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Abstract
Worldwide, a high number of patients are affected by protein misfolding diseases, caused by the formation
of insoluble amyloid fibrils that accumulate as protein deposits. Amyloid fibrils represent highly ordered,
insoluble protein aggregates with a characteristic cross-� conformation. Various sequences, despite their
dissimilarity, can adopt this conformation and aggregate, a phenomenon frequently observed in amyloid
diseases like Alzheimer’s (AD) or Parkinson’s diseases (PD). This thesis delves into two primary topics,
examining the mechanistic role of the intrinsically disordered regions (IDRs) in amyloid formation and
inhibition of ↵-synuclein (↵S), as well as exploring the pathophysiological effects on cells induced by
various aggregation species.

In the first part, the modes of action of amyloid inhibitors were under investigation. Inhibitors of amyloid
formation can target different sites, such as the fibril ends to prevent elongation. Previously, the engineered
protein WT-CC48, which is a fusion of wildtype (WT) ↵S with the disulfide-containing ↵S mutant CC48,
exhibited high potential to inhibit fibril elongation. Here, we studied which regions of WT-CC48 are
responsible for the strong inhibitory effect by characterizing a set of truncated versions of WT-CC48.
We show that in both the WT and the CC48 part of the fusion construct the regions required for strong
inhibition correspond to the segments forming the �-sheet core of ↵S fibrils. This suggests that coverage
of the full �-sheet core interface exposed at the fibril end is beneficial for optimization of fibril elongation
inhibitors.

Surprisingly, even an ↵S monomer binding protein can achieve substoichiometric inhibition of ↵S
aggregation. The engineered binding protein �-wrapin AS69 sequesters monomeric ↵S in the region of
amino acid 30-60, while the remaining sequence stays intrinsically disordered. We could show that this
substoichiometric activity requires not only the globular part of the complex but also the IDRs of ↵S.
This means that the ability of IDRs to interfere with amyloid formation can be exploited by inhibitors to
inhibit specific mechanisms in vitro and in cellular aggregation assays. On this basis, an inhibitor called
AS69nuc was developed that specifically inhibits the nucleation of ↵S fibrils, but not their elongation.
The use of AS69nuc as an artificial tool gained valuable insights into aggregation proliferation in the
diagnostic seeded amplification assay (SAA). Our findings reveal that under SAA conditions, secondary
nucleation drives the proliferation initiated by PD patients’ cerebrospinal fluid (CSF).

The second part of this thesis is centered around the understanding of cellular internalization and
pathophysiological effects of fibrils and oligomeric species. Next generation sequencing (NGS) was
performed to provide insights into cellular response systems against fibrils. This molecular snapshot
allowed to identify the critical components of the cell response to fibrils, which may be further considered
as potential biomarkers. In addition to looking at the impact of fibrils on cells, the study of oligomers
remains an important issue, as these are often described as the toxic species. However, oligomers are
difficult to study due to their transient nature, low population under standard conditions, and structural
heterogeneity. Therefore, we developed an oligomer model, which enables the investigation of the effects
of stable curvilinear oligomers.

The findings in this thesis highlight the significance of IDRs as facilitators of inhibition of amyloid
formation. They can guide the design of inhibitors, enhancing their inhibitory potential, and offer a fresh
perspective to exploit the aggregating protein’s self-interaction for inhibition. Moreover, they contribute
to the understanding of the individual steps of the amyloid formation reaction. Shedding light on the
roles of various aggregation species, their pathophysiological effects, and the cellular response sys-
tem is consistently intriguing, providing valuable insights to deepen our understanding of amyloid diseases.
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Zusammenfassung
Weltweit sind zahlreiche Patienten von Proteinfehlfaltungskrankheiten betroffen, die durch die Bildung
von unlöslichen Amyloidfibrillen verursacht werden, welche sich als Proteinablagerungen ansammeln
können. Amyloidfibrillen stellen hoch geordnete, unlösliche Proteinaggregate mit einer charakteristischen
Cross-� Konformation dar. Verschiedene Sequenzen können trotz ihrer Unterschiede diese Konformation
annehmen und aggregieren, ein Phänomen, das häufig bei Amyloid-Krankheiten, wie Alzheimer oder
Parkinson, beobachtet wird. Diese Arbeit befasst sich mit zwei Hauptthemen, der Untersuchung der
mechanistischen Rolle der intrinsisch ungeordneten Regionen bei der Amyloidbildung von ↵-Synuclein
(↵S) und dessen Hemmung, sowie der Erforschung der pathophysiologischen Auswirkungen auf Zellen,
die durch verschiedene Aggregationsarten hervorgerufen werden.

Im ersten Teil wurden die Wirkungsweisen von Amyloid Inhibitoren untersucht. Inhibitoren der Amyloid-
bildung können an verschiedenen Stellen ansetzen, z. B. an den Fibrillenenden, um das Fibrillenwachstum
zu verhindern. Bisher zeigte das gentechnisch hergestellte Protein WT-CC48, eine Fusion von Wildtyp
(WT) ↵S mit der disulfidhaltigen ↵S Mutante CC48, ein hohes Potenzial zur Hemmung des Fibrillen-
wachstums. Hier haben wir untersucht, welche Regionen von WT-CC48 für die stark hemmende Wirkung
verantwortlich sind, indem wir eine Reihe von verkürzten Versionen von WT-CC48 charakterisiert haben.
Wir zeigen, dass sowohl im WT- als auch im CC48-Teil des Fusionskonstrukts die Segmente, die den
�-Faltblattkern der ↵S Fibrillen bilden, für die starke Hemmung erforderlich sind. Dies deutet darauf hin,
dass die Abdeckung der gesamten Schnittstelle des �-Faltblattkerns, die am Fibrillenende exponiert ist,
für die Optimierung von Fibrillenverlängerungsinhibitoren von Vorteil ist.

Überraschenderweise kann sogar ein ↵S-Monomer Bindungsprotein eine substöchiometrische Hem-
mung der ↵S-Aggregation erreichen. Das gentechnisch hergestellte Bindungsprotein �-wrapin AS69
komplexiert monomeres ↵S im Bereich der Aminosäuren 30-60, während die restliche Sequenz in der
intrinsisch ungeordneten Struktur verbleibt. Wir konnten zeigen, dass diese substöchiometrische Aktivität
nicht nur den globulären Teil des Komplexes, sondern auch die ungeordneten Proteinregionen von ↵S
erfordern. Dies bedeutet, dass die Fähigkeit von ungeordneten Proteinregionen, die Amyloidbildung
zu stören, von Hemmstoffen ausgenutzt werden kann, um spezifische Mechanismen in vitro und in
zellulären Aggregationsexperimenten zu inhibieren. Auf dieser Grundlage wurde ein Inhibitor mit dem
Namen AS69nuc entwickelt, der spezifisch die Nukleation von ↵S Fibrillen, nicht aber deren Wachstum
hemmt. Durch die Verwendung von AS69nuc als künstliches Werkzeug konnten wertvolle Einblicke in
die Aggregationsvermehrung im diagnostischen Amplifikationstest (SAA) gewonnen werden. Unsere
Ergebnisse zeigen, dass unter SAA-Bedingungen die sekundäre Nukleation die Proliferation antreibt, die
durch die Zerebrospinalflüssigkeit von Parkinson-Patienten initiiert wird.

Der zweite Teil konzentriert sich auf das Verständnis der Mechanismen der zellulären Internalisierung
und der pathophysiologischen Auswirkungen von Fibrillen und oligomeren Formen. Die Sequenzierung
der nächsten Generation (Next Generation Sequencing) wurde durchgeführt, um Einblicke in die
zellulären Reaktionssysteme auf Fibrillen zu erhalten. Diese molekulare Momentaufnahme ermöglichte
es, die entscheidenden Komponenten der Zellreaktion auf Fibrillen zu identifizieren, die als potenzielle
Biomarker in Betracht gezogen werden können. Neben der Untersuchung der Auswirkungen von Fibrillen
auf Zellen bleibt die Untersuchung von Oligomeren ein wichtiges Thema, da diese oft als die toxische
Spezies beschrieben werden. Oligomere sind jedoch aufgrund ihrer instabilen Natur, ihres geringen
Vorkommens unter Standardbedingungen und ihrer strukturellen Heterogenität schwer zu untersuchen.
Daher haben wir ein Oligomermodell entwickelt, dass die Untersuchung der Oligomere eines bestimmten
Phänotyps (genannt curvilinear) ermöglicht.



xii

Die Ergebnisse dieser Arbeit unterstreichen die Bedeutung von intrinsisch ungeordneten Regionen als
Vermittler der Hemmung der Amyloidbildung. Sie können die Entwicklung von Inhibitoren leiten und ihr
hemmendes Potenzial verbessern. Außerdem bieten sie eine neue Perspektive, um die Selbstinteraktion
des aggregierenden Proteins für die Hemmung zu nutzen. Darüber hinaus tragen sie zum Verständnis
der einzelnen Schritte der Amyloidbildungsreaktion bei. Das Untersuchen der Rolle von verschiedenen
Aggregationszuständen, ihre pathophysiologischen Auswirkungen und das zelluläre Reaktionssystem
liefern wertvolle Erkenntnisse, um unser Verständnis dieser Fehlfaltungskrankheiten zu vertiefen.



1
GENERAL INTRODUCTION

1.1. Amyloids
The transformation of soluble proteins into insoluble and highly ordered amyloid deposits has focused
the research attention of various scientific disciplines ranging from physics to chemistry, biology and
medicine [1]. The first finding of amyloid structures dates back to 1639, which at that time led to the
observation of a lard liver and white-stone spleen [2]. In 1854, Rudolph Virchow coint the term amyloid
after discovering macroscopic tissue abnormalities, the so-called corpora amylacea within the brain [3].
Virchow initially concluded that these formations resembled cellulose or starch due to their characteristic
staining pattern achieved by positive staining with iodine and a subsequent color change from pale blue to
violet upon treatment with sulfuric acid. The term amyloid finds its origin in “amylum“ and “amylon,“ the
Latin and Greek words for starch, respectively [4]. In 1859, however, Friedreich and Kekulé contradicted
this misidentification based on a comprehensive study of the human spleen. They refuted the notion that
amyloids consisted of carbohydrates and established that they are proteinogenic [5]. However, the term
amyloid is still used today. In the following years, advances in light microscopy and the discovery that
amyloid deposits exhibit a distinct red-green birefringence in the presence of the dye Congo red revealed
the composition of amyloid as highly organized protein subunits [6]. In the 1970s, various proteins such
as amyloid A [7], the light chain of antibodies [8] or transthyretin [9] were identified as protein building
blocks of fibrils.

Meanwhile, the development of high-resolution structure-resolving techniques rapidly evolved. In 1968,
the X-ray fiber differentiation of the egg stalk of the lacewing fly provided insight into the structure,
revealing a repeating feature at approximately ⇠ 4.7 Å along the fibril axis, defining it as cross-� folding
[10]. This cross-� folding has been attributed to amyloid fibrils as a clear and detailed characteristic, akin
to a fingerprint [11]. In subsequent years, additional methods were refined to achieve higher resolution.
Notably, solid-state Nuclear Magnetic Resonance (ssNMR) [12] and cryogenic-Electron Microscopy
(cryo-EM) [13] gained prominence due to their near-atomic resolution and rapid implementation. The
integration of these diverse methods enables a comprehensive understanding of amyloid structures at
multiple scales [11].

To date, new high-resolution structures of amyloid fibrils are being reported daily [14]. This underscores
the great diversity, variety and range of fibrils, hinging on two factors: i.) various proteins can give
rise to amyloid fibrils, and/or ii.) during the aggregation process, the same protein can assemble into
different conformations in the core of the fibrils, leading to distinct polymorphs [15]. Until now, there is
no apparent correlation in sequence, structure, or function among numerous proteins capable of forming
amyloid fibrils. For instance, aggregation-prone proteins, such as amyloid-� (A�) and lactoferrin exhibit
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amino acid sequences ranging from 40-42 to 641, respectively [1].

Despite these differences, amyloid fibrils consisting of different protein building blocks have certain
structural features in common, namely the formation of long, unbranched filaments with a cross-�
structural motif. Due to this common architecture, amyloid-specific dyes become valuable tools for
identifying the presence of amyloid structures in tissues and samples or monitoring the kinetic progression
of amyloid formation [1, 16, 17]. Currently, Thioflavin-T (ThT), a synthetic aromatic heterocyclic
compound, is widely used and the most well-known amyloid-specific dye. ThT selectively attaches to
protein regions exhibiting a linear arrangement of �-sheets, such as those found in amyloid fibrils. Once
bound to �-sheets, ThT adopts a stable planar conformation with a bathochromic shift in both excitation
and emission wavelengths. Additionally, the fluorescence intensity multiplies [17].

The rapid pace of structural elucidations and mechanistic characterizations has revealed the correlation of
amyloid fibrils with numerous neurodegenerative and systemic diseases, notably Alzheimer’s disease
(AD) [18], Parkinson’s disease (PD) [19], and Type 2 diabetes mellitus (T2DM) [20]. Nonetheless, it
has been shown that functional amyloids are also present in bacteria, fungi, and mammals [21]. To
prevent ambiguity in the term “amyloid,“ the Nomenclature Committee of the International Society of
Amyloidosis (ISA) has reached a consensus stipulating that the term “amyloid“ should be reserved for all
�-spanning fibrils [22]. However, it is strongly advised that the use of “amyloid“ (without additional
clarification) and “amyloidosis“ be restricted to pathological deposits within the realms of human and
veterinary medicine. Terms requiring additional explanations, such as amyloid fibrils or amyloid state, can
be employed more broadly [23]. Given the continuously expanding knowledge about amyloid structures
and their functional or disease-related roles, a final definition is still in progress and may undergo further
refinement in the future [24].

1.1.1 Occurence

Transmissible Spongiform Encephalopathies, like Creutzfeldt-Jakob or Gerstmann-Sträussler-Scheinker
diseases in humans result in the degeneration of brain cells. In 1982, Prusiner et al. identified a potential
infectious agent: a protein termed prion. Contrary to expectations, this protein was also found in healthy
cells. However, they demonstrated that prion monomers could undergo a conversion from their native
cellular state (PrPC) to a conformation characterized by a �-sheet dominated structure, the so-called
scrapy PrP form (PrPSC) [25, 26, 27]. This altered structure exhibited the ability to grow and replicate
by recruiting monomeric cellular PrPC. It is important to note that the prion protein in its monomeric
conformation, PrPC, is not infectious. However, when it undergoes conversion into PrPSC fibrils, it transits
into a infectious state and becomes a prion [28, 29]. This discovery clarified that proteins within their
natural milieu can experience a template-like transformation into amyloid-like filaments, forming the
foundation for these diseases. In recognition of this groundbreaking discovery, Prusiner was honored with
the Nobel Prize in 1997 “for his discovery of prions — a new biological principle of infection“ [30]. This
revelation, indicating that proteins could exhibit infectious properties independently of genetic material
like deoxyribonucleic acid (DNA) or ribonucleic acid (RNA), proved so astonishing that numerous
scientific domains were re-evaluated using this innovative explanatory framework.

Amyloid diseases

Currently, over 50 disease-causing amyloidogenic proteins are identified, contributing to an even higher
and diverse range of diseases based on the precursor sequence, formed polymorph, or the location of
amyloid deposition [11, 31, 32, 33]. These diseases encompass neurodegenerative conditions like AD (A�
[18] and/or tau aggregation [34]), PD and other synucleinopathies (a-synuclein (aS) aggregation [19]) or
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Amyotrophic lateral sclerosis (ALS; superoxide dismutase aggregation [35]). Protein depositions can also
be found in various tissues, including islets of Langerhans in T2DM (islet amyloid polypeptide (IAPP)
aggregation [20]), kidney or heart in Amyloid light-chain amyloidosis (antibody light chain aggregation
[36]), and osteoarticular tissues in Dialysis-related amyloidosis (�2-microglobulin aggregation [37]). This
list, though not exhaustive, provides insight into the numerous and fundamentally different manifestations
of amyloid-related diseases. However, they are all underlying the amyloid hypothesis describing a causal
link between amyloid deposits (intra- or extracellular) and pathological symptoms (Figure 1.1, blue
pathway) [38, 39].

Figure 1.1: Overview of amyloid protein aggreagtion within cells. Endogenous proteins, here protein
A and B, are in their native structure until they change their conformation and aggregate. Proteins can
aggregate into oligomers that can enter cells (green pathway), leading to cytotoxicity. The protein can also
form a nucleus that can grow into amyloid fibrils (blue pathway). These fibrils can cluster together to form
plaques. The aggregation of one protein (protein A, blue) can trigger the aggregation of another protein
(protein B, yellow pathway). These plaques and amyloidogenic species disturb the cellular functionality
and exert cytotoxicity on cells.

In amyloid disease, the aggregation is attributed to the misfolding of a specific protein, however the
diseases are not fully delineated. In patients suffering from cognitive impairment, 50% of these patients
with Alzheimer’s A� pathology also exhibit ↵S pathology [40]. The role of co-pathologies is currently
under intensive investigation [41]. Moreover, an overlap of amyloid diseases through cross-talk between
aggregation prone-proteins exists, indicating that the aggregation of a protein linked to one disease can
trigger the aggregation of another protein, thereby contributing to the development of an additional
disease (Figure 1.1, yellow pathway) [42, 43, 44, 45]. This phenomenon is evident, for instance, in the
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aggregation of A� and IAPP. Because of their high structural similarities, these two proteins can seed the
aggregation of each other [46, 47]. This is underscored by the increased risk to develop AD in patients
with T2DM [48, 49].

Likewise, contemporary studies increasingly indicate that not just the structure and existence of amyloid
fibrils are linked to the onset and advancement of diseases, but also various oligomeric forms (Figure 1.1,
green pathway) [50, 51, 52]. According to the oligomer hypothesis [53], small amyloid oligomers play
the prominent role in neurodegenerative diseases and T2DM, rather than the clearly visible deposits of
fibrils [54, 55, 56]. This hypothesis is supported by the known lack of correlation between postmortem
plaque load and neurological deficits in AD [57].

The trigger for the onset of amyloid diseases remains unclear. Many conditions, such as AD and PD,
are linked to aging [58, 59]. With a growing elderly population, there are emerging social and economic
challenges that necessitate effective control of these diseases [60]. Unfortunately, universal cures remain
elusive until now. Furthermore, detecting these diseases in a timely manner poses a challenge, as they
have traditionally been identified only with the emergence of severe clinical symptoms in the advanced
stages. However, significant progress has been made in the recent years. The United States Food and
Drug Administration (FDA) has approved antibodies for the treatment of AD [61, 62], and many other
therapeutic approaches with promising clinical results are on their way [63, 64]. Also, the development in
diagnostic tools is becoming more precise and refined [65].

Functional amyloids

A surprising discovery was the finding of functional amyloid as amyloids are typically linked to
diseases. The term functional amyloid refers to amyloids with functional properties for their organism
under physiological conditions [21]. Their functions encompass various roles such as structurally
templating tasks for small chemical molecules (like Pmel17) [66] or participating in the formation
of biofilm in bacteria (e.g. curli) [67]. Additionally, they serve as storage for peptides/proteins,
providing protection from their surroundings or, vice versa (e.g. peptide hormones in mammalian
secretory granules) [68]. Amyloids can function as information carriers, as seen in the fungal immune
system (HET-s prion in Podospora anserina [69], yeast prions), or contribute to long-term memory
(mnemons in yeast) [70]. They may also be involved in suppressing the native function of soluble proteins
(Cdc19 in yeast stress granules) [71] or in signaling through the formation of oligomers (HET-s prion) [72].

Utilizing amyloids for these functions offers various advantages, including the transition from a soluble to
an insoluble state, high stability, and a robust prion-like replication mechanism. Notably, it is remarkable
that functional amyloids exhibit no toxicity, which implies that there must be differences in structure and
their origin [21]. The aggregation mechanism in functional amyloids is meticulously controlled, involving
regulation of the physico-chemical environment [68, 73, 74]. Additionally, functional amyloids undergo
rapid and selective aggregation, preventing the accumulation of toxic oligomers or intermediates [75, 76].
Moreover, functional amyloids usually remain monomorphic and cannot fold into different polymorphic
conformations [77], further emphasizing that this process is executed under strict control regimes.

The optimized evolutionary design of both the structure and sequence of functional amyloids, along with
their finely tuned control mechanisms, highlights the possibility to redirect fibrils with their advantageous
properties (and without being pathogenic) as a useful tool in nature. These findings also serve as a concept
for replicating protein self-assembly in artificial approaches, enabling the creation of highly controllable,
stable materials [78]. These artificial materials have broad applications, including slow-release depots for
cancer therapeutics [79], components in active composites [80], sensors [81], and biomimetic functional



1.1. Amyloids 5

materials [82, 83, 84]. The compact packing of the amyloid structure, particularly advantageous for
catalytic applications in modern enzyme design, results in high local protein concentration, offering
notable pressure and temperature stability along with robust mechanical properties [85, 86].

This discovery underlines that understanding the mechanism and the aggregation phenomenon can be
of fundamental importance in terms of functional and disease-related amyloids, which can be further
exploited in artificial approaches. However, disease-related amyloids are of particular interest as they
often lead to fatal diseases. So, the focus of this thesis was centered on the aggregation of disease-related
amyloids.

1.1.2 Characteristics of amyloids

Amyloid fibrils are characterized by highly ordered and tightly packed, insoluble supra molecular
assemblies, resulting from the stacking of proteins or peptide subunits within protofilaments, which
intertwine in a 2-fold helical symmetry, leading to a distinctive kinetic stability. Once formed, such
aggregates have the potential to persist over extended periods [29].

Amyloid fibrils represent an alternative state compared to the native conformation. Aggregation-prone
proteins often possess an intrinsically disordered native conformation, as observed in proteins like ↵S and
A�. Although there are examples of well-folded globular proteins, such as transthyretin, which are also
aggregation-prone. Interestingly, the fact that proteins can transit from their native state to the amyloid
state without the supply of additional energy implies that the latter must be thermodynamically more stable
than the native state [87, 88]. This contradicts a fundamental hypothesis of Anfinsen’s protein folding
theory, which states that under physiological conditions the native state corresponds to the conformation
with the lowest energy [89]. Thus, the native structure can only represent a local energy minimum
[90] (Figure 1.2A). Modifications in the amino acid sequence or alterations in the chemical/biological
environment, e.g. changes in ionic strength, pH values, temperature, and/or interactions with surfaces,
facilitate self-aggregation into amyloid structures, ultimately reducing the free energy to a presumably
global minimum [1, 91] (Figure 1.2A).

However, a substantial kinetic barrier needs to be surmounted, and this challenge is typically observed
under highly non-physiological in vitro conditions, rarely occurring under physiological conditions [29].
Experimental studies reveal that the formation of fibrils necessitates reaching a critical concentration of
monomers. Despite this, it seems that under the “right“ conditions, a majority of polypeptide chains tend
to form extended �-sheet containing structures [15, 93, 94, 95]. This observation leads to the hypothesis
that the amyloid state can be adopted by any polypeptide chain and thus, represents a state with a universal
global energy minimum [15, 90, 96].

Amyloid fibrils are elongated, unbranched fibrous structures with a diameter of 2 to 20 nm, which typically
extend over several micrometers [1, 97, 98, 99] (Figure 1.2B). Fibrils from different building blocks share
a uniform cross-� backbone in which the �-sheets are spaced ⇠ 4.7-4.8 Å perpendicular to the long axis
of the fibril (Figure 1.2C). This alignment corresponds to the hydrogen bond distances between paired
carbonyl and amide groups in neighboring �-strands, forming a steric zipper [100]. Steric zippers are
thus short peptide segments that form the structural basis for the hierarchical core of an amyloid fibril
[1, 101, 102, 103]. These sheets can adopt either parallel or antiparallel orientations [103, 104]. In this
manner, the cross-� core consists of stacks of steric zippers, while the remaining polypeptide chain adopts
a random coil conformation at the periphery of the fibril surface [101, 105].
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Figure 1.2: Characteristics of Amyloid fibrils. (A) Schematic energy diagram of the amyloid formation
reaction. During amyloid formation, the native states (green) first undergo structrual changes to built up
an oligomeric nucleus (light blue), which represents an energy maximum. Once that state is reached, the
conversion into fibrils (blue) becomes thermodynamically favorable. (B) Macroscopic site view of a fibril
model displaying width, pitch, twist and cross-section. (C) Close-up of a site view of a fibril protofilament
showing the characterisitc distance between �-sheets of ⇠ 4.8 Å. The polypeptide chain is shown in beige
with the �-sheets in blue (left) and its calculated model form cryo-EM data (right, EMD-7618) of an ↵S
fibril (PDB:6CU7). (D) Cross-section of a fibril. This shows the interface within the fibril core and signals
the differences between the two conformations of rod (PDB: 6CU7) and twister (PDB: 6CU8) polymorphs
in ↵S fibrils. The �-sheet forming segments within in core are marked in blue. The polymorphs shown
here are taken from [92]. The perspective on the fibrils is indicated by the symbolic eye in the small black
box.

Mature fibrils primarily consist of two protofilaments. The twisting of these protofilaments around each
other results in a periodic arrangement, giving rise to a helical structure of the fibril [98, 106] (Figure
1.2B). However, examples of single filaments and triple filaments have also been detected [107, 108].
Despite the conserved basic structural arrangement of the fibrils, there are different ways in which
protofilaments can be arranged into the pseudocrystalline nature, resulting in a range of amyloid fibril
morphologies [109, 110, 111].

The folds (“morphs“) of the fibril can vary in the assignment of the polypeptide chain forming �-strands
or in the alignment of the �-strands in relation to each other, both leading to different protofilament
conformations. This underlines that proteins with identical sequences can assume different conformation
within the amyloid fibril core, leading to distinct protofilament interfaces [111, 112, 113, 114, 115]. For
↵S the most-known ones are the rod and twister polymorphs [116, 117, 118, 92] (Figure 1.2D). Amyloid
fibril polymorphisms can be characterized by mesoscopic variations, including the frequency of fibril
twisting, the number of protofilaments per fibril and the diameter or weight per length of the fibrils [119].
Environmental factors such as pH, ionic strength, mechanical movement, shear force or the presence of
other co-solvents play a crucial role in the formation of polymorphs [1, 109, 120].

Recently, it has been shown that fibrils undergo transformations, adopting diverse structures during their
lifetime and evolve, with new polymorphs emerging and others disappearing [121]. The observation of
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transiently colonized fibril structures at certain time points during the fibrillation process has implications
for understanding the mechanisms of amyloid build-up. It is quite a surprising result as it challenges
the prior belief in the static nature of fibril aggregates. These results therefore also have the potential to
provide fresh perspectives and explanations for the progression of amyloid formation in diseases.

1.1.3 Mechanism of amyloid aggregation

The formation of amyloid fibrils involves the conversion of soluble protein monomers into insoluble
supramolecular aggregates. Aggregation is not driven by a single-step process; rather a combination of
various mechanisms. One of the numerous models is the Finke-Watzky aggregation model, which pro-
poses nucleation-elongation polymerization comprising two steps to describe aggregation: i.) nucleation
and ii.) growth [122, 123].

Figure 1.3: Schematic overview of aggregation mechanisms. Monomers (green) undergo a structural
transformation to form a nucleus (light blue), which can proliferate into mature fibrils (blue). This process
is termed primary nucleation. By attaching monomers at the fibril ends, fibrils can grow in length which is
called elongation. During secondary nucleation, the fibril surfaces act as catalysts to convert monomers
into new nuclei, which then proliferate into mature fibrils. In the process, which is termed fragmentation,
fibrils break in smaller pieces by which the amount of fibril ends get doubled, serving as binding site for
elongation. The process that counteracts the amyloid fibril formation is depolymerization, in which the
monomers dissociate from the end of the fibrils. This dissociation process must be much slower (marked
in dashed line) than the growth process to explain the rapid aggregation into large protein deposits and
plaques.

The initial nucleation phase, also known as primary nucleation, corresponds to the assembly of transient,
critical nuclei that act as intermediate stages of nucleation. Further monomeric subunits can attach to
this stage, driving the assembly towards pre-formed fibrils [11, 124, 125]. This nucleation process is the
rate-limiting step in fibril formation as it proceeds through this extremely unfavorable nucleation state.
This nucleation phase can be shortened or eliminated by the addition of pre-formed fibrils, a process
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known as seeding [1, 126, 127]. The elongation of the fibrils leads to a thermodynamically favorable
state due to the continuous accumulation of monomers at the growing ends of the fibril [124, 125, 128].
This process is the main source for the generation of fibril mass and growth. Additionally, two other
processes, namely i.) fragmentation [129, 130], the breaking of fibrils into smaller fragments, and ii.)
surface-catalyzed secondary nucleation [131], contribute to the formation of small fibril species that
exponentially increase amyloid formation, leading to new growing ends, which may have an increased
seeding and cytotoxic potential [126, 131, 132]. However, fibril growth is reversible, suggesting that
monomers can also dissociate from the fibril ends [133]. This dissociation process must be considerably
slower than the growth process to explain the rapid aggregation into large protein deposits and inclusions.
Collectively, these mechanisms underlie the rapid aggregation in a prion-like manner (Figure 1.3).

