant variants A30P, E46K, H50Q, and A53T. The aggregation kinetics and underlying 

mechanisms of these variants will be covered in detail in this chapter. 

The aggregation mechanism of α-syn follows the same fundamental steps described in 

chapter 2.2, involving primary nucleation, elongation and secondary nucleation, and to a 

lesser extent fragmentation and depolymerization. Primary nucleation of α-syn in bulk 

solution is generally considered to be very slow, resulting in extended lag times [84]. Because 

of this, primary nucleation is often triggered in in vitro studies to allow aggregation to be 

observed within a reasonable timeframe. Common strategies to accelerate α-syn aggregation 

include addition of salts to reduce electrostatic repulsion [81,148], increasing monomer 

concentrations to promote primary nucleation [149], applying mechanical stress through 

agitation [150], introducing catalytic surfaces such as lipid membranes [151], taking 

advantage of the walls of non-binding reaction plates and tubes [84], or altering the chemical 

environment through metal ions [152] or pH changes [153]. An increasingly common 

alternative to these methods is the addition of low concentrations of pre-formed fibril (PFF) 

seeds to bypass primary nucleation [15]. In practice, several of these conditions are often 

combined to drive reproducible fibril formation. 

Following primary nucleation, α-syn fibril mass is first amplified through elongation, in 

which monomers add to the ends of existing fibrils [154]. In vitro, elongation of α-syn 

proceeds at approximately ~103 M-1s-1 [15], a rate that is relatively slow compared with for 

example Aβ42, for which elongation is reported to be about three orders of magnitude faster 

[155]. As fibril mass increases, the growing fibril surfaces act as catalysts for the formation of 

new nuclei via secondary nucleation, which becomes the main source of new aggregates and 

the dominant driver of the growth phase for α-syn [16]. These newly generated nuclei 

elongate and, in turn, provide additional surfaces for further secondary nucleation, resulting 

in a self-amplifying cycle that accelerates the overall aggregation process [16]. Secondary 

nucleation of α-syn, unlike elongation, has been reported to become much more efficient at 

acidic pH, which is important in a biological context given that, in cells, α-syn is internalized 

through the endolysosomal pathway, where pH progressively decreases [15], a topic 

discussed in a later chapter.  

It is generally possible to shorten the lag phase of α-syn by bypassing the slow primary 

nucleation step of protein aggregation via the addition of pre-formed fibrils (PFFs) as seeds 

[15]. Under these conditions, α-syn aggregation is dominated by secondary nucleation at low 

seed concentrations, whereas at high seed concentrations elongation becomes the main 

contributor to the overall kinetics [156]. α-syn fibrils can also undergo fragmentation, which 

increases the number of available ends for elongation. In vitro, spontaneous fragmentation of 

α-syn fibrils occurs at a much lower rate than secondary nucleation or elongation and 

therefore contributes only modestly to the overall aggregation kinetics [157]. However, in 

vivo the fragmentation rate may be substantially higher due to cellular processes, such as the 

activity of chaperones like Hsp40, Hsp70 and Hsp104 which have been shown to fragment 
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fibrils [158,159]. Thus, to obtain fragmentation in vitro, mechanical methods such as 

agitation [160] or sonication [161] are typically used. Notably, familial α-syn mutations are 

known to modulate the relative contributions of the microscopic steps involved in α-syn 

aggregation, altering the time course of self-assembly, which is further discussed below. 

Apart from forming fibrils, α-syn also adopts oligomeric states as part of the aggregation 

process. Oligomers are difficult to characterize due to their heterogeneity, transient nature, 

and low abundance. Despite this, numerous studies have shown that α-syn oligomers are 

highly toxic, implicating them as possible major pathological contributors in Parkinson’s 

disease [162,163]. Secondary nucleation has been shown to generate not only new fibril 

nuclei, but is also the main source of oligomeric α-syn species [157]. In vitro, oligomeric 

species were found to mainly form in the lag and growth phase, reaching their highest mass 

concentration around the aggregation half-time. By the plateau phase, however, oligomeric 

species were no longer detectable [157]. Mature α-syn fibrils also contribute substantially to 

cytotoxicity [164] and they play a central role in the cell-to-cell propagation of PD pathology 

[165]. 

As outlined in chapter 2.2, mutations can modulate the aggregation kinetics of amyloid 

formation and this thesis focuses on the hereditary PD variants A30P, E46K, H50Q, and 

A53T. These variants demonstrate altered aggregation rates compared to WT α-syn in vitro, 

but nevertheless follow the same aggregation mechanisms [166]. The A30P mutation, which 

is located outside of the amyloid core [113,167], has been reported to aggregate at a similar 

rate [168], slower [169] or faster [170] compared to WT α-syn. Notably, A30P shows an 

increased propensity to form oligomeric species compared to WT α-syn [171]. The E46K, 

H50Q, and A53T mutations are all located within the fibril core and these variants exhibit an 

increased rate of aggregation compared to WT α-syn [170,172,173] and also typically greater 

cytotoxicity [173-175]. A shared feature among the E46K, H50Q, and A53T mutants is their 

ability to form distinct fibril polymorphs which differ from those of WT α-syn 

[20,90,109,176]. A30P, on the other hand, appears to adopt the same fibril structure as WT α-

syn [169,177]. While these macroscopic differences in aggregation behavior highlight the 

diverse effects of familial mutations, their underlying origins become clearer when examining 

how each variant perturbs the microscopic steps of the aggregation process compared with 

the WT protein. 

Although reaction conditions used to trigger α-syn aggregation play an important role in 

modulating the relative contributions of each microscopic step, studies have shown important 

differences between the α-syn variants. All four variants, A30P, E46K, H50Q and A53T have 

been reported to facilitate primary nucleation. The effect is modest for A30P [178] but 

markedly stronger for E46K [179], H50Q [180] and A53T [178]. E46K has been shown to 

slightly accelerate elongation [166], and A53T increases the elongation rate more 

substantially [166]. A30P has shown mixed effects on elongation, with reports of both 

slightly faster [166] and slightly slower elongation [181] relative to WT. Secondary 

nucleation is also affected in a variant-dependent fashion. A53T has been suggested to 

promote secondary nucleation [182], whereas E46K reduces secondary nucleation [166], and 

H50Q exhibits negligible secondary nucleation under acidic conditions [166,180]. Several 

variants also alter the propensity of α-syn fibrils to fragment. E46K has been reported to 

increase fragmentation propensity [183], while A30P confers a slight increase in resistance to 

sonication-induced fragmentation and A53T exhibits an even stronger resistance to such 
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fragmentation [161]. H50Q appears to be more thermodynamically stable than WT [184], 

suggesting it may also influence fragmentation propensity, although dedicated fragmentation 

studies for this variant are still lacking. 

The fact that mutant variants of α-syn show divergent aggregation behavior and structures 

makes them important model systems for investigating polymorphism, and to explore how 

chemical modifications to the α-syn sequence may influence pathogenic processes of 

relevance for the onset and progression of PD, as highlighted in chapter 2.3.  

3.3. Parkinson’s neurotoxicity: from monomer to Lewy bodies 

The aggregation mechanisms described in the previous chapter gain biological relevance in 

the neuronal environment, where α-syn transitions from its physiological role as a presynaptic 

protein to a central driver of PD. The exact underlying causes and mechanisms driving this 

aspect of PD pathology remain, however, unclear, making it important to continue to explore 

how normally functional, physiological α-syn is converted to β-sheet rich, pathogenic 

oligomers and fibrils.  

Based on current knowledge, and consistent with the in vitro aggregation behavior described 

in chapter 3.2, higher intracellular concentrations of α-syn in neurons increases the likelihood 

for aggregate formation [185]. This can result from duplication or triplication of the SNCA 

gene [186,187], or through mutations in the LRRK2 [188] and GBA [189] genes, which 

increase α-syn synthesis or impair its degradation. Other factors correlating with elevated α-

syn levels in the synapse include interaction partners like synapsin [190], VAMP2 [191] and 

CSPα [192], all of which are involved in synaptic vesicle regulation and neurotransmitter 

release. The enrichment of α-syn in synapses suggests that this is a primary site for initial 

aggregate formation, aligning also with observations that early stage synaptic dysfunction 

precedes neuronal death [193]. 

Mitochondrial dysfunction is another well-known contributor to α-syn aggregation. Neurons 

contain an extensive mitochondrial network to meet their high energy demands, and if 

damaged, this can reduce ATP production, thereby impairing ATP dependent processes such 

as synaptic transmission, axonal transport and protein-degradation pathways which can result 

in α-syn buildup, increasing the risk for aggregation [194,195]. Furthermore, dysfunctional 

mitochondria produce reactive oxygen species (ROS) and increases oxidative stress which 

can damage DNA, lipids and proteins [196], thereby promoting misfolding and aggregation 

of α-syn [197]. Moreover, α-syn aggregates, but not physiological α-syn, have been found to 

bind mitochondria, impairing their function and creating a vicious, pathological cycle [198]. 

Membrane association, in a more general sense, is also known to play a role in α-syn 

aggregation. Under physiological conditions, α-syn binds to membranes through its N-

terminal domain, where it assembles into multimers and facilitates neurotransmitter release 

[199]. Membrane binding has also been shown to promote aggregation in some cases 

[151,199]. However this effect appears to depend strongly on membrane composition [200], 

with anionic lipids being most effective [201]. In contrast, N-terminal mutations preventing 

α-syn membrane binding have been shown to increase aggregate formation by increasing 

cytosolic levels of α-syn [202], a feature which has been demonstrated for the hereditary 

A30P mutant whose proline substitution acts as an α-helical breaker diminishing membrane 

binding [203]. 
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In addition, post-translational modifications (PTMs), have also been implicated in the 

aggregation of α-syn [5]. For example, physiologically relevant C-terminal truncations were 

shown to promote fibrillization [204]. Ubiquitination which, among other functions, normally 

marks misfolded or excess protein for degradation, can be impaired in PD, leading to elevated 

intracellular α-syn concentration [205]. Phosphorylation, which typically regulates protein 

function, has also been shown to increase the aggregation propensity of α-syn [206]. Notably, 

these PTMs of α-syn are consistently enriched within Lewy bodies and Lewy neurites, 

highlighting their relevance in PD pathology [5].  

Ultimately, these processes converge and drive the formation of Lewy bodies and Lewy 

neurites, which mainly consist of α-syn and are key pathological hallmarks of PD. Lewy 

neurites, which are smaller, more abundant inclusions that precede the formation of Lewy 

bodies [207], generally manifest in the axons of neurons, where they have been shown to 

disrupt axonal transport of cell constituents [208] such as endosomes [209], mitochondria and 

lysosomes [210]. Larger Lewy body inclusions usually manifest in the cell soma of neurons 

[211] and disrupt the normal cellular function, for example by causing mitochondrial damage 

and synaptic dysfunction [212]. The formation of Lewy bodies and Lewy neurites are 

generally considered a later event in PD pathology [213]. Some researchers even propose that 

Lewy body formation serves as a protective mechanism, isolating highly toxic α-syn 

aggregates that can otherwise spread pathology to neighboring cells through prion-like 

propagation, a topic discussed in a later chapter [214].  

3.4. Future treatments of Parkinson’s disease 

For Alzheimer’s disease, there has been recent clinical breakthrough following the approval 

of the first disease-modifying treatment, Lecanemab, which is a monoclonal antibody that 

binds to Aβ aggregates and mediates their degradation [26,215,216]. Although the effect is 

modest, it has provided important validation of the amyloid hypothesis. In contrast, as 

discussed in chapter 3, L-dopa remains the most effective and widely used treatment for PD 

and corresponding anti-aggregation antibody-based treatments are not yet as advanced. In 

2023 there were 139 registered clinical trials for PD treatment, including both symptomatic 

and disease-modifying treatments [217].  

Symptomatic treatments in clinical trials focus largely on improving L-dopa delivery, 

reducing the duration of symptom return (off time) and dyskinesia. These strategies aim to 

extend release or to continuously infuse levodopa-carbidopa to provide more consistent 

exposure (IPX203, foslevodopa-foscarbidopa, ND0612, DopaFuse) [218-221]. New 

dopaminergic drugs are also being tested, including Tavapadon [222] and Mesdopetam [223], 

which target specific dopamine receptors to reduce dyskinesia. Additional approaches aim to 

restore dopaminergic function through gene therapy (AB-1005, AADC gene therapy) 

[224,225], designed to support neuronal survival or enhance dopamine synthesis, and cell-

based therapies (bemdaneprocel, ANPD001) [226,227], which aim to restore dopamine 

function by either increasing neuronal survival or by replacing damaged neurons. These 

medicines are essential for patients; however, they do not halt the progression of the 

underlying disease. 

Similar to how lecanemab targets Aβ in Alzheimer’s disease, there are currently a few 

disease-modifying treatments in clinical trials which aim to reduce the aggregate burden of α-

syn. Antibodies and small molecules are being tested for their ability to reduce α-syn 
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aggregation, either by targeting aggregated α-syn (prasinezumab) [228], by binding the C-

terminal of α-syn (minzasolmin) [229], by suppressing α-syn translation (buntanetap) [230], 

by more generally blocking α-syn aggregation (anle138b) [231], or by reducing inflammation 

(tomaralimab) as an aggregation driver [232]. For PD, however, targeting α-syn is 

challenging because the protein is predominantly intracellular, requiring antibodies to both 

cross the blood-brain-barrier and enter neurons, processes which are hindered by the large 

molecular size of antibodies [27]. In contrast, Aβ aggregates are mainly targeted 

extracellularly and therefore more accessible to antibody-based therapies [233]. Additional 

disease-modifying approaches focus on genetic risk factors, including therapies that 

specifically target mutations in LRRK2 [234] and GBA[235].  

3.5. Diseases beyond Parkinson’s disease 

Misfolding and aggregation of α-syn is, apart from PD, also implicated in other rarer 

neurodegenerative diseases such as dementia with Lewy bodies (DLB) and multiple system 

atrophy (MSA), which vary in their site of onset inside the brain, symptoms and disease 

progression [236].  

DLB is, after Alzheimer’s disease, the second most common form of dementia, accounting 

for roughly 15-20% of all cases of dementia [237]. PD and DLB cases often share many 

symptoms, such as visual hallucinations, REM sleep behavior disorder and parkinsonism, and 

some researchers advocate that they may in fact be one and the same disease [238]. However, 

there are subtle differences in diagnosis, which is that if dementia precedes or manifests 

within one year of onset of parkinsonism, the disease is classified as DLB [239]. 

Nevertheless, both diseases share the aggregation of α-syn and the subsequent formation of 

Lewy bodies and Lewy neurites, but differ in the onset of cognitive impairment, which 

usually manifests earlier in the limbic and cortical regions in DLB cases [213]. 

Although demonstrating overlapping symptoms with PD while also being classified as a 

synucleinopathy, MSA differs significantly in onset and disease progression [240]. Unlike 

PD, where α-syn aggregates primarily accumulate in dopaminergic neurons, MSA is 

characterized by α-syn inclusions within oligodendrocytes, forming glial cytoplasmic 

inclusions (GCIs) [113]. While α-syn inclusions are also found in neurons of MSA patients, 

they appear at a much lower frequency compared to GCIs [241]. The α-syn aggregates from 

GCIs have been found to be many times more potent at seeding aggregation than Lewy body 

derived aggregates [242], which could partly explain the rapid symptomatic progression of 

MSA patients, leaving patients bedridden after 6-8 years with common symptoms of 

parkinsonism, poor muscle coordination (cerebellar ataxia) and autonomic failure [243]. In 

all synucleinopathies, the spreading of α-syn aggregates and subsequent seeding of 

endogenous α-syn in neighboring cells, through a process called prion-like propagation [244], 

has become a central concept in recent years. The next chapter will cover prion-like 

propagation in detail, and it is also a key focus of paper IV. 
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4. Prion hypothesis in Parkinson’s disease 

In its mature form, the prion protein (PrPC) is a 209 amino acid long cell-surface glycoprotein 

most abundantly found in a variety of cells in the central nervous system (CNS) [245]. PrPC 

has been ascribed to functions like myelin maintenance [246] and cell differentiation [247]. 