The aggregation kinetics of amyloid proteins strongly depend on the protein concentration, which varies
greatly for different aggregation-prone proteins. The individual processes can occur simultaneously
but are favored under certain conditions. In particular, in vitro experiments take advantage of the fact
that the aggregation mechanisms depend on factors such as protein sequence, conformational states of
the amyloidogenic monomer, and experimental conditions like temperature, pH, protein concentration,
shaking parameters, and solvent effects [134, 135]. By selecting appropriate in vitro conditions, it
is possible to study aggregation that is mainly driven by a specific mechanism. In the case of ThT
kinetics (monitoring the aggregation in a timely manner via the fluorescence dye ThT), information about
individual processes can be obtained via the lag time, the slope of the aggregation and the possibility to
define the dominant or suppressed mechanism by mathematical fits/modeling [125, 136]. This offers the
opportunity of gaining insights into the typically complicated aggregation process based on choosing the
“right“ in vitro conditions and enables the investigation of the dominant mechanism under these conditions.

Primary nucleation

The initial meeting of monomers to form a growth competent nucleus is termed primary nucleation. In
this process, monomers undergo a transformation to form �-sheet containing nuclei regardless of their
native structure. These nuclei exhibit a transient and structurally diverse nature. After passing through
this extremely unfavorable and unstable oligomeric state, subsequent elongation progresses towards a
thermodynamically favorable, amyloid state [11, 124]. In particular, the nucleation of amyloid fibrils
is difficult to study due to their complexity, the short lifetime of the nuclei, the inherent heterogeneity
reflected in the polymorphism of the reaction products and their poor separability from the subsequent
reaction steps [126, 137, 138].

Recently, new insights to explain the process of nucleation have led to the field of liquid-liquid phase
separation (LLPS) [139]. This phenomenon describes the initial conversion of monomers into amyloid
aggregates using the model of phase transition from a soluble to a solid amyloid phase [140]. The
formation of amyloids is characterized by nucleation, encompassing several distinct stages that may
result in intermediate oligomeric states [141, 142, 143] or a dense liquid condensate phase [144, 145].
Driven by non-specific interactions within the biomolecular condensates, these heterogeneous oligomeric
intermediates subsequently undergo conformational transformations to develop fibril cores capable of
growing into mature fibrils [140]. These condensates are also observed in vivo, offering an explanation
for achieving such high protein concentrations within cells [146, 147].

Fibril elongation

Elongation describes the binding of a monomer to the end of a fibril accompanied by the structural
transformation of the newly attached molecule into the cross-� amyloid structure. Attachment of
monomers to the growing ends of either the growth-capable nuclei or the mature fibrils ensures that fibrils
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grow in length, whereby the fibril ends continuously recruit monomers [128, 148, 149]. Thus, elongation
has been identified as a fundamental mechanism for generating fibril mass.

During the elongation process, the monomers and fibril ends interact weakly, followed by a conformational
search to attain a stable thermodynamic state [150]. This mechanism is believed to act as induced-fit
rather than conformational selection [151]. Thus, the fibril ends are considered to contribute to the correct
folding by interacting with the monomers. This emphasizes that the fibril ends and monomers must
be competent to elongate. Also, it has been shown that the fibril end sometimes remains in a state in
which incoming monomers cannot be incorporated, resulting in a slowdown of the elongation rate [152].
However, the exact mechanism of how fibrils grow remains unclear. They may either grow individually or
collectively as a unit, with monomer elongation occurring alternately along each strand. There is evidence
for both ways, presumably depending on the system-specific nature of the process [153, 154].

Fibril fragmentation

Mature fibrils can break into smaller fragments that can serve as nuclei or generate multiple smaller fibrils,
each with a double number of fibril ends that can recruit monomers. Fibril fragmentation is a key process
as it leads to amyloid proliferation in an exponential manner. This enables the generation of small and
active fibril seeds, which may be associated with an increased potential for toxicity and cell-to-cell spread
[155]. The fragmentation stability depends on the polymorphs and the length of the fibrils [156].

Secondary nucleation

Monomer-dependent secondary nucleation is defined as a process in which the nucleation of monomers is
catalyzed by the surface of existing aggregates [131]. So, the autocatalysis at the fibril surface generate
new growth competent nuclei, thus, creating the basis for rapid proliferation of the aggregates. Recently,
it has been shown that aggregate proliferation occurs much more rapidly at slightly acidic pH values,
comparable to those in lysosomes and endosomes, than at neutral pH, mainly due to much more rapid
secondary nucleation [135, 157].

This process is believed to involve at least three molecular events: the arrival of the peptide at the fibril
surface, product formation, and release [158]. The precise sequence of these events remains unknown
and is likely more complex than previously assumed. Given current knowledge, Törnquist et al. [158]
considered four possible scenarios:

• The aggregate surface may act as an oligomer generator, leading to the final transforma-
tion/nucleation into an aggregate with the same structure and growth rate as the fibril after detach-
ment.

• Monomers might bind to the surface before detaching and growing.

• Nucleated species may continue to grow along the aggregate surface before detaching.

• Clusters of monomers could be formed in the solution and nucleate upon contact with the fibril
surface.

In addition, it is still unclear if secondary nucleation takes place at a specific location on the fibril surface
or if it is a diffuse process. To answer this question and decipher this process is an important point to
explain the catalysator’s role of the surface of amyloid fibrils in the future.
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1.2. Off-pathway oligomers as competitors of amyloid fibrils
Over the last two decades, increasing evidence has emerged that small amyloid oligomers play a promi-
nent role in diseases, rather than the clearly visible deposits of fibrils [51, 54, 159, 160, 161, 162, 163].
Oligomers exhibit a variety of sizes, structures, stabilities and morphologies [164, 165].

There is no clear definition of the term oligomer. Broadly, oligomers are transient, stable entities. Their
metastability means that they either accumulate in front of an energy barrier (nucleation) and/or are in
a local minimum of free energy that differs from the global minimum of the fibrils [166, 167] (Figure
1.4A). These entities are compact, spherical protein aggregates or assemblies that can aggregate to
form bulging curved fibrils, often referred to as protofibrils or curvilinear oligomers. Therefore, the
morphologies and structures of oligomers differ from those of amyloid fibrils [168, 169]. Structural
determinations have shown that oligomers represent a heterogeneous group of aggregates, including
antiparallel �-folds [170, 171, 172, 173, 174, 175], ↵-helices [176, 177] as well as disordered and
micellar structures [178, 179]. In order to classify the oligomers more precisely, they are commonly
divided into on-pathway and off-pathway oligomers [167] (Figure 1.4A). On-pathway oligomers pertain
to the oligomeric state that evolves directly towards the fibrillar state. In contrast, off-pathway oligomers
do not undergo conversion into amyloid fibrils, constituting a group regarded as competitive to the fibrils.

Figure 1.4: Formation of oligomers on and off the pathway towards amyloid fibrils. (A) Schematic
energy diagram of the on (solid line) and off (dashed line) pathway toward amyloid formation. Amyloid
formation is started from the native state (green). Native proteins first undergo structural changes to built
up an oligomeric nucleus (light blue), which can aggregate further into fibrils (blue). This describes the
pathway towards fibrils. On the other hand, the native state can also aggregate into off-pathway oligomers
(light-orange), which can cluster together to curvilinear oligomers (orange). (B) Concentration-dependent
formation of off-pathway or on-pathway oligomers. Off-pathway assemblies are formed to a significant
extent above the critical oligomer concentration (COC), while the pathway towards fibrils is performed
under the COC (Figure is adapted from Hasecke et al. [169]).

The conditions that allow the formation of fibrils and off-pathway oligomers vary. An increased local con-
centration promotes the highly concentration-dependent oligomer formation [169]. For biphasic formation
of oligomers, there is a protein concentration, the so-called “critical oligomer concentration“ (COC),
above which oligomer formation begins (Figure 1.4B). Below the COC, aggregation proceeds towards
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fibril formation (Figure 1.4B). Furthermore, Gosal et al. [180] have developed a pH-dependent kinetic
phase diagram for ↵2-microglobulin that depicts different aggregate morphologies in a three-dimensional
matrix of pH, salt concentration and protein amount. The study showed that worm-like protofibrils, which
were assigned to off-pathway oligomers, are formed under different in vitro conditions, than fibrils.

A further indication for off-pathway oligomers is that they are likely to inhibit fibril formation and growth
in a concentration-dependent manner [88, 169, 180, 181, 182, 183, 184, 185]. Off-pathway oligomers
compete with the fibril formation pathway for the pool of monomers and reduce it. When the available
pool of free monomers for fibril growth is exhausted, fibrils can only continue to grow by separating
monomers from existing off-pathway oligomers. However, owing to the metastability of oligomers, this
process inherently proceeds slowly. Consequently, an increase in the oligomer population results in a
delay in fibril formation rather than accelerate it [167]. Moreover, it has also been shown that off-pathway
oligomers have the ability to bind to the fibril’s surface and thereby suppress secondary nucleation [185].

1.2.1 Oligomers’ role in amyloid disease

In neurodegenerative diseases, the oligomer hypothesis, which states that the toxic species are the
oligomeric form, is still under intensive discussion. The FDA approval of the antibody drug lecanemab
for AD, which specifically targets A� oligomers rather than monomers and fibrils, has given considerable
impetus to this hypothesis [186, 187]. Nevertheless, the hypothesis remains controversial, partly due
to the numerous conceptual and practical challenges associated with the study of amyloid oligomers
[167, 188, 189].

It has been hypothesized that the oligomeric state has an inherent tendency to toxicity, either through the
reactivity of the oligomers themselves or through the disruption of other cellular functions. An evident
distinguishing characteristic is that monomers and oligomers are soluble in solution, whereas fibrils create
insoluble, solid structures. Moreover, there is substantial evidence suggesting that mature aggregates are
not solely harmful but, rather, constitute an end point species that intercepts oligomers by transforming
them into their own species. In fact, these aggregates can even counteract certain types of toxicity, such
as the generation of reactive oxygen species (ROS) and the modulation of cell membrane permeability
[190, 191, 192, 193].

Numerous disease-associated oligomers have demonstrated direct, concentration-dependent cytotoxic
effects on neurons. The size and pronounced surface hydrophobicity of oligomers appear to be a crucial
factor influencing their cytotoxicity [194]. For small oligomers consisting of only a few monomeric
units, an increase in oligomer size led to increased toxicity, as observed for A� and tau [195, 196, 197].
However, for larger oligomers (up to 2,000 kDa), toxicity decreases with growth until it is approximately
similar to the toxicity level induced by amyloid fibrils [198].

Determining whether disease-associated amyloid oligomers are generated along the regular pathway of
fibril formation or through an off-pathway route holds significant implications for therapeutic development.
To investigate the role of oligomers, experimental set ups or models to generate stable oligomers are
urgently needed. Overall, progress in these areas is essential to determine which aggregation species and
especially types of oligomers are most relevant in different amyloid-related diseases.
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1.3. Synucleinopathies
Synucleinopathies encompass a group of disorders characterized by the abnormal misfolding of the
protein ↵S in both the peripheral and central nervous systems [199]. Clinically, synucleinopathies
are classified into different entities, such as Pure autonomic failure (PAF), Multiple system atrophy
(MSA), Lewy body dementia (DLB) and PD, which differ in the cellular localization and pattern of ↵S
deposits [200, 201]. Dysfunction and neurodegeneration associated with abnormal ↵S aggregation are
common features across synucleinopathies, with increasing evidence of a “prion-like“ cell-to-cell spread
of ↵S aggregates [202]. Another shared feature among synucleinopathies is the occurrence of rapid eye
movement sleep behavior disorder (RBD), which may precede autonomic or motor symptoms [203, 204].

Despite overlapping symptoms, the various synucleinopathies exhibit differences in pattern and severity.
PAF is distinguished by predominantly peripheral deposits of ↵S. In MSA, oligodendroglial cytoplasmic
inclusions are prevalent in the central nervous system [205, 206]. While PD and DLB are characterized
by central neuronal inclusions, particularly Lewy bodies and Lewy neurites [207]. It is essential to
highlight that Lewy bodies are not solely composed of proteins; they also encompass organelles and
lipid membranes, including damaged lysosomes, mitochondria, and various vesicles [208]. It has been
shown that ↵S fibrils with different structures/polymorphs, characterized as fibril strains, have different
properties, including the degree of toxicity, as well as in vitro and in vivo seeding properties [107]. A
recent study showed that ↵S seeds isolated from oligodendrocytes of MSA patients had better seeding
capacity than ↵S seeds isolated from Lewy bodies of PD patients [209]. The isolation of ↵S inclusions
from tissues of different synucleinopathies, including MSA, PD and DLB, also suggests that there may be
different strains of ↵S fibrils in the different synucleinopathies.

Among the synucleinopathies, PD has recently become the most common movement disorder and, after
AD, the second most common neurodegenerative disease, affecting an average of 1-2% of the general
population over the age of 65 [210]. In 1817, James Parkinson initially described it in his seminal work,
“An Essay on the Shaking Palsy“ [211]. Clinically, the disease manifests with symptoms such as resting
tremor, muscle rigidity, and Bradykinesia [212]. In addition, mask-like facial expressions, festinating gait
and cognitive impairments are often observed in a significant proportion of patients at advanced stages of
the disease [213].

The first identification of a PD associated mutation, involving the substitution of threonine with alanine at
position 53 was made through an investigation of an Italian family with an unusually high occurrence
of early-onset PD at an age of 46 ± 13 years [214]. Various mutations in ↵S have been recognized as
causative factors for PD through autosomal dominant inheritance, including A30P [215], E46K [216],
G51D [217], and A53E [218]. Additionally, point mutations like A18T, A29S, and H50Q have been
observed in individual patients [219, 220]. Duplications and triplications of the SNCA gene, encoding for
the protein ↵S, also contribute to the onset of PD in a concentration-dependent manner [19, 221]. These
observations highlight the central role of ↵S in the development of PD and indicate that even the wildtype
form can lead to PD when present in higher concentrations.

In addition to fibrils, various oligomeric species of ↵S have been identified in vivo under pathophysio-
logical conditions. Sodium dodecyl sulfate (SDS)-resistant dimers, as well as low and high molecular
weight oligomers of ↵S, have been observed in the brains of individuals with diseases and in the brains of
transgenic animal models of synucleinopathies [222, 223]. It is also not yet clear whether oligomers or
fibrils are the toxic species driving the progression of these diseases. In its aggregated form, however, ↵S
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can no longer fulfill its native functions, which could also lead to an imbalance in the cellular network.

1.3.1 Native properties of the protein ↵-synuclein

The synuclein family comprises closely related, abundant, and conserved presynaptic brain proteins,
including ↵S, �-synuclein (�S), and �-synuclein (�S). These proteins, ranging from amino acids (aa) 127
to 140, share a sequence identity between 55% and 62% within the family [224]. The ↵S gene (SNCA)
and �S gene (SNCB) are located on the long arms of chromosomes 4 (region q21) and 5 (region q35),
respectively. The �S gene (SNCG) is found on the long arm of chromosome 10 (region q21) [225, 226].
Immunohistochemical studies indicate that ↵S and �S are primarily concentrated in nerve endings,
somata, dendrites, and in the immediate vicinity of synaptic vesicles [227]. The cellular localization of
↵S was initially determined using the electrical organ of the Pacific electric ray [228].

↵S is a small protein with 140 aa, which has an intrinsically disordered structure in solution (Figure 1.5).
A notable characteristic includes repeats of eleven residues with the consensus motif XKTKEGVXXXX.
↵S is commonly divided into three distinct regions [229] (Figure 1.5):

• Amphipathic N-terminus (aa 1-60): is highly conserved and has a capacity for lipid-binding,
inducing a change in an ↵-helical conformation. In addition, the residues starting at aa 30 are
located together with the NAC region in the fibril core and is mainly studied as important target
sites for inhibitors [230, 231, 232].

• Central hydrophobic region, so-called non-amyloid-b component (NAC) (aa 61-95): has
hydrophobic residues and presumably forms the core of the fibril during aggregation. When bound
to lipids, the NAC region, together with the N-terminal region, adopts an ↵-helical conformation
[233, 234].

• Acidic C-terminus (aa 96-140): is strongly enriched with acidic residues and prolines. This region
is known as a binding site for metal ions (with the exception of copper). It is hypothesized that
the intrinsically disordered form of the C-terminus acts as a shield for the NAC region, preventing
aggregation [235, 236].

The native conformation of ↵S remains elusive. There is evidence indicating that ↵S may adopt a
stable tetramer [237, 238], posited as the predominant species in vivo, but reproducing this state proves
challenging [239]. On the other hand, it is well established that ↵S can form various oligomeric
species, ranging from dimers to oligomers of several hundred kDa [240, 241]. Collectively, these
studies suggest that ↵S predominantly exists as a monomer, though they do not rule out the possibil-
ity of it forming a stable multimer and/or adopting different structures under certain stress-induced
conditions or in interaction with other proteins, specific ligands, lipids, and/or biological membranes [242].

Its biological function is not fully understood [243]. The protein’s conformational flexibility enables it
to assume various structures when interacting with diverse biological membranes, proteins, or protein
complexes. This structural versatility appears to contribute to the multifunctional properties of ↵S. One of
the generally recognized features is the binding to negatively charged lipids, both to micelle-forming lipids
such as SDS [233] and to vesicle-forming lipids such as 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine
(DMPS) [244]. It is reported that ↵S increasingly adopt an ↵-helical conformation on membranes
with acidic phospholipid headgroups and/or strong curvature [245]. However, most of what we know
about the membrane interactions of ↵S is based on biochemical analysis of the recombinant protein in vitro.
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Figure 1.5: Dynamic structures of monomeric aS. (A) Monomeric ↵S is defined by three distinct
regions: the N-terminus comprise the amphipathic domain from aa 1–60 (blue); the hydrophobic domain,
so-called the non-amyloid-� component (NAC), comprises aa 60-95 (red); the region between aa 96–140
forms the acidic C-terminus (yellow). (B) Monomeric ↵S is highly dynamic and probes various confor-
mations through transient intramolecular interactions. (C) By interacting with lipids, ↵S can change its
structure into an ↵-helix in the N-terminal and NAC part, illustrating the remarkable structural dynamic.
Figure is modified from Stephens et al. [229].

Research indicates that ↵S is implicated in membrane vesicle fusion by interacting with soluble N-
ethylmaleimide-sensitive-factor attachment receptors, the so-called SNARE proteins [246]. Investigations
reveal that ↵S facilitates the clustering of synaptic vesicles by engaging in transient interactions with
the SNARE protein synaptobrevin-2, supporting the process of exocytosis [247]. Moreover, there is a
hypothesis suggesting that both the membrane-bound state and/or the soluble monomer of ↵S may play a
role in neurotransmitter release [248]. Experiments with SNCA knockout mice [249, 250] and deletion
of ↵S using antisense oligonucleotides [251] have shown that synaptic responses in the hippocampus
are impaired during prolonged high-frequency stimulation. This impairment leads to a reduction of
both docked synaptic vesicles and their reserve pool. In addition, there is evidence that ↵S affects the
replenishment, transport and release of synaptic vesicles by inhibiting the replenishment of docked
vesicles from the reserve pool. Despite these findings, the viability of individual synuclein knockouts (↵S,
�S and �S) suggests that synucleins are not indispensable components of the neurotransmitter release
machinery. Instead, they appear to contribute to the long-term regulation and maintenance of nerve
terminal function [252]. Notably, in vivo experiments pose challenges in pinpointing the specific function
of ↵S, as �S and �S can partially compensate for its function and are co-expressed in corresponding
cellular locations.

Furthermore, it has been shown that the bird ortholog synelfin of ↵S is upregulated during song learning
processes that require maximal neuronal plasticity [253]. Additionally, it has been shown that in
developmental stages with increased formation of synapses, in this case comparing early postnatal rat
brains to adult rats, mRNA expression of ↵S is upregulated [254]. This suggests that ↵S may play a role
in the development, maintenance, and plasticity of synapses [255]. In addition, there are studies showing
that a possible interaction between ↵S with tyrosine hydroxylase inhibits its activity, leading to reduced
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formation of dopamine. This implies that ↵S could serve as an important control mechanism in dopamine
biosynthesis. Due to the heterogeneous range of tasks that ↵S presumably performs, a loss of function
triggered by the aggregation of the monomers leads to a major problem for the organism [256].

1.3.2 Aggregation properties of ↵-synuclein

Post-translational modifications (PTMs), truncations, and the local cellular environment, including factors
like pH and ionic content, have the potential to impact the structure of monomeric ↵S. Alterations in the
monomeric ↵S structure can influence the protein population, favoring conformations prone to aggregation
and ultimately leading to the formation of amyloid fibrils. Surprisingly, ↵S exhibits a relatively hesitant
tendency to aggregate. In in vitro experiments, external influences such as stirring with stir bars [257],
shaking with or without beads [135, 258, 259], addition of various lipids [245, 258, 260, 261] increasing
the temperature [262], increasing salt concentrations [263] and lowering the pH [135] need to be applied
to accelerate aggregation.

The initial fibrillation process is believed to be driven by the stochastic misfolding of ↵S monomers. For
formation of the primary nucleus, it is assumed that this takes place at an interface, such as an air-water
interface under shaking conditions or lipid-water interface under quiescent conditions. This is in good
agreement with several studies that have shown that aggregation can be induced by shaking or by the
interaction between the N-terminus of ↵S and lipids. The hypothesis is, that the ↵S N-terminus tethers
the protein to the membrane’s phospholipid surface, leading to an increased local ↵S concentration that
promotes aggregation [244, 260]. However, quite recently new results suggest that the presence of DMPS
vesicles provide lipids for the growth and elongation of lipidic fibrils, which was underlined by solving
the structure of lipidic fibrils using cryo-EM [264, 265]. Regarding this explanatory framework, lipids
do not serve as nucleation sites of primary nucleation, which instead takes place at an air-water or plate
interface [264]. Nevertheless, the experiments showed that the presence of DMPS vesicles can induce
aggregation under conditions, in which ↵S cannot aggregate without the addition of lipids on its own.

Interactions between the highly negatively charged C-terminal region and the hydrophobic NAC regions
were revealed using Nuclear Magnetic Resonance (NMR), suggesting that this shielding function of
the C-terminal structure can inhibit ↵S aggregation [266]. By reducing the pH and/or covering it with
salt, the C-terminus undergoes a structural change that can lead to the induction of aggregation. This
notion is reinforced by the finding that C-terminally truncated forms are more susceptible to aggregation
[267, 268].

During the aggregation of ↵S, the region between aa 30-60 is of particular importance. A mutant lacking
residues 36-42 (called the master manipulator) and 45-57 cannot aggregate at physiological pH [269].
Furthermore, another study indicate that the preNAC segment (aa 47-56) is considered crucial for cell
toxicity and fibril formation [92]. In addition, it has been shown that inhibitors, chaperones, peptides and
foldamers targeting this very region can prevent ↵S aggregation [270, 271, 272]. The importance of this
region is underscored by the presence of numerous disease-associated mutations localized in this region,
including E46K, H50Q, G51D, A53E and A53T [273, 216, 220, 218].

Various structural studies have already revealed diverse polymorphs of ↵S fibrils. However, this variation
has been primarily identified in the relatively stable region of the fibril core, specifically in the sequence
between aa 35 and 95 [274, 275, 276, 277]. The NAC region consistently located in the fibril core,
with residues up to aa 46 and in some cases even up to aa 14 observed in cryo-EM, contributing to the
formation of a �-strand [278]. Notably, Gath et al. [107] demonstrated that the N-terminal regions
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also form �-sheets between aa 16 and 20 in one polymorph of the studied fibrils. Another shared
characteristic among the polymorphs is the absence of the C-terminus within the fibril core, which stays
in a disordered conformation in a peripheral position to the core. Recent NMR experiments have shown
that ↵S monomers bind to ↵S fibrils through interactions between the N-termini of the monomers and the
exposed C-termini on the fibril surface [266, 279]. It is hypothesized that the resulting dynamic alignment
of fully unfolded ↵S may trigger secondary nucleation.

1.3.3 Spreading of ↵-synuclein fibrils

The Braak model of PD states that Lewy bodies and Lewy neurites spread over time via neuronal
connections in the peripheral and central nervous system [280]. In vitro studies show that fibrillar ↵S can
be transported bidirectionally, anterograde and retrograde, along axons [281, 282, 283]. Transgenic mice
with human ↵S develop aggregates at distant anatomical locations from the injection sites. Surprisingly,
it has been shown in mice that intramuscular injection of pre-formed fibrils leads to the formation of
amyloid aggregation in the brain, suggesting an impressive transport pathway [284]. Current research
is considering that the aS pathology in PD may also originate in the gut and ascend to the brain [285].
Therefore, overcoming cell membrane barriers is necessary to enable the spread between cells (Figure 1.6).

Figure 1.6: Internalization and spreading of ↵S fibrils between neurons. Fibrils (blue) are transported
into the cell through micropinocytosis, membrane penetration or protein-mediated endocytosis. After
internalization, the fibrils travel through the early and late endosomal compartment to the lysosome.
During the development phase of the endosome, the pH value decreases to a slightly acidic pH, indicating
by a color shift from white to red. The fibrils can also be released by exocytosis, but this can lead to
immediate uptake by neighboring cells. Another mechanism of spreading is the formation of nanotubes
between neighboring cells.

The mechanism of release and uptake of pathological aggregates between neurons are not yet fully
understood. The challenge is to define the underlying molecular mechanisms in detail, with endocytosis
being considered as one of the most important mechanisms [286]. It should be noted that the vesicles
generated by endocytosis go through a development phase from early to late endosomes to lysosomes,
whereby the pH value is reduced. In lysosomes, a slightly acidic pH value is present, which corresponds
to that at which ↵S secondary nucleation or formation of oligomers are favored.
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Endocytosis can occur via different pathways, including clathrin-mediated and receptor-mediated
endocytosis. The interaction of ↵S with specific protein receptors, including heparan sulfate proteoglycans
(HSPGs), leads to conformational changes of the protein and its entry into the plasma membrane
[287, 288]. Studies also identify potential receptors such as neurexin 1, the amyloid beta precursor
like protein 1 (APLP1) and the product of lymphocyte activation gene 3 (LAG3), which is involved in
the binding and endocytosis of ↵S pre-formed fibrils [289]. In addition, other cell surface proteins, in
particular the Na+/K+-transporting ATPase subunit ↵3 (↵3-NKA) and the membrane-bound PrP, were
identified as binding partners of ↵S fibrils resulting in the clustering of ↵S fibrils and oligomers with
these interaction partners at the membrane [290, 291].

Another mechanism, especially notable in oligodendrocytes and neurons, involves aggregate uptake
through micropinocytosis, which include HSPG- and lipid raft-dependent processes, like Rac-1 mediated
ones [292]. Moreover, fibrils may enter cells through membrane penetration, by inducing changes in
membrane dynamics. Additionally, studies indicate that neurons can exchange fibrils via tunneling
nanotubes, establishing a direct path from neuron to neuron [293] (Figure 1.6).

After spreading inside the cells, cellular processes get altered by these toxic species. Models of amyloid-
associated cytotoxicity encompass various factors, including the inhibition of proteasomal degradation,
impairment of autophagy, disruption of mitochondrial function, generation of ROS, binding of other
proteins, inducing stress in mitochondria, endoplasmic reticulum (ER) and disruption of membranes, such
as those of lysosomes and plasma membranes. All these factors can lead to cellular dysfunction and cell
death [11]. However, clear identification of the important cytotoxic mechanism in a system as complex as
a cell remains a difficult task.

1.3.4 Diagnostics

The diagnosis of PD and other synucleinopathies relies predominantly on clinical criteria, resulting in
suboptimal diagnostic accuracy during the early stages of the disease [294, 295]. Furthermore, the course
of PD is highly variable [296]. Given the similarities in symptoms among different neuronal disorders,
achieving a definitive diagnosis often requires postmortem neuropathological analysis. Consequently, there
is a growing emphasis on the development and validation of assays capable of identifying, quantifying,
and validating various ↵S species as potential biomarkers for synucleinopathies [65].

These include the observation that the total ↵S concentration in the cerebrospinal fluid (CSF) of PD
patients tends to show a decrease compared to control groups, but the reported concentrations vary
considerably between studies [297, 298, 299, 300]. PTMs of ↵S are rare in biological fluids but
occur abundantly in pathological aggregates in the brain and peripheral tissues [301]. Most studies
focus on the detection and quantification of phosporylated ↵S at position 129 (pS129), which can be
detected in blood components such as plasma or erythrocytes, but not in CSF [302, 303, 304]. The
concentrations of oligomeric ↵S species appear to be elevated in various biological fluids in PD, but the
sensitivity, specificity and reproducibility of assays for these forms are still unsatisfactory for the use in the
diagnosis of individuals, but could also be promising approaches after further optimization [305, 306, 307].

Highly sensitive and specific seed amplification assays (SAA), such as real-time quaking-induced
conversions (RT-QuIC), have been devised to identify aggregated ↵S not only in CSF but also in
peripheral tissues [308, 309, 310, 311, 312, 313]. In these assays, the addition of a recombinant substrate
to minute amounts of patient-derived aggregates leads to the exponential proliferation. Studies employing
these assays demonstrate promising outcomes regarding reproducibility, sensitivity and specificity, both
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in diagnosing PD and in distinguishing various synucleinopathies [314]. SAA exhibit a high level of
accuracy in discerning patients with PD and DLB from healthy controls. Furthermore, these assays enable
the diagnosis of synucleinopathies in the prodromal stage, such as PAF or idiopathic RBD [315]. In
addition to the nervous system and CSF, ↵S aggregates have been detected in various body tissues and
fluids such as skin, olfactory mucosa, saliva, tears, urine and blood of PD patients [316]. Recent studies
show that ↵S aggregates have also been detected in the stool of patients with idiopathic RBD [317]. These
discoveries open potential sources of easily accessible patient material to use in SAA and could enable
innovative diagnostic tests that can support early diagnosis and patient recruitment in clinical trials.

Recently, however, there has been a growing recognition of co-pathologies in amyloid diseases, such
as the presence of ↵S aggregates in AD [40]. The exclusive use of ↵S species as biomarkers may
prove insufficient to distinguish between different diseases or to accurately monitor disease progression.
Therefore, it is advisable in the future to try to broaden the range of biomarkers to include clinical
markers, indicators of neuronal injury, axonal integrity and other relevant biological signaling path-
ways [318, 319, 320]. This broader spectrum could include markers for endoplasmic and oxidative
stress, inflammation, energy failure and the extracellular matrix, thus enabling a more comprehen-
sive approach to diagnosis and monitoring. If this early diagnosis can be reliably improved, inhibitors
are urgently needed as therapeutic agents to stop these diseases and, in the best case, cure them completely.
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1.4. Inhibition of amyloid fibril formation
Amyloid diseases are widespread, yet diverse strategies are under investigation for the development of
potent pharmacological treatments. Numerous compounds have been suggested to interact with one or
more species that are formed during the formation of amyloid fibrils, thereby disrupting and preventing
aggregation. This includes peptides [321, 322], proteins [323], molecular chaperones [324], antibodies
[325], small chemical compounds such as polyphenols [326, 327, 328], anti-inflammatory agents [329],
metal chelators [330] and tetracycline [331], as well as inorganic and organic nanoparticles [332, 333].

1.4.1 Molecular target sites

An attractive therapeutic strategy against this class of diseases is the search for components that can
interfere with aggregation processes, as reviewed by Galkin et al. [334]. Interestingly, there are diverse
target sites to prevent specific mechanisms (Figure 1.7).

Figure 1.7: Target sites of aggregation inhibitors to selectively interfere within different mechanisms.
Matrix to identify aggregation species corresponding to target point for inhibitors in each aggregation
process. In aggregation mechanisms, namely primary and secondary nucleation, fibril elongation and
fragmentation, different aggregation species get formed during the aggregation: monomers (green),
oligomers (light blue), fibrils (dark blue). Inhibitors can selectivley target each mechanisms by interfereing
with certain aggregation species. An overview of all possible inhibitory modes of action are shown for
each mechanisms. If the interaction with this species does not result in an inhibition, it is crossed out in
red. Figure is modified from Arosio et al. [335].

One option involves stabilizing the native monomeric form as the target species to prevent amyloid
formation. The sequestration of monomers results in reduced rates of primary and secondary nucleation
and elongation. However, achieving this requires an effective binding partner for the monomeric form. In
the case of intrinsically disordered proteins, there is no opportunity for small molecules to be incorporate
in hydrophobic pockets within the 3D structure. But, there are protein-based inhibitors achieved by protein
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engineering, that completely sequester aggregation-prone peptide regions [336, 337, 338]. However, the
utilization of monomer binders often alters the monomeric structure, for example through the insertion
of �-hairpins after binding [339]. This alteration does not lead to the stabilization of the monomers
in their native structure, potentially impairing the protein’s native functions. It is important to note
that monomer binders must be administered in a stoichiometric ratio to the monomer, which can be
challenging to achieve at high protein concentrations, as seen for ↵S in presynaptic terminals with up
to 20 µM concentration [340, 341]. This leads to the requirement of high drug doses which may be
impractical for treatment approaches [334].

Another point of attack is targeting of oligomers, which can reduce the rate of primary and secondary
nucleation. Antibodies targeting oligomers are proved to be clinically relevant therapeutic strategies
[61]. However, oligomers do not have a clearly defined structure, which means that all forms of
oligomers are targeted. Some of these oligomeric species, particularly ↵S tetramers, have been con-
sidered potentially natively relevant [238]. This makes it extremely difficult to develop inhibitors that
target a specific oligomer type but do not recognize those with native function. Nevertheless, it is
a prominent target point, as it is assumed that the oligomers are the most toxic species in the diseases [342].

In addition to address soluble components during aggregation, fibrils also present a potential target site.
The inhibitor’s binding to the ends of the fibrils by capturing the ends specifically slows down the rate
of elongation. This is done by blocking the fibril ends and stopping the recruitment of monomers. The
advantage lies in the fact that fibrils are pathogenic species absent in healthy cells and the well-known rigid
conformation of the fibril facilitates the development of structure-based inhibitors [343]. Furthermore,
as fibrils consist of several thousands of monomer units, the concentration of fibril ends is orders of
magnitude lower than the total ↵S concentration. The inhibitor’s mode of action lies in the competition
of the inhibitor with monomeric ↵S for the fibril end, necessitating a stronger binding affinity for
effectiveness [153, 344, 345]. Presently, inhibitors in this category exhibit the lowest IC50 values
(inhibitor concentration at which the aggregation process is reduced by 50%) and are effective at
nanomolar concentrations, maintaining a 1:1,000 ratio between inhibitor and ↵S [334].

However, in addition to elongation, there are other processes that are not inhibited by the capping of the
fibril ends. Secondary nucleation and fragmentation contribute to the creation of fibril seeds characterized
by high seeding potential and toxicity. To counteract this, directing inhibitors to the fibril surface is crucial,
diminishing the rate of secondary nucleation. It is assumed that these inhibitors cause several fibrils
to stick together to form clusters, making their surface less accessible for the formation of nucleation
centers [334, 346]. However, it was also considered that the fibril surface is saturated by the inhibitor
and therefore nucleation can no longer be catalyzed [185]. Additionally, the binding of inhibitors to the
fibril surface might enhance its stability, impeding rapid fibril breakage and subsequently reducing the
fragmentation rate [347].

Different types of aggregation species play a role in different aggregation mechanisms. To date, it is
unclear which species is the most toxic and should be targeted by inhibitors for effective therapeutic
intervention. It is crucial to understand exactly how inhibitors operate and which target structures they
aim for. Only when these fundamental questions are clarified the development of optimal inhibitors can
be achieved that are adapted to the external conditions and can selectively shut down the processes that
prevail under these conditions.
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1.4.2 Strategies to improve the inhibitor specificity

To develop drugs that target amyloid fibril formation, it is crucial for active compounds to demonstrate
high inhibitory selectivity and specificity, ensuring effectiveness at low doses while minimizing severe
adverse effects. Ideally, the inhibitor should recognize both the sequence of the monomer and its
conformation [334].

Thus far, amyloid fibrils are the only species with a stable and well-defined structure and have been
employed for rational inhibitor design. However, the existence of various structural polymorphs of
fibrils further complicates the development of specific inhibitors. Compounds, such as small molecules
with increased hydrophobicity, frequently display greater affinity for fibrils due to their interaction with
hydrophobic �-sheet-rich regions. However, there is a likelihood that these compounds may also interact
with other �-sheet-rich proteins abundant within cells, diminishing efficiency and potentially causing
adverse effects [348, 349].

Protein-based inhibitors offer high selectivity, as these larger molecules can interact with multiple residues
of the target protein, probing both its conformation and sequence. Engineered monomer-binders, such
as affibodies (so-called �-wrapins), are particularly well-suited for such tasks due to their high affinity.
They can form complexes with monomers by binding to aggregation-prone regions, while the remaining
sequence stays intrinsically disordered (IDR) [336, 337, 339, 350, 351, 352]. Interestingly, the IDR of the
monomers exposed to the complex was found to contribute to the inhibition, leading to a unique strategy
for directing inhibitors towards aggregation processes [353].

The fusion of monomeric units is utilized in various protein-based inhibitors [334]. For instance, a fused
WT monomer serves as a fibril end-binding domain, bringing the fused inhibitor domain into proximity to
the second protofilament. The inhibitor acts as a steric bulk, preventing the incorporation of additional
WT monomers [153, 344, 345]. Interestingly, in the case of ↵S dimers, the presence of a bulky group is
not even necessary for inhibition. For instance, ↵S dimerization via a disulfide bond generates dimers that
inhibit fibril elongation with an IC50 as low as 40 nM [344]. Similar inhibitory activity is observed for
dopamine-crosslinked ↵S dimers, di-tyrosine dimers [240], and the dimeric construct of ↵S comprising a
hairpin motif in one of the two monomers fused (WT-CC48) [354]. These compounds likely exhibit good
specificity due to the presence of the ↵S moiety.

However, there are also peptide-based inhibitors that utilize the sequence and self-aggregation of the
monomers as a template [334]. Eisenberg’s research group, for instance, employed computer designs to
create a series of small 45 aa proteins with a stabilized �-sheet scaffold, capable of binding to the end
of the ↵S fibrils [355]. Also small fragments (9-11 kDa) were developed that mimic the monomeric
sequence, effectively covering parts of the ↵S fibril with IC50 values as low as 6 nM, resulting in
inhibition [356].

These strategies capitalize the incorporation of the native IDR of the monomers into the inhibitor.
Inhibition is accomplished through self-interaction with the resultant aggregation species and inhibitor,
which is a modified version thereof. The methodology provides a tool for pinpointing the specific IDRs
pivotal for the inhibition of aggregation proliferation and, in turn, may hold the potential to optimize
inhibitors to selectively target individual processes.
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1.5. Objective
Amyloid diseases form a diverse group of illnesses. According to the amyloid hypothesis, the presence
of amyloid aggregates serves as the hallmark for all of these diseases, suggesting a causal link between
amyloid deposits and pathological symptoms. However, knowledge of the formation and their progression
have been severely limited. There is a significant need for basic research to better understand the
mechanism of how inhibitors can interfere with the aggregation processes. This study was divided
into two parts. The first part revolves around exploring the mechanistic role of IDR interactions as
an inhibitor’s assistant to prevent amyloid fibril formation, aiming to elucidate how this may enhance
inhibitory potential. The second part is focused on acquiring a deeper understanding of the induction of
pathophysiological effects in cells by various aggregation species. Additionally, it explores the internal
response mechanisms of neurons at a proteasomal level when exposed to aggregation species.

More specifically, the first objective was to understand the mechanism of the ↵S fibril elongation
inhibitor WT-CC48. This consists of a fusion between a WT monomeric ↵S part and a �-hairpin forming
cysteine mutant of ↵S, known as CC48. In previous studies, CC48 was identified as a highly potential
inhibitor of fibril elongation in a nanomolar range. However, it was shown, that the fusion of the WT
monomer to CC48 further increased the inhibitory effect, speaking for a contribution of this component
to the inhibitor’s mode of action. The exact mechanism, however, remained unclear. Here, a detailed
investigation was performed to elucidate which IDRs of both subunits of the inhibitor contribute to the
enhanced inhibitory potential. The data that sheds light on this question is presented in Chapter 2.

The second objective was to investigate the role of IDRs of ↵S on nucleation inhibition. The engineered
binding protein �-wrapin AS69 binds to monomeric ↵S. In this complex, AS69 induces local folding of
the region, comprising residues 37-54, into a �-hairpin conformation within the otherwise intrinsically
disordered protein. Surprisingly, AS69 can achieve substoichiometric inhibition of ↵S nucleation,
meaning the substoichiometric activity was not attributed to the binding protein per se but rather to its
1:1 complex with ↵S. The IDRs unaffected by binding must play a pivotal role, as examined in detail in
Chapter 3. The identification of the role of IDRs led to the development of inhibitors that can inhibit one
specific aggregation mechanism and identify their role in cells.

The third objective was to identify the aggregation mechanism driving proliferation in the diagnostic
shaking-induced SAA. Exponential increase in ↵S aggregation may occur through secondary nucleation or
fragmentation/ elongation. So, the question arose whether a nucleation-specific inhibitor can gain further
insight to the underlying mechanism. For that, we applied the in Chapter 3 identified nucleation-specific
inhibitor, here called AS69nuc, as an artificial tool to gain insight into the aggregation proliferation. The
data is presented in Chapter 4.

The next objective is focused on the understanding of the cellular answering machinery when exposed
to amyloid fibrils. Deciphering the proteasomal landscape allows us to gain insight in processes in-
volved in fibril internalization, defense, and self-protection. The resulting data is summarized in Chapter 5.

The last objective is centered on elucidating which aggregation species exhibit toxic effects. Given the
challenges in studying oligomers, a stable oligomer model is urgently needed. In this study we developed
an oligomer model for IAPP. This choice for using IAPP as the aggregation-prone protein was influenced
by the well-characterized oligomer model for A� (dimA�) and the high structural similarity between A�
and IAPP. The introduction of this model enables the investigation of the effects of curvilinear oligomers,
on overall IAPP aggregation and their pathophysiolgical impact on cells in comparison to IAPP fibrils.
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The findings are documented in Chapter 6.

Overall, the objectives one to five all contribute to the better understanding of amyloid formation and
inhibition as well as the role of oligomers and the identification of cellular effects induced by aggregation
species – each one to their individual degree.
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2.2. Abstract
Synucleinopathies like Parkinson’s disease (PD) are neurodegenerative diseases which are associated with
the deposition of fibrillar aggregates of the endogenous protein ↵-synuclein (↵-syn). The inhibition of the
elongation of ↵-syn fibrils is of great scientific interest and an option in the design of therapeutic strategies.
Previously, we developed a disulfide-containing mutant of ↵-syn, called CC48, which inhibits fibril
elongation by blocking of fibril ends. Surprisingly, wildtype (WT) ↵-syn molecules supported the blocked
state, and a fusion of CC48 with WT ↵-syn, denoted WT-CC48, exhibited increased inhibitory potential.
Here, we studied which regions of WT-CC48 are responsible for the strong inhibitory effect. To this end,
we investigated a set of truncated versions of WT-CC48 by kinetic elongation assays, density gradient
centrifugation, and atomic force microscopy. We show that in both the WT and the CC48 part of the fusion
construct the hairpin region (residue 32-60) and NAC region (61-95), but not N- and C-terminal regions,
are required for strong inhibition of fibril elongation. The required regions correspond to the segments
forming the �-sheet core of ↵-syn fibrils. As ↵-syn fibrils typically consist of two protofilaments, the
dimeric construct WT-CC48 provides the critical regions sufficient to cover the full �-sheet core interface
exposed at the fibril end, which can explain its high inhibitory efficiency. We suggest a mechanistic model
of CC48-mediated inhibition of fibril elongation in which CC48 and WT ↵-syn cooperatively form an
oligomer-like cap at the amyloid fibril end.
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2.3. Introduction
A large number of proteins and peptides have been shown to undergo aggregation processes resulting in
the loss of function and the build-up of toxic debris [357, 358, 359, 360]. The aggregates often consist of
fibrils with a highly ordered �-sheet core, the so-called cross-� amyloid structure [31, 361]. Amyloid
fibril formation is associated with many diseases, including Alzheimer’s disease and PD [33, 362].
Synucleinopathies, like PD, are believed to be triggered by amyloid fibril formation of the 140 amino
acid long presynaptic protein ↵-syn. In PD patients, it is found in Lewy bodies as insoluble inclusions
[273, 363].

↵-syn can assemble into several distinct fibril structures, referred to as polymorphs, which were termed,
e.g., ribbons, rod, and twister [116, 117, 118, 92]. Almost all ↵-syn fibril polymorphs resolved structurally
up to this day consist of two protofilaments. In all polymorphs, the central region of ↵-syn comprising
amino acids 30-100 contributes the largest part of the cross-� fibril core. The precise fold of the
↵-syn units within the fibril core, however, can be quite variable among polymorphs, including diverse
protofilament interfaces.

Amyloid formation can be described as a mechanism of nucleated polymerization and is a multistep
process, comprising primary nucleation, secondary nucleation and elongation [11, 124, 158]. In the
process of primary nucleation, monomers undergo a structural transformation to form growth-competent
nuclei [364]. In secondary nucleation, oligomer formation and conversion to a fibril seed is catalyzed
on the surface of a pre-existing fibril [158, 365]. Elongation describes the binding of a monomer to a
fibril end and the structural conversion of the newly attached molecule into the cross-� amyloid structure
[149, 365]. As elongation is a fundamental reaction step of fibril growth, fibril mass cannot be generated
under conditions that prohibit elongation. Therefore, the fibril end is an interesting target site to achieve
inhibition of elongation and fibril formation in general. Moreover, the number of fibril ends is low
compared to that of aggregated protein units, which may support inhibitory activities at low inhibitor
concentrations [335]. Different types of molecules have thus been designed and/or selected to occupy
the fibril ends and block elongation, such as antibodies [366], peptides [367], or protein constructs
[344, 345, 355].

Previously, our group introduced an ↵-syn double cysteine insertion mutant which specifically inhibits the
elongation of WT ↵-syn fibrils [354, 368]. The mutant, here called CC48, comprises the mutations of
G41C and V48C allowing the formation of an intramolecular disulfide bond. The position of the disulfide
bond was chosen to promote formation of a hairpin in the region comprising ↵-syn residues 32 to 60
(labeled here HP region, Figure 2.1) that was observed upon binding to the engineered protein AS69.
Several studies showed that this region is of critical importance for ↵-syn aggregation: AS69 [350] and
chaperones, peptides, and foldamers targeting this region [270, 271, 272] inhibit ↵-syn aggregation; a
mutant lacking from residues 36-42 (called “master manipulator” [269]) and 45-57 was shown not to
aggregate under physiological pH [269, 217]; the so-called preNAC segment (residues 47-56) [92] is
critical for cell toxicity and fibril formation. The great significance of this region is emphasized by the
fact that many disease-associated mutations are localized here, for instance E46K, H50Q, G51D, A53E
and A53T [207, 216, 218, 220, 273].

CC48 is an intrinsically disordered protein just like WT ↵-syn, but in contrast to WT ↵-syn does not
aggregate as long as the disulfide bond is closed [368]. It inhibits elongation of WT ↵-syn fibril elongation,
which could be analyzed with the framework of enzyme inhibition, with the fibril end acting as the
enzyme and ↵-syn monomers corresponding to the substrate [354]. CC48 acted as a competitive inhibitor.
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Interestingly, monomeric WT ↵-syn promoted inhibition presumably by stabilizing the blocked state
at the fibril end. In line with this, a fusion construct of WT ↵-syn and CC48 was shown to drastically
enhance the inhibitory effect (Figure 2.2A). In order to gain further mechanistic insight into ↵-syn fibril
elongation and its inhibition, we here tested which regions of WT-CC48 are responsible for the strong
inhibitory effect. For this purpose, we exploited the dimeric nature of the WT-CC48 fusion to generate
fusion constructs with deletions of specific regions (Figure 2.1) either in the WT or the CC48 part. For
this set of truncated versions of WT-CC48 we compared their potential to inhibit fibril elongation. The
data demonstrates that the central regions of ↵-syn, which constitute the fibril core, are also most critical
for inhibition of fibril elongation.

Figure 2.1: WT a-synuclein illustrated by its characteristic regions: N-terminus (N) from residue
1-31 (black), hairpin (HP) from residue 32-60 (blue), non-amyloid-� component (NAC) from residue
61-95 (pink) and C-terminus (C) from residue 96-140 (yellow). The double cysteine mutant CC48 (G41C,
V48C) only differs in the HP region (32-60). The WT-CC48 construct is composed of the wildtype
sequence linked via a (G4S)5-linker to CC48. A linker length of 25 amino acids was chosen to ensure
sufficient conformational flexibility and length to bridge binding sites at the fibril end.

2.4. Results

2.4.1 Fusion of ↵-syn WT and the disulfide mutant CC48 inhibits fibril elonga-
tion by blocking fibril ends

To test the effect of inhibitors on fibril elongation, we applied a well-established assay in which 2.5 µM
pre-formed fibrils (concentration in monomer units) are added to 25 µM ↵-syn monomers at neutral pH,
followed by monitoring of fibril growth under quiescent conditions to suppress nucleation of new fibrils
[135, 354]. The amount of amyloid is detected using the amyloid specific fluorescent dye, Thioflavin-T
(ThT), which changes intensity dramatically upon binding to amyloids (Figure 2.2B). Inhibition of fibril
elongation can be displayed by calculating the ratio of the initial rates of increase in ThT fluorescence with
inhibitor (R) vs. without inhibitor (R0) (Figure 2.2C). The dependence of R/R0 on inhibitor concentration
can be explained by a competition of inhibitor and WT substrate for the binding sites at the fibril end
(competitive inhibition model, more specifically the FI model, devised in [354]). In presence of WT-CC48,
a complete inhibition of fibril elongation could be detected at nanomolar concentrations (Figure 2.2B,C).
At the end of the kinetic assay, elongation of the pre-formed fibril seeds was confirmed by atomic force
microscopy (AFM), with higher fibril length in the absence of inhibitor (Figure 2.2D,E).

In our previous study, we hypothesized that binding of CC48-based inhibitors to the fibril end would lead
to a templating-incompetent, i.e., blocked, state [354]. To obtain further evidence for this mechanism,
we tested if fibrils lose the ability to elongate upon pre-incubation with WT-CC48 followed by fibril
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isolation. The pre-formed fibrils were incubated with 25 µM WT-CC48 and as a control with ↵-syn WT
monomers overnight at 37 °C under quiescent conditions. Subsequently, the fibrils were separated by
centrifugation and used as pre-formed fibrils in the ThT assay. The sample containing pre-formed fibrils
pre-incubated with WT-CC48 did not show any increase in ThT signal, in contrast to the control sample
(Figure 2.2F). Two conclusions can be drawn from this experiment: i.) WT-CC48 binds ↵-syn fibrils
with high kinetic stability of the bound state, ii.) WT-CC48 inhibits fibril elongation. This is in line with
WT-CC48 inhibiting fibril elongation by capping of fibril ends.

Figure 2.2: WT-CC48 inhibits fibril elongation at low substoichiometric ratios. (A) Schematic
overview of the suggested mode of action of WT-CC48 [354]. Monomeric ↵-syn WT is shown as a
red square, while the CC48 part is shown as a yellow square with a disulfide-bound. In the presence of
pre-formed fibrils, monomeric WT can bind to the fibril end and the fibril grows in length. However, in the
presence of WT-CC48, WT-CC48 can get incorporated in the fibril structure and stops fibril growth. (B)
ThT assay performed at pH 7.4 with 25 µM ↵-syn WT monomers, 2.5 µM seeds and different inhibitor
concentrations between 5 nM and 10 µM, shown in a color gradient from blue to red, under quiescent
conditions. The measurement was performed in triplicates. Negative controls are shown in grey shades
and positive control (NoWT-CC48) in black. (C) Relative rates of fibril elongation were plotted against
the inhibitor concentration (µM) with logarithmic scale or linear scale (inset). The solid line is a fit to a
model of competitive inhibition (FI model). (D,E) AFM of (D) fibril seeds and (E) fibrils generated in
the ThT assays of ↵-syn WT without inhibitor and with 10 µM WT-CC48. (F) ThT assay using seeds
that were pre-incubated with a 1to1 ratio of WT-CC48 or ↵-syn WT. Pre-incubation was done overnight
and seeds were isolated by centrifugation at 100,000 xg for 1 h. The measurement was performed in
duplicates.

2.4.2 The WT part of WT-CC48 promotes inhibition of fibril elongation due to
its HP and NAC regions

To identify the regions of the WT part of WT-CC48 that interact with the fibril end, different truncations
of the WT part were generated. Structurally, ↵-syn is commonly divided into three distinct regions: the
amphipathic N-terminus (aa 1-60), the central hydrophobic region termed NAC (aa 61-95), and the acidic
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C-terminus (aa 96-140) (Figure 2.1). In this study, we further subdivided the N-terminus into two parts:
the very N-terminus (aa 1-31) and the HP region (aa 32-60). Our experimental goal was to investigate the
relevance of these regions in the inhibitory mechanism of WT-CC48 on fibril elongation. To this purpose,
eight fusion constructs were designed in which the N, HP, NAC or C region, or combinations thereof,
were removed from the WT part of WT-CC48 (Figure 2.3).

Figure 2.3: Truncations of ↵-syn WT regions in WT-CC48 affect inhibition of fibril elongation.
Left, Schematic representation of the constructs visualizes the truncation of the N-terminal WT regions
(A), the deletion of the C-terminal WT regions (B) and the deletion of both C- and N-terminal WT
regions (C). The individual ↵-syn regions are displayed in different colors: N-terminus (residues 1-31) in
black, hairpin region (residues 32-60) in blue, NAC region (residues 61-95) in pink and the C-terminus
(residues 96-140) in yellow. The HP region of the CC48 part is shown as a loop. Right, relative rates of
fibril elongation obtained from elongation assays (SI Figures 2.8-2.10) were plotted against the inhibitor
concentration (µM). For the constructs WTDNDHPDNAC-CC48, WTDNDHP-CC48, WTDNACDC-CC48,
WTDNDNACDC-CC48, and WTDNDHPDC-CC48 the R/R0 values were normalized to 1.0 for the lowest
inhibitor concentration, as the R/R0 values at low inhibitor concentrations were stable at a value above 1.0
for these constructs (see SI Figures 2.8-2.10 for the non-normalized data). Solid lines are fits to a model
of competitive inhibition (FI model).
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Truncation of the N-terminus (WTDN-CC48) did not change the inhibitory strength compared to
the full-length construct (Figure 2.3A, SI Figure 2.8A). However, further removal of the HP region
(WTDNDHP-CC48) led to a strong reduction of the capability of the inhibitor (Figure 2.3A, SI Fig-
ure 2.8B). Additional reduction of inhibitory strength is caused by the deletion of the NAC region
(WTDNDHPDNAC-CC48) (Figure 2.3A, SI Figure 2.8C). Truncation of the C-terminus only (WTDC-
CC48) showed a moderate decrease in inhibition strength, whereas additional deletion of the NAC region
(WTDNACDC-CC48) strongly decreased inhibition potency (Figure 2.3B, SI Figure 2.9). From these
results we infer that the removal of the NAC and HP regions lead to strong reductions in inhibition of fibril
elongation. However, the removal of the N- or C-termini has only minor effects, which was confirmed
by a fusion construct which lacks both termini (WTDNDC-CC48) (Figure 2.3C, SI Figure 2.10A). This
construct shows the same inhibitory efficiency as full-length WT-CC48. Interestingly, removal of either
the HP or NAC region reduced the inhibitory effect of the fusion construct dramatically, indicating that
both regions are required for potent inhibition (Figure 2.3C, SI Figure 2.10B,C).

The inhibitory effects observed in the kinetic assay were confirmed by sucrose density gradient centrifuga-
tion (DGC) and AFM. Size distribution analysis by DGC showed that ↵-syn in the absence of inhibitor
formed high molecular weight (HMW) assemblies which sedimented in the bottom fractions (Figure
2.4A). AFM confirmed that these aggregates were amyloid fibrils (Figure 2.4A). 10 µM WTDC-CC48,
with only the C-terminus removed, ensured that ↵-syn remained predominantly in monomeric form
(Figure 2.4B). The less effective inhibitor WTDNDNACDC-CC48, which lacks the important NAC region,
retained ↵-syn only partially in monomeric form (Figure 2.4C).

Figure 2.4: Different efficiency of inhibition of fibril elongation of truncated WT-CC48 constructs.
Sucrose DGC and AFM imaging of samples at the end of the kinetic aggregation for ↵-syn WT without
inhibitor (A), with 10 µM WTDC-CC48 (B), or with 10 µM WTDNDNACDC-CC48 (C). DGC fractions,
analyzed by SDS-PAGE (15% tris-glycine gel), are numbered from 1 to 14, with low-density fractions
given lower numbers and higher density fractions higher numbers. M, marker. ↵-syn monomers are
obtained in low-density fractions 1-4, whereas ↵-syn aggregates are found in high-density fractions 12-14
[369]. In SDS-PAGE, ↵-syn runs at an apparent MW of 17 kDa. WTDC-CC48 and WTDNDNACDC-
CC48 co-migrate with ↵-syn in DGC and run in SDS-PAGE at apparent MWs of 45 and 25 kDa,
respectively.
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2.4.3 The HP and NAC regions of also the CC48 part of WT-CC48 are crucial
for strong inhibition of fibril elongation

The inhibitor CC48 differs from WT monomer only by the introduction of two cysteines at position 41
and 48 and retains the intrinsically disordered nature of WT ↵-syn [368]. The fusion of the inhibitor
CC48 and its co-inhibitor, WT, increases the inhibition strength [354]. Assuming that WT promotes
inhibition by binding to fibril ends, the question arises whether the binding of the structurally similar
CC48 to fibril ends occurs by the same mechanism. We wondered whether removal of the different
regions in the CC48 part had the same effect on inhibition as truncations of the corresponding regions
in the WT part. In one of the constructs, the C-terminal and N-terminal region of the CC48 part were
removed (WT-CC48DNDC). For this construct, the inhibition is in the same nanomolar range as for
the full-length construct (Figure 2.5, SI Figure 2.11A). In contrast, additional removal of the NAC
(WT-CC48DNDNACDC) region decreased the inhibitory effect (Figure 2.5, SI Figure 2.11B). We finally
compared the effects of truncations of corresponding regions in the two parts of the fusion construct,
WT or CC48. Deletion of N- and C-terminus in either the WT or the CC48 part did not have a clear
effect on the inhibitory potential (SI Figure 2.12A). However, the NAC region is required in both parts to
maintain their high inhibitory potency (SI Figure 2.12B). Thus, we suggest that both, the WT part and the
CC48 part, require the NAC and HP regions for optimal interaction with the protofilaments’ cross-� core
interfaces at the fibril end.