However, it can misfold into its aggregation prone isoform PrPSc, which is associated with 

diseases such as Creutzfeldt-Jakob disease. In this state, it has been shown to spread from cell 

to cell, converting endogenous PrPC into the misfolded isoform and resulting in rapid spread 

of neurodegeneration [248]. In a similar fashion, α-syn aggregates have been shown to spread 

between cells, enabling a prion-like mechanism of propagation [249], albeit without being 

transmissible between species or humans. 

4.1. Evidence for prion-like propagation of α-synuclein 

The first evidence of systematic pathological propagation in PD was proposed by Braak et al. 

in the early 2000s. They classified disease onset into six distinct stages, in which α-syn 

inclusions (Lewy bodies) spread in a predictable pattern from the peripheral and lower 

brainstem regions, advancing to the midbrain and finally to cortical areas [11,250]. A few 

years earlier, in an effort to restore dopamine production, dopaminergic neurons were 

transplanted into PD patients by different research groups. Although the grafted neurons 

survived for several years, post-mortem analysis revealed extensive α-syn aggregate 

formation within these new neurons, providing further evidence that pathological α-syn 

aggregates can propagate from diseased to healthy neurons over the course of the disease. 

Although the grafting strategy was considered clinically unsuccessful at the time, it has 

contributed significantly to solidify the prion-like propagation hypothesis [12,251]. 

These findings led to extensive research into animal models such as mice and monkeys 

[252,253]. Some research groups used α-syn aggregates isolated from post-mortem PD brains 

[253] or homogenates from mice with α-syn pathology [164,254], while others tested whether 

in vitro generated α-syn PFFs could similarly induce neurodegeneration [244,255]. 

Additionally, prion-like propagation has been demonstrated in cell lines such as SH-SY5Y 

cells [256,257]. In every case, the exogenously applied α-syn PFFs were capable of seeding 

the endogenous α-syn of the animal and cell model, demonstrating the prion-like propagation 

capacity of α-syn aggregates. Consistently, prion-like propagation has also been demonstrated 

in MSA, where transgenic mice injected with brain homogenates from MSA patients 

experienced neurodegeneration [258]. However, no direct evidence of cell-to-cell propagation 

of MSA pathology in humans has yet been reported, largely due to that the rareness of the 

disease has resulted in a shortage of clinical data [259]. These findings, together with the 

earlier observations from grafted neurons, established prion-like spread as a central concept 

in PD pathogenesis.  
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4.2. Mechanisms of α-synuclein prion-like propagation 

The mechanisms by which α-syn aggregates propagate between neurons are not yet fully 

understood, but several cellular pathways have been implicated in the process.  

 

 
Figure 11. Illustration of the prion-like propagation of α-synuclein aggregates between a 

donor cell and an acceptor cell via the endosomal pathway. Aggregates are released by the 

donor cell either packaged within vesicles or by direct secretion into the extracellular space 

and taken up by the acceptor cell mainly through endocytosis. Once in the endosomal 

pathway, the aggregates can induce rupture of endolysosomes and escape into the cytosol. In 

the cytosol, the aggregates can seed the formation of new α-synuclein aggregates by 

recruiting endogenous α-synuclein. 

 

The primary mechanisms by which α-syn aggregates spread between neurons in a prion-like 

fashion involve their release from donor cells followed by uptake into acceptor cells [249], as 

illustrated in Fig. 11. In this pathway, α-syn aggregates can be secreted directly from neurons 

into the extracellular space [260] or packaged within vesicles, such as exosomes [261,262]. In 

addition, microglia have also been implicated in secreting exosomes loaded with aggregated 

α-syn aggregates [263]. Following secretion, internalization by the acceptor neuron occurs 

predominantly through endocytic routes, including for example macropinocytosis mediated 

by the binding of α-syn aggregates to cell-surface heparan sulfate proteoglycans (HSPGs) 

[264], or processes dependent on clathrin, caveolae, and actin dynamics [265]. Receptor-

mediated endocytosis via the lymphocyte activation gene 3 (LAG3) receptor has been 

suggested [265], and possibly also via neurexin 1β, and APLP1 [266]. Another receptor 

which has been recently implicated in the endocytic uptake of α-syn aggregates is 

FAM171A2, where its overexpression enhanced aggregate internalization, whereas the 

knockdown showed adverse effects [267]. Furthermore, aggregate size has been shown to be 

an important determinant of α-syn uptake, with larger aggregates exhibiting a reduced uptake 

efficiency and an overall lower cytotoxicity compared to smaller aggregates [160,257]. Once 

internalized, α-syn aggregates are typically routed through the endolysosomal pathway, first 

entering early endosomes (~pH 6), which then mature into late endosomes (~pH 5.5) and 
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ultimately fuse with lysosomes to form endolysosomes (~pH 5), where the aggregates should 

normally be degraded [268]. It has furthermore been shown that α-syn aggregates can escape 

from endolysosomal compartments by inducing vesicle membrane rupture [269,270], 

constituting an ill-defined, but important mechanism of entry to the cytosol. Once released, 

the exogenous α-syn aggregates can seed the formation of new aggregates by recruiting the 

endogenous cytosolic or presynaptic α-syn, thereby driving the prion-like propagation of 

pathology [271,272]. Although these key steps in the propagation pathway have been defined, 

important information on how different α-syn assemblies and polymorphs trigger each event 

is still missing, making the molecular and mechanistic understanding of the process 

incomplete. The uptake of exogenous α-syn variants and their distinct abilities to seed 

endogenous α-syn is a central focus of paper IV. 

 

 
Figure 12. Illustration of the prion-like propagation of α-synuclein aggregates between a 

donor cell and an acceptor cell via tunneling nanotubes (TNTs). When a neuron is 

overloaded with α-synuclein aggregates, it can offload part of this burden by transferring 

aggregates to a neighboring cell via TNTs. Once the transferred endolysosomes enter the 

recipient cell, they can rupture and seed the formation of aggregates by recruiting 

endogenous α-synuclein. 

 

Another way by which α-syn aggregates can spread to nearby cells is through direct transfer 

via tunnelling nanotubes (TNTs), as illustrated in Fig. 12. TNTs are filaments primarily 

composed of actin which act as bridges that connect donor and recipient cells, enabling direct 

intercellular communication and exchange of cellular components, including macromolecules 

and organelles [273]. Studies on both α-syn [274] and tau [275] have suggested that neurons 

can use TNTs to distribute the aggregate burden from an overwhelmed cell to a nearby 

healthier cell. Specifically, for α-syn, it has been suggested that α-syn fibrils can stimulate the 

formation of TNTs. Once these nanotubes form, lysosomes which were overburdened with α-

syn aggregates were transferred through the TNTs to the healthier cell. The transferred 

aggregates could then escape the lysosomes and seed endogenous α-syn, thereby promoting 

the propagation of pathology [276].  



25 
 

5. Methodology 

In this chapter, a brief description of the methodology and how each method was applied in 

the research underlying the papers will be given. A more detailed description can be found in 

each respective paper and manuscript. 

5.1. Expression and purification of recombinant α-synuclein 

Recombinantly produced WT α-syn was used in all experiments in this thesis (papers I-IV). 

Additionally, recombinantly produced mutant α-syn (A30P, E46K, H50Q, A53T) was used in 

papers II-IV. 

To obtain reliable aggregation kinetics, and because α-syn is prone to self-assembly, it is 

essential to start experiments with a high-purity, monomeric α-syn preparation. To achieve 

this, monomeric α-syn is typically produced recombinantly by expressing the protein in 

Escherichia coli (E. coli) bacteria, followed by a series of purification steps. 

In this thesis, both WT and mutant (A30P, E46K, H50Q, A53T) α-syn were recombinantly 

expressed in E. coli BL21(DE3) carrying a pLysS plasmid, which helps control expression 

levels and prevents reduced protein yield that can result from host cell stress upon production 

of toxic proteins and protein aggregates. α-syn was further purified using an acid 

precipitation protocol [277], in which E. coli cells were lysed by sonication and 

contaminating proteins were precipitated by lowering the pH to 3.5, leaving α-syn in the 

supernatant. This separation is effective due to the intrinsically disordered structure and low 

isoelectric point (pI ~ 4.7) of α-syn, which keeps the protein soluble. In contrast, many 

globular proteins present in E. coli bacteria tend to unfold at low pH due to their high pIs, 

which exposes their hydrophobic cores, promotes aggregation and subsequent precipitation. 

Following precipitation, the pH of the α-syn containing supernatant is increased back to pH 

7.5.  

α-syn was further purified by two chromatography steps. In the first step, an anion exchange 

chromatography column was used to remove positively charged proteins. The bound protein 

was then eluted using a salt gradient, producing chromatographic peaks that reflect 

differences in binding affinity to the stationary phase. Proteins with weaker interactions elute 

earlier, while those with stronger interactions elute later, resulting in further separation. In the 

second step, size-exclusion chromatography (SEC) was performed, in which the sample 

passes over a porous stationary phase. Smaller proteins diffuse into the pores and are delayed 

while larger proteins cannot enter and elute earlier. Under these conditions, α-syn usually 

elutes as a single peak. After the chromatography steps, the fractions containing α-syn are 

aliquoted and thereafter stored in -80 ºC. 

Prior to all experiments performed in papers I-III, an additional SEC was conducted to 

monomerize the protein and remove aggregates potentially formed in the freeze-thaw process 

which could influence the aggregation kinetics. In paper IV, this step was replaced by using 

50 kDa centrifugal filters under a LAF bench to keep the monomeric solutions sterile and to 

minimize the loss of protein associated with column chromatography. 
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5.2. Aggregation kinetics of WT and mutant α-synuclein 

Thioflavin-T (ThT) fluorescence was used to monitor the aggregation kinetics of α-syn fibril 

formation. ThT is the “gold standard” dye to monitor fibril aggregation kinetics in vitro due 

to its property of fluorescence enhancement upon binding to the cross-β-sheet of amyloid 

fibrils [278]. ThT is a benzothiazole dye which consists of a benzothiazole ring connected to 

a phenylamine ring by a carbon-carbon bond (Fig. 13). In its unbound state, the benzothiazole 

and phenylamine rings of ThT rotate freely around the central carbon-carbon bond. In this 

conformation, ThT has an excitation maximum of ~385 nm and an emission maximum of 

~445 nm, but exhibits only weak (negligible) fluorescence. In contrast, when ThT binds to 

the cross-β-sheet structure of amyloid fibrils, the rotation is inhibited, and its excitation 

maximum shifts to ~450 nm and the emission maximum to ~482 nm, accompanied by an 

approximately 1000-fold increase in fluorescence intensity compared to the unbound dye, 

which makes it particularly well suited for monitoring fibril formation [279]. A ThT 

concentration of 20 µM was used in all aggregation kinetics experiments, which provides a 

strong fluorescence signal without influencing the aggregation process at the protein 

concentrations (50 µM α-syn) used [280]. 

 

 
Figure 13. The chemical structure of thioflavin-T. The rotation around the carbon-carbon 

bond is marked with an arrow. 

 

In paper I, the aggregation kinetics of WT α-syn were monitored in the presence of varying 

concentrations of different cations (Li+, Na+, K+) using a plate reader. An orbital-shaking 

protocol with beads was used to accelerate fibrillation while still preserving a measurable lag 

phase [281]. In papers II-III a different strategy was adopted. Pre-formed fibrils (PFFs), 

prepared according to the standardized and highly reproducible Michael J Fox foundation 

protocol [282], were used as seeds to promote aggregation under quiescent conditions in a 

plate reader. This seed-based approach largely abolishes the lag phase of α-syn aggregation. 

At moderately high seed concentrations, the kinetics are dominated by secondary nucleation, 

whereas at high seed concentrations elongation dominates [156]. Additionally, in paper II the 

standard aggregation kinetic setup was modified by introducing a fragmentation step once the 

reaction reached the plateau phase. This cycle was repeated several times to monitor how the 

aggregation kinetics and morphology of the fibrils changed with each subsequent 

aggregation, establishing an entirely new means of studying aggregation. 

From the aggregation kinetics curves, several key parameters can be extracted such as the lag 

time (the time required to reach 10% fibril mass), the half-time (the time required to reach 

50% fibril mass), and the growth time (the interval between 10% and 90% fibril mass). To 

determine these parameters reliably, the raw fluorescence values must first be normalized. In 
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paper I lag-, half-, and growth-times calculated for all kinetic curves, whereas in paper III 

only the half-time was evaluated. Further, by fitting the raw ThT fluorescence to a model of 

exponential fibril growth, additional quantitative parameters such as the elongation rate 

constant (k+) and elongation speed were estimated in paper II. 

5.3. Absorption spectroscopy 

Absorption spectroscopy is a method that measures the amount of light that is absorbed by a 

sample as it passes through it. Absorbance is measured using an absorbance 

spectrophotometer which in its simplest form consists of a light source, a monochromator and 

a detector (Fig. 14). Measurements are usually performed in the ultraviolet-visible range 

(~200-700 nm) using either a combination of a deuterium and a tungsten-halogen lamp or a 

single xenon flash lamp to cover the whole range.  

 

 
Figure 14. Schematic illustration of an absorbance spectrophotometer. After passing through 

the monochromator and selecting the wavelength of interest, incoming light of intensity I0 is 

passed through a sample with path length l, and the intensity of the transmitted light I is 

detected. Comparing the intensity of the incoming light and the transmitted light using Eq. 1 

gives the absorbance of the sample. 

 

The monochromator positioned after the light source selects the wavelength of interest and 

directs it to the sample. The sample is usually kept in a cuvette made of quartz, due to its low 

inherent absorption and hence high transparency in the UV-Vis range. Some light will be 

absorbed by the sample, whereas the remaining light is transmitted to the detector. The 

logarithm of the ratio between the incoming light (I0) and the transmitted light (I) defines the 

absorbance (A) (Eq. 1). 

𝐴 = 𝑙𝑜𝑔
𝐼0

𝐼
                                                               (1) 

Typically, absorbance measurements are performed over a range of selected wavelengths and 

represented as an absorbance spectrum. From the absorbance (A), the extinction coefficient 

(ε), which is defined by how strongly light is absorbed by a sample at a given wavelength and 

the optical path length (l), the concentration (c) of the sample can be calculated. This 

relationship is described by the Beer-Lambert law (Eq. 2). 

                                                                  𝐴𝜆 = ε𝜆lc                  (2) 

For proteins, absorbance is typically measured at 280 nm because the aromatic amino acids 

tryptophan and tyrosine strongly absorb at this wavelength. The extinction coefficient at 280 
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nm is the sum of the individual contributions from the aromatic amino acids in the protein, 

which for α-syn, with its four tyrosine’s, is ε280 = 5,960 M-1cm-1. In papers I-IV, absorbance 

measurements are used to determine the concentration of α-syn prior to aggregation and the 

residual monomer content in supernatants of aggregated samples at the end-point of 

aggregation (as a means to estimate fibril yield).  

5.4. Fluorescence spectroscopy  

Fluorescence spectroscopy measures the light emitted by a sample after it has been excited by 

a light source. Excitation is closely linked to absorption, and for many molecules the 

excitation spectrum overlaps with the lowest energy absorption band. When a molecule is 

excited, it absorbs light and transitions from the ground sate to an excited state. Part of the 

energy it absorbs can be emitted as a photon when the molecule relaxes back to its ground 

state, which can be detected by a fluorescence spectrophotometer. A simple fluorescence 

spectrophotometer typically consists of a light source, usually a xenon arc lamp which 

provides a broad and continuous spectrum of light, two monochromators (or filters), which 

select for a wavelength of interest, and a detector (Fig. 15).  

 

 
Figure 15. Schematic illustration of a fluorescence spectrophotometer. Light from the light 

source passes through the first monochromator, selecting the excitation wavelength of 

interest. The incident light excites the sample, which emits light that is selected by the second 

monochromator and passed to the detector at a 90º angle to the incident light.  

 

The sample is placed in between the monochromators. The first monochromator isolates a 

narrow band of wavelengths from the light source and directs it onto the sample. The 

resulting fluorescence from the sample is passed through the second monochromator, which 

selects the emission wavelength that reaches the detector. To reduce interference from 

transmitted or reflected light, the detector is usually placed at a 90º angle from the incident 

light. By fixing the excitation wavelength through the first monochromator and varying the 

emission wavelength using the second monochromator, an emission spectrum can be 
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recorded. In contrast, varying the excitation wavelength of the incident light and fixing the 

emission wavelength produces an excitation spectrum. In papers I-IV fluorescence 

spectroscopy was used to verify the presence or absence of fibrils using ThT fluorescence. In 

paper III time-resolved fluorescence spectroscopy was used to measure fluorescence lifetime 

of different fibril variants in the presence of ThT. In paper IV, fluorescence spectroscopy was 

used to measure emission spectra of fibrils with ATTO488 and pHrodo fluorophores. Finally, 

in papers I-III high-throughput fluorescence spectroscopy using a plate-reader setup was 

used to monitor the aggregation kinetics of WT and mutant α-syn fibrils. 

5.5. Fluorescence lifetime spectroscopy 

When a fluorophore is excited, the subsequent emission of a photon typically occurs on 

timescales ranging from pico- to microseconds. The average time between the excitation of a 

fluorophore and the emission of a photon is known as the fluorescence lifetime. The most 

widely used method nowadays for measuring fluorescence lifetimes is time-correlated single 

photon counting (TCSPC), which is schematically shown in Fig. 16. In TCSPC, a pulsed light 

source, usually a laser, excites the sample at defined time intervals using a fixed wavelength. 

In tandem, each excitation pulse triggers a start signal in the time-to-amplitude converter 

(TAC). When an emitted photon is detected, it generates a stop signal. The TAC converter 

measures the time difference between the start and stop signal, after which the signal is 

digitalized by the analogue-to-digital converter (ADC) and the data is stored in digital 

memory (MEM). By repeatedly recording many thousands of such photon arrival times, 

either until a target of counts is reached in the top channel or during a predefined acquisition 

time, a histogram of photon counts versus time is constructed, representing the fluorescence 

decay. Once all photon counts are collected, the data can be fitted to an appropriate 

exponential decay model to obtain one or several fluorescence lifetimes (τ), which reflect the 

fluorophore’s photophysical properties and the local environment in which it resides. 

Differences in fluorescence lifetimes can provide sensitive information about the 

fluorophore’s microenvironment and hence sample properties. In paper III, ThT fluorescence 

lifetimes are used to probe structural differences in α-syn amyloid fibrils formed by self-

seeding and cross-seeding of WT, A30P, E46K, H50Q, A53T fibrils, providing detailed 

insights into the conservation and evolution of fibril polymorphs. 
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Figure 16. Schematic illustration of a time-correlated single photon counter (TCSPC). A 

sample is excited by a pulsed laser at a fixed wavelength and time interval. Simultaneously, 

the laser initiates a start signal in the time-to-amplitude converter (TAC). When a photon is 

emitted by the sample a stop signal is triggered in the TAC. The time between start and stop is 

measured, converted to a digital signal by the analogue-to-digital converter (ADC) and 

stored in digital memory (MEM). Thousands of photons are recorded and used to construct a 

histogram of counts versus time, from which the fluorescence lifetime can be calculated. 

 

5.6. Circular dichroism spectroscopy 

In contrast to conventional absorption spectroscopy, which uses unpolarized light, circular 

dichroism (CD) spectroscopy measures the difference in absorption between left- and right-

handed circularly polarized light (Eq. 3). 

                                                              ∆𝐴 =  𝐴𝐿 − 𝐴𝑅                                       (3) 

Circularly polarized light is chiral and cannot be superimposed on its mirror image. 

Therefore, the sample must contain chiral molecules to generate a CD signal. Many 

biological molecules, such as DNA, carbohydrates and proteins are inherently chiral and are 

thus well suited for CD measurements. A CD spectrophotometer consists of a light source, 

typically a xenon arc lamp, a monochromator which isolates a narrow band of wavelengths, a 

linear polarizer which converts unpolarized to polarized light and a photo elastic modulator 

(PEM) which alternates the polarized light between left-handed (AL) and right-handed (AR) 

circular polarized light. The resulting differential absorption of AL and AR by the sample is 

then detected by a photomultiplier tube (PMT) detector. Commonly, CD spectroscopy is used 

for measuring the secondary structure content of protein samples, as it can distinguish 

between α-helices, β-sheets and random coil conformations due to the chirality of peptide 

bonds and the specific geometric configuration of secondary structure motifs which appear 

with highly characteristic spectral signatures. α-helices produce CD spectra defined by 

double negative peaks at ~222 nm and ~208 nm, and a positive peak at 190-195 nm. β-sheets 

produce a single negative peak at ~218 nm and a positive peak at 195 nm, whereas random 

coil conformations produce a single negative peak at ~195 nm (Fig. 17). 
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Figure 17. Schematic illustration of a circular dichroism (CD) spectrophotometer. Light from 

the light source passes through a monochromator which selects a narrow band of 

wavelengths, the linear polarizer converts the unpolarized light to polarized light, the photo 

elastic modulator (PEM) alternates the polarized light between left-handed (LCP) and right-

handed (RCP) circular polarized light. The difference in absorption of LCP and RCP by the 

sample is then detected by the photomultiplier tube (PMT) detector which results in 

characteristic negative peaks for α-helix (222 nm, 208 nm, black line), β-sheet (218 nm, red 

line), and random coil (195 nm, green line). 

 

Since many amyloid forming proteins, including α-syn, are intrinsically disordered, they 

adopt a random-coil conformation in their monomeric state. As these proteins aggregate into 

amyloid fibrils, they adopt the characteristic cross-β-sheet structure, and the transition from 

random coil to β-sheet can be monitored by CD spectroscopy. Conversely, the reverse 

transition from β-sheet back to random coil can also be detected, allowing the thermodynamic 

stability of fibrils to be determined [283]. This can be achieved by, for example, increasing 

the temperature, or by lowering the temperature of certain proteins, such as α-syn [88]. 

Typically, a CD spectrophotometer reports data as ellipticity (θ), which is reported in 

millidegrees (mdeg). For protein samples, however, the raw ellipticity is usually converted to 

mean residue molar molar ellipticity [θ] (deg*cm2/dmol) which normalizes the signal for 

concentration and the average molecular weight of the amino acids the protein contains, 

allowing for comparison of the structural content between different samples. 

CD spectroscopy is used in papers I, III, IV to determine secondary structure content of 

fibril samples following α-syn aggregation reactions and in the supporting information of 

paper II to monitor the loss of β-sheet structure during cold denaturation. 
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5.7. Atomic force microscopy 

Atomic force microscopy (AFM) is a high-resolution microscopy technique that utilizes a 

sharp probe, often made of silicon, to scan the surface of a sample and measures the 

interaction forces, both attractive and repulsive, including van der Waals forces, electrostatic 

forces, and dipole-dipole interactions, between the tip and the sample. AFM can, for example, 

be used to probe the topography of a sample, including quantitative measurements such as the 

height and length of individual sample constituents, as well as to obtain information about 

mechanical properties. Due to not being limited by light diffraction, unlike light-based 

microscopes, AFM can achieve resolutions down to 1-10 nm, or even lower depending on 

sampling conditions. 

The main components of an AFM include the probe, which consists of a reflective cantilever 

with a sharp tip on the non-reflective side and a laser, which is focused on the cantilever, and 

reflected onto a photodiode. The photodiode converts changes in the reflected laser position 

into an electric current and allows the detector to measure the cantilevers deflection. A 

feedback control system processes the signal received by the detector and the piezoelectric 

scanner adjusts the stage which moves the sample vertically to maintain a constant interaction 

between the tip and the sample, while the scanner simultaneously moves the sample laterally 

in a predefined raster pattern (Fig. 18).  

 

 
Figure 18. Schematic illustration of an atomic force microscope. A laser directed at the 

cantilever is reflected onto a photodiode and the signal is received by the detector which 

measures the cantilevers deflection. A feedback control system processes the signal, and the 

piezoelectric scanner adjusts the stage vertically, maintaining a constant interaction between 

tip and sample. Simultaneously, the scanner moves the sample laterally in a predefined raster 

pattern. 
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The most commonly used AFM operating mode is semi-contact, also known as tapping 

mode. It utilizes vibration of the cantilever near its resonance frequency to maintain 

intermittent contact between the tip and the sample. Semi-contact mode significantly reduces 

lateral forces, and damage to the sample which makes it the preferred mode of imaging for 

biomacromolecules and polymers, such as amyloid fibrils. Another essential component in 

AFM is the substrate used to mount the sample. To achieve a good contrast between the 

sample and the background, the substrate must have an atomically smooth surface. For 

imaging amyloid fibrils, a mica sheet, typically composed of muscovite is used as the 

substrate. Mica sheets are hydrophilic and negatively charged, making it suitable for fibril 

adsorption to the surface. Finally, specialized software is required to visualize and analyze the 

data produced with an AFM. In this thesis, AFM images were processed using Gwyddion 

[284], WSxM [285] and Easyworm [286] to visualize fibril morphology, and to measure the 

lengths, heights, and persistence lengths of α-syn fibrils.  

AFM was used in papers I-IV to visualize fibril morphology following aggregation. 

Furthermore, in paper I AFM was used to measure the persistence lengths of fibrils formed 

in the presence of different monovalent cations and concentrations. In paper II length and 

height distributions of WT and mutant fibrils were determined following multiple rounds of 

aggregation and fragmentation. Finally, in paper IV, AFM was used to verify uniform size 

distribution of WT and mutant fibrils prior to their addition to cells. 

5.8. Flow cytometry 

Flow cytometry is a high-throughput, fluorescence-based technique that analyzes individual 

cells or particles to measure their physical and biochemical characteristics. The advantage of 

flow cytometry is the ability to rapidly measure multiple characteristics of interest, such as 

estimating the size and granularity of cells, identifying different cell types in a sample, 

distinguishing between live and dead cells, and quantifying the abundance of fluorescently 

labelled proteins or other fluorescently labelled molecules of interest. 
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Figure 19. Schematic illustration of a flow cytometer. Cells are injected into the fluidic 

system and aligned by hydrodynamic focusing of the cells by using sheath fluid with a 

laminar flow. Cells are passed through the laser one at a time and the forward scatter (FSC), 

side scatter (SSC), and fluorescent light (FL1-FL3) is detected, allowing measurement of 

multiple characteristics of interest simultaneously.  

 

The main components of a flow cytometer include the fluidics system, the optical system and 

the detectors (Fig. 19). The cell suspension is injected into the flow cytometer’s fluidic 

system, where hydrodynamic focusing aligns cells into a single line by using sheath fluid 

with a laminar flow, ensuring that the cells pass through the laser one at a time. The cells pass 

through one or more laser beams in the optical system, causing them to scatter light. If they 

contain fluorescent markers that correspond to the laser’s excitation wavelength, those 

markers are excited and emit fluorescent light. Light scattered in the direction of the laser 

beam is detected by the forward scatter (FSC) detector, which is used for estimating cell size. 

Light scattered at a 90º angle is routed to the side scatter (SSC) detector, where the detected 

light reports on granularity (complexity) of a cell. By plotting FSC against SSC, it is possible 

to distinguish different cell populations from each other, and identify dead cells, debris, and 

clumped cells. This plot provides the first essential separation of events in flow cytometry, 

and gating is then used to separate specific cell populations for downstream analysis. 

Fluorescent light emitted by markers added to the cells is separated by wavelength using 

dichroic mirrors and directed to specific fluorescence detectors (FL1, FL2, FL3). Before 

reaching each detector, the light passes through a bandpass filter that selects a narrow 

wavelength range appropriate for that channel. Depending on the marker used, the 

fluorescence signal can be applied for downstream analysis, such as assessing cell viability, 

identifying cell populations by cell specific markers, or quantifying specific proteins within 

the cells. 

Flow cytometry was used in paper IV to monitor the uptake of WT, A30P, E46K, H50Q, and 

A53T α-syn fibrils in SH-SY5Y cells. Monomeric α-syn was labeled with ATTO488, which 

provides stable fluorescence independent of its environment or with pHrodo, whose 
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fluorescence intensity increases as pH decreases, which is relevant for the acidic environment 

in the endolysosomal system. The labeled monomers were then mixed with unlabeled protein 

to produce sparsely double-labeled amyloid fibrils. This enabled their cell uptake to be 

monitored and distinguished from cell surface associated fibrils in studies using SH-SY5Y 

cells.  
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6. Original Work 

In this chapter, I present an overview of the key findings of this thesis and discuss their 

contribution to the field. In the first part, I compare how different monovalent cations affect 

the aggregation kinetics and morphology of the resulting WT α-syn amyloid fibrils (paper I). 

I then extended the scope of the subsequent projects to include the familial α-syn mutants 

A30P, E46K, H50Q, and A53T (papers II-IV). In paper II, I investigated how fragmentation 

influences the aggregation kinetics and morphology of WT and mutant α-syn amyloid fibrils. 

I then extended this work in paper III by examining how self-seeding and cross-seeding 

among the different α-syn variants affect their aggregation behavior and structural properties. 

Finally, in paper IV, uptake efficiencies of the WT and mutant α-syn fibrils and cellular 

responses were monitored in SH-SY5Y cells. Furthermore, the seeding efficiencies and 

resulting inclusion morphologies of the different fibril variants were assessed in primary 

neuronal cultures from rats and mice. 
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6.1. Monovalent cations have distinct effects on the aggregation 

kinetics and morphology of α-synuclein fibrils 

Salts play a well-established role in protein aggregation by shielding charges, reducing 

electrostatic repulsion, and modulating intermolecular interactions, thereby facilitating 

aggregation and influencing aggregation kinetics. While it has been shown that various 

anions [148] and multivalent cations [287] have distinct effects on the aggregation of α-syn, 

the role of monovalent cations has received considerably less attention, possibly because their 

relative effects have been regarded as minimal due to their identical charge. During my 

master’s thesis I worked with α-syn aggregation in the presence of potassium chloride (KCl) 

to replicate aggregation conditions in a published structural report [20]. After starting my 

PhD, I replaced KCl with sodium chloride (NaCl), and this change revealed a noticeable 

difference in the morphology of the resulting fibrils observed using AFM. Under KCl 

conditions individual fibrils were easy to distinguish, whereas in NaCl they tended to much 

more frequently appear in clusters. I noticed that researchers often relied on their preferred 

chloride salts without paying much attention to the specific monovalent cation, and 

sometimes even used these salts intermixedly [20]. 

In paper I, this observation prompted me to examine how different monovalent cations (Li+, 

Na+, and K+) influence WT α-syn fibril formation, including effects on aggregation kinetics 

and fibril morphology. 

 

 
Figure 20. Aggregation kinetics of α-syn in the presence of different chloride salt solutions. 

(A–F) Normalized ThT fluorescence measurements of 50 µM α-syn aggregated at 37 ºC (pH 

7.4, 20 mM Tris-HCl, 200 rpm orbital shaking) in the presence of LiCl, NaCl, or KCl at 

different concentrations (n = 3). Reproduced from Havemeister et al., 2023, ´Monovalent 

cations have different effects on assembly kinetics and morphology of α-synuclein amyloid 

fibrils´, Biochemical and Biophysical Research Communications, under the CC BY 4.0 

license.   
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By following α-syn aggregation with a ThT assay across a range of monovalent cation 

concentrations (50-300 mM, chloride salts), I observed distinct cation- and concentration 

dependent effects. At the lowest concentration (Fig. 20A), K+ promoted the most rapid 

aggregation kinetics, while Na+ resulted in the slowest aggregation kinetics. Increasing salt 

concentration progressively inverted this relationship (Fig. 20B-F), while Li+ displayed 

intermediate kinetic behavior throughout the concentration range (Fig. 20A-F). The 

aggregation-promoting effects observed for α-syn in the presence of Na+ and Li+ are 

consistent with earlier findings showing that charge neutralization by various anions [148] 

promotes α-syn aggregation, and that various salts can accelerate fibril formation of several 

other amyloid-forming proteins [288-290]. In contrast, increasing the concentration of K+ 

resulted in clear aggregation-retarding effects, resembling the slowed α-syn fibrillation 

reported under acidic conditions [291] and the inhibitory influence of multivalent metal ions 

on other amyloidogenic systems [292,293]. The divergent behaviors of Na+/Li+ versus K+ can 

in part be explained by their different interactions with carboxylate groups, where Na+ binds 

most strongly, followed by Li+, whereas K+ shows markedly weaker affinity [294]. This trend 

is consistent with the empirical matching water affinities principle, which attributes ion-

specific effects to differences in hydration enthalpies and the tendency of ions to associate 

with counterions of similar hydration enthalpies [295] 

These findings strongly suggest that monovalent cations, in addition to anions and 

multivalent cations, play a significant role in modulating the aggregation kinetics of α-syn 

amyloid fibril formation, and that this effect varies with concentration. The results are 

physiologically relevant because the high intracellular concentration of K+ and the transient 

Na+ influxes that occur along the axons during neuronal activity modulate α-syn behavior in 

its native cellular environment. 