Figure 2.5: Truncations of CC48 regions of WT-CC48 affect inhibition of fibril elongation. Left,
schematic representation of the constructs visualizes the deletion of C- and N-terminal regions. The
different regions of ↵-syn are displayed in different colors: N-terminus (residues 1-31) in black, hairpin
region (residues 32-60) in blue, NAC region (residues 61-95) in pink and the C-terminus (residues 96-140)
in yellow. The HP region of the CC48 part is shown as a loop. Right, relative rates of fibril elongation
obtained from elongation assays (SI Figure 2.11) were plotted against the inhibitor concentration (µM).
Solid lines are fits to a model of competitive inhibition (FI model)

As a control experiment, we investigated two concentrations of all constructs on the same microtiter
plate using the same seed preparation in a ThT experiment (SI Figure 2.13A-E) to ensure that any
observed differences in inhibitory activity were not due to or compromised by differences between
seed preparations. In addition, the insoluble vs. soluble fractions post aggregation were analyzed
by ultracentrifugation followed by SDS-PAGE (SI Figure 2.13F-I). The data confirmed the previous
observations regarding the relative inhibitory activity of the different fusion constructs.
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2.5. Discussion
In this study we could confirm that WT-CC48 is a potent inhibitor of fibril elongation of ↵-syn.
Comparing the IC50 values of all investigated constructs, we find that all constructs containing the HP
and the NAC region in both WT and CC48 part show strong inhibition similar to that of full-length
WT-CC48 (Figure 2.6A). This indicates that both, the HP and the NAC region (together residues 32-95),
of both, the WT and CC48 part of the fusion construct, are necessary for the nanomolar inhibitory
strength. In contrast, the N- and C-termini do not play an important role in CC48-mediatied inhibition
of fibril elongation (Figure 2.6A). Regardless of the fibril polymorph, the region between residues
32-95 lies in the fibril core [92, 276, 278, 370, 371, 372, 373, 374]. At the fibril ends, this region
exposes the open cross-� structure as an interface for monomer attachment and as a template for their
conversion into the fibril conformation. Since almost all ↵-syn fibril polymorphs reported to date
consist of two protofilaments, this open cross-� structure interface extends over two HP and NAC
regions (Figure 2.6B). The observation that two HP and two NAC regions are required to maximize in-
hibition suggests that the full cross-� interface can be recruited for interaction with the inhibitor WT-CC48.

Figure 2.6: Overview of important regions in WT-CC48 for inhibition of fibril elongation. (A) IC50
values of the investigated constructs derived from the fits to the competitive inhibition model. (B) From
the data, it can be concluded that in both parts of the constructs, WT and CC48, the HP and the NAC
region are of great importance for the inhibition of the ↵-syn fibril elongation. Both parts, HP and NAC
region, build the fibrillar core of ↵-syn fibrils, suggesting that elongation is driven by self-interactions
between HP and NAC regions at the fibril end and in the inhibitor. The polymorphs shown here are taken
from [92], PDB codes 6CU7 (rod polymorph) and 6CU8 (twister polymorph).

The data obtained here for the WT-CC48 fusion constructs allows to refine a model describing how
CC48 achieves inhibition of fibril elongation, and how WT molecules support this activity. The model is
illustrated in Figure 2.7, in which the CC48 corresponds to the inhibitor (yellow), whereas the supportive
WT molecules are displayed in red. Note that the WT-CC48 fusion would in this scheme correspond
to the linkage of the yellow CC48 inhibitor with a red WT molecule. The fact that the same regions
are required for fibril inhibition as for fibril elongation supports a model in which CC48 establishes
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similar interactions with the fibril end as WT monomers but prohibits conformational conversion into
the templating-competent structure of the seed fibril (Figure 2.7). CC48 may bind to one protofilament,
engaging in largely the same interactions as a WT monomer would (Figure 2.7, point 2). A WT monomer
can bind to the second protofilament and stabilize the CC48-bound state. However, due to the presence of
CC48, it does not adopt precisely the same conformation as the other WT units in the seed fibrils, resulting
in a fibril end that is not anymore templating-competent (Figure 2.7, point 3). Kinetic analysis previously
suggested that even more than one WT unit supports fibril end blocking [354]. This can be explained by
formation of an oligomer-like cap, consisting of a few ↵-syn molecules, on the fibril end (Figure 2.7,
point 4). By the direct linkage of CC48 with WT in the fusion constructs, their cooperative action is
exploited to achieve blocking of fibril ends at two orders of magnitude lower inhibitor concentration than
CC48 alone [354].

Figure 2.7: Model of CC48-mediated inhibition of fibril elongation. In this scheme, CC48 corresponds
to the inhibitor (yellow), whereas the supportive WT molecules are displayed in red. Note that the
WT-CC48 fusion would in this scheme correspond to the linkage of the yellow CC48 inhibitor with a red
WT molecule. (1) ↵-syn fibril polymorphs typically consist of two protofilaments, each exposing at the
fibril end an open cross-� interface (pins on the click brick) consisting of HP and NAC region. (2) CC48
(yellow) may bind to one protofilament, engaging in largely the same interactions as a WT monomer
(orange) would. (3) WT monomer (red) can bind to the second protofilament, stabilizing the CC48-bound
state that is incompetent to template further elongation of the ordered fibril structure. (4) Further WT
monomers can add to the fibril end, creating an oligomer-like cap.

The strategy applied here to interfere with fibril formation is based on recruitment of self-interactions
between an amyloidogenic protein and an inhibitor that is a modified version thereof. The results indicate
that for this type of inhibitor rather large protein segments are required to achieve sufficient inhibition
activity. In the case of ↵-syn, we find that the HP and NAC regions are important to maximize the in-
hibitory efficiency. The particular need for HP and NAC once again highlights the role of self-interactions
in amyloid assembly and inhibition. Fusion of the HP and NAC regions of WT ↵-syn might be a useful
strategy to improve the activity of fibril elongation inhibitors.
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2.6. Material and Methods

2.6.1 Transformation, expression and purification of ↵-syn and WT-CC48
variants

↵-syn was encoded in the expression vector pT7-7 and expressed in Escherichia coli (E. coli) strain
BL21(DE3). The WT-CC48 variants were encoded in the expression vector pET11-a purchased from
GenScript Biotech and expressed in E.coli BL21(DE3). For transformation, the cells were thawed on ice
for 10 min. Then, 10 ng of the plasmid was added to the cells and incubated on ice for another 10 min.
After that, heat shock was performed by heating the cells to 42 °C for 60 s. The cells were immediately
placed on ice again for 2 min. Preheated (37 °C) LB medium was added to the cells, and they were
incubated at 37 °C, 800 rpm for 1 h. The cells were plated on LB-agar plates supplemented with 100 µg/ml
ampicillin and incubated at 37 °C overnight. The next day, a pre-culture of 50 ml 2YT supplemented with
100 µg/ml ampicillin was prepared and incubated at 37 °C and 160 rpm overnight. The next day, the main
culture (500 ml in a 2 l Erlenmeyer flask) was inoculated with 5 ml of the pre-culture. It was incubated at
37 °C and 110 rpm until an OD600 of 0.6 was reached and induced with a final concentration of 1 mM
IPTG. The culture was incubated for growth for 4 h at 37 °C and 110 rpm. The cells were harvested at
5,000 xg, 4 °C for 20 min. The supernatant was discarded. The pellet was resuspended in 10 ml distilled
water. Protease inhibitor was added. The cells were frozen at -20 °C. ↵-syn and fusion constructs were
purified as described previously [135, 263, 354].

2.6.2 Elongation assay

For seed preparation 25 µM of ↵-syn, 20 µM ThT, 0.04% NaN3 and 20 mM MOPS pH 7.4, 50 mM
NaCl were incubated in a volume of 1 ml with an added glass bead at 37 °C at 800 rpm for 72 h. Before
addition to the 96-well plate, the seeds were pipetted to a 2 ml Eppendorf tube and sonicated at 70% for
30 s twice using UP200St Ultrasonic Processor from Hielscher.

In the elongation assay 25 µM ↵-syn monomers supplemented with 20 µM ThT, 0.04% NaN3 in 20 mM
MOPS pH 7.4, 50 mM NaCl were incubated with different concentration of the WT-CC48 constructs.
Seeds were added to a final concentration of 2.5 µM. As controls, the seeded monomer without any
WT-CC48 construct, the unseeded monomer without any WT-CC48 construct, the WT-CC48 constructs
only, and the seeds only were used. All components except for the seeds were added to a 96-well half-area,
non-binding surface, black with clear bottom, polystyrene plate (3881, Corning) and incubated at 37 °C
for 10 min. Then, the sonicated seeds were added to start the elongation kinetics. The ThT fluorescence
was observed over 40 h. The ThT signal was measured at 482 nm after excitation at 448 nm in a BMG
FLUOstar Omega platereader. Measurements were done every 100 s in cycle 1 to 110 and every 300 s in
the following cycles. The fluorescence measurement was set in a ring with 12 points with a diameter of
3 mm.

For the evaluation of the elongation kinetics, the slope in the initial stages of the experiment (i.e., in
the time window between 1 and 3 hours after addition of seeds to monomers) was calculated, yielding
the rate R. For comparing inhibitory activity between fibril elongation samples containing different
seed preparation, we found it imperative to normalize the elongation rate to that of an uninhibited
control (R0), yielding R/R0 [354]. Some of the constructs exhibited R/R0 values consistently above 1.0
at low inhibitor concentrations. We normalized these R/R0 data sets to a value of 1.0 for the lowest
inhibitor concentration investigated. The non-normalized R/R0 data is shown in the SI (SI Figure 2.8-2.11).
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The R/R0 data was fitted to a model of competitive inhibition (FI model), assuming that the inhibitor
competes with WT molecules for the fibril end [354]:

R
R0

=
Km +[M]

[M]+Km(1+
[I]
Ki
)

Km and Ki are the dissociation constants of WT monomer or inhibitor, respectively, binding to the fibril
end, and [M] and [I] are the concentrations of WT monomer and inhibitor, respectively. IC50 values were
obtained from the fits to the FI model.

In the elongation assay with WT-CC48 capped seeds, 25 µM WT-CC48 were incubated with 25 µM
(monomer concentration) pre-formed fibrils overnight at 37 °C, 800 rpm. The seeds were spun down for
1 h at 100,000 xg. The supernatant was discarded, and the pellet resuspended in 20 mM MOPS pH 7.4,
50 mM NaCl supplemented with 20 µM ThT and 0.04% NaN3. The elongation assay was prepared as
described above.

2.6.3 Preparation and SDS-PAGE of soluble and insoluble fractions after
elongation assay

After the elongation assay serving as a further control (inhibitor concentrations: 0.5 µM and 5 µM), the
soluble and the insoluble fractions were separated by ultracentrifugation at 100,000 xg for 1 h. The
supernatant was transferred to a new reaction tube and the pellet resolved in 20 mM MOPS pH 7.4,
50 mM NaCl in a volume equivalent to the volume of the supernatant. The samples were diluted 1:4
with SDS-loading buffer (200 mM Tris-HCl pH 6.8, 400 mM DTT, 8% SDS, 0.4% bromophenol blue,
40% glycerol) followed by 15% tris-glycine SDS-PAGE. PageRuler™ Protein Ladder was used. Gel
electrophoresis was performed at 120 V.

2.6.4 Density Gradient Centrifugation (DGC) and SDS-PAGE

The samples from the 96-well plates after the ThT measurements were taken and loaded on a discontinuous
sucrose gradient and centrifuged for 3 h at 259,000 xg at 4 °C in a TLS-55 rotor (Beckmann). The sucrose
gradient (as described in [375]) contained the following volumes and concentrations (w/w, from bottom
to top): 300 µl of 60%, 200 µl of 50%, 200 µl of 25%, 400 µl of 20%, 400 µl of 15%, 150 µl of 10% and
400 µl of 5%. The gradient was layered stepwise in a 11 x 34 mm polyallomer centrifuge tube (Beckmann).
After fractionating the gradient, each fraction was diluted 1:6 with SDS-loading buffer (50 mM Tris-HCl
pH 7.4, 12% glycerol, 4% SDS, 2% �-mercaptoethanol) and analyzed by 15% tris-glycine SDS-PAGE.
PageRuler™ Protein Ladder was used as a marker and the gel electrophoresis was performed at 120 V.

2.6.5 Atomic Force Microscopy (AFM)

AFM images were taken with a Bruker Multimode 8 microscope with ScanAsyst-Air cantilevers using the
ScanAsyst PeakForce Tapping Mode in air. 10 µl of the protein solution was applied to a freshly cleaved
mica and incubated for 10 min at RT under humified conditions. The sample was washed with 100 µl
distilled water five times. Then, the sample was dried using gaseous N2. The software Gwyddion was
used for processing the AFM images.
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2.8. Supplementary Information

Figure 2.8: Elongation of a-syn in the presence of different WT-CC48 fusion constructs with deleted
N-terminal WT regions. Detection of the change in ThT fluorescence with 25 µM of monomeric ↵-syn
incubated in the presence of 2.5 µM pre-formed fibrils under quiescent conditions at pH 7.4. Inhibitors:
WTDN-CC48 (A), WTDNDHP-CC48 (B), and WTDNDHPDNAC-CC48 (C). The assay was performed
with different inhibitor concentrations from 5 nM to 10 µM shown in a color gradient from blue to red.
The negative controls are shown in grey shades and the positive control (NoWT-CC48) in black. (D)
Relative rates of fibril elongation (R/R0) obtained from elongation assays in panels A-C plotted against
the inhibitor concentration.
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Figure 2.9: Elongation of a-syn in the presence of different WT-CC48 fusion constructs with
deleted C-terminal WT regions. Detection of the change in ThT fluorescence with 25 µM of monomeric
↵-syn incubated in the presence of 2.5 µM pre-formed fibrils under quiescent conditions at pH 7.4.
Inhibitors: WTDC-CC48 (A) and WTDNACDC-CC48 (B). The assay was performed with different
inhibitor concentration from 5 nM to 10 µM shown in a color gradient from blue to red. The negative
controls are shown in grey shades and the positive control (NoWT-CC48) in black. (C) Relative rates
of fibril elongation (R/R0) obtained from elongation assays in panels A and B were plotted against the
inhibitor concentration.
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Figure 2.10: Elongation of a-syn in the presence of different WT-CC48 fusion constructs with
deleted N-terminal and C-terminal WT regions. Detection of the change in ThT fluorescence with
25 µM of monomeric ↵-syn incubated in the presence of 2.5 µM pre-formed fibrils under quiescent
conditions at pH 7.4. Inhibitors: WTDNDC-CC48 (A), WTDNDNACDC-CC48 (B), and WTDNDHPDC-
CC48 (C). The assay was performed with different inhibitor concentration from 5 nM to 10 µM shown in
a color gradient from blue to red. The negative controls are shown in grey shades and the positive control
(NoWT-CC48) in black. (D) Relative rates of fibril elongation (R/R0) obtained from elongation assays in
panels A-C were plotted against the inhibitor concentration.
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Figure 2.11: Elongation of a-syn in the presence of different WT-CC48 fusion constructs with
deleted N-terminal and C-terminal CC48 regions. Detection of the change in ThT fluorescence with
25 µM of monomeric ↵-syn incubated in the presence of 2.5 µM pre-formed fibrils under quiescent
conditions at pH 7.4. Inhibitors: WT-CC48DNDC (A) and WT-CC48DNDNACDC (B). The assay was
performed with different inhibitor concentration from 5 nM to 10 µM shown in a color gradient from blue
to red. The negative controls are shown in grey shades and the positive control (NoWT-CC48) in black.
(C) Relative rates of fibril elongation (R/R0) obtained from elongation assays (SI Figures 2.11A-B) were
plotted against the inhibitor concentration.
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Figure 2.12: Truncation of corresponding regions of a-syn WT and CC48 results in similar inhibition
efficiency. Left, Schematic representation of the constructs visualizing the truncation of the N- and C-
terminus in either the WT part or the CC48 part (A), as well as the deletion of N-, NAC and C-terminal
region in either the WT part or the CC48 part of the fusion construct (B). The different regions of ↵-syn
are displayed in different colors: N-terminus (residues 1-31) in black, hairpin region (residues 32-60) in
blue, NAC region (residues 61-95) in pink and the C-terminus (residues 96-140) in yellow. The HP region
of the CC48 part is shown as a loop. Right, relative rates of fibril elongation obtained from elongation
assays were plotted against the inhibitor concentration.
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Figure 2.13: Validation of inhibitory potentials of all constructs using the same seed preparation.
(A-E) Two concentrations (0.5 µM (light redrosa) and 5 µM (red)) of all constructs were investigated
on the same microtiter plate using the same seed preparation in a ThT experiment. Detection of the
change in ThT fluorescence using 25 µM of monomeric ↵-syn incubated in the presence of 2.5 µM
pre-formed fibrils under quiescent conditions at pH 7.4 in absence (black) and presence of inhibitors (red
shades). The inhibitors are classified in full length WT-CC48 (A), deletion of N-terminal WT regions
(B), deletion of C-terminal WT regions (C), deletion of C- and N-terminal WT regions (D) and deletion
of C- and N-terminal CC48 regions (E). (F-I) Insoluble vs. soluble fractions post aggregation, analyzed
by SDS-PAGE (15% tris-glycine gel), denoted S for soluble (supernatant) fractions and P for insoluble
(pellet) fractions. M, marker. The inhibitors are classified in deletion of N-terminal WT-regions (F),
deletion of C-terminal WT-regions and the full length WT-CC48 (G), deletion of C- and N-terminal WT
regions (H) and deletion of C- and N-terminal CC48 regions (I). Alongside all inhibitor samples a positive
control (pos c, without inhibitor) is applied on each gel.



3
DISORDERED REGIONS OF
INHIBITOR-BOUND ↵-SYNUCLEIN
SUPPRESS THE SEED-INDUCED FIBRIL
NUCLEATION IN CELLS

This Chapter reflects content on the following publication.

3.1. Publication information

Author: Celina M. Schulza, Emil D. Agerschoua, Luis Gardonab, Miriam Alexanderb, Matthias Stoldtb,
Henrike Heiseab, Gültekin Tamgüneyab and Wolfgang Hoyerab

a: Institut für Physikalische Biologie, Heinrich Heine University Düsseldorf, Düsseldorf, Germany
b: Institute of Biological Information Processing (IBI-7: Structural Biochemistry) and JuStruct: Jülich

Center for Structural Biology, Forschungszentrum Jülich, Jülich, Germany

Pre-accepted in: Cell Reports Physical Science (05 August 2024)



44
3. Disordered regions of inhibitor-bound ↵-synuclein suppress the seed-induced fibril nucleation in cells

3.2. Abstract
In order to inhibit amyloid fibril formation at low compound concentration, higher-ordered protein
assemblies such as fibril ends are the usual targets. However, the engineered binding protein �-wrapin
AS69 binds monomers of Parkinson’s disease-associated ↵-synuclein (↵S), yet achieves inhibition at
substoichiometric concentration. The substoichiometric activity was not attributed to the binding protein
per se, but to its 1:1 complex with ↵S, in which AS69 sequesters ↵S residues 30-60 into a globular protein
fold whereas other ↵S parts remain intrinsically disordered regions (IDRs). Here, we investigate AS69-↵S
fusion constructs which form the AS69:↵S complex by intramolecular folding and expose different IDRs.
We find that not only the globular part of the complex, but also ↵S IDRs, are critical for substoichiometric
inhibition, which is achieved by interference with primary and secondary fibril nucleation. The effects
in vitro are reproduced in cellular seeding assays, indicating that secondary nucleation drives seeding in
aggregate biosensing.

Figure 3.1: Mode of action of AS69:↵S. The inhibitor AS69 sequesters monomeric ↵S into an 1to1
complex. ↵S IDRs exposed to the complex interact with oligomers on the aggregation pathway towards
amyloid fibrils and stabilize the oligomeric form leading to an inhibition of nucleation and cellular seeding.
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3.3. Introduction
The formation of amyloid fibrils of the protein ↵S is involved in Parkinson’s diseases (PD), Lewy body
dementia, Multiple system atrophy and further synucleinopathies [363, 376]. Amyloid formation is a
multistep reaction that in its initial stages passes through a highly unfavorable nucleus state, followed by
the energetically favorable addition of monomers to the fibril ends during fibril elongation [11, 124, 125].
In particular the nucleation of amyloid fibrils is difficult to study, owing to its complexity, the short
lifetimes of the nuclei, the inherent heterogeneity that is reflected in the polymorphism of the reaction
products, and its poor separability from the subsequent reaction steps [126, 137, 138]. Nevertheless,
factors that strongly promote amyloid fibril nucleation could be identified which are thought to contribute
to amyloid formation and propagation in vivo. For example, lipid membranes of specific composition can
enhance ↵S fibril nucleation, depending on the lipid composition and ↵S concentration at the membrane
surface [244, 260]. Furthermore, pre-existing fibrils can catalyze the formation of new fibril nuclei in a
process that is termed secondary nucleation, to distinguish it from the primary nucleation which does not
involve pre-existing fibrils [131].

Molecules with the capacity to modulate amyloid formation are of great interest as they help to define
the mechanism of protein aggregation and inform the development of therapeutic agents [377]. We
recently showed that the �-wrapin AS69, an engineered protein binding the ↵S monomer, acts as a
highly potent inhibitor of primary and secondary nucleation and elongation of ↵S [353]. AS69 is a dimer
of two identical subunits covalently linked by a disulfide bond between the Cys-28 residues of both
subunits. For inhibition, AS69 induces local folding of the ↵S region containing residues 37-54 into a
�-hairpin conformation in the otherwise intrinsically disordered protein [350] (Figure 3.2(A)). Binding of
this ↵S region can thus inhibit ↵S aggregation, which has been confirmed by other agents targeting the
same ↵S region, including chaperones [270, 271, 272]. For AS69, inhibition of fibril elongation could
be explained by sequestration of ↵S monomers, which lose the competence to elongate fibrils when
incorporated in the AS69 complex [353]. While this inhibitory activity required stoichiometric amounts
of AS69, substoichiometric amounts sufficed for inhibition of primary and secondary nucleation, which
is remarkable for a monomer binding agent [353]. A fusion construct of AS69 and ↵S, in which the
↵S-binding site of AS69 is occupied by the fused ↵S, showed similar inhibition potency on secondary
nucleation as AS69 alone. This indicated that the complex between AS69 and ↵S is the inhibitory
species in secondary nucleation [353]. Here, we determined the ↵S regions within the AS69:↵S complex
that assist in substoichiometric inhibition, with the aim to i.) better understand how a monomer binder
accomplishes inhibition of amyloid fibril nucleation and to ii.) gain further insights into the elusive
primary and secondary nucleation mechanisms. We generated a set of AS69-↵S fusion constructs which
form the AS69:↵S complex by intramolecular folding and expose different IDRs of ↵S. Testing the
fusion constructs’ effects on lipid-induced primary nucleation, secondary nucleation, and fibril elongation
in vitro, and on seed-induced fibril formation in cells, allowed to i) delineate the ↵S IDRs involved in
inhibition of the different reaction steps, and ii) identify the critical contribution of nucleation processes
to aggregate biosensing.

3.4. Results

3.4.1 Fusion constructs exhibit intramolecular formation of the AS69:↵S
complexs

We generated a set of six AS69-↵S fusion constructs in which two AS69 subunits were fused to one
full-length or truncated ↵S unit (Figure 3.2A, SI Figure 3.10). The three polypeptide (sub)units were
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separated by glycine-serine linkers to ensure sufficient conformational flexibility for intramolecular
formation of the AS69:↵S complex. The construct containing the full-length ↵S sequence is termed here
either AS69-↵S or AS69-↵S(N-B-NAC-C), as it contains all ↵S segments, the N-terminus (residues 1-30),
the AS69-Binding region (residues 30-60), the NAC region (residues 60-95), and the C-terminus (residues
95-140). The other five constructs lack one or more of these ↵S segments and are named according to the
segments they contain (Figure 3.2A).

Figure 3.2: AS69-aS fusion constructs to study the role of aS IDRs in inhibition of amyloid
formation. (A) Structural model of the AS69:↵S complex based on NMR (pdb entry 4BXL [350]). AS69
(grey) is a homodimer linked through a disulfide bridge. ↵S locally adopts �-hairpin conformation in
the AS69-binding region (B, blue), while the other ↵S regions (N-terminus, black; NAC region, red;
C-terminus, yellow) remain intrinsically disordered. Scheme of the primary structure of ↵S, AS69, and the
six AS69-↵S fusion constructs investigated, schematic illustration of the conformations of the polypeptide
segments in the different constructs and the constructs’ nomenclature are given in (A). (B) Melting
temperatures of free AS69, the intermolecular AS69:↵S complex, and the AS69-↵S fusion constructs
determined by CD spectroscopy at 222 nm, pH 5.0. Melting curves are shown in SI Figure 3.11. (C,D)
1H-15N HSQC NMR spectra of AS69-↵S(N-B) (green, C) and AS69-↵S(B-NAC) (red, D) overlaid with
the one of full-length AS69-↵S(N-B-NAC-C) (black). The spectra were recorded at 10 °C where only the
IDR segments but not the complex core are visible. (E) Mean weighted 1H-15N chemical shift changes
of ↵S backbone amides in the intermolecular AS69:↵S complex and within AS69-↵S fusion constructs
compared to the chemical shifts of free ↵S.

CD and NMR spectroscopy were performed to test if the fusion constructs form the AS69:↵S complex.
In CD spectroscopy, addition of ↵S to AS69 results in increased thermostability of AS69 due to coupled
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folding-binding [353, 378] (Figure 3.2B, SI Figure 3.11). The melting temperature (TMelt) of the AS69-↵S
fusion is another 10-15 °C higher than that of the mixture of AS69 and ↵S, indicating that intramolecular
complex formation within the fusion construct is facilitated compared to intermolecular complex
formation [353]. Almost all fusion constructs with truncations in the ↵S segment have thermostabilities
similar to that of full-length AS69-↵S, with melting temperatures in in the range of 65-72 °C (Figure
3.2B, SI Figure 3.11). The one exception is AS69-↵S(N-NAC-C) with a melting temperature of 51 °C.
This construct lacks the AS69-binding region of ↵S and is therefore unable to form the AS69:↵S complex.
The CD data demonstrates that the intramolecular AS69:↵S complex is established in all fusion constructs
that contain the AS69-binding region of ↵S.

In 1H-15N HSQC NMR spectroscopy performed at 10 °C, the globular core of the AS69:↵S complex
is invisible due to intermediate exchange, leaving only IDRs of ↵S visible [350]. This observation is
recovered for the fusion constructs (Figure 3.2C and D, SI Figures 3.12 and 3.13). The N, NAC, and
C segments of the ↵S units within the fusion constructs did not show any significant shift changes
compared to free ↵S (Figure 3.2C-E, SI Figures 3.12 and 3.13), indicating that intramolecular complex
formation does not have a great impact on the flexible conformation of the ↵S segments that remain
intrinsically disordered. By increasing the temperature to 30 °C, the globular core of the AS69:↵S complex
becomes visible in 1H-15N HSQC NMR spectroscopy as a set of well-dispersed resonances [350]. The
resonances of the intermolecular AS69:↵S complex are reproduced by all fusion constructs that contain
the AS69-binding region of ↵S (SI Figure 3.12B). Collectively, the CD and NMR data demonstrate that
these fusion constructs form the globular core of the AS69:↵S complex in an intramolecular fashion and
present the N, NAC and/or C segments of ↵S as IDRs attached to this core. The conformations of the
segments in the different constructs are schematically illustrated in Figure 3.2A.

3.4.2 Validation of the secondary nucleation assay

We tested the effects of the fusion constructs on three individual steps of the aggregation reaction:
lipid-induced primary nucleation, secondary nucleation and fibril elongation. To investigate primary
nucleation of ↵S, an assay employing 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (DMPS) small
unilamellar vesicles (SUVs) as a nucleation trigger has been established as a model of lipid-induced ↵S
aggregation, which might represent the main source of primary ↵S fibril nuclei in vivo [244]. For fibril
elongation, highly-seeded assays were performed at neutral pH, resulting in fibrils with lengths in the µm
range [135].