 

 
Figure 21. Quantification of α-syn aggregation kinetics under the conditions assayed in Fig. 

20. (A) lag times, (B) half times, and (C) growth times. The 0 mM salt condition is shown for 

reference. Error bars represent SD (N = 2; n = 3). Reproduced from Havemeister et al., 

2023, ´Monovalent cations have different effects on assembly kinetics and morphology of α-

synuclein amyloid fibrils´, Biochemical and Biophysical Research Communications, under 

the CC BY 4.0 license. 

  

To identify which step of the aggregation process is most affected by the different 

monovalent cations, I extracted the lag, half, and growth times from the aggregation curves in 

Fig. 20. The largest cation effects were observed for the lag time. Both Li+ and Na+ shortened 

the lag phase in a concentration dependent manner, whereas K+ produced the opposite trend 

(Fig. 21A). In contrast, the growth time was largely unaffected by either the type or 
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concentration of the monovalent cation (Fig. 21C). These observations strongly suggest that 

the aforementioned factors affecting the divergent behaviors of Na+/Li+ versus K+ primarily 

influence primary nucleation. 

 

 
Figure 22. Salt-dependent changes in fibril yield and secondary structure. (A, B) 

Quantification of residual monomer (A) and fibril yield (B) based on absorbance of the 

supernatant. The initial monomer concentration was 50 µM. (C) Circular dichroism (CD) 

signal at 218 nm reflecting β-sheet content in non-centrifuged end-point samples. (A-C) 

Measurements include 0 mM and 50-300 mM salt conditions (50 mM intervals). Error bars 

denote SD (N = 2, n = 3). Adapted from Havemeister et al., 2023, ´Monovalent cations have 

different effects on assembly kinetics and morphology of α-synuclein amyloid fibrils´, 

Biochemical and Biophysical Research Communications, under the CC BY 4.0 license. 

  

The influence of monovalent cations was also assessed with respect to residual monomer 

content, fibril yield and β-sheet content using absorption spectroscopy and circular dichroism 

spectroscopy (CD) (Fig. 22). Although the residual monomer content and fibril yield 

remained largely unaffected by the cation type (Fig. 22A-B), small differences in β-sheet 

content were observed (Fig. 22C). Li+ and Na+ produced slightly higher β-sheet content than 

K+, which may reflect the intrinsic properties of the ions. Li+ and Na+ are kosmotropic ions 

and tend to stabilize protein structures [296], whereas K+ is weakly chaotropic and can 

promote structural destabilization [297]. My data suggest that this also affects protein 

aggregate structure. Moreover, these ion-specific kosmotropic and chaotropic properties 

likely also contribute to the differences in aggregation behavior observed in Figure 20-21. 
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Figure 23. Salt-dependent morphological changes in α-syn fibrils. (A-C) Representative AFM 

micrographs of fibrils assembled in 100 mM LiCl (A), NaCl (B), or KCl (C). (D-E) 

Distributions of contour length (D) and persistence length (E) for fibrils formed across 0-300 

mM salt (50 mM intervals). Error bars denote SD (n = 200). (F-H) Fibrils aligned 

horizontally to their initial tangent for comparative visualization: LiCl (F), NaCl (G), KCl 

(H). Reproduced from Havemeister et al., 2023, ´Monovalent cations have different effects on 

assembly kinetics and morphology of α-synuclein amyloid fibrils´, Biochemical and 

Biophysical Research Communications, under the CC BY 4.0 license. 

 

Finally, the α-syn fibrils formed at increasing concentrations of each monovalent cation were 

analyzed by atomic force microscopy (AFM). From these images, I quantified the contour 

length and persistence length to enable a comparative analysis of the physical properties of 

the fibrils (Fig. 23). The AFM images (Fig. 23A-C) showed that fibrils formed in the 

presence of Na+ (Fig. 23B) displayed a greater tendency to cluster compared to fibrils formed 

in the presence of K+ (Fig. 23C). Fibril length (Fig. 23D) remained largely independent of the 

monovalent cation used during aggregation. This can likely be attributed to the shaking 

conditions and glass bead used to enhance aggregation, which induces fragmentation and 

hence is a strong determinant of fibril length in the assayed system. In contrast, analysis of 

the persistence length (Fig. 23E), a measure of fibril rigidity which is defined by the distance 

over which the fibril maintains a straight trajectory, revealed that fibrils formed in the 

presence of K+ were substantially more rigid than those formed in the presence of Li+ and 

Na+. This observation aligns with previous findings showing that fibrils with a higher net 

protein charge tend to be more rigid [298], consistent with the lower binding affinity of K+ to 

carboxylate groups [294]. This increased rigidity, and putatively charge, is likely to reduce 

the propensity of fibrils to cluster. The observation that monovalent cations can affect 

clustering propensity of fibrils may have implications for how α-syn fibrils organize into 

larger inclusion bodies, including Lewy bodies and Lewy neurites. 
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In summary, I demonstrated in paper I that monovalent cations play a substantial role in 

modulating the aggregation kinetics of α-syn fibril formation, with clear implications in both 

physiological processes and experimental design. I show that the type and concentration of 

monovalent cation can markedly influence primary nucleation, underscoring the need for 

careful consideration when selecting buffer composition for in vitro studies. Mechanistically, 

these effects can be partly explained by the distinct affinities of different monovalent cations 

for carboxylate groups and the empirical matching water affinities principle [295], which 

gains physiological relevance in the cell where α-syn is exposed to high intracellular levels of 

K+, and transient influxes of Na+ during neuronal activity. Beyond kinetics, I also 

demonstrated that monovalent cations can subtly influence the structural properties of the 

resulting fibrils. Differences were observed in β-sheet content as well as in fibril morphology, 

including rigidity and clustering propensity, parameters that may be important depending on 

the experimental or biological context. These findings raise the question of whether 

monovalent cations might also influence deeper structural features, such as internal packing 

and polymorph selection, which has previously been demonstrated for anions [20]. Finally, 

the observed effects on clustering may have relevance for PD, where Lewy bodies and Lewy 

neurites, which are primarily composed of α-syn aggregates, are pathological hallmarks. 

Understanding how monovalent cations influence both the aggregation kinetics and fibril 

morphology could therefore provide insights into primary nucleation and inclusion formation 

in vivo. 

The main findings of paper I, specifically that Na+ shortens the lag time in a concentration 

dependent manner by promoting primary nucleation while also stabilizing fibril structure, 

motivated my decision to use NaCl as the salt throughout the remainder of this thesis. These 

results also prompted me to do deeper investigation into the mechanisms governing α-syn 

aggregation kinetics and fibril structure, which I pursued in papers II-III 
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6.2. Impact of fragmentation on α-synuclein fibril formation 

Having established that monovalent cations influence the aggregation kinetics and 

morphology of WT α-syn (paper I), I next examined how fragmentation affects aggregation 

kinetics and fibril morphology. To broaden the scope, I extended the analysis to include the 

familial α-syn mutants A30P, E46K, H50Q, and A53T, several of which are already known to 

form distinct fibril polymorphs (chapter 3.2), suggesting that they may also be differently 

susceptible to fibril breakage. Thus, in paper II, I investigated whether these mutants show 

different mechanistic responses and morphological outcomes when exposed to fragmentation 

compared to WT α-syn fibrils. 

Studies in recent years on IAPP [22] and tau [23] have shown that in vitro generated fibrils 

are composed of heterogenous mixtures of polymorphs and that these populations can evolve 

over time through structural conversion. In this process, less stable polymorphs disassemble 

while more stable polymorphs form and grow, consistent with a rugged energy landscape 

model [299] in which multiple kinetically trapped polymorphs of similar stabilities can 

coexist. As described in chapter 3.2, α-syn aggregation in vitro is governed primarily by 

primary nucleation, elongation and secondary nucleation, while fibril fragmentation occurs at 

a comparatively slow rate. Consequently, fragmentation has been studied less extensively, 

even though it can modulate fibril growth by increasing the number of ends for elongation 

[87] and, inversely, facilitate disassembly by increasing the number of depolymerization sites 

[158].  

6.2.1. Fragmentation differentially alters the aggregation kinetics of WT and 

mutant α-synuclein 

To determine whether fragmentation can alter kinetic trajectories and increase structural 

conversion efficiency of WT and mutant (A30P, E46K, H50Q, A53T) variants of α-syn, I 

modified the standard ThT aggregation kinetics assay used in paper I to include an 

ultrasonication step after the reactions had reached the plateau phase, whereafter the samples 

were returned to the plate reader and allowed to re-aggregate. I also extended the 

conventional kinetic analysis by collecting samples for absorbance, SDS-PAGE and AFM 

prior to each ultrasonication step. This cycle was repeated multiple times to mimic the 

prolonged disease course of PD, during which, in theory, fibrils may undergo repeated rounds 

of growth and fragmentation (Fig. 24A). 
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Figure 24. Fibril fragmentation and re-aggregation in WT and mutant α-syn samples. (A) 

Schematic illustration of the experimental design. WT and mutant α-syn were subjected to 

multiple rounds of aggregation (A1-A4) and sonication (S1-S3) to generate shorter fibrils 

with increased number of ends while maintaining constant total α-syn concentration. Samples 

for absorbance spectroscopy, SDS-PAGE, and AFM were collected prior to each sonication, 

with additional AFM samples taken immediately afterward. Three independent experiments 

were conducted, and one representative dataset is shown (B-F) ThT-monitored aggregation 

kinetics for WT and mutant α-syn. Colored traces correspond to samples subjected to 

sonication at the indicated time-points whereas black traces represent continuously 

incubated controls. (G-K) Comparison of aggregation rates across A1-A4 for WT and mutant 

α-syn, displayed as normalized ThT fluorescence. (L-P) Distribution of WT or mutant α-syn 

(source material) between pellet and supernatant fractions at the end of A1-A4. C denotes 

end-point values for continuously incubated controls. Error bars represent SD (n = 2). All 

reactions contained 50 µM monomer, 2.5 µM PFFs, and 20 µM ThT in 20 mM Tris-HCl (pH 

7.4) incubated at 37 ºC without further monomer addition. Reproduced from Havemeister et 

al., 2026, ´Fragmentation-Induced Disassembly and Reaggregation of α-Synuclein Amyloid 

Fibrils´, ACS Chemical Neuroscience, under the CC BY 4.0 license. 
 

Using this modified ThT assay (paper II), I found that ultrasonication-induced fragmentation 

produced clear changes in the ThT trajectories of the α-syn variants compared with the 

samples left unfragmented (denoted the ‘continuous’ samples in paper II and Fig. 24). After 

each sonication step, most variants showed a drop in ThT intensity relative to the pre-

sonication level, strongly suggesting that fibrils rapidly disassemble upon fragmentation, 

resulting in a transient increase in the monomer pool available for renewed fibril growth. 
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During the subsequent re-growth phase, the variants separated into two distinct groups. WT 

and H50Q showed reduced ThT signal immediately after fragmentation but returned to 

approximately the same level as their respective ‘continuous’ samples (Fig. 24B-C). In 

contrast, A30P, E46K, and A53T showed reduced ThT fluorescence immediately after 

fragmentation but then exhibited progressively increasing ThT fluorescence (Fig. 24D-F). 

Strikingly, this division coincides with the timing of disease onset associated with the 

different variants, where WT and H50Q result in late-onset PD, whereas A30P, E46K, and 

A53T are associated with early-onset forms of disease. Among the early-onset variants, A30P 

and E46K re-aggregated considerably faster, whereas A53T re-aggregated more slowly (Fig. 

24I-K). In contrast, the late-onset variants WT and H50Q showed only modestly accelerated 

kinetics during re-aggregation (Fig. 24G-H). These kinetic effects occurred despite overall 

fibril yield remaining stable for all variants except E46K, which showed an increase in both 

fibril yield and ThT fluorescence. Notably, the fibril yields also reflected the division between 

late- and early-onset, with late-onset variants producing considerably higher fibril yields than 

the early-onset variants (Fig. 24L-M) 

The finding of increased ThT intensity for A30P, E46K, and A53T following re-growth after 

fragmentation, despite largely unchanged monomer and fibril concentration, strongly 

suggests that these changes arise from structural alterations within the fibril populations, 

consistent with previous reports on structural evolution for IAPP [22] and tau [23] fibrils. 

This is likely reflected in the enrichment or maturation of fibril polymorphs which either bind 

ThT more effectively or result in binding sites with higher quantum yield, or both. This 

pattern might reflect behavior consistent with fibril assembly progressing over a rugged 

energy landscape [299], where multiple polymorphic states become kinetically trapped and 

subsequently evolve. Sonication may accelerate this process by increasing the number of 

fibril ends available for depolymerization and elongation, thereby promoting the recycling of 

less stable fibril species and favoring the growth of more stable polymorphs, a mechanism 

previously implicated in fibril dynamics [300].  

6.2.2. Fragmentation and re-aggregation drive changes in α-synuclein morphology 

Having established that fragmentation can influence ThT binding and aggregation kinetics in 

a variant specific manner, I next wanted to investigate how repeated fragmentation and re-

aggregation affected fibril morphology (length and height) using AFM, and whether these 

changes could provide insight into the observed variant specific ThT fluorescence alterations. 
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Figure 25. AFM characterization of WT and mutant α-syn fibril morphology. AFM 

micrographs acquired at the end of aggregation A1-A4 (as defined in Fig. 24). (A-E) 

illustrate fibrils generated from monomer-seeded reactions, while (F-T) show the fibril 

morphologies observed following re-aggregation. Inserts in (K-T) show zoomed-in views to 

facilitate the visual interpretation of fibril structures. All images correspond to 10x10 µm 

regions, with 2 µm scale bars provided. Reproduced from Havemeister et al., 2026, 

´Fragmentation-Induced Disassembly and Reaggregation of α-Synuclein Amyloid Fibrils´, 

ACS Chemical Neuroscience, under the CC BY 4.0 license. 
 

Following the first aggregation which was seeded from monomers, WT and A30P α-syn 

fibrils predominantly appeared as long and straight (Fig. 25A, C), whereas H50Q fibrils were 

shorter and demonstrated a higher propensity to cluster (Fig. 25B). These features were also 

observed in paper I, where fibrils with higher net charge formed straighter, more rigid 

structures, while those with lower net charge were more flexible and prone to clustering. 

E46K fibrils had a curvilinear appearance (Fig. 25D), a morphology typically associated with 

protofibrils [301]. A53T fibrils were notably shorter and difficult to enrich on the mica (Fig. 

25E), although the analysis of fibril yields showed that they formed with similar propensity 

as the other variants (Fig. 25P). This suggests that the A53T fibrils may have distinct surface 

properties. Structural differences between fibrils can strongly influence both ThT-binding 

affinity and quantum yield [302]. For Aβ, this principle has been demonstrated by markedly 

higher ThT fluorescence of Aβ40 fibrils compared with Aβ42 [303], which correspond to 

straighter versus more curvilinear fibril morphologies [304]. A similar structure-fluorescence 

relationship might explain the lower ThT emission observed for E46K and H50Q relative to 

WT, A30P, and A53T, suggesting that fibrils with greater structural order generally exhibit 

higher ThT fluorescence intensities (Fig. 24).  
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Following sonication, the fibrils became expectedly shorter (Fig. 25F-T). For H50Q fibrils, 

this prompted even more clustering (Fig. 25G, L, Q) whereas A53T fibrils appeared to 

adhere better to the mica with each successive fragmentation cycle (Fig. 25J, O, T), 

consistent with changes to their properties as suggested by the continuous increase in ThT 

fluorescence (Fig. 24). 

 

 
Figure 26. Length characteristics of WT and mutant α-syn fibrils. (A-E) Fibril length 

distributions derived from AFM micrographs of the type shown in Fig. 25, acquired at the 

end of aggregation rounds A1-A4 (see Fig. 24). Mean lengths are indicated by black lines, 

while blue curves represent Weibull distribution fits to the data. The associated shape (κ)- 

and scale (λ) parameters are reported in the supporting information for this paper (Fig. S16). 

Data were obtained from 1-7 independent images per condition, comprising 200 fibrils in 

total (n = 200). (F-J) Mean fibril lengths ± standard error (n = 200) for each aggregation 

round, including S1-S3 samples collected immediately after sonication. Reproduced from 

Havemeister et al., 2026, ´Fragmentation-Induced Disassembly and Reaggregation of α-

Synuclein Amyloid Fibrils´, ACS Chemical Neuroscience, under the CC BY 4.0 license. 
 

I determined fibril lengths from the AFM images (Fig. 25) to quantify the observed 

progressive shortening of the fibrils following fragmentation. This analysis revealed that 

A53T formed considerably shorter fibrils than all other variants, already after the initial 

aggregation phase (Fig. 26). Fitting Weibull distributions to the length distribution data 

revealed that fragmentation became increasingly biased toward breakage of the persisting 

longer fibrils, while shorter fibrils fragmented less frequently. Notably, I had expected that 

the average fibril lengths would increase during the re-aggregation steps. This happened in 

the later phases of the experiments, whereas for the length distributions in A2 (following the 

first sonication (S1)), the opposite surprisingly occurred for all variants except A53T. A 

possible explanation to this observation is that depolymerization of unstable polymorphs 

occurs during A2, as indicated by the initial drop in ThT (Fig. 24B-F), and that new 

polymorphs form preferentially through processes such as secondary nucleation rather than 

elongation existing fibrils, resulting in the formation of more but shorter fibrils. Across re-

aggregation steps A3 and A4, fibril lengths converged toward a stable interval defined by the 
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minimum imposed by sonication and the upper limit set by the renewed monomer-fibril 

equilibrium (Fig. 26F-J). Interestingly, the minimum lengths varied between variants, and the 

average lengths of H50Q and A53T fibrils were greater than those of other variants, 

suggesting that the fibril polymorphs formed for these variants may be slightly more resistant 

to fragmentation. 

 

 
Figure 27. Height characteristics of WT and mutant α-syn fibrils. Fibril height distributions 

for WT (A), H50Q (B), A30P (C), E46K (D), and A53T (E) fibrils were obtained from AFM 

micrographs similar to those in Fig. 25, collected at the end of aggregation rounds A1-A4 

(see Fig. 24). Data were compiled from 1-7 independent images per condition, encompassing 

120 fibrils in total. Reproduced from Havemeister et al., 2026, ´Fragmentation-Induced 

Disassembly and Reaggregation of α-Synuclein Amyloid Fibrils´, ACS Chemical 

Neuroscience, under the CC BY 4.0 license. 
 

I also quantified fibril heights from the AFM images to determine whether repeated 

fragmentation and re-aggregation resulted in variant-specific differences in protofilament 

packing (Fig. 27). After the first aggregation, which was seeded from monomers (A1), all 

variants except E46K displayed average heights of ~5-6 nm, consistent with a two-

protofilament arrangement [305]. The lower average heights of E46K fibrils aligns with their 

curvilinear appearance in the AFM images (Fig. 25D), further suggesting that E46K initially 

forms protofibrillar structures. A53T stood out by displaying a markedly broader height 

distribution than other variants, indicating a more heterogenous polymorph composition (Fig. 

27A-E). Across the re-aggregation cycles, the most pronounced changes to fibril heights 

occurred for H50Q, which developed progressively broader height distributions, again 

consistent with polymorphic heterogeneity. Notably, H50Q and A53T, both showing broad 

height distributions, were also the only variants whose minimum fibril lengths remained 

larger than those of the other variants, suggesting that these thicker polymorphs may be more 

resistant to fragmentation. Meanwhile, E46K displayed a steady increase in average height 

across the re-aggregation cycles, consistent with maturation from protofibrils to thicker, more 

fully developed fibrils. This maturation of E46K fibrils is also reflected in the substantial 

enhancement of ThT intensity seen after the first sonication step (Fig. 24E). The results 

presented in Fig. 25-27 thus support the idea that fragmentation and re-aggregation can 

reshape fibril structure and favor certain polymorphs. 
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6.2.3. Re-aggregation after fragmentation shows distinct elongation rates in α-

synuclein fibrils 

Lastly, to further characterize the kinetics of seeded aggregation and re-aggregation, I 

combined the kinetic traces from Fig. 24 with the fibril length measurements from Fig. 26 to 

estimate elongation rates and the elongation speed per fibril.  

 

 
Figure 28. Analysis of fibril elongation rates. (A-B) Representative kinetic profiles of WT and 

A53T from the first aggregation round (A1), fitted to a single-exponential model describing 

elongation-dominated growth behavior. (C) A53T re-aggregation curves from A2-A4, fitted 

using the same model. (D) R2 values summarizing model fit quality for the datasets. (E) 

Estimated elongation rate constants (M-1s-1) and (F) corresponding fibril elongation speeds 

per fibril expressed in nm/min. Reproduced from Havemeister et al., 2026, ´Fragmentation-

Induced Disassembly and Reaggregation of α-Synuclein Amyloid Fibrils´, ACS Chemical 

Neuroscience, under the CC BY 4.0 license. 

 

The kinetic traces were fit to single exponential functions (Fig. 28A-C) yielding consistently 

good fits in all cases (R2 > 0.9, Fig. 28D), with most variants showing improved fits upon 

successive re-aggregation. This pattern suggests that elongation increasingly dominated the 

reaction kinetics, while secondary nucleation became less prominent. The variants differed 

with respect to elongation rates, and the rates during re-aggregation of each variant were 

generally different compared to its initially seeded reaction (Fig. 28E). WT α-syn showed an 

initial elongation rate of 2087 M-1s-1 consistent with previously reported values (2200 M-1s-1 

[15], 3616 M-1s-1 [204]), and its elongation rate decreased with each re-aggregation. In 

contrast, E46K and H50Q elongated more rapidly after re-aggregation. A53T showed little 

difference in elongation rate, but a progressively better fit to the kinetic data was noted during 

the repeated re-aggregation (Fig. 28B-D). This, together with the findings that A53T formed 

much shorter fibrils in the first seeded reaction (Fig. 26J) could suggest that A53T 

aggregation was initially proceeding with higher contribution of secondary nucleation than 
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for the other variants. Elongation speed estimates (nm/min) were generally highest in the 

initially seeded reactions and decreased progressively with each re-aggregation, consistent 

with reduced monomer availability per fibril due to the progressively increasing number of 

fibril ends and due to that re-aggregation started with a lower available monomer pool. E46K 

was the exception, showing faster elongation per fibril during re-aggregation, in line with its 

altered monomer-fibril equilibrium and the curvilinear morphology which gradually 

transitioned into mature fibrils (Fig. 24-27).  

In summary, in paper II, I demonstrate that α-syn fibrils are capable of structural conversion, 

yielding polymorphs with higher ThT fluorescence and that the propensity for such 

conversion is distinct for each variant. I show that fragmentation, despite receiving 

comparatively little attention in the field due to its lower in vitro frequency relative to 

primary nucleation, elongation, and secondary nucleation, can substantially reshape the 

polymorph composition of a fibril population. Fragmentation promotes the depolymerization 

of less stable polymorphs while simultaneously enabling the preferential growth of more 

stable ones, thereby driving structural conversion. I further show that the impact of 

fragmentation on aggregation kinetics and fibril morphology is highly variant specific. The 

early-onset familial mutants (A30P, E46K, A53T) appear to exhibit greater polymorphic 

flexibility, which may contribute to their earlier disease onset and more aggressive clinical 

progression. This is evident for E46K, which initially forms curvilinear, loosely ordered 

fibrils that, upon sonication, mature into thicker and possibly more stable and less cytotoxic 

structures, accompanied by increased ThT intensity. A53T shows an even more pronounced 

effect, with progressive ThT enhancement across all re-aggregation cycles and improved 

adherence to mica surfaces. Comparable morphology-dependent differences in fibril stability 

and toxicity have been observed across several amyloid system, including α-syn ribbons 

versus twisted fibrils [306], insulin fibrils [307], and prions [308]. Moreover, these findings 

reveal that, in addition to environmental factors such as monovalent cations and ionic 

strength (paper I), aggregation mechanisms like fragmentation can strongly influence the 

polymorphic landscape of α-syn fibrils. 

In vivo, cellular factors such as chaperones [309] and proteolytic enzymes [310] are likely to 

increase the frequency of fragmentation beyond what is observed under controlled in vitro 

conditions, making fragmentation a potentially important driver of structural evolution and 

disease progression. These insights are relevant for understanding PD pathogenesis, where 

current structural knowledge is largely limited to fibrils isolated post-mortem and therefore 

reflects only the end stage of a long and dynamic disease process. They raise the possibility 

that less stable fibril polymorphs present early in disease may be more toxic than the more 

stable species that dominate later stages, an idea consistent with in vitro studies of Aβ42, in 

which less stable oligomers exhibit greater toxicity than their more stable counterparts [311]. 
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6.3. Phenotyping cross-seeding polymorphs using fluorescence lifetime 

spectroscopy 

In the first part of my thesis work, I showed that monovalent cations modulate both the 

aggregation kinetics and the fibril morphology of WT α-syn (paper I). I then demonstrated 

that fragmentation can further shape these processes, and that WT and the familial mutants 

A30P, E46K, H50Q, and A53T respond differently under such conditions, resulting in variant 

dependent polymorphism with fibril structures that can structurally evolve following 

sonication (paper II). Building on these findings, I next asked how these different α-syn 

variants influence one another through cross-seeding, and whether I could distinguish the 

resulting fibril polymorphs from that of the parent seeds using ThT fluorescence lifetimes 

(paper III). 

Recent cryo-EM studies have revealed that several neurodegenerative disorders, including 

PD, are characterized by disease-specific fibril polymorphs [21]. For α-syn, this diversity is 

exceptional, with more than 130 distinct high-resolution structures having been resolved from 

both in vitro assemblies and in vivo derived fibrils [141]. In parallel, accumulating evidence 

indicates that multiple disease-associated proteins can undergo structural evolution over time 

[22,23,312]. However, the determinants that govern the emergence and persistence of specific 

fibril polymorphs remain poorly understood. Although cryo-EM provides high-resolution 

structural information, its time-intensive workflow, limited accessibility, and the need for 

substantial expertise make time-resolved studies challenging. As a result, cryo-EM alone is 

not sufficient to capture polymorph evolution across large sample sets, underscoring the need 

for complementary methods capable of probing fibril dynamics more efficiently. Dye-based 

assays, on the other hand, can provide a rapid and cost-effective means to distinguish fibril 

polymorphs, albeit with a lower level of structural detail. ThT, the most widely used probe for 

monitoring amyloid formation kinetics [302], acts as a molecular rotor [313], and binds to 

multiple sites located within the fibril structure [278,314] which are defined by local 

geometry and chemical microenvironment of the underlying fibril structure. Consequently, 

studies on Aβ fibrils have shown that different polymorphs generate distinct ThT 

fluorescence lifetime signatures [303], suggesting that this fluorescence methodology enables 

concentration-independent readouts of dye-binding microenvironments and sensitive 

discrimination of structural differences across fibril samples. In paper III, I expanded this 

concept to explore if fibrils formed from WT and mutant α-syn could be distinguished by 

their fluorescence lifetimes. I then used this approach to investigate cross-seeding outcomes, 

identifying effects arising from templated structural inheritance and distinguishing them from 

those dictated by monomer-specific conformational biases. Cross-seeding represents a 

disease-relevant scenario, given that autosomal inheritance ensures simultaneous expression 

of WT and mutant α-syn in patients carrying familial variants of the SNCA gene. 
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6.3.1. Self-seeding results in distinct aggregation kinetics and ThT fluorescence 

lifetime signatures 

To lay the foundation for paper III, I started off by monitoring self-seeded aggregation 

kinetics of WT and mutant (A30P, E46K, H50Q, A53T) α-syn in the presence of 0-25% seeds 

(Fig. 29).  

 

 
Figure 29. Differences in spontaneous and self-seeded aggregation among α-syn variants. 

Aggregation kinetics were monitored by ThT fluorescence under quiescent conditions at 37ºC 

in 20 mM Tris-HCl (pH 7.4) with 100 mM NaCl, using 50 µM total α-syn (monomer + seeds) 

and 20 µM ThT. All protein variants were monomerized by SEC prior to initiating the 

reactions. (A) Non-seeded aggregation of H50Q and A53T. WT and the remaining mutant 

variants did not aggregate in the absence of seeds. (B-D) Seeded aggregation with 1% (B), 

10% (C), or 25% (D) PFFs, shown as normalized ThT fluorescence (technical triplicates, n = 

3). Full experimental repeats are provided in the supporting information for this article. (E) 

Aggregation half-times calculated from the curves in A-D and the technical repeats from the 

supporting information, plotted as mean ± SD. N = 1, n = 3 for 0% seeds, N = 3, n = 3 for 

1% seeds and N = 2, n = 3 for 10% and 25% seeds. 

 

First, I compared the aggregation kinetics of the α-syn variants and showed that all variants 

displayed distinct aggregation kinetics, similar to what was observed in paper II. Under the 

conditions tested, H50Q and A53T showed some limited spontaneous fibril formation in the 

absence of seeds (Fig. 29A), whereas all other variants strictly required seeds to initiate self-

assembly (Fig. 29B-D). WT α-syn consistently aggregated more rapidly than the familial 

mutants. This observation contrasts with earlier reports showing that, under non-seeded 

conditions, the mutants are associated with accelerated aggregation [315,316], yet aligns with 

previous seeding-based studies [317]. This indicates that the familial α-syn variants strongly 

influence and enhance primary nucleation. Analysis of aggregation half-times revealed 

distinct seeding responses among the α-syn variants. WT, A30P, and A53T displayed 

progressively shorter half-times with increasing seed concentrations, which is the expected 

behavior in seeded aggregation. E46K and H50Q, on the other hand, aggregated more slowly 
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as the seed concentration increased (Fig. 29E). Such behavior has been recently described in 

systems where the number of added seeds approaches the number of aggregates formed de 

novo during the reaction [156]. In such a regime, nucleation is negligible and kinetics are 

governed almost exclusively by elongation. 

After demonstrating that WT and familial α-syn variants follow variant-specific aggregation 

kinetics, I sought to determine whether these differences extend to their ThT fluorescence 

lifetimes (Fig. 30), which report on the dye-binding microenvironment. 

 

 
Figure 30. ThT fluorescence lifetimes distinguish α-syn fibril variants. (A) Non-normalized 

ThT aggregation curves for α-syn seeded with 1% PFFs, corresponding to the normalized 

data in Fig. 29B. (B) Time-resolved ThT fluorescence decay profiles recorded for the different 

α-syn fibril variants at the end-points of the reactions shown in (A). Decays were acquired by 

time-correlated single-photon counting (TCSPC) with 10,000 detected photons in the top 

channel. ThT in buffer (orange) and the instrument response function (IRF, blue) are included 

for comparison. Triple-exponential decay functions (solid lines) were fitted to extract 

fluorescence lifetimes. (C) Amplitude-weighted average fluorescence lifetimes (τavg = Σαi τi) 

derived from the fits in (B). (D) Correlation between end-point ThT fluorescence intensity and 

τavg with the linear regression fit (R2 = 0.72). All measurements were performed using 5 µM 

fibrils and 20 µM ThT. 
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All α-syn variants displayed clearly distinguishable end-point ThT emission (Fig. 30A), 

consistent with underlying differences in fibril structure, dye-binding microenvironments, 

and/or fibril mass. To probe these differences more directly, and to avoid concentration-

dependent effects, time-resolved ThT fluorescence decay curves (Fig. 30B) were recorded for 

samples collected at the end-points of the aggregation reactions (Fig. 30A). All fibril samples 

exhibited substantially slower fluorescence decays than ThT in buffer, and the decay profiles 

differed markedly between variants. Triple-exponential fitting of the decay curves enabled 

estimation of amplitude-weighted average fluorescence lifetimes, revealing variant-specific 

lifetime signatures (Fig. 30C). Lifetimes ranged from fast-decaying (~0.25 ns, E46K, H50Q) 

to slower decaying species (~1.5 ns, WT, A53T), demonstrating that each variant produces 

distinct ThT-binding environments, consistent with previous reports showing that structural 

features of amyloid fibrils define the geometry and chemical properties of dye-binding sites 

[314,318,319]. Comparing end-point ThT intensity against the corresponding average 

lifetime revealed a moderately positive correlation (Fig. 30D), indicating that the intensity 

differences observed in Fig. 30A primarily reflect variations in ThT quantum yield, rather 

than differences in dye binding affinity or fibril mass. Despite this correlation, ThT intensity 

remains a one-dimensional readout and cannot discriminate between distinct polymorphs. 