With regard to secondary nucleation, in vitro studies have shown that this process is dominant in ↵S
aggregation at slightly acidic pH values and under low-seeded conditions, resulting in rather short fibrils
[135, 379]. However, limited reproducibility of secondary nucleation assays can pose a challenge. To
avoid fragmentation and primary nucleation, the acidic pH should be coupled to quiescent conditions
and low concentrations of pre-formed fibrils [155, 380]. We recently devised a secondary nucleation
protocol to study how AS69 inhibits secondary nucleation of ↵S [353]. This method gave very consistent
kinetic traces within a single seed preparation, and consistently resulted in the characteristic steep and
asymmetric sigmoidal growth curve as measured by in situ fluorescence of the amyloid specific dye
Thioflavin T (ThT) [381, 382]. Furthermore, we observed the same characteristic inhibition effects using
different seed preparations [353]. However, this required normalization as the absolute rates varied
considerably between different seed preparations. The normalization was done by dividing the maximal
observed growth rate of a sample, rmax, by the maximal observed growth rate of uninhibited controls,
rmax,0, which were run alongside the samples. In the present study, we wanted to further improve the assay
to yield more consistent absolute rates. As we observed previously, the secondary nucleation kinetics data
was very variable when different seed preparations (prepared under the same conditions) were used (SI
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Figure 3.14). We therefore prepared several seed samples in parallel (from the same initial solution of
monomers) and tested them in a pre-run of the secondary nucleation assay (SI Figure 3.14). For the final
secondary nucleation assays, seed preparations showing homogenous sigmoidal shapes in the pre-runs
were chosen. This yielded increased reproducibility of absolute rates in the secondary nucleation kinetics
data (SI Figure 3.14).

In order to validate that the assay is indeed reporting on secondary nucleation, an experiment with
varying monomer concentration was performed (Figure 3.3). At monomer concentrations below 50 µM
no exponential increase in fluorescence was observed, indicating no secondary nucleation-triggered
formation of amyloid fibrils, probably due to the limited amount of monomers to form precursors on the
fibril surface during secondary nucleation. At the same time, an excess of monomers, above about 80 µM,
did not increase the aggregation rate, suggesting that at this concentration the fibril surface of the added
0.3 µM fibril seeds (concentration in monomer units) is saturated. Only in the monomer concentration
range from 50 to 80 µM a pronounced monomer-dependent sigmoidal curve was detected. These data
are in strong agreement with theoretical simulations of the process [131]. For the subsequent secondary
nucleation assays, concentrations of 0.3 µM fibril seeds and 70 µM monomer were applied.

Figure 3.3: Validation of secondary nucleation assay at pH 5.0. (A) Detection of the change in ThT
fluorescence when different concentrations of monomeric ↵S were incubated in the presence of 0.3 µM
pre-formed fibrils under quiescent conditions. (B) Relative rates of secondary nucleation (rmax) plotted
against monomer concentration.

3.4.3 The complex of AS69 and ↵S inhibits fibril nucleation at
substoichiometric concentration by interacting with ↵S oligomers

The inhibitory potential of AS69-↵S on elongation, lipid-induced primary nucleation, and secondary
nucleation was compared to that of AS69 (Figure 3.4). For inhibition of fibril elongation, stoichiometric
amounts of AS69 were required, as previously reported [353] (Figure 3.4A). This can be explained by
sequestration of ↵S, which cannot be incorporated into the fibril end when bound to AS69. In contrast,
AS69-↵S does not inhibit fibril elongation, in line with pre-occupation of the AS69 binding site with
the fused ↵S (Figure 3.4A). This interpretation is supported by the restoration of inhibition only for the
one fusion construct that lacks the part of ↵S that binds to AS69 (AS69-↵S(N-NAC-C)), which renders
the AS69 part of this construct capable of sequestering free ↵S as confirmed by TMelt measurements (SI
Figures 3.15-3.17).
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In DMPS SUV-induced primary nucleation at pH 6.5, ↵S fibril nuclei are formed on the lipid surface and
grow exclusively by elongation into long fibrils [244] (Figure 3.4B). To reduce the rate of lipid-induced
primary nucleation to 50% (i.e., rmax/rmax,0 = 0.5), a 1:10 ratio of inhibitor to ↵S monomer was required for
both AS69 and AS69-↵S (Figure 3.4B, SI Figure 3.18). ↵S fibril amplification by secondary nucleation
at low pH results in short fibrils (Figure 3.4C, SI Figure 3.19). As for primary nucleation, AS69 and
AS69-↵S showed similar effects, in this case with a 1:50 ratio of inhibitor to ↵S monomer required for
50% inhibition (Figure 3.4C, SI FIgure 3.19). The activity of AS69-↵S, with its pre-occupied ↵S binding
site in the AS69 part, in the primary and secondary nucleation assays indicates that the free binding site of
AS69 is not involved in inhibition of nucleation processes. Instead, it is the 1:1 complex of AS69 and ↵S
that exerts the inhibitory activity.

Figure 3.4: Fusion of aS to AS69 has different consequences for inhibition of fibril elongation (A),
lipid-induced primary nucleation (B) and secondary nucleation (C). From left to right: (i) Schematic
overview of the individual reaction step investigated; (ii) AFM of fibrils generated in the different
aggregation assays; (iii) and (iv) ThT fluorescence time traces of the aggregation assays in presence of
different concentrations of AS69 (iii) or AS69-↵S(N-B-NAC-C) (iv), including indicated controls; (v)
relative aggregation rates compared to uninhibited control. Conditions: (A) fibril elongation, 25 µM
monomeric ↵S was incubated in the presence of 2.5 µM pre-formed fibrils under quiescent conditions,
pH 7.4; (B) lipid-induced primary nucleation, 70 µM monomeric ↵S was incubated in the presence of
70 µM DMPS SUV under quiescent conditions, pH 6.5; (C) secondary nucleation, 70 µM monomeric
↵S was incubated in the presence of 0.3 µM pre-formed fibrils under quiescent conditions, pH 5.0. The
different inhibitor-to-monomer ratios used in each assay are shown in a color gradient from red to blue.
Negative controls are shown in grey shades and the positive control (NoAS69) in dark red.

The substoichiometric activity requires an interaction of AS69-↵S with higher order ↵S assemblies.
For example, AS69-↵S might bind to pre-nucleus oligomers and prohibit their conversion to amyloid
fibrils. We applied sucrose density gradient centrifugation (DGC) to analyze the size distribution of
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↵S species at the end of aggregation assays in absence and presence of AS69-↵S (Figure 3.5A). DGC
allows to separate ↵S monomers, oligomers, and larger species such as fibrils or condensates (Figure
3.5B) [291]. ↵S monomers were localized in the upper DGC fractions 1-4 (Figure 3.5C). At the end
of the secondary nucleation assay in absence of AS69-↵S, the majority of ↵S was found in the lower
DGC fractions 12-14, reflecting the formation of amyloid fibrils (Figure 3.5D). In addition, monomers
were still detectable in fractions 1-4, but no oligomeric species between fractions 4 and 12. When the
secondary nucleation assay was carried out in presence of increasing concentrations of AS69-↵S, the
formation of large aggregates localizing to the low DGC fractions was essentially abrogated (Figure
3.5E-G), in agreement with the low ThT fluorescence intensity (Figure 3.5A). Instead, increasing ↵S
amounts were found in the intermediate fractions 5-8, reflecting the population of oligomeric states.
According to the band intensity in SDS-PAGE, the amount of ↵S within these oligomers was much lower
than the amount of ↵S monomers (Figure 3.5E-G) and also much smaller than the amount of fibrillar
↵S in the assay performed in the absence of AS69-↵S (Figure 3.5D). AS69-↵S colocalized with ↵S in
the oligomer fractions 5-8. These findings suggest that AS69-↵S inhibits fibril nucleation by interacting
with ↵S oligomers, which leads to stabilization of low amounts of oligomers. The SDS band intensities
for the sample at a 1:5 inhibitor:substrate ratio allowed to compare the partitioning of ↵S and AS69-↵S
into monomer and oligomer states (Figure 3.5G). ↵S and AS69-↵S exhibited similar monomer:oligomer
distributions, indicating similar propensities to integrate into oligomers.

Figure 3.5: AS69-↵S inhibits fibril nucleation by interacting with ↵S oligomers. (A) ThT fluorescence
time traces of secondary nucleation assays in presence of different concentrations of AS69-↵S(N-B-NAC-
C). (B) Schematic of the DGC assay. (C) Tris/Tricine SDS-PAGE gels show the distributions of ↵S and
AS69-↵S(N-B-NAC-C) within the DGC gradients from left to right corresponding to the fractions from
top to bottom of each gradient. Monomeric proteins are found in the top (left) fractions, oligomers in the
middle fractions, and fibrils in the bottom (right) fractions.
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3.4.4 ↵S IDRs of AS69-↵S are required for nucleation inhibition

To gain insight into how the 1:1 complex of AS69 and ↵S inhibits nucleation processes, we next tested
the inhibitory potential of the set of AS69-↵S fusion constructs on lipid-induced primary nucleation and
secondary nucleation. In the fusion constructs, the AS69:↵S complex is pre-formed (with the exception
of AS69-↵S(N-NAC-C) lacking the binding region) and different (or no) IDRs of ↵S are exposed on the
exterior of the globular part of the complex.

The construct AS69-↵S(B), in which all ↵S IDRs are deleted, does not exhibit substoichiometric
inhibition of nucleation. This demonstrates that ↵S IDRs, although not directly taking part in binding to
AS69, are involved in substoichiometric inhibition of nucleation processes (Figure 3.6A, SI Figures 3.18
and 3.19). The fusion construct where the N-terminus of ↵S had been removed (AS69-↵S(B-NAC-C))
was inhibiting both lipid-induced primary nucleation and secondary nucleation as strongly as AS69
(Figure 3.6B, SI Figures 3.18 and 3.19), showing that the N-terminal IDR is not required for inhibition of
nucleation. Additional truncation of the C-terminus (AS69-↵S(B-NAC)) did also not reduce the inhibitory
activity (Figure 3.6B). Thus, the presence of the NAC IDR exposed on the globular part of the AS69:↵S is
sufficient for substoichiometric inhibition of fibril nucleation. Interestingly, the construct AS69-↵S(N-B),
lacking the NAC IDR, showed substoichiometric inhibition of secondary nucleation but not lipid-induced
primary nucleation (Figure 3.6C, SI Figures 3.18 and 3.19). This demonstrates that the two nucleation
processes have different susceptibilities with the regard to the presence of ↵S IDRs. For inhibition of
secondary nucleation, the presence of either the NAC IDR or the N-terminal IDR is sufficient. In contrast,
inhibition of lipid-induced primary nucleation strictly requires the presence of the NAC IDR.

Figure 3.6: Truncated versions of the AS69-↵S fusion inhibit primary and secondary nucleation.
Relative rates of lipid-induced primary nucleation (upper row) and secondary nucleation (lower row) with
increasing concentration of truncated versions of AS69-↵S(N-B-NAC-C) fusion constructs (inhibitor)
in dependence on the inhibitor-to-monomer ratios. Data is shown for truncation of all IDRs (A), of
N-terminal IDR (B), and of NAC and C-terminal IDRs (C). The time traces used to derive the relative
rates are shown in SI Figures 3.18 and 3.19.
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3.4.5 ↵S IDRs act in concert with the globular AS69:↵S domain

It is noteworthy that inhibition requires the parts of ↵S that are not interacting with AS69 to accomplish
inhibition of primary and secondary nucleation. It was therefore of interest to investigate if these IDRs
could have inhibitory effects on their own without AS69 altogether. For this reason, we investigated
whether ↵S fragments would be able to accomplish inhibition of primary and secondary nucleation on
their own or fused to the linker employed in the fusion constructs. The fragments i.) N-terminus without
AS69 binding site (↵S(1-37), or in domain notation ↵S(N-Baa31�37)) and ii.) N-terminus without AS69
binding site containing (G4S)4-linker ((G4S)4-↵S(N-Baa31�37)), iii.) ↵S(NAC-C), and iv.) ↵S(N-NAC-C)
were investigated as peptides without fusion to AS69 (Figure 3.7).

Figure 3.7: Effects of truncated versions of aS on nucleation of full-length aS. (A) Schematic
overview of the sequence of ↵S and the four truncated versions investigated. (B) Relative aggregation
rates of lipid-induced primary nucleation and secondary nucleation with increasing concentration of
truncated versions of ↵S monomers (inhibitor) are plotted against the inhibitor-to-monomer ratios. The
time traces used to derive the relative rates are shown in SI Figures 3.20 and 3.21.

Hardly any inhibition of primary or secondary nucleation was observed for the N-terminal peptides with
and without the linker (Figure 3.7, SI Figures 3.20 and 3.21). Hence, the N-terminal IDR on its own is
not sufficient to accomplish inhibition but needs to be in complex with AS69 for inhibitory activity. For
the fragments including the NAC and C regions, no inhibition of primary nucleation but some inhibition
of secondary nucleation was observed (Figure 3.7). Inhibition of secondary nucleation occurred at
stoichiometric inhibitor concentrations and was therefore weaker than that of the corresponding AS69
fusions. In conclusion, the substoichiometric inhibition of the AS69-↵S fusions was not observed for the
corresponding isolated ↵S IDR fragments, which shows that ↵S IDRs act in concert with the globular
part of the AS69:↵S complex in inhibition of fibril nucleation.

3.4.6 The constructs’ potency to inhibit seed-induced aggregation in cells
correlates with their potency to inhibit fibril nucleation

The transmission of protein aggregates to cells that express fluorescent monomeric proteins is a method
to determine the seeding activity of aggregates. The emergence of fluorescent puncta indicates that
aggregates converted the monomeric substrates to an aggregated state. Such biosensor cell assay can
for example be applied to test the ability of compounds to interfere with aggregate spreading. Here, we
tested the ability of the AS69-↵S fusion constructs to interfere with seeding in HEK cells expressing
YFP-labeled ↵S containing the A53T mutation (Figure 3.8A). ↵SA53T occurs in familial PD and is more
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aggregation-prone than wildtype ↵S.

Figure 3.8: N- or C-terminal IDRs of ↵S confer AS69-mediated inhibition of seeding. The ability
of AS69-bound wildtype and deletion mutants of ↵S (A) were tested to inhibit seeded aggregation of
↵S in ↵SA53T-YFP cells (B), which stably express human ↵S with the familial A53T mutation fused to
YFP in HEK293T cells and allow fluorescence-based detection of ↵S aggregates, which appear as highly
fluorescent intracellular puncta after seeding. Bars indicate standard deviation. In contrast to unseeded
cells (negative control), which showed only a diffuse fluorescence signal (C) three days after seeding, cells
seeded with ↵S fibrils (positive control) accumulated intensely fluorescent ↵S aggregates, as indicated by
white arrows (D). Full-length ↵S bound to AS69 (AS69-↵S(N-B-NAC-C), orange) completely inhibited
cellular ↵S aggregation (E), whereas ↵S lacking all IDRs bound to AS69 (AS69-↵S(B), blue) failed to
inhibit ↵S aggregation (F). Deletion mutants of ↵S that still retained some IDRs, including those that
retained the NAC and/or C-terminus, AS69-↵S(B-NAC-C) (yellow, G), NAC AS69-↵S(N-B-NAC-C)
(red, H), or only the N-terminus AS69-↵S(N-B) (green, I), were still able to inhibit ↵S aggregation.
Nuclei were stained blue with Hoechst 33342. The scale bar in (C) is 20 µm and applies to all cell images.

When ↵S fibril seeds prepared in vitro were added to the cells, >50% of the cells showed emergence of
fluorescent puncta over the course of three days, which were absent when no seeds were added (Figure
3.8B-D, positive vs. negative control). Addition of AS69-↵S(N-B-NAC-C) strongly inhibited seeded
aggregation (Figure 3.8B,E), in line with its effects on fibril nucleation in vitro. AS69-↵S(B-NAC-C),
AS69-↵S(B-NAC) and AS69-↵S(N-B), the three other constructs that inhibited secondary nucleation in
vitro, were also effective at inhibition of cellular seeding (Figure 3.8B,G-I). In contrast, AS69-↵S(B),
which did not inhibit fibril nucleation in vitro, did also not inhibit cellular seeding (Figure 3.8B,F). The
correlation of the inhibitory effects on nucleation in vitro and on cellular seeding suggest that aggregate
proliferation in biosensor cells is not just a consequence of fibril seed elongation, but involves secondary
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nucleation of amyloid fibrils on the surface of the added seeds.

As recombinant proteins transfected into cells, AS69-↵S and its variants are expected to be degraded
relatively quickly. However, they inhibit seeded aggregation over the course of three days. We did not
analyze the time-dependent concentrations of intact proteins. Due the substoichiometric activity low
concentrations of the inhibitors may suffice to inhibit seeded aggregation. Furthermore, in the cell assay
compounds were co-transfected with fibril seeds and might have been stabilized by attaching to the seeds,
possibly at the critical sites of secondary nucleation, already before entering the cellular milieu.

3.5. Discussion
Due to the complexity of protein aggregation mechanisms, inhibitors can act in various ways [335, 383].
�-wrapin AS69 is an engineered binding protein that sequesters the ↵S region containing amino acids
30-60 by inducing a local �-hairpin conformation while the other regions of ↵S remain intrinsically
disordered [350]. The mechanisms of inhibition of ↵S aggregation and the involved ↵S regions identified
in this work are schematized in Figure 3.9. Sequestration of ↵S monomers into the AS69:↵S complex
leads to stoichiometric inhibition of fibril elongation. Upon formation of the 1:1 AS69:↵S complex,
substoichiometric inhibitory activity is gained that specifically targets fibril nucleation processes. For
this inhibitory activity, two components are required: First, the globular part of the AS69:↵S complex,
including the region ↵S(30-60), is essential. This is demonstrated by the loss of inhibitory activity in ↵S
fragments that are not fused to AS69. Second, the presence of ↵S IDRs is essential for substoichiometric
inhibition. Interestingly, lipid-induced primary nucleation and secondary nucleation exhibit a difference
in the required IDRs. While inhibition of secondary nucleation can be enabled by either the N-terminus or
the NAC region, inhibition of lipid-induced primary nucleation strictly necessitates the NAC region. The
minimized active fusion constructs identified here are therefore AS69-↵S(B-NAC) for primary nucleation
and AS69-↵S(B-NAC) or AS69-↵S(N-B) for secondary nucleation, respectively (Figure 3.9).

The mechanism of inhibition of fibril elongation by monomer sequestration is easy to comprehend,
considering that the ↵S-B region, which is an essential part of the ↵S fibril core [92, 276, 278, 384], is
not available anymore for incorporation into the fibril structure upon binding to AS69. In line with this,
AS69-↵S, with pre-occupied ↵S binding site, does not inhibit fibril elongation (Figure 3.4).

In contrast, the substoichiometric activity of the AS69:↵S complex on fibril nucleation is more chal-
lenging to elucidate. DGC of secondary nucleation assay samples detects low levels of oligomers
from both ↵S and AS69-↵S when fibril formation is abrogated (Figure 3.5E-G). ↵S and AS69-↵S
exhibit similar propensities to integrate into oligomers (Figure 3.5G), suggesting a scenario in which
AS69-↵S co-integrates with ↵S into pre-nucleus oligomers, whose further conversion into fibril nuclei
is then hampered due to the presence of the AS69-bound ↵S-B region. This scenario is in line with
the observation that the NAC IDR can enable inhibition of both lipid-induced primary and secondary
nucleation. The NAC region is the most hydrophobic segment of ↵S and critical for ↵S self-assembly
[234, 385]. The NAC IDR exposed on the AS69:↵S complex might therefore drive the co-integration into
↵S pre-nucleus oligomers. But how does AS69-↵S co-integrated into pre-nucleus oligomers prohibit
their conversion into fibril nuclei? The AS69-bound ↵S-B region is critical for the substoichiometric
inhibitory activity, as ↵S fragments without this region do not exhibit this activity (Figure 3.7). The
AS69-bound ↵S-B region might act in different ways: i.) as in the case of elongation, it is not available
anymore for incorporation into the fibril structure, which will prohibit formation of a seeding-competent
fibril nucleus; ii.) the globular complex of AS69 and ↵S-B represents a steric bulk that might interfere
with well-ordered assembly of other ↵S chains; iii.) the globular complex of AS69 and ↵S-B might also,
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Figure 3.9: Schematic overview of the inhibitory effect of the complex between AS69 and aS
on amyloid formation. AS69 binds free ↵S monomer and inhibits elongation, whereas the complex
between AS69 and ↵S inhibits nucleation processes. Shown are the minimal fusion constructs that achieve
substoichiometric inhibition of ↵S fibril nucleation and of aggregate seeding in biosensor cells.

more actively, engage in a direct interaction with other parts of pre-nucleus oligomers; iv.) AS69 binding
to ↵S-B might alter the conformational ensembles of ↵S IDRs in subtle ways, i.e., with only minute
resonance changes in 1H-15N HSQC NMR spectroscopy (Figure 3.2C-E), such as the modulation of
transient long-range interactions [386, 387]. Together, the AS69-bound ↵S-B region and the ↵S-N and/or
NAC IDRs achieve a remarkable substoichiometric activity, with one AS69-↵S molecule sufficient to
achieve 50% suppression of secondary nucleation at a 50-fold excess of ↵S monomers (Figure 3.4C).
This is striking when considering that the nucleus size will likely be much smaller than 50 ↵S units. A
potential explanation would be a particularly high propensity of AS69 ↵S to partition into pre-nucleus
oligomers, i.e., an enrichment of AS69 ↵S in pre-nucleus oligomers in comparison to ↵S. However, this
is not supported by the DGC data, which indicates similar propensities of AS69 ↵S and ↵S for integration
into oligomers. We therefore propose an alternative explanation: Oligomers containing AS69 ↵S might
not just be unable to convert into fibril nuclei themselves, but they might also gain an inherent activity to
inhibit fibril nucleation. This activity, resulting in substoichiometric inhibition of secondary nucleation,
has been observed before for off-pathway oligomers in other amyloid systems and has been attributed
to the blocking of secondary nucleation sites on the fibril surface by the oligomers [185]. Together,
the inability of AS69-↵S-containing oligomers to convert to fibril nuclei and an active role of these
oligomers in inhibition of secondary nucleation may explain the high efficiency of AS69-↵S particularly
in inhibiting secondary nucleation.
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For inhibition of secondary nucleation, the NAC IDR is not required but can be replaced by the N-terminal
IDR (Figure 3.6C). This suggests that in secondary nucleation the ↵S N-terminus can drive the incorpora-
tion into pre-nucleus oligomers. This is exactly the conclusion of recent NMR experiments that have
found that ↵S monomers bind to ↵S fibrils via interactions of the monomers’ N-termini with C-termini
exposed on the fibril surface [266, 279]. The resulting dynamical alignment of N-termini of fully unfolded
↵S molecules can trigger secondary nucleation [266, 279]. The ↵S N-terminus also plays a role in
lipid-induced primary nucleation, where it tethers the protein to the phospholipid membrane surface,
leading to an increased local ↵S concentration that promotes aggregation [244, 260]. However, the
inhibitory effect of AS69-↵S(N-B) on secondary nucleation but not on lipid-induced primary nucleation
suggests that the ↵S N-terminus is more deeply involved in secondary nucleation, where it interacts with
the unfolded ↵S C-termini.

Importantly, the activities of the different fusion constructs on amyloid formation in vitro correlate very
well with their effects in cellular seeding assays. Thus, the ↵S IDRs that are important in the in vitro
assays are also critical for inhibition of seeding in the biosensor cells (Figure 3.9). The precise mechanism
of aggregate proliferation in biosensor cells has not been determined before. Here, we observed that
cellular seeding is inhibited by all constructs that inhibit secondary nucleation in vitro. This strongly
suggests that secondary nucleation drives aggregate seeding in ↵S biosensor cells. Thus, the monomers in
seed-receiving cells do not only convert to the fibrillar state by addition to the fibril end template during
fibril elongation, but they also form new fibril nuclei in secondary nucleation on the surface of added seeds.

The present study highlights the importance of IDR-IDR interactions in amyloid formation and its
inhibition. Monomer binding agents are usually thought to affect protein assembly only at stoichiometric
concentrations. Here, we observe that the complex of aggregation-prone monomer with monomer-binding
agent can gain new inhibitory activity. In the case of AS69-↵S, this activity depends on the presence of ↵S
IDRs that remain unfolded in the AS69-bound state. As for the mechanistic basis, we find evidence that
the IDRs can recruit the complex of inhibitor and amyloid protein monomer into oligomers formed by the
latter, which blocks the conversion of oligomers into fibril nuclei. Furthermore, the inhibitor-containing
oligomers might actively interfere with further nucleation processes. The processes underlying this
inhibitory mechanism (complex formation, IDR presentation, oligomer formation, nucleation, inhibition
of nucleation by incompatible oligomers) are generally applicable to amyloid proteins. Therefore,
monomer-binding agents other than AS69, targeting ↵S, ↵S mutants, or other amyloid proteins, may act
by the same mechanisms as AS69. For drug design, this strategy requires i.) targeting a binding site whose
recruitment interferes with fibril nucleation (e.g., a segment indispensable for formation of the cross-�
fibril core), ii.) retaining sufficient IDRs in the amyloidogenic target upon drug-target complex formation
to afford incorporation into oligomers. The particular capacity of IDRs to engage in variable interactions,
which provides the basis for ↵S amyloid formation, can thus also be exploited to inhibit amyloid formation.
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3.6. Materials and Methods

3.6.1 Generation of fusion constructs and ↵S

The full-length fusion construct was previously described [353]. The truncated fusion constructs were
ordered from GenScript already inserted into the same vector (pET302/NT-His) as the full-length. The
↵S fragment ↵S(N-NAC-C) was ordered from GenScript and inserted in the plasmid pET11a, while
the fragment ↵S(NAC-C) was inserted in the plasmid pt7-7. Transformation was done into chemically
competent Escherichia coli (E. coli) JM109 (DE3) cells in the same way as previously described [353].
↵S(N-Baa31�37)) and (G4S)4-↵S(N-Baa31�37) were synthesized by CASLO with a purity >96% by
high-performance liquid chromatography (HPLC) according to the manufacturer.

3.6.2 Expression and purification of fusion constructs and ↵S

The expression and purification of ↵S was performed as described [263, 388] and the expression and
purification of truncated AS69-↵S fusion constructs were performed as previously described [350, 353].
For NMR samples, 15N- and 13C-labeled fusion constructs were prepared from E. coli cultures grown
in M9 minimal medium supplemented with 15NH4Cl and 13C-D-glucose from Cambridge Isotope
Laboratories [389].

3.6.3 SDS-PAGE

The samples were diluted 1:4 with SDS-loading buffer (200 mM Tris-HCl pH 6.8, 400 mM DTT, 8% SDS,
0.4% bromophenol blue, 40% glycerol) followed by 15% tris-glycine SDS-PAGE. SpectraT M Multicolor
Low Range Protein Ladder was used as marker. Gel electrophoresis was performed at 120 V.

3.6.4 Nuclear Magnetic Resonance (NMR)

NMR spectra were acquired on a 900 MHz VNMRS spectrometer (Varian) equipped with a cryogenically
cooled z-axis pulse-field-gradient triple resonance probe. NMR samples contained 300 µl of isotope-
labeled protein solution with a concentration above 200 µM, 30 µl D2O and 0.03% NaN3. The buffer
used was 20 mM sodium phosphate, 50 mM NaCl, pH 7.4. NMR data were processed using NMRPipe
[390] and analyzed with CCPNmr [391]. Formula (1) was used to quantify the changes of the backbone
amide chemical shifts in the ↵S part of the fusion constructs in comparison to the chemical shifts in free ↵S.

Mean weighted chemical shi f ts =

r
(D1H)2 +(

D15N
5

)2 (1)

3.6.5 Circular Dichroism (CD) spectroscopy

CD data was recorded on a JASCO J-815 spectropolarimeter. Data acquisition and determination of
melting temperatures was performed as described [353, 378, 392].
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3.6.6 Elongation assay

Fibril elongation was monitored following established protocols [135, 354]. Briefly, fibril seeds were
produced in 20 mM MOPS (pH 7.4), 50 mM NaCl, in a 1.5 ml tube containing a glass bead at 37 °C and
800 rpm for 75 h. Seeds were sonicated using a Hielscher UP200St ultrasonic processor for 30 s at 70%
maximal amplitude. 100 µl samples of 25 µM ↵S monomers in 20 mM MOPS (pH 7.4), 50 mM NaCl,
20 µM ThT, 0.04% NaN3, were prepared in black 96-well half area polystyrene plates with non-binding
surface and clear bottom (REF 3881, Corning), before adding sonicated seeds to a concentration of
2.5 µM. Plates were sealed with clear sealing tape and placed into a FLUOstar Omega plate reader (BMG
Labtech, Ortenberg, Germany) for incubation at 37 °C for 40 h. ThT was excited with a wavelength of
448 nm and the emission was measured at 482 nm. Measurements were done every 100 s in cycle 1 to
110 and every 300 s in further 490 cycles.