6.3.2. Monomer-seed pairing determines cross-seeding aggregation kinetics 

Familial SNCA mutations follow an autosomal dominant inheritance pattern, whereby the 

WT allele remains expressed alongside the mutant allele. Consequently, multiple α-syn 

variants coexist within the same cellular environment, where they can interact and influence 

one another’s aggregation behavior and possibly morphology. Such coexistence makes 

heterologous cross-seeding highly likely in vivo, yet its impact on aggregation kinetics and 

the emergence of distinct fibril polymorphs remains understudied.  

Having established that fluorescence lifetime signatures can reliably distinguish the 

polymorphs formed by self-seeded WT and mutant α-syn variants, I next wanted to figure out 

whether I could use the same framework to categorize cross-seeded fibrils. Specifically, I 

wanted to examine whether fibrils generated through WT-mutant cross-seeding retain the 

lifetime signature of the parent seed, obtain the preferred lifetime signature of the seeding 

monomer, or possibly undergo structural evolution that produces an entirely new ThT lifetime 

signature. To address this, I first examined the aggregation kinetics for all pairwise seed-

monomer combinations (Fig. 31). These measurements allowed me to assess how cross-

seeding influences kinetic profiles and to determine whether kinetic behavior alone can 

provide clues about structural inheritance or divergence. 
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Figure 31. α-synuclein fibril variants display distinct cross-seeding kinetic profiles. (A-E) 

Normalized ThT aggregation kinetics for 50 µM α-syn monomers cross-seeded with 1% PFFs 

of the indicated variants in 20 mM Tris-HCl, 100 mM NaCl, pH 7.4 and 20 µM ThT. All 

variants were monomerized by SEC immediately prior to initiating the kinetic experiments. 

All kinetic curves represent technical triplicates (n = 3). Independent experimental repeats 

are provided in the supporting information for this article. (F) Aggregation half-times 

extracted from the kinetic curves in panels A-E and from additional replicates in the 

supporting information, shown as mean ± SD (N = 3, n = 3). 

 

Analysis of the aggregation kinetics curves revealed that cross-seeding generally proceeded 

more slowly than self-seeding (Fig. 31A-F). The majority of reactions displayed concave, 

lag-free kinetics, consistent with elongation-dominated seeded growth. H50Q represented a 

notable exception. Whereas the self-seeded H50Q reaction displayed concave and lag-free 

kinetics, cross-seeding monomers of any other variant produced pronounced lag phases and 

sigmoidal behavior, indicating impaired elongation and limited sequence compatibility. 

Interestingly, A53T showed an asymmetric compatibility landscape. A53T monomers 

consistently exhibited slower fibril growth when seeded by other variants (Fig. 31A-D, Fig 

31F), whereas A53T seeds efficiently recruited monomers from all other α-syn variants (Fig. 

31E-F). This asymmetry suggests that A53T acts as a broadly permissive template, while 

A53T monomers impose stricter constraints. 
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6.3.3. Fluorescence lifetime signatures differentiate fibril polymorphs generated 

through cross-seeding 

Having shown that cross-seeding produces seed-monomer dependent aggregation kinetics, I 

next wanted to perform a deeper analysis of these differences by examining the ThT 

fluorescence decay profiles and corresponding fluorescence lifetime signatures (Fig. 32). 

 

 
Figure 32. Fluorescence lifetime component analysis reveals distinct signatures among 

cross-seeded α-synuclein fibril variants. (A-E) Time-resolved ThT fluorescence decay curves 

recorded for the different cross-seeded α-syn fibril samples. All measurements were 

performed on samples collected at the end-points of the kinetics reactions shown in Fig. 31A-

E. The fibril concentration was 5 µM and ThT concentration 20 µM for all experiments. 

Decays were acquired by time-correlated single-photon counting (TCSPC) until 10,000 

photons were collected in the top channel. For reference, decay curves for ThT in buffer 

(orange) and the instrument response function (IRF, blue) are included. Solid lines represent 

triple-exponential fits to the experimental data. (F) Amplitude-weighted average fluorescence 

lifetimes (τavg = Σαi τi) derived from the fitted decay parameters in panels A-E. (G-I) Analysis 

of the three fitted lifetime components (τ1, τ2, τ3), their associated amplitudes (a1, a2, a3), and 

their absolute contributions to the overall decay (a1τ1, a2τ2, a3τ3). 

 

Time-resolved ThT fluorescence decays (Fig. 32A-E) revealed pronounced seed-monomer 

dependent differences in the decay profiles. To quantify these differences, triple-exponential 

fitting, performed as in Fig. 29, yielded amplitude-weighted average fluorescence lifetimes, 

which differed substantially across the self- and cross-seeded samples (Fig. 32F). Across all 

conditions, τavg values fell within the 0.25-1.5 ns range of the self-seeding reactions, however, 

these lifetimes could not be accounted for by simple linear combinations of the seed and 

monomer lifetimes observed under self-seeding conditions. This deviation indicates that 
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cross-seeding does not merely propagate structural features of the seed through templating 

but instead generates more structurally complex fibril populations with distinct ThT-binding 

microenvironments.  

To obtain a more detailed and discriminating analysis of these differences, I examined the 

three individual lifetime components separately (Fig. 32G-H). Across all seed-monomer 

combinations the analysis revealed a short-lived component (τ1 = 80 ± 170 ps), an 

intermediate-lived component (τ2 = 1.2 ± 0.34 ns), and a long-lived component (τ3 = 4.7 ± 

1.88 ns). These components can be interpreted as reflecting distinct types of ThT-binding 

modes, ranging from weakly associated dye populations to more tightly confined states with 

greater restricted rotational freedom, resulting in correspondingly longer lifetimes [302,319]. 

Notably, fibrils resulting from cross-seeding with H50Q seeds exhibited three tightly 

clustered and well-defined lifetime regimes, indicating a relatively homogenous ThT-binding 

environment. In contrast, the other variants showed greater variability, particularly in the 

long-lived component (τ3), suggesting more structurally diverse fibril populations. Analysis 

of the amplitude distributions (a1, a2, a3, Fig. 32H) showed that τ1 amplitudes were highly 

variably across most variants and therefore provided limited discriminatory power. In 

contrast, τ2 and τ3 displayed more distinct and consistent patterns. WT, A30P, and A53T 

exhibited high a2 and correspondingly elevated a3, whereas E46K and H50Q showed 

markedly lower values. 

To better capture the distinct fluorescent micro-environments of ThT bound to the fibrils, I 

analyzed the amplitude-lifetime products (Fig. 32I, a1τ1, a2τ2, a3τ3, denoted as contributions in 

the figure), which provide a more representative measure of each lifetime component’s 

contribution than amplitude or lifetime alone. This showed that variations in a2τ2 and a3τ3 

dominate the differences observed between the cross-seeded samples, indicating that the 

intermediate- and long-lived states drive most of the fluorescence heterogeneity. A53T-seeded 

reactions varied mainly in a2τ2, E46K and H50Q in a3τ3, and WT and A30P in both, showing 

that cross-seeded fibrils can be effectively separated by their fluorescence lifetime signatures. 

The lifetime-derived structural variation (Fig. 30, 32) is in agreement with earlier 

observations that substitutions near or within residues 47-56 can remodel fibril structure 

[320]. E46K, H50Q, and A53T each perturb distinct stabilizing interactions, E46K the E46-

K80 salt bridge [90], H50Q the H50-E57 protofilament interface [109], and A53T the 

protofilament alignment [176], while A30P, positioned outside the β-sheet core, maintains a 

WT-like fold [169].  

Having established that the ThT fluorescence decay profiles of each seed-monomer 

combination contain highly discriminative structural information relevant to disentangle 

outcomes of self- and cross-seeded α-syn aggregation reactions, I next sought to differentiate 

α-syn polymorphs through multidimensional lifetime analysis (Fig. 33). 
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Figure 33. PCA of ThT fluorescence lifetime parameters distinguishes α-synuclein fibril 

phenotypes arising from different seed-monomer combinations. (A-B) Two-dimensional PCA 

projections of the first two principal components (PC1, PC2) derived from (A) the lifetime 

amplitudes (a1, a2, a3; PC1 = 90.2%, PC2 = 9.8%) and (B) the amplitude-lifetime 

contribution (a1τ1, a2τ2, a3τ3; PC1 = 70.3%, PC2 = 29.1%) obtained from the fluorescence 

lifetime data in Fig. 32. (C-H) Distribution of self- and cross-seeded fibril variants in the a2τ2 

versus a3τ3 contribution space. (C) shows the self-seeded samples as reference points, while 

(D-H) group the data according to the seed variant. Symbols are color-coded by fibril type, 

and labels denote the monomer identity as indicated in the top row legend. Star-shaped 

symbols in figures C-H denote the self-seeded controls.  

 

To contextualize the information obtained from the ThT decay profiles, I applied principal 

component analysis (PCA) and plotted the first two components (PC1, PC2) derived from the 

amplitudes a1, a2, a3 (Fig. 33A) and from the corresponding contributions a1τ1, a2τ2, a3τ3 (Fig. 

33B). PCA analysis of the ThT lifetime amplitudes showed that most variance (~90%) was 

captured by PC1, reflecting shifts between the short- and intermediate-lived ThT states. This 

revealed clear clustering for fibrils seeded with E46K or H50Q at negative PC1, whereas WT-

seeded samples were more dispersed at positive PC1 and A30P- and A53T-seeded samples 

were mostly unclustered. By also examining monomer-dependent patterns, I found that E46K 

and H50Q monomers consistently produced fibrils that preferentially clustered with their 

self-seeded states, irrespective of the nature of the seed. This indicates that these monomers 

strongly impose their preferred conformations on the aggregation product. A53T monomers 

showed similar clustering, although less pronounced, while WT and A30P monomers 

produced more heterogenous assemblies, indicating greater conformational flexibility.  
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The contribution PCA (Fig. 33B) largely recapitulated these relationships, with PC1 (~70% 

variance) dominated by a2τ2 and PC2 (~29%) by a3τ3. This confirms that the intermediate- 

and long-lived ThT states are the most discriminative factors of fibril structure as suggested 

by the data in Fig. 32. Because the PC1 and PC2 axes reflect largely independent 

photophysical features, the contribution PCA provided greater separation of fibril populations 

than the amplitude PCA. Motivated by this, I examined fibril distributions directly in the a2τ2/ 

a3τ3 feature space (Fig. 33C-H). This representation resolved self-seeded variants more 

clearly than average lifetimes alone and revealed that cross-seeding generally broadened the 

distribution, consistent with increased structural complexity. Notably, E46K- and H50Q-

seeded fibrils remained tightly grouped with their self-seeded counterparts, supporting the 

conclusion of strong templating and a high degree of structural conservation as observed in 

the PCA. In contrast, WT-, A30P-, and A53T-seeded fibrils re-distributed more broadly, 

indicating greater conformational permissiveness and stronger monomer-dependent effects. 

Collectively, these patterns reveal a hierarchy of conformational influence, in which some 

monomers resist seed-imposed conformations and instead enforce their own preferred 

structures, while others are more susceptible to seed-driven propagation, producing a 

landscape of structurally diverse fibril polymorphs characterized by distinct ThT lifetime 

signatures. This is in line with previous observations showing that, although seeds can 

impose their structural features [174,321], fibril architecture can also be shaped by the 

identity of the monomer [120,322]. 

Having observed that ThT lifetime signatures can discriminate between fibril polymorphs, I 

next returned to the aggregation kinetics to assess whether a structure-kinetics derived 

landscape could further resolve templating strength. To this end, I plotted the aggregation 

half-time against a2τ2, the dominant descriptor of variation in the fluorescence decay (Fig. 

34). 
 

 
Figure 34. Structure-kinetics landscapes for mapping α-synuclein fibril phenotypes. (A-F) 

Distribution of self- and cross-seeded α-syn variants within a structure-kinetics landscape 

defined by aggregation half-times and the a2τ2 contribution parameter, using data from Fig. 
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31F and Fig. 32. Symbols are color-coded by fibril type, and labels indicate monomer 

identity (WT = black, A30P = grey, E46K = purple, H50Q = pink, A53T = teal). Star-shaped 

symbols denote the self-seeded reference samples. 

 

Generally, although the self-seeded samples spanned a range of a2τ2 values (Fig. 34A), their 

aggregation half-times remained relatively similar (~10-15h), whereas many cross-seeding 

reactions exhibited substantially longer half-times (Fig. 34B-F). Notably, E46K- and H50Q 

seeded reactions consistently showed long half-times (Fig. 34D-E). When considered 

together with their distinct and clustered ThT lifetime signatures (Fig. 33F-G), these data 

suggest that highly selective structural templating is accompanied by a high kinetic cost. 

Cross-seeding with A30P seeds produced half-times comparable to self-seeding, even though 

their spread along the a2τ2 axis indicates the formation of hybrid or monomer-biased 

polymorphs (Fig. 34C). This pattern points to good kinetic compatibility, but limited 

templating strength. A53T monomers, in contrast, consistently generated some of the slowest 

aggregation reactions (Fig. 34B-E), yet the resulting fibrils still tended to cluster near the 

A53T self-seeded state (Fig. 33A-B). Although this clustering was less tight than that 

observed for E46K and H50Q, it nonetheless suggests that A53T monomers exert strong 

structural control which can potentially override seed derived conformations. 

In summary, in paper III, I demonstrate that ThT fluorescence lifetimes provide a highly 

sensitive readout of amyloid structural states, enabling reliable differentiation of α-syn fibril 

polymorphs without the need for atomic-resolution methods. Rather than aiming to 

reconstruct detailed structures, the approach offers a practical framework for phenotypic 

comparison and large-scale classification across diverse fibril preparations. Utilizing ThT’s 

behavior as a molecular rotor [313], which enhances both quantum yield and fluorescence 

lifetime upon binding to cross-β architecture (Chapter 5.2) [278], allows us to probe 

structural environments within amyloid fibrils, thus complementing information on larger 

scale morphological variation that can be attained from AFM. Because fibrils present 

multiple, structurally distinct binding sites [314,318,319], lifetime measurements can resolve 

subtle concentration-independent differences that intensity-based assays fail to detect, making 

ThT fluorescence lifetime analysis a robust probe of structural variation across fibril 

populations [303]. Applying this approach revealed that WT and familial α-syn variants 

(A30P, E46K, H50Q, A53T) differ markedly in their behavior during cross-seeding. E46K 

and H50Q consistently preserved their self-seeded lifetime signatures in both seeding and 

being seeded contexts, indicating strong conformational enforcement, although at a kinetic 

cost. In contrast, WT and A30P displayed greater structural flexibility and permissiveness, 

while A53T exhibited intermediate behavior, supporting outcomes ranging from faithful 

templating to monomer-driven restructuring or the emergence of new polymorphs. 

Understanding these mechanisms is crucial in the context of familial Parkinson’s disease, 

where disease progression may be shaped not only by mutation-specific fibril structures but 

also by the emergence of new assemblies generated through their interactions. 
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6.4. Linking biophysical characteristics of α-synuclein variants to 

cellular behavior 

Having demonstrated in papers I-III that monovalent cations, fragmentation and cross-

seeding can strongly modulate the aggregation kinetics and fibril morphology of WT and 

mutant (A30P, E46K, H50Q, A53T) α-syn in vitro, I sought to determine how these 

biophysically defined factors translate into uptake and seeding behavior within the cellular 

environments of SH-SY5Y neuroblastoma cells and primary mouse and rat neuronal cultures 

(paper IV). 

Almost two decades ago, post-mortem analyses of PD patients who had received neuronal 

grafts revealed that α-syn pathology had propagated into the transplanted neurons, with Lewy 

body inclusions appearing in the grafted cells [12]. This phenomenon was subsequently 

reproduced in mouse models [244,323], primary cell models [276,324] and cell lines 

[256,257], establishing prion-like propagation as a central mechanism in the spread of α-syn 

pathology in PD. Prion-like propagation, defined by the recruitment of endogenous monomer 

into the amyloid state by propagated seeds has also been documented for several other 

amyloid forming proteins [325-330]. Although it is now clear that amyloid fibrils primarily 

internalize through the endosomal pathway [257,331] and that fibril size [87,257] and 

structure [332,333] critically influence uptake efficiency, major gaps remain in our 

understanding of the cellular routes and mechanisms governing fibril entry and release, the 

molecular determinants of seeded aggregation and subsequent assembly of larger Lewy body 

inclusions, and how specific fibril properties shape each of these steps.  

6.4.1. α-synuclein variant-specific properties affect fibril internalization and 

cellular responses 

To address some of these gaps, I began by examining uptake efficiencies of WT and mutant 

(A30P, E46K, H50Q, A53T) α-syn fibrils using a dual-labelling strategy in which fibrils were 

tagged with both the pH-insensitive fluorophore ATTO488 and the pH-sensitive fluorophore 

pHrodo (Fig. 35). This approach overcomes the challenge in distinguishing fibrils bound to 

the plasma membranes from those that enter the endolysosomal pathway [257], where 

progressive acidification selectively activates the pH-sensitive signal of pHrodo [334]. To 

ensure that differences in uptake reflected intrinsic properties of each fibril variant rather than 

size heterogeneity [87,257], all fibrils were ultrasonicated to a uniform length prior to cell 

treatment.  
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Figure 35. Variant-specific uptake and endolysosomal trafficking of α-synuclein fibrils in SH-

SY5Y cells. Flow-cytometric quantification of fibril internalization based on ATTO488 and 

pHrodo fluorescence for WT and familial α-syn variants (A30P, E46K, H50Q, A53T) in 

human neuroblastoma SH-SY5Y cells after 48 h of exposure in serum-free medium. (A) 

Confocal image of SH-SY5Y cells treated with 1 µM sonicated, dual-labeled WT fibrils for 2 

h, showing ATTO488 signal (green) at both the plasma membrane and endolysosomes and 

pHrodo signal (red) restricted to acidic endolysosomal compartments. Scale bar: 5 µm. (B, 

C) Flow-cytometry histograms of mean fluorescence intensity (MFI) for ATTO488 and 

pHrodo in cells treated with 30 µM sonicated fibrils and untreated controls shown in black. 

Black vertical lines indicate the modal MFI for WT fibrils. (D, E) Corrected MFIs (mean ± 

SD; N=3, n=4) for cells treated with sonicated fibrils (5-30 µM) or full-length fibrils (30 

µM). ATTO488 data in (D) pHrodo data in (E). Corrections account for minor differences in 

labeling efficiency, labeled monomer concentration, and fibril yield (Supporting Note 1). (F) 

Uptake index (pHrodo/ATTO488 MFI ratio) illustrating variant-dependent differences in 

membrane association versus endolysosomal accumulation. 

 

To validate that the dual-labeling strategy could reliably distinguish fibrils bound to the 

plasma membrane from internalized ones, I acquired live-cell confocal images of SH-SY5Y 

neuroblastoma cells treated with WT fibrils. These images showed that fibrils remaining at 

the plasma membrane displayed only the ATTO488 (green) signal, whereas fibrils that had 

entered the endolysosomal pathway appeared as puncta positive for both ATTO488 and the 

pH-activated pHrodo (red) (Fig. 35A). Flow-cytometric quantification of ATTO488 (Fig. 

35B) and pHrodo (Fig. 35C) fluorescence further confirmed increases in both membrane 

association and endolysosomal uptake of fibrils relative to untreated controls. After applying 

minor corrections for differences in fibril yield across α-syn variants [312], which is 

important as it is primarily aggregated α-syn that is internalized [257,331], and for labeling 

efficiency, which determined the intensity of the fibrils, the analysis showed that uptake was 
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concentration dependent (Fig. 35D-E). Moreover, the mutant variants generally showed 

stronger association with SH-SY5Y cells (ATTO488, Fig. 35D) and higher internalization 

and accumulation within endolysosomal compartments (pHrodo, Fig. 35E) compared to WT 

fibrils. An uptake index (Fig. 35F), calculated as the ratio of pHrodo to ATTO488 mean 

fluorescence intensity, further showed that all fibril variants except A30P were internalized 

into endolysosomal compartments to a greater extent than WT, with H50Q showing the most 

superior uptake. These findings suggest that certain variants, like A30P, tend to remain 

associated with the cell surface with limited progression into the cell, whereas others, like 

H50Q, are more efficiently routed into endolysosomal compartments. One plausible 

explanation is that these mutations alter the structural architecture of the fibrils, such as the 

rearrangements reported for H50Q [109], thereby modifying interactions between neuronal 

receptor-binding sites [335] and ultimately influencing their efficiency of cellular uptake. 

This underscores that distinct intrinsic structural and physiochemical features of each fibril 

variant critically determine uptake efficiency.  

Having observed clear differences in cellular uptake among the α-syn variants, I next asked 

whether these differences also translated into variant-specific uptake kinetics, intracellular 

localization and cellular responses. To address this, we monitored fibril internalization over a 

20-hour period using time-lapse confocal imaging (Fig. 36). 

 

 
Figure 36. Uptake kinetics and endosomal enlargement induced by α-synuclein fibril variants 

in SH-SY5Y cells. (A) Time-lapse confocal imaging of live SH-SY5Y cells treated with 1 µM 

WT or mutant α-syn fibrils, illustrating variant-dependent increases in cellular pHrodo 

fluorescence over 20 h. Scale bar (WT, 2 h): 10 µm. (B) Confocal images at the 20 h endpoint 

showing pHrodo fluorescence (top) and merged pHrodo/ATTO488 channels (bottom) for all 

variants. White arrows indicate enlarged endosomes. Scale bars: 5 µm. (C) Cumulative 

distributions of endosome sizes (pixel-based ROIs) in cells treated with WT or mutant fibrils; 

blue dotted lines mark the 95th, 97.5th, and 99th percentiles for WT. (D) Odds ratios 

quantifying the likelihood of endosomal enlargement in mutant-treated cells relative to WT 

(blue dotted line = 1). Statistical significance at each percentile threshold was assessed using 
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Fisher’s exact test; black lines denote confidence intervals and p-values denote significant 

differences relative to WT. (E) Ratios of observed versus expected number of enlarged 

endosomes for each mutant α-syn variant compared to WT (blue dotted line, 

observed/expected =1), indicating whether the mutant variants generate a disproportionately 

larger or lower number of enlarged endosomes compared to their total endosomal load. 

Significance was evaluated using Clopper-Pearson confidence intervals and two-sided exact 

binomial tests for p-values; black lines show confidence intervals at the three percentile 

thresholds (95th, 97.5th, 99th), and p-values denote significant differences relative to WT. 

  

Similar to the overall uptake efficiencies (Fig. 35), H50Q fibrils displayed the most rapid 

internalization, with pHrodo-positive puncta detectable as early as 4 h (Fig. 36A). In contrast, 

WT and A53T fibrils first showed detectable pHrodo puncta at 8 h, while A30P and E46K 

fibrils exhibited internalization only at later timepoints. Consistent with observations made 

for WT (Fig. 35A) [257], magnified confocal images at the 20 h timepoint showed that all 

mutant α-syn fibrils both associated with the plasma membrane and entered acidic 

endolysosomal compartments (Fig. 36B). Accumulation of fibrils within endolysosomal 

compartments was further supported by spatial distribution of the pHrodo-positive puncta, 

which were predominantly located in the perinuclear region, a characteristic site of lysosomes 

[336,337].  

Surprisingly, the confocal images also revealed variant-dependent differences in endosomal 

enlargement, an established marker of endolysosomal dysfunction [338-340], aligning with 

the emerging link between lysosomal impairment and PD [341]. This observation prompted 

me to quantify the pHrodo-positive acidic compartments and visualize the size profiles for 

each variant using a cumulative distribution plot (Fig. 36C), which revealed that E46K 

showed a markedly lower propensity to induce endosomal enlargement than any other 

variant. To determine whether mutant fibrils generated a higher or lower proportion of 

enlarged endosomes than WT fibrils, I calculated odds ratios (ORs) for each variant, 

reflecting the likelihood that pHrodo-positive compartments surpassed the 95th, 97.5th, and 

99th percentile size thresholds of WT (Fig. 36D). Furthermore, because the fibril variants 

differed in the total number of pHrodo-positive acidic compartments they generated, I also 

calculated an observed over expected ratio of enlarged endosomes, using WT as the reference 

baseline, to determine whether each α-syn variant generated disproportionately more or fewer 

enlarged endosomes relative to its overall endosomal count (Fig. 36E). In both analyses, the 

blue dotted lines represent the WT baseline (OR = 1, observed/expected = 1). These analyses 

showed that A30P, H50Q and A53T modestly increased the prevalence of enlarged 

endosomes, whereas E46K reduced it.  

Taken together, the data in Figures 35 and 36 demonstrate that the intrinsic properties of each 

α-syn fibril variant not only shape their uptake efficiency but also critically influence 

downstream endolysosomal behavior within the cell. This is notable because even though 

entry into the endolysosomal pathway represents a first step of prion-like propagation, an 

equally important requirement is the subsequent escape of fibrils from endosomes to seed 

endogenous α-syn in the cytosol. Previous studies have shown that α-syn fibrils can 

compromise lysosomal membrane integrity [342,343], thereby enhancing the seeding of 

endogenous α-syn [18]. This connection suggests that the endosomal enlargement observed 
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here, an established marker of endolysosomal dysfunction, may represent a contributing 

factor to fibril escape and cytosolic seeding. 

6.4.2. α-synuclein variant-specific properties drive species-dependent seeding 

The next question was whether the α-syn fibril variants also differ in their ability to seed 

endogenous α-syn monomers, representing the subsequent step in prion-like propagation 

beyond mere uptake. To address this, we used mouse (C57BL/6) and rat (Wistar Han) cortical 

neuronal cultures, which were incubated with varying concentrations of sonicated, unlabeled 

fibrils for 7 days, followed by immunocytochemical staining of cell nuclei (Hoechst), 

dendritic networks (MAP2), neuronal cell bodies (NeuN), and phosphorylated α-syn (pS129). 

High-content confocal microscopy and image-based quantification were used to assess 

cellular integrity and seeding outcomes. Because phosphorylation is the predominant post-

translational modification of α-syn found in Lewy bodies in both humans [344,345] and 

animal models [346,347], and the added fibrils were not phosphorylated, the detected pS129-

positive inclusions exclusively reflect newly formed aggregates rather than the exogenously 

applied fibrils. In addition to using primary neuronal mouse cultures, the most widely 

employed model for studying α-syn seeding [348,349], the study explored propagation 

behaviors in primary rat neuronal cultures to assess potential species-dependent differences in 

α-syn seeding. Rat neurons are common models in neuroscience which have some 

morphological advantages such as thicker dendrites and larger somas, as well as functional 

advantages such as more mature electrophysiological properties [350,351].  

 

 
Figure 37. Cellular integrity of nuclei, neuronal cell bodies and dendritic networks shown for 

one mouse replicate. (A-C) Image-based quantification of cell viability, including counts of 

Hoechst-labeled nuclei (A), NeuN-positive neurons (B), and MAP2-defined dendritic network 

length (C). All counts were normalized to untreated controls. 

 

To evaluate whether fibril treatment affected cellular integrity, I quantified cell viability by 

measuring total nuclei counts (Fig. 37A), neuron counts (Fig. 37B), and total dendritic 

network length (Fig. 37C). No notable loss of cellular integrity was observed, a pattern which 

was also conserved in rat neuronal cultures. However, clear differences in seeding outcomes 

emerged, both across the individual α-syn fibril variants and between species, indicating 

distinct variant-specific effects and species-dependent seeding responses (Fig. 38). 
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Figure 38. Variant-specific seeding of α-syn pathology in primary mouse and rat neurons. 

Comparison of prion-like seeding triggered by WT and familial α-syn variants (A30P, E46K, 

H50Q, A53T), assessed in primary neuronal cultures from mouse (C57BL/6) and rat (Wistar 

Han) after 7 days of exposure to PFFs. (A, C) High-resolution confocal images of fixed 

mouse (A) and rat (C) neuronal cultures treated with 16 µg/ml WT or mutant α-syn PFFs 

show the appearance of cytosolic pS129-positive inclusions (upper panels) alongside 

Hoechst-labeled nuclei and MAP2-labeled dendritic networks (lower panels). The larger 

rounded pS129-positive staining reflects nuclear cross-reactivity rather than true cytosolic 

aggregate formation. Scale bars: 20 µm. (B, D) Quantification of pS129-positive puncta 

relative to untreated controls across increasing fibril concentrations (2-16 µg/ml) in mouse 

(B) and rat (D) cultures. Box plots depict the interquartile range (25-75%), median 

(horizontal line), mean (open square), and individual outliers (filled diamonds). Sample 

sizes: mouse N = 2, n = 6; rat N = 3, n = 6. 

 

The dendritic architecture differed substantially between mouse (Fig. 38A) and rat (Fig. 38B) 

cultures, aligning with prior observations that rat neurons develop thicker dendrites 

[350,351]. Within each species (mouse and rat), the variant-dependent hierarchy of seeding 

potency was conserved. A53T induced the strongest accumulation of pS129-positive 

inclusions, followed by WT, whereas H50Q produced minimal or no seeding above baseline 

endogenous α-syn levels (Fig. 38B, D). Similar variant-dependent seeding hierarchies have 

been reported in vitro for both self-seeding [312,317] (paper II) and cross-seeding [181,352] 

reactions. In contrast, this trend diverges from non-seeded aggregation kinetics, where 

familial mutants typically display accelerated fibril formation compared to WT [178,315]. 

Notably, across all fibril treatments, rat neuronal cultures displayed a lower magnitude of 

pS129 fold increase compared to mouse cultures, indicating species-dependent differences in 

seeding response. 
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The pronounced seeding potency of A53T likely reflects, in part, its sequence 

complementarity to endogenous mouse and rat α-syn, which naturally harbor the A53T 

substitution [353]. However, it also largely aligns with findings presented in paper III, where 

A53T displayed high permissiveness to both self- and cross-seed, suggesting that this fibril 

variant possesses an intrinsically high capacity for templating. Consistent with this, the 

comparatively weak seeding efficiencies of H50Q and, to a lesser extent, E46K, are in line 

with their behavior in the cross-seeding assays described in paper III, where heterologous 

templating progressed slowly due to each variant’s strong preference for propagating its own 

fibril architecture, even at a high kinetic cost. The differences in seeding magnitude between 

mouse and rat neuronal cultures may stem from the single amino-acid difference in their 

endogenous α-syn sequences at residue 121 which is also distinct from the human sequence 

(G121 in mouse, S121 in rat, D121 in human) [354]. This position is known to influence C-

terminal truncation and aggregation of α-syn [355,356], providing a plausible molecular basis 

for the species-dependent variation in seeding responses. However, mouse and rat neuronal 

cultures also differ in several biological processes that could influence their respective 

seeding responses, including protein clearance pathways, proteostasis capacity, neuronal 

maturation rate, and baseline α-syn expression levels [350,351,357,358]. 