3.6.7 Lipid-induced primary nucleation assay

Primary nucleation assays were performed in 50 mM NaPi (pH 6.5) in the presence of DMPS SUVs as
previously described [244, 353]. Briefly, DMPS lipid powder was dissolved in 20 mM sodium phosphate,
(pH 6.5), 0.01% NaN3 and stirred at 45 °C for 2 h. The solutions were then frozen in dry ice and thawed
at 45 °C five times. Lipid vesicles were prepared by sonication using Bandelin, Sonopuls MS-72, 3 ×
5 min, 50% cycle, 10% maximum power, and centrifuged at 15,000 rpm for 30 min at 25 °C. 70 µM
↵S monomers were prepared in 20 mM NaPi (pH 6.5), 50 mM NaCl, 20 µM ThT, 0.04% NaN3, before
adding 100 µM DMPS SUVs. Measurements were performed as described for the elongation assay for
100 h with measurements every 360 seconds for 1000 cycles.

3.6.8 Secondary nucleation assay

Secondary nucleation assays were conducted as described [135, 353] with modifications outlined in SI
Figure 3.14. Briefly, seed fibrils were produced in 20 mM acetate buffer (pH 5.0), 50 mM NaCl, in a
96 well plate along with a glass bead at 37 °C and 500 rpm for at least 75 h. After formation of seeds, they
were sonicated using a Bandelin Sonopuls HD 2070 sonicator with MS-72 probe for 1 s at 10% maximal
amplitude. 70 µM ↵S monomers were prepared in 20 mM sodium acetate buffer (pH 5.0), 50 mM NaCl,
20 µM ThT, 0.04% NaN3, before adding 0.3 µM sonicated seeds. Measurements were performed as
described for the elongation assay for 100 h with measurements every 360 s for 1000 cycles.

3.6.9 Atomic Force Microscopy (AFM)

Sample preparation for AFM was performed as described [353]. AFM was performed on a Bruker
Multimode 8 microscope using ScanAsyst-Air cantilevers in the ScanAsyst PeakForce tapping mode in
air. The software Gwyddions was used for image processing.

3.6.10 Density gradient ultracentrifugation (DGC)

DGC was performed as previously described [353, 375]. In short, 100 µl samples were applied onto
a discontinuous 30 mM Tris-HCl, pH 7.4 buffered sucrose gradient layered in an 11 mm x 34 mm
centrifuge tube. The gradients were centrifuged for 3 h at 259,000 xg and 4 °C in an Optima MAX-XP
ultracentrifuge (Beckman Coulter) using a TLS-55 swing-out rotor (Beckman Coulter) and manually
fractionated into 13 142 µl fractions. Afterwards the fractions were analyzed using SDS-PAGE.
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3.6.11 Cell assay for ↵S aggregation

The pMK-RQ vector was used to carry a synthetic construct that encodes full-length A53T-mutated human
↵S fused with YFP at the C-terminus (GeneArt; Thermo Fisher Scientific, USA). The ↵SA53T–YFP
construct was inserted into the pIRESpuro3 vector (Clontech; Takara Bio, JPN) via NheI (5 ’) and NotI
(3 ’) restriction sites. HEK293T cells (American Type Culture Collection) were cultured in high glucose
Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Aldrich, USA) supplemented with 10% fetal calf
serum (Sigma-Aldrich, USA), and 50 units/ml penicillin, and 50 µg/ml streptomycin (Sigma-Aldrich,
USA). The cells were cultured at 37 °C in a humidified atmosphere containing 5% CO2. Lipofectamine
2000 (Invitrogen; Thermo Fisher Scientific, USA) was used to transfect the cells plated in DMEM. Stable
cells were selected in DMEM containing 1 µg/ml puromycin (EMD Millipore, USA). Monoclonal lines
were generated by fluorescence-activated cell sorting of a polyclonal cell population in 96 well plates
using a MoFlo XDP cell sorter (Beckman Coulter, USA). Finally, the clonal cell line B5, referred to
as ↵SA53T–YFP cells, was selected from among 24 clonal cell lines. The ↵SA53T–YFP cells were
plated in a 384-well plate with poly-D-lysine coating (Greiner, AT) at a density of 800 cells per well
with 0.1 µg/ml Hoechst 33342 (Thermo Fisher Scientific, USA). To induce cellular aggregation of ↵S
in ↵SA53T–YFP cells and to test its inhibition, fibrillar ↵S seeds (50 nM final concentration per well)
were incubated with 1.5% Lipofectamine 2000 in Opti-MEM (Thermo Fisher Scientific, USA), in the
presence or absence of AS69-↵S fusion constructs (15 µM final concentration per well), for 2 h at room
temperature. The resulting mixture was added to each well 4 h after the cells had been plated. The plate
was incubated in a humidified atmosphere containing 5% CO2 at 37 °C. The cells were imaged using the
blue and green fluorescence channels with an IN Cell Analyzer 6500HS System (Cytiva, SE). The images
were analyzed using IN Carta Image Analysis Software (Cytiva, SE). To ensure objectivity, an automated
algorithm was used to identify intracellular aggregates in living cells.
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3.8. Supplementary Information

Figure 3.10: SDS-PAGE of the AS69 constructs and ↵S after purification. AS69, AS69-aS fusion
constructs (1-6) and ↵S was applied to the SDS gel with a concentration of 25 µM each. The order
of the fusion constructs is shown as follows: AS69-↵S(N-B-NAC-C) (1), AS69-↵S(B-NAC-C) (2),
AS69-↵S(N-B) (3), AS69-↵S(N NAC C) (4), AS69-↵S(B-NAC) (5) and AS69-↵S(B) (6). M, marker.
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Figure 3.11: CD spectroscopy of AS69 and fusion constructs to investigate complex formation.
(A) Mean residue ellipticity against wavelength in the range of 190 to 260 nm of 12 µM AS69, 12 µM
AS69-↵S, 12 µM ↵S, and 12 µM AS69 with 12 µM free ↵S in 20 mM NaPi (pH 7.4), 50 mM NaCl. The
↵-helical structure of AS69 dominates the spectra of the samples where AS69 is present. In contrast,
↵S is intrinsically disordered, which leads to a random coil CD spectrum. (B)-(E) Melting curves were
determined by CD spectroscopy at 222 nm using 25 µM protein concentration and plotted as mean residue
ellipticity. Melting points (TMelt) determined from the data are given in Figure 3.2B. Melting curves
of AS69 in presence and absence of ↵S show that complex formation is associated with an increase in
TMelt . Fusion of AS69 with ↵S leads to an additional increase in TMelt of 10-15 °C, demonstrating that
intramolecular folding stabilizes the AS69:↵S complex in the fusion construct. The data obtained is
similar for the two pH values applied in the kinetic assays. (C) Increases in TMelt upon addition of ↵S
indicate that both AS69 and the fusion construct AS69-↵S(N-NAC-C), which lacks the AS69-binding
region of ↵S, are able to bind monomeric ↵S. (D,E) Apart from the fusion construct AS69-↵S(N-NAC-C)
lacking the AS69-binding region of ↵S, all fusion constructs with truncations in the ↵S segment have
a thermostability similar to that of full-length AS69-↵S (TMelt in the range of 65-72 °C for the fusion
constructs with IDR truncations; TMelt of 67.6±0.4 °C for full-length AS69-↵S). This demonstrates that
the intramolecular AS69:↵S complex is established in all fusion constructs with IDR truncations.
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Figure 3.12: 1H-15N HSQC NMR spectra of the fusion constructs at 10 °C (A) and 30 °C (B) in
50 mM NaPi (pH 7.4), 50 mM NaCl. Overlay of backbone amide region of the 1H-15N HSQC spectra
of AS69-↵S(N-B) (green), AS69-↵S(B-NAC) (red), AS69-↵S(B) (blue) and AS69-↵S(N-B-NAC-C)
(black). At 10 °C, the globular core of the AS69:↵S complex is invisible due to intermediate exchange,
only the regions that remain intrinsically disordered are visible (Mirecka, et al. [350]). Upon increasing
the temperature to 30 °C, the globular core of the AS69:↵S complex becomes visible in 1H-15N HSQC
NMR spectroscopy as a set of well-dispersed resonances.
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Figure 3.13: 1H-15N HSQC NMR spectrum of full length AS69 aS(N-B-NAC-C) at 10 °C in 50 mM
NaPi (pH 7.4), 50 mM NaCl. Peaks of the spectrum are overlaid with the assignment of free ↵S obtained
under the same conditions in Mirecka, et al. [350]. The majority of the peaks of free ↵S are recovered
in AS69-↵S(N-B-NAC-C) at the same positions. However, the peaks of residues 34-62, i.e., of the
AS69-binding region, were absent due to intermediate exchange, as observed before for the intermolecular
AS69:↵S complex [350].
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Figure 3.14: Improvement of the workflow of the secondary nucleation assay at pH 5.0. (1) Production
of seeds was performed: 25 µM solution of monomeric ↵S was incubated under shaking conditions with a
glass bead in a 96 well plate at 37 °C for 72 h. Seed formation is shown for five samples and the ThT
signal is plotted against the time (h). (2) To test the functionality of the seeds, a pre-run of the assay
was performed. 70 µM solution of monomeric ↵S was incubated with 0.3 µM seeds under quiescent
conditions in a 96 well plate at 37 °C. The five seed samples were tested, and the fluorescence signal was
measured over 100 h. Despite the same starting stock for seed preparation, there are differences in the
seeded ThT curves. Seed preparations showing a pronounced sigmoidal curve in the pre-run were taken
for the secondary nucleation assay. (3) In this case, seed sample 4 was chosen. The secondary nucleation
assay was performed in five replicates under the same conditions as described for the pre-run resulting in
reproducible curves.

Figure 3.15: AS69-aS(N-NAC-C) exhibits similar behavior as AS69 since it also binds monomeric
aS. Relative rates of lipid-induced primary nucleation (A), secondary nucleation (B) and fibril elongation
(C) were plotted against the inhibitor-to-monomer ratios in the presence of AS69 (black) or AS69-↵S(N-
NAC-C) (purple). (D) Complex formation between ↵S and AS69 (black) or AS69(N-NAC-C) (purple)
was confirmed by increases in TMelt values obtained from the CD melting curves shown in SI Figure
3.11C.
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Figure 3.16: Elongation of aS fibrils in the presence of different AS69-aS fusion constructs at pH
7.4. Time course of ThT fluorescence when a 25 µM solution of monomeric ↵S was incubated in the
presence of 5 µM pre-formed fibrils under quiescent conditions in the presence of different inhibitors at
pH 7.4. Inhibitors were AS69-↵S(B) (A), AS69-↵S(N-B) (B), AS69-↵S(B-NAC-C) (C), AS69-↵S(B-
NAC) (D) and AS69-↵S(N-NAC-C) (E). The assay was performed with different inhibitor-to-monomer
ratios between 1to6 and 2to1 shown in a color gradient from red to blue. The negative controls are shown
in grey shades and the positive control (NoAS69) in dark red. No AS69-↵S fusion construct is able to
inhibit fibril elongation to any larger extent, with the exception of AS69-↵S(N-NAC-C) (E).
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Figure 3.17: Truncation of aS IDRs in the AS69-aS fusion does not recover inhibition of fibril
elongation. Relative rates of elongation with increasing concentration of truncated versions of AS69-↵S
were derived from the data shown in SI Figure 3.16 and plotted against the inhibitor-to-monomer ratios.
The fusion constructs with ↵S IDR truncations do not recapitulate the inhibition of fibril elongation
exhibited by AS69 (black).

Figure 3.18: Lipid-induced primary nucleation of aS in the presence of different AS69-aS fusion
constructs at pH 6.5. Time course of ThT fluorescence when a 70 µM solution of monomeric ↵S was
incubated in the presence of 70 µM DMPS SUV under quiescent conditions in the presence of different
inhibitors at pH 6.5. Inhibitors were AS69-↵S(B) (A), AS69-↵S(N-B) (B), AS69-↵S(B-NAC-C) (C),
AS69-↵S(B-NAC) (D) and AS69-↵S(N-NAC-C) (E). The assay was performed with different inhibitor-
to-monomer ratios between 1to100 and 1to1 shown in a color gradient from red to blue. The negative
controls are shown in grey shades and the positive control (NoAS69) in dark red.
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Figure 3.19: Secondary nucleation of aS in the presence of different AS69-aS fusion constructs at
pH 5.0. Time course of ThT fluorescence when a 70 µM solution of monomeric ↵S was incubated in the
presence of 0.3 µM pre-formed fibrils under quiescent conditions in the presence of different inhibitors at
pH 5.0. Inhibitors were AS69-↵S(B) (A), AS69-↵S(N-B) (B), AS69-↵S(B-NAC-C) (C), AS69-↵S(B-
NAC) (D) and AS69-↵S(N-NAC-C) (E). The assay was performed with different inhibitor-to-monomer
ratios between 1to1000 and 1to1 shown in a color gradient from red to blue (D). The negative controls are
shown in grey shades and the positive control (NoAS69) in dark red.
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Figure 3.20: Lipid-induced primary nucleation of aS in the presence of truncated aS monomers.
Time course of ThT fluorescence when a 70 µM solution of monomeric ↵S was incubated in the presence
of 70 µM DMPS SUV under quiescent conditions in the presence of different inhibitors at pH 6.5.
Truncated ↵S monomers were ↵S(NaaB31�37) (A), (G4S)4-↵S(NaaB31�37) (B), ↵S(N-NAC-C) (C) and
↵S(NAC-C) (D). The assay was performed with different inhibitor-to-monomer ratios between 1to100
and 1to1 shown in a color gradient from red to blue. The negative controls are shown in grey shades and
the positive control (NoAS69) in dark red.
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Figure 3.21: Secondary nucleation of ↵S in the presence of truncated ↵S monomers. Time course
of ThT fluorescence when a 70 µM solution of monomeric ↵S was incubated in the presence of 0.3 µM
pre-formed fibrils under quiescent conditions in the presence of different inhibitors at pH 5.0. Truncated
↵S monomers were ↵S(NaaB31�37) (A), (G4S)4- ↵S(NaaB31�37) (B), ↵S(N-NAC-C) (C) and ↵S(NAC-C)
(D). The assay was performed with different inhibitor-to-monomer ratios between 1to100 and 1to1 shown
in a color gradient from red to blue. The negative controls are shown in grey shades and the positive
control (NoAS69) in dark red.
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4.2. Abstract
Parkinson’s disease (PD) and other synucleinopathies are neurodegenerative disorders characterized by
the deposition of fibrillar aggregates of the endogenous protein ↵-synuclein (↵S). Diagnostic tools at
early disease stages are urgently needed. Recently, the ability of ↵S fibrils to self-amplify was exploited
in seed amplification assays (SAA) such as real-time quaking-induced conversion (RT-QuIC), achieving
high specificities and sensitivities. Yet, the underlying mechanisms of aggregate proliferation remain
unclear. Here, we applied an engineered artificial ↵S-binding protein, AS69nuc, to specifically inhibit
nucleation of ↵S fibrils, but not their elongation. Addition of AS69nuc to SAA thus allows detection
whether nucleation processes contribute to aggregate proliferation. We find that, depending on seed and
substrate, seeded ↵S aggregation in vitro can occur exclusively by fragmentation and elongation of fibrils.
SAA employing patient cerebrospinal fluid (CSF) is dramatically inhibited by AS69nuc, indicating that
secondary nucleation, i.e., the formation of new fibril nuclei on the surface of pre-existing fibrils, plays
a dominant role in the proliferation of patient-derived aggregates by seeded amplification. The gained
mechanistic insights may support the development of improved diagnostic assays.

Figure 4.1: Auto-catalytic amplification of amyloid fibrils for the diagnosis of Parkinson’s disease.
Amplification of ↵S aggregate seeds in patient-derived materials is a promising approach for diagnosis of
synucleinopathies such as Parkinson’s disease (PD). An inhibitor that specifically targets fibril nucleation
processes reveals that secondary nucleation plays a pivotal role in seed amplification.
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4.3. Main Text
In many neurodegenerative diseases, neuronal dysfunction is associated with the aggregation of endoge-
nous proteins into amyloid fibrils that accumulate in the brain. These deposits are composed of misfolded
proteins such as prion protein, ↵S, amyloid-� or tau, and often occur in combination as co-pathologies
[11, 357, 393]. Major challenges for diagnosis lie in the detection of abnormal proteins during the early
disease stages, often preceding the onset of severe clinical symptoms by years or even decades, and in the
identification and differentiation of co-pathologies [40].

In recent years, considerable efforts have been dedicated to enhancing the sensitivity and reliability of
diagnostic tests for prion-like diseases from biomaterial of living patients [309, 394, 395, 396, 397].
Presently, a promising diagnostic tool that can be used with biomaterial obtained from living individuals
are shaking-induced SAA [394] such as RT-QuIC [396]. In these assays, minute amounts of aggregates
present in CSF or brain material are added to recombinant substrate, resulting in exponential proliferation
initiated by seeding of patient-derived material, which is meticulously detected in real-time by the
amyloid-specific fluorescent dye Thioflavin-T (ThT). An increase fluorescence signal in the SAA signifies
the presence of disease-related aggregates (Figure 4.2A).

For synucleinopathies, characterized by the aggregation of the protein ↵S, these assays have undergone
protocol optimization since the pioneering work of Fairfoul et al. [309]. They first introduced the
RT-QuIC assay using seeds isolated from the brains and CSF of patients with Parkinson’s disease (PD)
or Lewy body dementia (DLB). Numerous studies have reported sensitivities exceeding 90% when
analyzing CSF samples from PD and DLB patients [310, 398, 399, 400]. These results underscore the
relatively well-established and reliable nature of SAA. However, significant heterogeneity exists among
patient-isolated samples, suggesting a strong dependence on the seed strain and its seeding potential
[401].

These assays capitalize on the property of misfolded proteins to self-amplify through seeding. How-
ever, the molecular mechanism of self-amplification by SAA has not been revealed to date. Two
alternative mechanism may drive the proliferation of minute amounts of aggregates (Figure 4.2A):
i.) Fragmentation: Promoted by shaking, fibrils can break into smaller fragments, which increases
the number of fibril ends and hence the sites of fibril elongation [129, 138, 155, 156]. ii.) Secondary
nucleation: The surfaces of existing fibrils can auto-catalyze the formation of new growth competent
nuclei [131, 135, 158]. It is widely believed that fragmentation is the source of exponential aggregate
proliferation in SAA since most SAA occur under mechanical force involving shaking-rest cycles that
favor fragmentation [402, 403, 404]. Furthermore, it has been reported that the sensitivity and specificity
of SAA depend on the shaking parameters, supporting the significance of fragmentation [405]. However,
recent hypotheses also consider a contribution of secondary nucleation in SAA [40, 406]. To allow
optimization of SAA in terms of sensitivity and specificity, elucidation of the mechanistic basis is required.

In order to test whether secondary nucleation contributes to aggregate proliferation in SAA, we applied
here an engineered ↵S-binding protein that inhibits the nucleation processes but not fragmentation-
elongation (Figure 4.2B). To obtain this type of inhibitor, our starting point was AS69, a �-wrapin with
affinity for monomeric ↵S (SI Figure 4.5A), that inhibits ↵S fibril formation in two ways [350, 353].
First, AS69 inhibits fibril elongation by sequestration of ↵S monomers, which lose the competence to
elongate fibrils when incorporated in the AS69 complex [353] (SI Figure 4.5B, orange box). Second, the
AS69:↵S complex formed in this binding reaction proved to be a potent inhibitor of both primary and
secondary nucleation (SI Figure 4.5B, blue box). To obtain a compound that inhibits nucleation but not
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fragmentation-elongation, we deprived AS69 of its elongation inhibition function by fusing an ↵S moiety
to its C-terminus, resulting in a construct that we term here AS69nuc (SI Figure 4.5B, blue box). The
fused ↵S moiety in AS69nuc occupies the binding site in the AS69 moiety [353].

Figure 4.2: Alternative mechanisms for aggregate proliferation in SAA and engineering of nucleation
inhibitor. (A) Schematic overview of proliferation of ↵S fibrils during SAA. CSF of synucleinopathy-
afflicted patients, containing small amounts of aggregated ↵S species, is incubated with purified recombi-
nant substrate to amplify the amount of fibrillar aggregates, which are detected by ThT fluorescence. Two
pathways may account for fibril amplification in SAA: elongation-fragmentation (orange box), where
fragmentation generates new fibril ends, or secondary nucleation (blue box), where new fibril nuclei are
created auto-catalytically on existing fibril surfaces. (B) The secondary nucleation inhibitor AS69nuc can
identify the mechanism of proliferation. If fibril proliferation is dominated by fragmentation-elongation,
AS69 does not affect aggregation kinetics (orange). However, if secondary nucleation drives fibril
proliferation, aggregation is inhibited (blue).

In ThT-detected aggregation kinetics that specifically monitor fibril elongation (quiescent, high number
of fibril ends), we find that AS69nuc has lost the ability to inhibit ↵S fibril elongation (Figure 4.3A),
in agreement with its inability to bind free ↵S monomers. This finding was confirmed by atomic
force microscopy (AFM). Similarly, in a seeded assay under conditions where aggregation kinetics are
dominated by fragmentation-elongation (shaking, low initial number of fibril ends), AS69nuc does not
show a major effect on the time course (Figure 4.3B). AFM images show that the fibrils at the end of the
assay are small and fragmented both in absence and presence of AS69nuc (Figure 4.3B). Taken together,
these observations confirm that AS69nuc affects neither elongation nor fragmentation of ↵S fibrils. In
contrast, AS69nuc inhibits ↵S aggregation under conditions where aggregation kinetics are dominated by
secondary nucleation [135] (quiescent, low initial number of fibril ends, pH 5.0) at substoichiometric
concentration (Figure 4.3C).
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Figure 4.3: Distinctive effects of AS69nuc on fibril elongation (A), elongation-fragmentation (B) and
secondary nucleation (C). (Top row) Schematic representation of the individual reaction step investigated;
(Middle row) ThT fluorescence time traces of the aggregation assay in absence (NoAS69nuc, black)
and presence of AS69nuc (colored); (Bottom row) AFM of fibrils generated in the different aggregation
assays in the absence (left) and presence (right) of AS69nuc. Conditions of the kinetic assays, (A)
fibril elongation: 25 µM monomeric ↵S was incubated with 2.5 µM pre-formed fibrils under quiescent
conditions at pH 7.4, (B) fragmentation-dominated proliferation: 25 µM monomeric ↵S was incubated
with 0.1 µM pre-formed fibrils under shaking conditions (500 rpm in a 60 s shaking-rest cycle) at pH 8.0,
(C) secondary nucleation: 70 µM monomeric ↵S was incubated with 0.3 µM pre-formed fibrils under
quiescent conditions at pH 5.0. All preformed seeds were generated in the buffer in which they were used
subsequently.

After characterizing AS69nuc as a nucleation-specific inhibitor, its efficiency was tested under buffer
conditions frequently applied in SAA (40 mM NaPi (pH 8.0), 170 mM NaCl, 0.0015% sodium dodecyl
sulfate (SDS)) [397, 399, 407]. When AS69nuc was tested under SAA buffer conditions in presence of
pre-formed fibrils, referred to as seeds, generated in vitro under SAA buffer conditions, no inhibitory effect
was observed (Figure 4.4A), indicating that aggregate proliferation occurred by fragmentation-elongation.
However, addition of seeds generated under the low pH conditions of the secondary nucleation assay (see
Figure 4.3C) to the SAA led to a substantial delay in aggregation (Figure 4.4B), suggesting that secondary
nucleation strongly contributes to fibril amplification in this case. This demonstrates that AS69nuc is
capable to identify divergent seed characteristics in SAA. While seeds generated under SAA conditions
proliferated by fragmentation-elongation, secondary nucleation accelerated the amplification of seeds
generated at low pH.

SAAs frequently employ N-terminally his-tagged ↵S (his-↵S) monomers as substrate since the his-tag
facilitates purification of ↵S under mild conditions and improves the data reproducibility [397, 399, 407].
Using in vitro ↵S wildtype (WT) seeds and his-↵S substrate under SAA conditions, addition of AS69nuc
led to a substantial increase in the lag-time (Figure 4.4C), indicating a prominent role of fibril amplification
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through secondary nucleation. Comparing the data for WT ↵S substrate (Figure 4.4A) with that for
his-↵S substrate (Figure 4.4C) under the same conditions shows that a relatively minor modification of the
substrate can lead to a significant shift in the mode of aggregate proliferation from a process dominated
by fragmentation-elongation to a process dominated by secondary nucleation.

Figure 4.4: AS69nuc efficacy depends on the different prepration of ↵S substrate and seeds. The
contribution of secondary nucleation to aggregate proliferation in SAA depends on both seed and substrate
and is strong in SAA of PD-derived CSF. (A-E) Time courses of aggregation under SAA buffer conditions
(40 mM NaPi (pH 8.0), 170 mM NaCl, 0.0015% SDS) using the indicated combinations of substrate and
seeds.

To test for a contribution of secondary nucleation to SAA of patient-derived seeds, we used CSF from two
patients diagnosed with PD and, as negative controls, of two patients with multifactorial gait disorder,
one patient with Alzheimer’s diseases (AD), and one patient each with Progressive Supranuclear Palsy
(PSP) and normal pressure hydrocephalus (NPH). While the PD-derived CSF led to an increase in ThT
fluorescence, the negative controls did not, confirming sensitivity and specificity of the SAA (Figure
4.4D and SI Figure 4.6). Addition of AS69nuc to SAA using the PD patient-derived seeds dramatically
inhibited aggregation (Figure 4.4E). This indicates that secondary nucleation does strongly contribute to
SAA of patient-derived material.

The results demonstrate that patient-derived seeds are not efficiently proliferated by elongation and
subsequent fragmentation under SAA conditions. Instead, secondary nucleation is remarkably effective at
driving seed amplification. Importantly, this activity is highly protein-specific, as no amplification from
CSF of patients with neurodegenerative diseases other than synucleinopathies can be detected. Secondary
nucleation of amyloid involves interactions of disordered monomers with the lateral fibril surface, with
subsequent oligomerization and conformational conversions leading to new fibril nuclei [131, 157, 408].
It is remarkable that these interactions are highly protein-specific, leading to efficient amplification of
homotypic seeds from CSF.

To sum up, the engineering and application of an inhibitor that specifically targets fibril nucleation
processes revealed that secondary nucleation plays a pivotal role in amplification of ↵S in SAA. This
finding offers valuable mechanistic insights for optimization and refining the assay for diagnostic
applications.
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4.4. Material and Methods

4.4.1 Expression and purification of ↵S and his-↵S

The expression and purification of ↵S wildtype was performed as previously described in Hoyer et al.
[263] and Wördehoff et al. [388]. Escherichia coli (E. coli) BL21 (DE3) pT7-7 cells were grown at 37 °C
and 110 rpm. After induction of the gene expression using IPTG the cells were incubated for 4 h under
the same conditions. After centrifugation at 5,000 rpm for 15 min the cells were lysed using the MS-72
sonication probe (Bandelin) set at an amplitude of 35% with a pulse of 3 s and a pause of 5 s in between
for 5 min. The lysate was heated to 100 °C for 10 min and briefly vortexed every 2 min. 4 M (NH4)2SO4
was added to a final concentration of 1.75 M, then stirred for an additional 3 min before incubation on ice
for 10 min. After centrifugation at 11,000 rpm for 30 min at 4 °C, ion exchange chromatography (IEC)
was performed using a 5 ml Q HP Hi-trap column (Cytiva) on a NGC chromatography system (BioRad)
equilibrated in 25 mM TrisHCl (pH 8.0). The protein solution was eluted with a linear gradient from
0 mM to 500 mM NaCl over 40 min. Afterwards, ↵S was, again, precipitated in 2 M (NH4)2SO4 using a
saturated solution of 4 M (NH4)2SO4. For buffer exchange, size exclusion chromatography (SEC) was
performed with a Superdex 75 Increase 10/300 GL column (Cytiva) using the respective buffer and was
stored at �80 °C until further use.

The expression and purification of recombinant his-tagged wildtype human ↵S were conducted as
previously described in Bräuer et al. [407]. In brief, E. coli BL21 (DE3) (Thermo Fischer Scientific)
were transformed with the vector plasmid pET-28a(+) (Merck) containing wildtype human ↵S. The gene
expression was induced via the Overnight Express Autoinduction System (Merck). After 18 h, the cells
were harvested by centrifugation at 3,200 rcf for 10 min. Afterwards, the pellet was lysed via osmotic
shock (400 g/l sucrose, 30 mM TrisHCl pH 7.2, 2 mM EDTA) and centrifuged at 9,000 rcf for 20 min. The
pellet was resolved in water. After centrifugation at 9,000 rcf for 30 min, the supernatant’s pH was reduced
to 3.5. The solution was, again, centrifuged at 9,000 rcf for 30 min and the supernatant’s pH was increased
to 7.5. Next, immobilized metal ion affinity chromatography (IMAC) using an NGC chromatography
system (BioRad) was performed. The protein solution was loaded on a 5 ml HisTrap FF-column (Cytiva)
and was washed with 20 mM TrisHCl, pH 7.5 and subsequently with 50 mM imidazole, 20 mM TrisHCl,
pH 7.5. The protein was eluted with a linear gradient up to 500 mM imidazole, 20 mM TrisHCl, pH 7.5.
Then, the protein solution was loaded on a 5 ml HiTrap Q-HP anion exchange-column (Cytiva). The
column was washed with 20 mM TrisHCl, pH 7.5 and subsequently with 200 mM NaCl, 20 mM TrisHCl,
pH 7.5 and then, the his-tagged protein was eluted with a linear gradient up to 500 mM NaCl, 20 mM
TrisHCl, pH 7.5. After dialyzing the protein against water, using a 3.5 kDa MWCO dialysis membrane
(Thermo Fisher Scientific) overnight at 4 °C, the samples were lyophilized and stored at �80 °C until
further use.