A key observation emerging from the comparison of uptake (Fig. 35) and seeding efficiencies 

(Fig. 38) is that these parameters did not always correlate. Examining the two most prominent 

cases, H50Q and A53T, demonstrates that H50Q exhibited high uptake yet minimal seeding, 

whereas A53T showed only moderate uptake but high seeding efficiency. The dissociation 

between uptake and seeding likely arises from mechanisms beyond simple fibril 

internalization, involving variant-specific biophysical features and differences in how the 

fibril variants accumulate and persist within the endolysosomal system. For example, the 

H50Q substitution removes α-syn’s only residue that can change its charge within the 

endolysosomal pH range, likely altering how the fibrils engage lysobisphosphatidic acid-rich 

late endosomal membranes [359]. This could reduce escape from endolysosomal 

compartments and account for the poor seeding efficiency of H50Q relative to A53T, despite 

substantial endolysosomal buildup. Furthermore, protein charge has also been shown to play 

an important role in the aggregation of H50Q, where non-polar (alanine), polar (glutatmine) 

or negatively charged (aspartic acid) residues reduced the aggregation propensity, whereas 

introducing a positively charged residue (arginine) enhances it [180]. This highlights that the 

charge at position 50 might be functionally important over the endosomal pH range. 

6.4.3. α-synuclein variant-specific properties determine inclusion morphology 

The final question I asked after observing substantial differences in uptake and seeding 

among the α-syn fibril variants was whether these disparities would also manifest in 

morphological differences of the resulting inclusions, and whether such morphological 

features might differ between mouse and rat neuronal cultures. To address this, I quantified 

inclusion morphology by measuring their size and shape using image-based analysis (Fig. 

39). 
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Figure 39. Morphological variation of α-syn inclusions seeded by wild-type and mutant 

fibrils. Morphological characterization of the pS129-positive cytosolic inclusions identified in 

Fig. 38. (A, C) Confocal micrographs of pS129-positive inclusions in mouse (A) and rat (C) 

primary neuronal cultures, with two zoomed-in fields of view shown for each α-syn variant to 

illustrate inclusion abundance and structural appearance. Scale bars: 20 µm. (B, D) 

Quantification of inclusion morphology based on aspect ratio (longest/shortest axis). Box 

plots depict the interquartile range (25-75%), with medians indicated by horizontal lines, 

means by open squares, and outliers by filled diamonds. Aspect-ratio measurements were 

obtained from two biological replicates for mouse and three for rat, with nine fields of view 

analyzed per replicate and α-syn variant.  

 

Inclusion morphology was broadly comparable between mouse (Fig. 39A) and rat (Fig. 39C) 

neuronal cultures, spanning small, near-spherical inclusions to more elongated structures, 

however some α-syn variant specific inclusion morphologies were observed. The most 

pronounced morphological differences were observed for E46K, which predominantly 

generated large, elongated inclusions. This trend is consistent with its slightly elevated aspect 

ratios in both mouse (Fig. 39B) and rat (Fig. 39D) neuronal cultures. These findings align 

with earlier work showing that α-syn inclusions can adopt a wide range of morphologies 

[164,212,348], and that the structural features of the seeding assemblies play a decisive role 

in shaping the architecture of the aggregates that ultimately form [360-362]. Furthermore, 

these results, together with the conserved seeding hierarchy observed for mouse and rat 

neuronal cultures in Figure 38, support the idea that intrinsic properties of the fibril seeds, 

rather than species-specific cellular factors, primarily determine both seeding efficiency and 

structural characteristics of the resulting α-syn inclusions. 

In summary, I have shown that wild-type and mutant α-syn fibrils engage the prion-like 

propagation pathway in distinct manners. The variants differed not only in how efficiently 

they were internalized, but also in how they were processed within the endolysosomal 

system, how readily they induced endosomal enlargement, and how effectively they initiated 

seeded aggregation. These variant-specific behaviors ultimately produced inclusions with 

characteristic morphological signatures, demonstrating that the structural identity of the seed 
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influences every stage from entry to aggregate formation. Rather than a single step dictating 

prion-like spread, our results show that propagation efficiency arises from the cumulative 

effect of several mechanisms, each of which is modulated differently by the individual α-syn 

variants. This explains why high uptake does not necessarily translate into strong seeding 

activity and underscores the multifaceted nature of amyloid propagation in neurons. Notably, 

several defining features previously observed in vitro in papers I-III, such as the influence of 

protein charge on fibril behavior, the variant-specific differences in aggregation propensity 

and the ability to cross-seed other α-syn variants, were likewise evident in vivo. This 

conservation across experimental systems indicates that these behaviors stem from intrinsic 

fibril properties rather than the biological environment. In light of the distinct α-syn strains 

identified in Parkinson’s disease and related synucleinopathies, the findings further support 

the idea that structural polymorphism is a central driver of the variability and progression of 

α-syn associated neurodegeneration, making it a promising target for future development of 

therapeutics. 
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7. Concluding Remarks 

To this day, Parkinson’s disease (PD) and related synucleinopathies continue to be 

devastating neurodegenerative disorders with widespread impact on millions of people and 

their families worldwide. In the past several decades, major advances have been made to 

understand the molecular mechanisms that determine PD onset and propagation. This has 

firmly established α-syn as a key contributor to disease development. Despite these advances, 

the understanding of the initial events that cause α-syn to misfold and aggregate are still 

incomplete, and our knowledge of how the resulting aggregates contribute to initiating and 

propagating pathology remains insufficient, resulting in that we still have no means of halting 

disease progression. More than 50 years after its first introduction, L-dopa remains the most 

widely used symptomatic treatment of PD, yet the recent emergence of an antibody-based 

therapy against Aβ to combat Alzheimer’s disease highlights the therapeutic potential of 

targeting amyloid fibrils.  

In this thesis, I address some of these knowledge gaps by demonstrating that α-syn fibril 

formation and the resulting structural outcomes are shaped by both physiochemical 

(environmental) and mechanistic factors, and that responses to these factors are highly 

variant-dependent. I further demonstrate that variant-specific differences in aggregate 

formation critically influence cell-to-cell propagation, encompassing internalization, cellular 

processing, endogenous α-syn seeding, and the formation of larger inclusion bodies. 

Together, my findings provide important insights into how α-syn pathology spreads and 

highlight the significance of structure-function relationships for understanding the 

mechanisms that determine actions of amyloid fibrils, an area that may offer valuable targets 

for future therapeutic strategies. 

At its core, my thesis investigates how physiochemical, mechanistical and structural factors 

shape α-syn fibril formation and how these variant-specific properties influence prion-like 

propagation. Paper I laid the foundation for this work by demonstrating that α-syn formation 

is highly sensitive to physiochemical conditions, establishing how these early determinants 

can shape aggregation kinetics and fibril structure, features that later prove crucial for 

downstream cellular processing and prion-like propagation. I demonstrate in Paper I that the 

most physiologically abundant monovalent cations, Na+ and K+, have distinct and opposing 

effects on WT α-syn aggregation kinetics, with Na+ accelerating fibril formation, whereas K+ 

progressively slows it with increasing concentration. The fact that these effects were confined 

to the lag phase highlights their strong influence on primary nucleation. I further show that 

these cations also influence structural outcomes, with Na+ promoting more flexible fibrils and 

K+ producing more rigid ones. My findings expand current knowledge by showing that, 

although the roles of anions [148] and multivalent cations [287] are well established as 

modulators of α-syn fibril formation, monovalent cations, which have been comparatively 

understudied, can also significantly influence fibril aggregation kinetics and structural 

outcomes, highlighting their relevance in both physiological and experimental context. 

Finally, the observation that monovalent cations modulate fibril flexibility and rigidity, 

thereby influencing fibril clustering, may offer new insights into the formation of Lewy 

bodies, which are characterized by densely packed α-syn fibrils formed in a K+ rich 

environment [5]. 
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Building on this foundation, in paper II I asked how another comparatively understudied 

mechanism, fragmentation, influences α-syn aggregation kinetics and structural outcomes. To 

address this, I modified the conventional ThT aggregation assay used in paper I by 

incorporating an ultrasonication step at the plateau phase, generating repeated rounds of 

fragmentation and re-aggregation. This new approach simulates the prolonged course of PD, 

during which fibrils are likely to undergo multiple cycles of breakage and regrowth, and 

represent a methodological contribution to the amyloid biophysics field. Using this 

framework, I extended the analysis to include pathological mutants (A30P, E46K, H50Q, 

A53T), enabling direct comparison of how fragmentation affects fibrils that differ both in 

structure and aggregation kinetics. I found that A30P, E46K, and A53T, three mutants notably 

associated with early-onset PD, showed progressively increased ThT fluorescence following 

fragmentation and re-growth, despite exhibiting no change in fibril mass. Such changes in 

ThT fluorescence can only be ascribed to differences in ThT binding and quantum yields 

[302] which are, in turn, heavily dependent on fibril architecture [303,304]. My results 

indicate that these variants evolve their structures and, furthermore, suggest that high 

polymorphic flexibility of fibrils may be important to drive early disease initiation and rapid 

progression, possibly by enabling rapid adaption to the intracellular environment [363], 

facilitating secondary nucleation [320], and/or by increasing the likelihood of forming 

pathogenic conformers capable of efficient intracellular spread [364]. Moreover, the key 

finding in paper II that fibril fragmentation can accelerate such conversion, gives this 

mechanism a more central role than previously acknowledged, prompting further studies 

under conditions that more faithfully mimic the cellular environment, where proteolytic 

enzymes [310] and chaperones [309] can increase the occurrence of fibril fragmentation 

events compared to their relative sparseness in vitro. Moreover, paper II provides the first 

evidence that α-syn fibrils can structurally evolve over time, and the comparative analysis of 

WT and mutant α-syn demonstrates that the propensity for such evolution is variant-specific. 

This advances current understanding of α-syn aggregation, complementing recent work 

linking fibril structure to distinct diseases [21], as well as extending the concept of structural 

evolution of amyloid fibrils first proposed in work on IAPP [22] and tau [23] fibrils. Such 

observations have important implications both in a biological context and for the 

development of effective PD therapeutics. The fibril structures observed in post-mortem 

patient tissue likely represent late-stage, highly matured assemblies, rather than the early-

stage species that initiate pathology. As a result, therapeutics designed to target post-mortem 

fibril structures might face a fundamental challenge in that they may not effectively engage 

the early pathogenic assemblies that drive disease onset and progression. This distinction 

highlights the need to consider structural evolution, and earlier or more transient polymorphs, 

when developing therapeutics aimed at specific structural features of amyloid fibrils. 

Having established in paper II that α-syn fibril composition is highly heterogenous, that 

fibril structures can evolve over time, and that these properties are strongly variant-specific, I 

next asked whether I could resolve and distinguish these structural differences without large-

scale cryo-EM assisted structure determination. To this end, I leveraged the photophysical 

properties of ThT through ThT fluorescence lifetime analysis (paper III). Using this 

approach, I demonstrated that α-syn fibril polymorphs generated through both self- and cross-

seeding could be phenotyped based on their specific ThT fluorescence lifetime fingerprints, 

which, due to the tight binding of ThT to the amyloid fibril core, can be interpreted as direct 

reflections of underlying structural differences. Paper III represents a methodological 



71 
 

advance in that it establishes ThT fluorescence lifetime analysis as a time- and cost-effective 

method for phenotyping and comparing large fibril datasets generated from self- and cross-

seeding, providing complementary structural information alongside established techniques 

such as cryo-EM [21,141] and AFM [365]. Furthermore, using fluorescence lifetime analysis 

coupled with kinetic analysis I was able to gain deeper knowledge regarding the differences 

in fluorescence intensity and kinetics that I observed in paper II. Across the cross-seeding 

experiments, fluorescence-lifetime combined with kinetics analyses revealed variant-specific 

differences in how different α-syn variants propagate structure. Some variants, such as E46K 

and H50Q, showed a strong tendency to propagate their native self-seeding structure, both 

when acting as seeds and when their monomers were seeded by other variants. However, this 

faithfulness to propagate their native self-seeded structures was accompanied by a substantial 

kinetic cost. WT and A30P monomers were more permissive and readily adopted the 

conformation of the incoming seed. In contrast, A53T showed an intermediate behavior, as a 

seed it preserved selected structural features, while as a monomer it largely maintained its 

native A53T structural fingerprint even when seeded by other variants. Moreover, several 

cross-seeding combinations notably produced ‘hybrid’ fibrils with lifetime signatures 

partially resembling both the parent seed and the preferred fibril conformation of the 

monomer, whereas others appeared to result in entirely new polymorphs, typically emerging 

under conditions of rapid assembly suggesting less faithful structural replication. Through 

these results, I showed that cross-seeding can lead to faithful templating, monomer-driven 

restructuring, or de novo polymorph formation, highlighting the diverse and dynamic 

structural landscape of α-syn fibrils. Overall, I provide valuable insights into that α-syn 

variants differ markedly in how they transmit or remodel structure during cross-seeding, 

emphasizing that variant-specific structural interplay may be an important contributor to 

progression of familial PD. A valuable next step, combining the observations in both paper II 

and paper III, would be to directly align the fluorescence-lifetime signatures with cryo-EM 

resolved fibril architectures, enabling the construction of an integrated lifetime-structure map 

for rough bulk-readouts of structural compositions within a sample. 

Whereas papers I-III focused on fibril formation and structural outcomes from an in vitro 

biophysical perspective, in paper IV I shifted the focus to the cellular environment, 

investigating how these variant-specific properties manifest in vivo. The key question was 

how distinct aggregation kinetics and fibril architectures of the various α-syn variants 

observed in papers I-III connect to prion-like propagation, encompassing internalization, 

intracellular processing, endogenous α-syn seeding, and the development of larger inclusion 

bodies. Using flow cytometry to quantify fibril uptake in SH-SY5Y neuroblastoma cells, I 

found that internalization efficiency varied markedly between α-syn variants, indicating that 

cellular entry is strongly influenced by intrinsic fibril properties such as structure. Confocal 

imaging further revealed pronounced endosomal enlargement across most α-syn variants, a 

phenotype previously associated with endosomal dysfunction [338-340] and, to the best of 

my knowledge, previously only reported for WT α-syn fibrils [366]. Notably, these effects 

were more prominent for familial variants than for WT, aligning with the growing recognition 

of lysosomal impairment in PD [341] and suggesting a mechanistic link to the more 

aggressive early-onset forms of disease. Furthermore, I showed through confocal microscopy 

of mouse and rat neuronal cultures treated with the different α-syn variants that these variant-

specific behaviors extended beyond uptake and endosomal responses to additional steps in 

the prion-like propagation pathway. Endogenous α-syn seeding was highly variant-dependent, 
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with substantial differences in seeding-efficiency noted across all α-syn variants. An 

important observation was also that cellular uptake efficiency did not necessarily correlate 

with a high seeding efficiency. Instead, these cellular outcomes in several instances mirrored 

the biophysical trends observed in paper III. Variants such as E46K and H50Q, which 

exhibited slow and kinetically costly aggregation due to preference of propagating their own 

structures during cross-seeding, produced comparatively few aggregates in both mouse and 

rat neurons. In contrast, A53T, characterized by rapid and permissive aggregation in vitro, 

generated the highest number of α-syn aggregates across both model systems. Importantly, 

these variant-specific patterns were conserved across species, albeit with different 

magnitudes, demonstrating that the efficiency of endogenous α-syn recruitment is tightly 

linked to intrinsic fibril properties, such as structure and kinetic accessibility. Lastly, a final 

observation was that the formation of larger, Lewy body-like inclusions and their resulting 

morphologies were dependent on the α-syn seed variant. Although this observation aligns 

with previous reports of morphologically diverse α-syn inclusions [164,212,348] and its 

dependence on the nature of the α-syn seed [360-362], my work provides the first large-scale 

side-by-side comparison of four of the most common familial PD variants. In conclusion, 

Paper IV thereby provides the first systematic comparison of WT and familial α-syn mutants 

(A30P, E46K, H50Q, A53T), showing variant specific effects across multiple stages of prion-

like propagation, including internalization, endosomal responses, endogenous α-syn seeding, 

and the formation of inclusion bodies. This contributes to the growing body of literature 

which links structural polymorphism to disease function [21]. 

In summary, my thesis provides new mechanistic insight into α-syn aggregation and its 

propagation in PD, highlighting fibril assembly pathways and the resulting fibril structure as 

important targets for future therapeutic strategies. 
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