4.4.2 Expression and purification of AS69nuc

Expression and purification of the AS69nuc construct with N-terminal his-tag was performed as described
previously in Mirecka et al. [350] with all modifications described in Agerschou et al. [353]. Briefly, E.
coli JM109 (DE3) cells containing plasmid pET302_NTHis_AS69nuc were grown at 37 °C and 110 rpm.
After induction of gene expression, the cells were incubated another 4 h under the same conditions.
The cell suspension was sonicated for 10 min using an MS-72 sonification probe (Bandelin) set at 35%
maximum power with cycles of 3 s pulse followed by 5 s pause. After centrifugation at 13,500 rcf
for 20 min, IMAC was performed with the lysate using a 5 ml Ni-NTA Histrap FF column (Cytiva)
equilibrated in loading buffer containing 50 mM TrisHCl (pH 8.0), 500 mM NaCl and 20 mM imidazole.
The protein was eluted in 250 mM imidazole. After dialyzing the protein solution against 1.4 l of a
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25 mM TrisHCl (pH 8.0) overnight at 4 °C, the buffer exchange was performed using a SEC (Superdex 75
Increase 16/600 column (Cytiva)) in the respective buffer.

4.4.3 Elongation assay

As previously described by Buell et al. [135] and Agerschou et al. [354], the kinetics of the elongation
process were investigated in 20 mM MOPS (pH 7.4), 50 mM NaCl buffer. Briefly, for seed generation,
25 µM ↵S monomers were incubated in 20 mM MOPS (pH 7.4), 50 mM NaCl along with a glass
bead at 37 °C and shaking at 800 rpm for 75 h. To promote fibril elongation, the number of fibril ends
was increased by fibril fragmentation achieved by sonication using a UP200St ultrasonic processor
(Hielscher) for 30 s at 70% maximal amplitude. Then 100 µl aliquots of 25 µM ↵S monomers in 20 mM
MOPS (pH 7.4), 50 mM NaCl containing 20 µM ThT and 0.04% NaN3 were transferred to the wells
of a 96-well half area, non-binding surface, black with clear bottom, polystyrene plate (REF 3881,
Corning) before adding 2.5 µM sonicated seeds. The plate sealed by a clear sealing tape was then
placed into a FLUOstar Omega plate reader (BMG Labtech) for incubation under quiescent conditions
at 37 °C for 40 h. ThT was excited with a wavelength of 448 nm and the emission was measured at 482 nm.

4.4.4 Fragmentation-elongation assay

Kinetics were performed in 40 mM NaPi (pH 8.0), 170 mM NaCl. Briefly, for seed generation, 25 µM
↵S monomers were incubated in 40 mM NaPi (pH 8.0), 170 mM NaCl along with a glass bead at 37 °C
and shaking at 800 rpm for 75 h. Then, samples of 25 µM ↵S monomer were prepared in 40 mM NaPi
(pH 8.0), 170 mM NaCl containing 20 µM ThT, 0.04% NaN3, and added to the wells of a 96-well half
area, non-binding surface, black with clear bottom, polystyrene plate (REF 3881, Corning), followed by
addition of 0.1 µM non-sonicated seeds. The plate was sealed by a clear sealing tape and placed into
a FLUOstar Omega plate reader (BMG Labtech) for incubation at 37 °C for 60 h with cycles of 1 min
double orbital shaking at 400 rpm and 1 min rest. ThT was excited at a wavelength of 448 nm and the
emission was measured at 482 nm.

4.4.5 Secondary nucleation assay

Secondary nucleation assays were conducted similarly as to what was described previously by Buell et al.
[135] and Agerschou et al. [353]. Briefly, seed fibrils were produced in 20 mM acetate buffer (pH 5.0),
50 mM NaCl in a 96 well plate along with a glass bead at 37 °C and 500 rpm for at least 75 h. The
seeds were subsequently sonicated using a probe sonicator (Bandelin Sonopuls HD 2070 with MS-72
probe) for 1 s at 10% maximal amplitude. Then, 70 µM ↵S monomers were prepared in 20 mM sodium
acetate buffer (pH 5.0) containing 20 µM ThT and 0.04% NaN3 before adding 0.3 µM sonicated seeds.
Measurements was performed as it is described for elongation assay for 100 h.

4.4.6 Seed amplification assay of ↵S

SAA kinetics of ↵S wildtype were performed in 40 mM NaPi (pH 8.0), 170 mM NaCl, 0.0015% SDS.
Briefly, seeds were preformed i.) under SAA conditions: by incubation of 25 µM ↵S monomers in
40 mM NaPi (pH 8.0), 170 mM NaCl, 0.0015% SDS or ii.) under slightly acidic pH in 20 mM acetate
buffer (pH 5.0), 50 mM NaCl. In both cases, temperature was set to 37 °C and seeds were formed
under shaking at 800 rpm with six 0.8 mm silica beads (OPS Diagnostics) per well. Then, 25 µM ↵S
monomer substrate was prepared in 40 mM NaPi (pH 8.0), 170 mM NaCl, 0.0015% SDS containing 20
µM ThT and 0.04% NaN3 before adding 0.1 µM seeds. Measurements were performed as described for
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the fragmentation-elongation assay for 100 h in presence of six 0.8 mm silica beads (OPS Diagnostics)
per well.

The ↵S-SAA with CSF was performed as previously described in Bräuer et al. [407]. In brief, the
measurements were performed using a black 96-well plate (Thermo Fischer Scientific) and each well
contained six 0.8 mm silica beads (OPS Diagnostics). In each well, 15 µl of CSF were added to 85 µl of
reaction buffer, which resulted in the final concentrations of 40 mM phosphate buffer pH 8.0, 0.0015%
SDS, 10 µM ThT, 7.2 µM recombinant his-tagged ↵S and 170 mM NaCl. The plate was incubated in a
BMG FLUOstar Omega plate reader at 42 °C with cycles of 1 min double orbital shaking at 400 rpm and
1 min rest. Fluorescence measurements were performed every 45 min.

For the distinction between positive and negative CSF samples, each sample was measured as four
technical replicates on the same plate. Each plate included at least two negative control and two positive
controls, each with four replicates. For every time point, relative fluorescence units were expressed
as a percentage of the maximum intensity reached on that plate. We considered a replicate positive if
fluorescence crossed a threshold within a 40 h time window. The fluorescence threshold was defined as
the average intensity of previously measured negative controls during the first 10 h of recording, plus 40
standard deviations. We considered a sample positive if at least two replicates were positive and negative
if no replicate was positive. A sample was run again if only one replicate was positive, which was not the
case in this study.

In the experiments testing the influence of AS69nuc, it was added to the reaction buffer in the respec-
tive concentrations. The final concentrations of the reaction buffer and the amount of CSF were unchanged.

4.4.7 Atomic Force Microscopy (AFM)

At the end of the aggregation kinetics assay, 10 µl (for assays at neutral pH) or 5 µl (for assays at slightly
acidic pH) sample was directly applied in the middle of the freshly cleaved mica followed by incubation
at RT for 15 min in humified conditions. Subsequently, the drop was dried in a circular pattern with a
gentle stream of N2. After five washing steps by gently pipetting 100 µl ddH2O to remove residual buffer
salt, the sample was dried with a gentle stream of N2. AFM was performed on a Bruker Multimode 8
(Billerica, Massachusetts, USA) using ScanAsyst-Air cantilevers (Camarillo, California, USA) in the
ScanAsyst PeakForce tapping mode in air. Afterwards, the software Gwyddions was used for processing
the AFM images.
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4.6. Supplementary Information

Figure 4.5: Mode of action of the monomer binder AS69. (A) Structural model of the AS69:↵S
complex based on NMR (pdb entry 4BXL [350]). AS69 (grey) is a homodimer linked through a disulfide
bridge. ↵S (green) locally adopts �-hairpin conformation in the AS69-binding region, while the other
↵S regions remain intrinsically disordered. (B) AS69 binds free ↵S monomer resulting in inhibition of
fibril elongation (orange box), while the complex between AS69 and ↵S (AS69:↵S) inhibits nucleation
processes (blue box within orange box). Fusion of ↵S to AS69 via a flexible linker (shown in red,
AS69nuc) enhances the stability of the complex and impedes fibril nucleation but not elongation (right
blue box).

Figure 4.6: SAA seeded by CSF from patients suffering from different diseases. Time courses of
aggregation under SAA buffer conditions (40 mM NaPi (pH 8.0), 170 mM NaCl, 0.0015% SDS) using
the PD Patient’s CSF (A, B), and as controls the CSF of Patients with PSP (C), NPH (D) or multifactorial
gait disorder (E, F) in four replicates.
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5.2. Abstract
Synucleinopathies are characterized by neuronal dysfunction linked to the aggregation of ↵-synuclein
(↵S) into amyloid fibrils. Once fibril formation begins, these aggregates propagate, disrupting cellular
functionality. Recent studies are focused on understanding the cellular processes of internalization and
self-defense mechanisms against fibrils, aiming to enrich our understanding of the associated diseases.
Cellular uptake mechanisms encompass endocytosis pathways, membrane penetration, and cell-to-cell
transmission through tunneling nanotubes. Defense mechanisms against fibril exposure include chaperone-
mediated protein folding, proteasomal degradation, autophagy, and activation of neuroinflammatory
pathways. This variety of responses underlines the complexity of cellular reaction when exposed to
fibrils. Next-generation sequencing (NGS) offers insights into the cellular responses to fibrils, shedding
light on molecular mechanisms involved in fibril internalization, defense, and self-protection. This
molecular snapshot allows us to identify upregulated proteins, and thus recognize the critical components
of the cellular response to fibrils. This proteomic analysis indicates similarities between the cellular
response to fibrils and that of a viral infection. Understanding these complex mechanisms is crucial for
the development of effective therapeutics as well as the advancement of biomarker diagnostics, enhancing
our understanding of synucleinopathies and neuroinflammatory responses.
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5.3. Introduction
In synucleinopathies, such as Parkinson’s disease or Multiple system atrophy, neuronal dysfunction
is associated with the aggregation of ↵S, a protein consisting of 140 amino acids [11, 213, 363]. In
its soluble state, ↵S plays a crucial role in maintaining the homeostasis of the synaptic vesicle pool
at presynaptic terminals [246, 251, 255, 409]. Upon aggregation, monomers undergo a structural
transition into a cross-� fold, incorporating themselves into highly ordered, and insoluble supra-molecular
assemblies known as amyloid fibrils. These fibrils accumulate within neurons as protein inclusions
[410, 411, 412, 413].

The initial fibrillation process of ↵S is believed to be driven by the stochastic misfolding of ↵S monomers
[128]. This phenomenon may be more likely to occur in specific vulnerable neuronal compartments
characterized by slightly acidic pH, like lysosomes [131, 135], or in areas with elevated local concen-
trations of the protein. For example, individuals with duplications or triplications of the SNCA gene
which encodes for ↵S, are at a higher risk for this process [221, 414, 415]. Furthermore, aggregation
can be accelerated by missense mutations, such as the best-known A53T, A30P and E46K [379], or by
environmental changes related to smaller molecules like metal ions [416]. However, the initial reason for
aggregation remains unclear.

Once the formation of amyloid fibril commences in a specific region, these aggregates spread throughout
the brain, disturbing the cellular functionality [417, 418]. Several studies have documented the uptake
of ↵S fibrils within neuronal networks, which subsequently stimulates the misfolding of endogenous
↵S [419, 420]. In recent years, there has been an increasing emphysis on exploring the mechanisms
underlying cellular internalization of fibrils and self-defense of cells against this process, with the
objective of developing therapeutic strategies and enhancing our overall understanding of the invasion
process. Intriguingly, the identification of multiple uptake, defense and self-protection pathways has
underlined the complicated nature of the cellular answer when exposed to fibrils.

In cellular uptake, endocytosis encompasses multiple pathways [281, 286, 421]. These pathways
include clathrin-mediated endocytosis [292, 422], micropinocytosis [292, 423], and receptor-mediated
endocytosis [286, 290, 424, 425]. In receptor-mediated endocytosis, specific cell surface receptors, such
as scavenger receptors or glycosaminoglycan receptors, facilitate the uptake of ↵S fibrils by binding to
them and triggering their internalization [288, 289]. Additionally, another mechanism of uptake involves
membrane penetration, where fibrils interact directly with the cell membrane and gain entry by disrupting
the lipid bilayer [426, 427, 428]. Recent research has also demonstrated that neurons can transfer fibrils
between each other through tunneling nanotubes from neuron to neuron [429].

Furthermore, defense mechanisms become amplified in cells when they are infiltrated by amyloid fibrils.
Cells employ diverse strategies to combat these aggregates and prevent the misfolding of endogenous
proteins. They may activate chaperone-mediated protein folding [430, 431, 432], to counteract against
misfolding or engage in proteasomal degradation [433]. Alternatively, cells initiate autophagy for
degradation of damaged components [434, 435]. Moreover, cells start the activation of neuroinflammatory
pathways [436, 437], as self-protection mechanism to enable a response of immune cells, cytokines, and
other molecules. Understanding autophagy and neuroinflammatory processes is equally intriguing, as it
opens the possibility of identifying promising indicator-proteins or markers that could be utilizied for
developing biomarker diagnostics. This exploration could lead to significant advancements in the early
detection and monitoring of neurodegenerative conditions.
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To gain a molecular overview in the internal answering machinery of neurons when exposed to fibrils,
NGS provides comprehensive insights into all these potential processes that occur concurrently within the
cell. Consequently, it raises the question of whether certain mechanisms are preferentially activated in
cells, as evidenced by visible upregulation of proteins involved in i.) fibril internalization, ii.) degradation
of fibrils via defense mechanisms, or iii.) self-protection by activating inflammatory responses. This
approach allows for the identification of specific pathways and mechanisms that neurons utilize to combat
the presence of fibrils. This chapter is centered on investigating whether the upregulated proteins are
involved in the cellular uptake of fibrils.

5.4. Results

5.4.1 Establishment of a fluorescence-assay to detect ↵S fibril uptake by dif-
ferentiated SH-SY5Y cells.

In our study, we developed a fluorescence-based assay to detect fibril uptake in neuronal cells. This assay
provides several key advantages, including its ease of use, speed, and the capacity to analyze the entire
population of cells treated with fibrils.

To evaluate the effect of fibrils on a model system that closely resembles functional neurons, we induced
the differentiation of SH-SY5Y cells by treating them with retinoic acid and brain-derived neurotrophic
factor (BDNF) (Figure 5.1A). By comparing the morphology of the cells in the undifferentiated and
differentiated states, the successful differentiation from a heterogeneous population of adherent and
suspended cells to functional neurons can be confirmed (Figure 5.1B). The differentiated cells exhibit
significantly enhanced dendrite-like extensions, making them resemble neurons more closely. Addition-
ally, we observed a remarkable upregulation in the expression levels of trk339 and trk350 genes in the
differentiated sample, with increases of 1000-fold and 3000-fold, respectively (Figure 5.1C). This further
affirms the successful differentiation, as these genes are critical markers for the differentiation process and
exhibit upregulation exclusively in the differentiated state [438].

After successful differentiation, SH-SY5Y cells were treated with 1 µM pHrodo-labeled ↵S fibrils and
then incubated overnight at 37 °C and under 5% humidified conditions (Figure 5.1A). The pHrodo-labeled
fibrils were generated by incubating C-terminally pHrodo-labeled ↵S monomers with ↵S monomers in a
1:10 ratio with shaking over 7 days at 37 °C (Figure 5.1D). The selection of pHrodo dye for this process
was due to its sensitivity to changes in pH, making it an ideal choice for tracking the internalization
of fibrils within the cellular environment. It is hypothesized that once inside cells, fibrils are either
transported within vesicles or are targeted for degradation within lysosomes, both of environments
characterized by a slightly acidic pH. However, pHrodo remains fluorescent at neutral pH, such as in
the cytosol. Subsequently, the fibrils were pelleted through centrifugation at 100,000 xg for 1 h, and
fibril formation was confirmed using atomic force microscopy (AFM) (Figure 5.1E). Upon incubation
with cells, these fibrils can be internalized through various cellular uptake mechanisms. Flow cytometry
was employed to detect and analyze this uptake of fibrils along the whole cell population (Figure
5.1A). To achieve this, the cells were treated with trypsin, which serves to cleave off all components
that bind extracellularly to the membrane receptors. The results show that the entire SH-SY5Y pop-
ulation takes up fibrils as evidenced by the shift along the x-axis (red), in contrast to untreated cells
(gray) (Figure 5.1F). This highlights that this assay is useful for detecting the fibril uptake of the whole
cell population. Additionally, insights into the behavior of single cells of a whole population can be gained.
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Figure 5.1: Overview of the fluorescence assay to detect fibril uptake by differentiated SH-SY5Y.
(A) Schematic illustration of the workflow of the fluorescence assay. (B) Microscopy imaging of
undifferentiated (left) and differentiated (right) SH-SY5Y cells. Scale bar (black) represents 50 µm. (C)
Differentiation of SH-SY5Y was confirmed by the increased transcription level of the marker genes trk339
and trk350. Statistical analysis was applied using an unpaired student’s t-test (*** = p < 0.001). (D)
Schematic overview of the generation of pHrodo-labeled fibrils. (E) Atomic force microscopy of the
labeled fibrils. (F) Analysis of flow cytometry as dot plot (upper), showing the FITC laser intensity against
the intensity of the EDC laser and histogram (lower), plotting frequency against the intensity of the EDC
laser. Shifting along the x-axis represents the uptake of pHrodo fibrils in the 1 µM fibril treated sample
(red) compared to the untreated sample (gray).

To confirm the intracellular localization of fibrils and to exclude the possibility of interaction only with
the extracellular lipid membrane, fluorescence microscopy using z-stack imaging was employed, allowing
for a 3-dimensional visualization within the cells (Figure 5.2A-D). The fibrils, labeled with Atto-488
(green), were found within the actin signal (red) and in close spatial proximity to the nucleus (DAPI, blue).
This fluorescence imaging unequivocally demonstrated that the fibrils had indeed penetrated the interior
of the cell, indicating their interaction occurred intracellularly, not solely at the extracellular surface.

To further validate the uptake in SH-SY5Y, SDS-PAGE and western blot was performed (Figure 5.2E, F).
The cells treated with fibrils exhibited a band at 15 kDa, corresponding to the size of the monomeric form
of ↵S. Detection was done using the fluorescent dye pHrodo. No band was detected in untreated samples
(Figure 5.2F). The western blot signal for actin across different samples validates that an equal number
of cells was applied to all samples (Figure 5.2E). In a supplementary control sample, which excluded
cells and was designed specifically to examine if fibrils adhered solely to the plate or Eppendorf tubes
because of their sticky nature, no pHrodo-labeled ↵S monomers were detected. This control highlights
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the essential role of cells in the transfer of fibrils, showing that a brief 5-min centrifugation at 3,000 rpm
is inadequate for pelleting the fibrils. Ultimately, a second method validated the incorporation of fibrils
into the cells, evidenced by the detection of labeled ↵S within the treated cells.

Figure 5.2: Validating of the fluorescence assay by control experiments. (A) 3-dimensional fluores-
cence microscopy images of differentiated SH-SY5Y cells treated with 1 µM Atto-488 labeled fibrils
(green) as a z-stack. Actin signal is shown in red and the Nucleus in blue. Due to the z-stack it is confirmed
that the fibrils are indeed intracellular. (B,C) Fluorescence images of differentiated SH-SY5Y cells treated
with 1 µM Atto-488 labeled fibrils (green), showing the spatial proximity to the nucleus (blue). (D)
Fluorescence images of untreated, differentiated SH-SY5Y cells. Scale bar of each microscopy images
represents 35 µm. (E) Western blot of the actin signal of the cell lysate of untreated and pHrodo-labeled
fibril SH-SY5Y cells in triplicates as well as a control without cells. This shows that the same amount of
the cells was applied to the gel. (F) SDS-PAGE of cell lysate of untreated and pHrodo-labeled fibril SH-
SY5Y cells in triplicates as well as a control without cells to detect the fibrils within the cells. Detection
was performed by measuring the fluorescence of the pHrodo dye. (G-J) Analysis of flow cytometry as
histogram, plotting frequency against the intensity of the EDC laser. In the experiment the concentration
of fibril treatment (ranging from 0.1 to 2.5 µM) (G) and the duration of exposure (from 1 hour to overnight
(oN)) (H) was varied. Shifting along x-axis represent the uptake of pHrodo fibrils in treated samples
compared to the untreated sample (gray). As a control, the equivalent amount of pHrodo-Cys was used
under the same conditions with different concentrations (I) and duration of exposure (J), to validate that
the dye alone cannot be uptaken by cells.

The uptake process was characterized as being dependent on both the concentration of fibril treatment
(ranging from 0.1 to 2.5 µM) and the duration of exposure (from 1 hour to overnight), indicating that both
time and concentration significantly influence the process. The trend is further highlighted by the shift
along the x-axis in the histogram, which indicates variations in the measured parameter under different
conditions, underscoring the dependency on both factors (Figure 5.2G,H). However, to ascertain that the
observed effect was indeed attributed to the fibrils rather than being an artifact of the fluorescent dye, a
control was introduced by attaching pHrodo to a cysteine (pHrodo-Cys). The control samples treated
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with the equivalent amount of pHrodo-Cys showed no shift in the population treated compared to the
untreated sample (Figure 5.2I,J). This observation highlights that the fluorescence signal exclusively
corresponds to the uptake of the fibrils and not merely the dye itself. Notably, when the samples treated
with pHrodo-labeled fibrils were mixed with those treated in a similar manner with pHrodo-Cys, two
distinct populations emerged (SI Figure 5.6). Two possible conclusions can be drawn form this: i.) The
uniformity in cell response regarding fibril uptake is evident, as only a single population is observed in
our data via flow cytometry. This suggests that all cells internalize fibrils in a similar manner, without the
presence of distinct subpopulations that would indicate variable uptake capabilities among cells. ii.) The
crucial role of the highly structured amyloid fibrils in facilitating the uptake of the fluorescence dye is
highlighted. This points to a significant interaction between the fibrils and the internalization process,
which may involve membrane proteins or direct penetration of the membrane bilayer, underlining the
intricate relationship between the fibrils’ structure and their cellular uptake mechanism.

5.4.2 Post-exposure upregulated proteins are not involved in fibril uptake.

Validation of the fluorescence assay revealed a uniform shifted towards pHrodo positive cells, indicating a
consistent uptake of fibrils across all cells. To gain a snapshot of the proteins upregulated in the cellular
answer when infiltrated by fibrils, NGS was performed (Figure 5.3).

Therefore, NGS analysis was performed on the entire cell population to further investigate this response.
Three experimental groups, each with four replicates were investigated: i.) cells exposed to 2.5 µM
unlabeled fibrils, ii.) cells treated with 2.5 µM pHrodo-labeled fibrils, and iii.) an untreated control group.
The selection of these groups was based on the hypothesis that the pHrodo-labeled fibrils might exert a
milder impact on cells compared to the unlabeled fibrils, due to the increased hydrophobic characteristics
caused by the labeled dye. After preprocessing of the raw NGS data, the differentially expressed genes
were identified between treated and untreated groups (Figure 5.3).

In contrast to the untreated sample, there were sets of RNA sequences that were either upregulated or
downregulated (Figure 5.3A). Within this chapter, our focus is solely on the upregulated genes. Upon
closer examination, we identified 11 upregulated genes (Figure 5.3B), with the majority playing a
role in the activation of immune cells or initiating cascades of internal defense mechanisms. The only
membrane-bound protein identified is ICAM-1, making it a particularly interesting candidate interacting
with fibrils on the membrane surface. The upregulation of these genes was notably more pronounced
in the group treated with unlabeled fibrils, though cells treated with pHrodo-labeled fibrils exhibited a
similar trend. Our qPCR analysis confirmed that 7 out of the 11 genes were upregulated upon exposure to
fibrils (Figure 5.3C,D). Intriguingly, 3 of the examined genes were found to be downregulated according
to qPCR results, which contradicted their upregulated pattern observed in the NGS data (Figure 5.3C).
Consequently, these genes were excluded from further analysis.
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Figure 5.3: Validating of the NGS data. (A) Volcano plot based on the transcriptome data of cells treated
with 2.5 µM fibrils, generated by NGS. The log of the fold change is plotted against its p-value. The fold
change was related to an untreated control group. Each dot represents an mRNA and indicates whether it is
upregulated or downregulated in the sample relative to the negative control. (B) 11 upregulated genes were
identified from the NGS data. In this bar graph, cells treated with 2.5 µM unlabeled fibrils (yellow) or with
pHrodo-labeled fibrils (red) were plotted. A similar tendency of upregulation can be recognized for all
proteins. However, the samples treated with unlabeled fibrils show a stronger upregulation. (C) Identified
upregulated genes were validated by qPCR in 3 technical replicates and 3 biological replicates. The
transcription levels of upregulated genes in SH-SY5Y treated with 2 µM fibrils (yellow) were compared
with untreated cells (black). Statistical analysis was applied using an unpaired student’s t-test. *=p<0.05,
**=p<0.01, ***=p<0.001. (D) Overview of transcriptional upregulation detected by NGS and qPCR.
Upregulated gene transcription was marked with a green arrow indicating which method confirmed this
result.

In the initial data analysis, we explored the impact of upregulated proteins on fibril uptake. To this end,
cells underwent siRNA treatment to suppress protein expression (Figure 5.4A). To confirm the successful
delivery of siRNA into the cells, fluorescently labeled siRNA was utilized (Figure 5.4B). The observed
shift of the population along the y-axis confirmed the entry of siRNA into the cells via electroporation.
Suppressing the expression of individual genes through siRNA did not reveal any difference in fibril
uptake when compared to the positive control (cells treated with fibrils) after overnight treatment (Figure
5.4C). Consequently, it was demonstrated that none of the upregulated proteins play a role in fibril uptake
under these experimental conditions.
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Figure 5.4: The upregulated proteins are not involved in the uptake of fibrils. (A) Schematic overview
of how siRNA prevents transcription. The siRNA was introduced into the cell via electroporation.
Intracellular, it can interact with the mRNA in a single-stranded manner and initiate its degradation. The
question of this experiment remains whether the uptake of the fibrils is influenced by the suppression of
the expression of the identified upregulated genes. (B) A control experiment in which siRNA labeled
with the fluorophore FAM was used to verify that the cells take up the siRNA. Compared to the negative
control (gray), the population treated with FAM-siRNA shifts along the y-axis (green), indicating uptake
of the siRNA. (C) The expression of the individual upregulated genes are suppressed with siRNA and
then the uptake of the fibrils is validated. In the negative and positive control, the proteins were treated
with a non-targeting siRNAs control (negative control-siRNA from Thermo Fischer). Subsequently, the
negative control was not treated and the positive control was treated with 1 µM fibrils, which explains the
shift of the population along the x-axis. All samples treated with siRNA targeting one upregulated gene
behave similarly to the positive control.

5.4.3 Membrane-bound ICAM-1 does not drive the fibril uptake

Considering that ICAM-1 primarily functions in cell adhesion and immune responses and is linked
to actin through a signaling cascade, it roses the question of whether ICAM-1 is involved in the
uptake of fibrils via micropinocytosis or opening of junctions (Figure 5.5A). Micropinocytosis is a
cellular process through which small particles are engulfed by forming vesicles called micropinosomes.
Intriguingly, some indications emerged, as a micropinocytosis inhibitor appeared to affect fibril up-
take [292]. While ICAM-1 and micropinocytosis have not shown a direct connection so far, there are
potential indirect interactions within the broader context of cellular responses to infections or other stimuli.
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Figure 5.5: ICAM-1 interacts with fibrils but is not involved in fibrillar uptake. (A) Schematic
illustration of the functionality of ICAM-1. Together with VCAM-1, ICAM-1 clusters into lipid drafts,
which can induced a cascade to remodel the actin cytoskeleton and opening the junctions in the membrane.
(B, C) Analysis of flow cytometry as histogram, plotting frequency against the intensity of the EDC laser.
In the experiment, (B) ICAM-1 was downregulated by siRNA and (C) a control treated with non-target
siRNA were used. By varying the duration of exposure (from 3 hour to overnight (oN)) no impact of the
absence of ICAM-1(B) on fibril uptake was detected in comparison to the control (C). (D) By adding
the soluble part of ICAM-1 extracellular to the cells as competitive interaction partner, no difference in
terms of the uptake behavior of fibrils was detected. (E-H) DGC fractions, analyzed by SDS-PAGE or
western blot, are numbered from 1 to 14, with low-density fractions given lower numbers and higher
density fractions given higher numbers, x marks the spot on which no sample was applied. Two different
protein markers were used: PageRulerT M pre-stained protein ladder, in which the size of the bands in
kDa was written to the right of the marker band, and SpectraT M Low Range protein ladder, in which the
size of the bands in kDa was written to the left of the bands. ↵S fibrils are obtained in higher-density
fractions 9-13. SDS-PAGE was performed to analyze samples containing (E) pHrodo-labeled fibrils and
(F) pHrodo-labeled fibrils pre-incubated with ICAM-1. ICAM-1 do not change the fibrillar structure,
since in both samples the ↵S is detected most dominantly in fraction 9-11. Western blot was performed
to anaylze samples containing (G) pHrodo-labeled fibrils pre-incubated with ICAM-1 and (H) ICAM-1
alone. ICAM-1 is found predominantly in fraction 1-8. Interestingly, in the sample pre-incubated with
fibrils a subtle band is found in fraction 10 and 11, in which also the fibrils occur predominantly.

Therefore, we thoroughly investigated the influence of ICAM-1. However, when the protein was
downregulated using siRNA, it had no impact on internalization, even when varying the incubation
duration (Figure 5.5B,C). Additionally, adding the soluble domain of ICAM-1 as a competitive interaction
partner extracellularly did not alter the uptake, either (Figure 5.5D). The rationale behind this approach
was that by binding the soluble ICAM-1 component, the binding sites on the fibrils might already be
occupied, preventing membrane-bound proteins from binding and potentially hindering uptake. Here
it must be noted, that the uptake in general was not as efficient as it has been in previous experiments.
Only a slight shift along the x-axis was detected in the fibril treated sample. However, the sample treated
with fibrils and soluble ICAM-1 showed the same shift, meaning that the cellular uptake was similar
to the positive control (red). Our experiments did not reveal any differences in either the competitive
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environment or the downregulated variant, ultimately suggesting that ICAM-1 does not influence the
uptake of fibrils into the cells.

Considering the lack of a significant role for ICAM-1 in the fibril uptake mechanism, the question
emerged regarding the potential interaction of ICAM-1 with firbils. To explore this further, sucrose
density gradient centrifugation (DGC) experiments were performed. The analysis of size distribution
via DGC revealed that ↵S fibrils are high molecular weight assemblies predominantly sedimented in the
higher-density fractions (Figure 5.5E).

In the sample where ICAM-1 was incubated with ↵S fibrils, ↵S was also present in high molecular weight
assemblies, primarily within fraction 10 and 11 (Figure 5.5F). However, an exceptionally subtle ICAM-1
band was observed in fraction 10 and 11 (Figure 5.5G), which is not detected in the ICAM-1 alone sample
(Figure 5.5H). This subtle presence hints at the possibility of a minimal interaction between ICAM-1 and
fibrils. While this interaction does not affect fibril internalization, it implies that ICAM-1 might play a
role in activating the immune system.

5.5. Discussion
In this study, we established an assay that enables the validation and quantification of fibril uptake.
As a result, the uptake of fibrils by cells is dependent of both time and concentration. This process is
specific to fibrils, requiring the presence of fibril components, as cells do not take up a Cys-pHrodo
control. Moreover, it was characterized that the entire cell population is capable of taking up fibrils.
This observation is significant because it suggests that cells can uniformly uptake fibrils without
exhibiting specific and rapid responses to environmental influences, which could otherwise lead to
variations within the population. Thus, it highlights that all cells are equally susceptible to fibrils.
An interesting next step is to investigate whether uptake is caused by penetration into the cells [439].
To this end, we suggest to use mimicking systems of cell membranes, such as unilamellar vesi-
cles. Studying fibril uptake in these artificial membrane systems could further confirm that the process
occurs independently of the involvement of intra- or extracellular proteins, or initiators of protein cascades.

NGS analysis enabled the identification of crucial proteins during fibril infiltration, with 7 out of the 11
upregulated proteins being validated through qPCR. Although some studies have indicated an upregulation
of the NFB2 pathway in response to fibril treatment, suggesting a significant involvement [440], our
study could not replicate this finding. While our NGS analysis indicated a minor upregulation of NFB2,
subsequent validation with qPCR failed to corroborate this finding. Consequently, our data did not
conclusively identify the upregulation of any particular process or pathway. Nevertheless, it is notable
that many of the identified upregulated proteins are implicated in defense mechanisms against invasions,
such as viral infections [441]. Through our experiments, we demonstrated that certain proteins, including
ICAM-1 as a membrane protein, do not influence fibril intake. DGC results suggest a potential interaction
between ICAM-1 and fibrils, which would require confirmation through other methods. In viral infections,
ICAM-1 can be upregulated on the surface of infected cells and can trigger an increase in viral infectivity
via interactions [442, 443, 444]. The role of ICAM-1 in the infiltration of fibrils could not be clarified
in this study. However, it has no influence on the uptake of fibrils but might have a possible role in
fibril-related immune responses.

The question of which process the proteins are involved in — i.) fibril internalization, ii.) degradation of
fibrils via defense mechanisms, or iii.) self-protection by activating inflammatory responses — should be
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investigated in this project. From these preliminary data, it appears that while these upregulated proteins
may not directly influence fibril uptake, they are likely to be involved in ii.) and iii.). Further investigation
is necessary to explore these functions in depth. Additionally, it is crucial to establish the relevance of the
identified proteins in disease-contexts, for instance, by analyzing their concentrations in the cerebrospinal
fluid (CSF) of patients with synucleinopathies compared to a control group. Confirmation of their
significance in diseases could render these proteins promising candidates as potential biomarkers in
diagnostic tools.
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5.6. Material and Methods

5.6.1 Transformation, expression and purification of ↵S

The protein ↵S was encoded in the expression vector pt7-7 or the C140 mutation of ↵S (↵S-C140) in
pt7-7-↵S140C, and expressed in Escherichia coli (E. coli) strain BL21(DE3). For the transformation
step, 10 ng of the plasmid was introduced to the cells, followed by a 10 min incubation. Subsequently,
the cells underwent a heat shock at 42 °C for 6 s, then were cooled on ice for 2 min. After incubating
at 37 °C, with shaking at 800 rpm for 1 h, the cells were plated on LB-agar plates supplemented with
100 µg/ml ampicillin and incubated at 37 °C overnight. The liquid pre-culture was prepared containing
2YT medium with 100 µg/ml ampicillin, was inoculated with E. coli BL21(DE3) pt7-7 and incubated at
37 °C and 110 rpm overnight. The main culture (500 ml LB medium containing 100 µg/ml ampicillin,
were inoculated with the cells from the liquid pre-culture. After reaching an OD600 of 0.6, the cells were
induced with a final concentration of 1 mM IPTG. The culture was incubated for growth for 4 h at 37 °C
and 110 rpm. The cells were harvested at 5,000 xg, 4 °C for 20 min. For purification, the cells were heated
up to 95 °C for 10 min, before they were lysed by sonification. The purification of ↵S was conducted
following the methodology outlined in Mirecka et al. [350], incorporating all modifications detailed in
Agerschou et al. [353]. Subsequent to purification, the protein solutions were aliquoted, flash-frozen in
liquid nitrogen (N2), and stored at -80 °C until needed.

5.6.2 Labeling of ↵S-C140

↵S was site-specifically labeled at a single position by introduction of a cysteine at residue 140. For
labeling reactions, freshly purified ↵S (typically 200–300 µl of approximately 200 µM protein) was
incubated with 5 mM TCEP for 30 min at room temperature (RT) to reduce the cysteines. The protein
solution was passed over high-perfomance liquid chromatographie (HPLC) to remove TCEP and
subsequently lyophilized. The protein was dissolved in 50 mM HEPES (pH 7.6) to a final concentration of
1 mg/ml. The dye pHrodo-maleimide (pHrodoT M Red C2-maleimide from life technologies) was freshly
solved in DMF. The protein was incubated with the dye in a (protein:dye) ratio of 1:0.1 at 25 °C, 450 rpm
for 2 to 4 h. Afterwards, a HPLC was performed to remove of unreacted dye. HPLC was performed on an
Agilent 1260 Infinity system using an Agilent Zorbax SB300 C8, 5 µm, 4.6x250 mm column at 50 °C
column temperature. A flow rate of 4.0 ml/min was applied. The gradient from 40% to 64% acetonitrile
(ACN) was used. After the gradient, the column was washed for 4 min with 64% ACN with 0.1% TFA.
Re-equilibration was performed for 6 min using 40% ACN.

5.6.3 Fibril formation

Purified pHrodo-labeled ↵S was mixed with WT ↵S at a ratio of 1:10 to achieve a final concentration of
25 µM in sterile 1x PBS. The ↵S monomer solution was then incubated along with a glass bead under
constant shaking at 800 rpm for 5 days at 37 °C. Following the incubation, the pre-formed fibrils were
centrifugated at 100,000 xg for 1 h. Subsequently, the supernatant was removed and the fibril-containing
pellet was resuspended in sterile PBS. The concentration was calculated on monomer units, with the
assumption that 80% of the monomers underwent conversion to fibrils [420].

5.6.4 Atomic Force Microscopy (AFM)

AFM images were captured using a Bruker Multimode 8 microscope equipped with ScanAsyst-Air
cantilevers, employing the ScanAsyst PeakForce Tapping Mode in air. A 10 µl aliquot of the protein
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solution was applied to a freshly cleaved mica and incubated for 10 min at RT under humidified conditions.
The sample was then washed five times with 100 µl distilled water and subsequently dried using gaseous
N2. The software Gwyddion was used for processing the AFM images.

5.6.5 Density Gradient Centrifugation (DGC)

The samples were added on a discontinuous sucrose gradient and centrifuged for 3 h at 259,000 xg at 4 °C
in a TLS-55 rotor (Beckmann). The sucrose gradient (as described in [375]) was composed of the varying
volumes and concentrations (w/w, from bottom to top): 300 µl of 60%, 200 µl of 50%, 200 µl of 25%,
400 µl of 20%, 400 µl of 15%, 150 µl of 10% and 400 µl of 5%. The gradient was carefully layered stepwise
in an 11 x 34 mm polyallomer centrifuge tube (Beckmann). The sucrose gradient was separated stepwise
in 142 µl fractions resulting in 13 fractions which the lower number containing a smaller amount of sucrose.

5.6.6 Cell culture

SH-SY5Y cells were cultured in Dulbecco’s modified eagle’s medium (DMEM from Gibco) supplemented
with 10% fetal calf serum (Sigma, F9665) and 1% penicillin/streptomycin (ThermoFisher, 15140122)
in T75 tissue culture flasks (Sarstedt, 83.3911.002) in a humidified incubator with 5% CO2 at 37 °C.
Depending on their confluence, cells were passaged every three to five days.

For the differentiation, cells were seeded in well plates (Sarstedt, Cell+ treated). Upon reaching 60-70%
confluence, the cells were treated with 1 mM retinoic acid for 5 days, with the medium being replaced
every 2 days, and incubated in 5% CO2 at 37 °C. Subsequently, 40 ng brain-derived neurotrophic factor
(BDNF) form Sigma-Aldrich were added to the DMEM, containing only 1% penicillin/streptomycin for
3 days with daily medium exchanges. The treatment was concluded on day 9 [438].

5.6.7 Flow cytometry

For the treatment, the medium was removed from the cells and a fresh medium containing the supplements,
such as fibrils or pHrodo-Cys, was added. After an incubation time, the supernatant was discarded and the
cells trypsinized for 5 min at 37 °C. Afterwards, the cells were pelleted by centrifugating at 3,000 xg for
5 min, washed with PBS and centrifuged again. Then, the cells were resuspended in PBS and analyzed by
Flow Cytometry CytoFLEX S from Beckman Coulter. The data was analyzed by the Kaluza software
of Beckman Coulter. An example of the evaluation is shown in SI Figure 5.7. The side scatter (SSC)
is plotted against the forward scatter (FCS) to identify cells of interest based on size and granularity.
The events form two populations (SI FIgure 5.7A): depris and cells. The population of cells is selected
and plotted in the second graph: FSC-h against FSC width (SI FIgure 5.7B). This allows the cells to be
divided into single and doublet cells. The single cells are then plotted against the EDC laser (l ex: 561 nm
and l em: 610 nm), which can detect the pHrodo-dye (SI FIgure 5.7C). A shift in the direction of the
x-axis shows a higher intensity of the dye, which corresponds to pHrodo-positive cells.

5.6.8 siRNA treatment

The medium of the differentiated SH-SY5Y cells were discarded and trypsin was added and incubated for
10 min at 37 °C. Afterwards the cells were centrifuged at 3,000 rpm for 5 min and washed with PBS.
After a second centrifugation step at 3,000 rpm for 5 min, the cells were resuspended in 300 µl PBS and
incubated on ice. After an incubation time of 10 min, 1 µl siRNA (from Ambion by life technologies)
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were added to the cells and incubated again for 5 min on ice. The cell suspension was added in a cuvette
and placed it into the device Gene Pulser Xcell from BioRad. The methods for mammalian cells Cos7
was used for cell electroporation. Immediately, 1 ml pre-heated medium was added and the cells were
plated out in a 24 well plates with a final volume of 2.5 ml. The cells were incubated over night with 5%
CO2 at 37 °C before treated with fibrils.

5.6.9 RNA Isolation and cDNA synthesis

For RNA isolation, after treatment with fibrils, cells were incubated with trypsin for 10 min at 37 °C
and, then, harvested by centrifugation at 5,000 rpm for 5 min. After counting the cells using Neubauer
chamber, the cells were dissolved in TRIzolT M (Thermofisher, 15596026) normalized to the same number
of cells per ml. Each cell pellet was dissolved in 1 ml of TRIzol, and the RNA-containing aqueous phase
was isolated. This was followed by digestion with DNase I and further purification using the Direct-zol
RNA Miniprep kit (Zymo Research, R2050), following the procedures outlined in the kit’s manual.

5.6.10 Next Generation Sequencing (NGS)

DNase digested total RNA samples used for transcriptome analysis were quantified (Qubit RNA HS
Assay, Thermo Fisher Scientific, MA, USA) and quality measured by capillary electrophoresis using the
FragmentAnalyzer and the ‘Total RNA Standard Sensitivity Assay’ (Agilent Technologies, Inc. Santa
Clara, USA). All samples in this study showed high RNA Quality Numbers (RQN; mean = 10.0). The
library preparation was performed according to the manufacturer’s protocol using the VAHTS stranded
mRNA Universal V6 Library Prep v9.1. Briefly, 250 ng total RNA were used as input for mRNA capture,
fragmentation, synthesis of cDNA, adapter ligation and library amplification. Bead purified libraries
were normalized and finally sequenced on the NextSeq2000 system (Illumina Inc. San Diego, CA, USA)
with a read setup of 1x101 bp. For analysis the bcl convert tool was used to convert the bcl files to
fastq files as well as for adapter trimming and demultiplexing. Sequencing reads were aligned to the
GRCh38.95 reference genome utilizing the STAR aligner (version 2.7.0e) and gene annotations were
based on GRCh38.p12. Gene expression metrics at both transcript and gene levels were generated using
the software package RSEM (version 1.3.1). Samtools (version 1.3) was employed for the handling of
BAM files. RSEM calculated read counts, transcript per million (TPM), and fragments per kilobase of
transcript per million (FPKM) were used for further downstream analysis. The Wilcoxon rank-sum test
were used to calculate the p-values for the differentially expressed genes within each two groups.

5.6.11 Quantitative Polymerase Chain Reaction (qPCR)

qPCR was performed using Luna Universal qPCR Master Mix from New England Biolabs. The 2x master
mix was mixed with 0.25 µM forward and reverse primer (primer sequences are shown in table 5.1) and
measured at qTOWER3 by Analytik Jena.
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Table 5.1: Primers used for qPCR. Shown are the name of the primers with the addition forward (fwd)
and reverse (rev) as well as the primer segeunce for the 5’ to 3’ direction.

Name of primer Sequence of primer (5’>3’)

CCL2 fwd CTTCAAGACCATTGTGGCCA
CCL2 rev AGTCTTCGGAGTTTGGGTTTG
CCL5 fwd TCATTGCTACTGCCCTCTGC
CCL5 rev TACTCCTTGATGTGGGCACG
CXCL8 fwd TTGCCAAGGAGTGCTAAAGA
CXCL8 rev ATTTCTGTGTTGGCGCAGTG
ICAM-1 fwd AAGGAGCTGAAACGGGAG
ICAM-1 rev GTGCGGCACGAGAAATTG
IFGBP3 fwd ATCTACACCGAGCGCTGT
IFGBP3 rev TGACGGCACTAGCGTTGA
IL32 fwd GATGTTGAGGATCCCGCAAC
IL32 rev TTCTCCTTCACCCAGGCCAGAA
M2TA fwd TGCACCTCCTGCAAGAAA
M2TA rev CAGCAGCTGCACTTGTCC
NFB2 fwd ATCGAGGTGGACCTGGTAAC
NFB2 rev TCCTTGGGCCCCACAGAAAC
RELB fwd ATCAGTGGTGTTCAGCAGGG
RELB rev CGTCTTGAACACAATGGCAA
TNC fwd GAAGGTGGGGTCCTCAAGAA
TNC rev ACGTGGTTAAACACCACTGG
PLAT fwd CTACGAGGACCAGGGCATCA
PLAT rev TGTAGGGCTTCTGGGCCAAC
GAPDH fwd GGAAACTGTGGCGTGATGG
GAPDH rev TGAGCTTCCCGTTCAGCT
Trk339 fwd CTGCAAATGCAGTGCCTCTC
Trk339 rev TTGCCCACCAGGATCAGTTC
Trk350 fwd TCGGGAACATCTCTCGGTCT
Trk350 rev TGTCTGGCTTGAGCTGACTG

For this study, we chose to report the results in terms of N-fold expression changes, rather than employing
the DDCt-method, due to our inability to identify suitable, expression-stable housekeeping genes (SI
Figure 5.8 and Chapter 6; SI Figure 6.11).

5.6.12 Immunocytochemistry

For confocal imaging, the cells were seeded on coverslips. Four coverslips were transferred into one
well of a 6-well plate (Sarstedt, 83.3920.300) and incubated under the UV-lamp for 30 min. Each well
containing the coverslips was washed five times with 500 µl of PBS, before adding 500 µl of Poly-D-lysin.
The coverslips were incubated for 1 h at 37 °C. After the incubation, Poly-D-lysin was discarded and the
coverslips were washed five times with 500 µl PBS. Then the cells were seeded on the coverslips.
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Table 5.2: Solutions for the preparation of immunocytochemically stained RIN-m5f cells. Shown are
the name of solutions with each chemical compounts.

Solutions Chemicals

Solution 1 40 ml PBS + 100 µl TritonX-100
Solution 2 20 ml solution 1 + 20 ml PBS
Solution 3 10 ml solution 2 + 0.25 g BSA
Solution 4 5 ml solution 3 + 5 ml PBS

After the treatment, the medium was discarded, and the wells were washed six times with 1 ml of
PBS. 350 µl of 4% PFA was added, followed by an incubation of 20 min at RT. Afterwards the wells
were washed eight times with 1 ml of PBS and then filled with 1.5 ml of PBS and stored at 4 °C until
immunocytochemistry was performed.

The coverslips containing the cells were removed from the wells. To permeabilize the membrane,
solution 1 (referenced in table 5.2) was added to the cells for 2 min at RT. The cells were blocked with
solution 3 (table 5.2) and incubated at RT for 1 h. This was followed by a further incubation step with the
antibodies Alexa FluorTM Plus 555 Phalloidin (ThermoFisher, A30106) for 1 h in the dark. The antibody
was diluted 1:500 in solution 4 (table 5.2). Afterwards, the cells were washed six times with solution 2
(table 5.2) and the cells were incubated with 300 µM DAPI for 5 min at RT. The cells were washed four
times with solution 2 (table 5.2) and then twice with PBS. The coverslips were then shortly dipped in
ddH2O and glued onto microscopic slides using Immu-Mount from Epredia. Confocal microscopy was
performed on a Leica AF6000LX inverted microscope equipped with a Hamamatsu C9100-02-LNK00
EM CCD camera. Afterwards, the images were processed with the software Fiji to add a scale bar.

5.6.13 SDS-PAGE and Western blot

A 15% polyacrylamide bis-tris glycine gel was prepared for SDS-PAGE. The protein samples were mixed
in a ratio of 1:5 with a 4x SDS-PAGE loading buffer (200 mM Tris-HCl pH 6.8, 400 mM DTT, 8% SDS,
0.4% bromophenol blue, 40% glycerol) before incubating for 15 min at RT. 3 µl Spectra Multicolor Low
Range Protein Ladder from Thermo Fischer Scientific were utilized as size standard and 10 µl of the
samples containing SDS-PAGE loading buffer were applied to the gel. An electric field with a constant
voltage of 120 V was applied for 75 min. To detect fluorescent labeled proteins, an image was taken using
the camera of the gel documentation system from BioRad. For SDS-PAGE, the gel was subsequently
stained in staining solution containing 10% acetic acid, 25% EtOH and 250 mg Coomassie Brilliant Blue.
This was done by briefly heating the gel in the microwave followed by an incubation period of 5 min
while shaking at RT. Afterwards, the gel was distained in 10% acetic acid and 25% EtOH solution at
RT under shaking. Finally, the stained proteins were recorded with the camera of the gel documentation
system from BioRad. For the western blot, a PVDF membrane (Amersham Hybond from cytiva) was
activated in EtOH and shortly incubated in tris/gycine-buffer from BioRad together with 6 Whatman
papers. 3 Whatman papers are placed in a Trans blot Turbo chamber from BioRad followed by the
membrane, the SDS-Gel and the remaining Whatman papers. An electric field with a constant voltage
of 25 V was applied for 30 min. To determine the quality of the transfer, the membrane can be stained
with Ponceau S. Afterwards, the membrane must be carefully destained by washing steps with MQ water
and TBST. For the staining, the membrane was blocked in 5 ml 5% milk, which was dissolved in TBST,
for 1 h at RT. This was followed by a further incubation step with the primary antibodies anti-hActin or
anti-hICAM-1 (from R&D Systems) for 1 h at RT or overnight at 4 °C. The antibody was diluted 1:2,500
in 5% milk. The membrane was washed five times for 5 min with TBST. After that, the membrane was
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incubated with the secondary antibody HRP-tagged goat anti-mouse antibody, diluted 1:5,000 in 5%
TBST, for 1 h at RT. After that incubation time, the membrane was washed five times for 5 min with
TBST. The membrane was incubated in Super Signal West Pico Plus from Thermo Scientific for a few
minutes and the signal was detected with the documentation system from BioRad.
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Figure 5.6: Pre-mixing experiment of samples treated with pHrodo-labeled fibrils and pHrodo-Cys.
(A) Analysis of flow cytometry as histogram to compare samples treated with pHrodo-Cys (red) and
pHrodo-labled fibrils (green). Shifting along x-axis represents the uptake of pHrodo fibrils in treated
samples compared to the pHrodo-Cys treated cells which did not intake the dye. (B) To illustrate that flow
cytometer can distinguished between cells that take up the dye and those that do not, the pHrodo-Cys and
pHrodo-fibrils treated samples were mixed in a 1to1 ratio, before analyzing again with Flow cytometer.
The results are shown as a histogram. This underlines that if the cells would behave differently in terms of
uptake fibrils, two populations would be detected during flow cytometer analysis.

Figure 5.7: Evaluation of flow cytometry. (A) The side scatter (SSC) is plotted against the forward
scatter (FCS) to identify cells of interest based on size and granularity. The events form two populations:
depris and cells (marked). (B) The population of cells is selected and plotted in the second graph: FSC-H
against FSC-Width. This allows the cells to be divided into single and duplicate cells. (C) The single
cells are marked in blue and are then plotted in the next diagram. The FITC laser is plotted against the
EDC laser (l ex: 561 nm and l em: 610 nm). The EDC channel can detect the pHrodo-dye. A shift in the
direction of the x-axis shows a higher fluorescence intensity of the dye, which corresponds to pHrodo
positive cells.
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Figure 5.8: GAPDH is no reliable housekeeper for fibril treated samples. The mRNA level of gapdh
in SH-SY5Y treated with 2 µM fibrils were compared with that of untreated cells in 3 technical replicates
and 3 biological replicates. The samples show an significant increase of the transcription level of gapdh in
the treated sample. Statistical analysis was applied using an unpaired student’s t-test. *=p<0.05. Therefore,
the DDCt-method was not used for evaluation.
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6.2. Abstract
Type 2 diabetes mellitus (T2DM) is a multifactorial metabolic and widespread disease. In patients’
pancreas islet amyloid polypeptide (IAPP) is found as aggregates. The aggregation process and toxicity
of different aggregate species of IAPP are under intense investigation. As for other disease-related
amyloidogenic proteins, oligomeric species of IAPP have been suggested to exhibit cytotoxic activity.
Here, we developed an IAPP model, denoted dimIAPP, which assembles into curvilinear oligomers
(dimIAPP-O) and remains stable in this conformation. DimIAPP is an engineered dimer of an IAPP
cysteine mutant (C2S, C7S) connecting two monomers via a flexible (G4S)4-linker. We investigated the
effect of this stable oligomer model, first, on the amyloid aggregation of IAPP and second, on stress
gene transcription in pancreatic rat cells RIN-m5f. The aggregation of IAPP is partially inhibited by
dimIAPP-O, indicating that it is not being incorporated into IAPP fibrils in the same manner as IAPP
monomers but instead prevents amyloid assembly. DimIAPP-O as well as IAPP fibrils trigger stress
responses in RIN-m5f cells, albeit IAPP fibrils upregulate more stress genes than dimIAPP-O do. We
conclude the model to be a useful tool to gain further insights into the aggregation of IAPP and the
characterization of the effect of stable, curvilinear oligomers on cells.

Figure 6.1: Schematic overview of the generation of oligomers using the model system dimIAPP or
IAPP fibrils, respectively. (A) IAPP monomers form amyloid fibrils (green). (B) DimIAPP corresponds
to two linked monomeric units of an IAPP cysteine mutant and forms stable curvilinear oligomers (orange).
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6.3. Introduction
Loss of �-cell function in T2DM is caused by a multitude of insults. Islet amyloid was found in the
pancreatic parenchyma of more than 90% of T2DM patients and is believed to inflict cytotoxicity
[56, 445, 446, 447, 448, 449, 450, 451]. The main constituent of islet amyloid is IAPP, a 37-residue
long peptide hormone co-secreted with insulin [452]. It plays a role in gastric emptying [453], glucose
homeostasis [454], regulating satiety [455] and suppression of glucagon release [456]. Amyloid deposits
are found in a plethora of diseases, including T2DM, Alzheimer’s disease and Parkinson’s disease.
The unifying feature of these peptides is the characteristic cross-� structure adopted by their amyloid
aggregates [457, 458]. In T2DM, prominent hyaline lesions were first described in 1901, more than 120
years ago [459, 460], in the pancreas of a young patient suffering from hyperglycemia and was later
identified as amyloid depositions of IAPP in 1986 [461, 462].

Oligomeric IAPP species have gained increased attention as they might be important players in the
pathogenic processes [20, 50, 56, 161, 449, 450, 451, 463, 464, 465, 466, 467]. In support of this, a poor
correlation of IAPP amyloid load with �-cell death was observed [468]. Different natural and synthetic
IAPP oligomer preparations were characterized and found to exhibit variable levels of toxicity, e.g., to
induce apoptosis [469] or disrupt the cell membrane [192]. The exact linkage between IAPP oligomer
formation and toxicity is unknown. It has been suggested that IAPP oligomers are related to the formation
of a membrane channel inducing an upregulated Ca2+ influx or membrane disruption causing stress
of the endoplasmic reticulum (ER) [192, 193]. However, oligomers are difficult to study, due to their
transient nature [470], low population under standard conditions, and structural heterogeneity [165]. This
complicates the identification of the most critical species in amyloid diseases [53, 471]. It also leads to an
uncertainty regarding the position of different types of oligomers on or off the pathway towards amyloid
fibrils [141, 165, 167, 472]. Therefore, it is crucial to invent reliable models for studying oligomers.

Studies on oligomers are not only of great interest in T2DM, but also in over 50 other diseases [11]
associated with the assembly of amyloids, such as AD [473, 474, 475]. For Alzheimer’s amyloid-�
(A�), it was shown that low-molecular weight species are more toxic than monomers and fibrils [195].
Previously, our group invented a model for oligomer-forming A�40, called dimA� [163, 169, 185].
DimA� is a polypeptide containing two units of A�40 connected by a flexible glycine-serine linker. The
linkage of two A� units does not affect A� conformation, but results in an increased local concentration
which promotes the highly concentration-dependent oligomer formation. DimA� assemble into stable
curvilinear oligomers that faithfully reflect the properties of off-pathway A� oligomers previously
observed in many labs, including the binding to dendritic spines and induction of tau missorting, a key
factor in tauopathies [163, 476]. DimA� oligomers provided insight into the properties of off-pathway
A� oligomers and their relationship to amyloid fibrils [163, 169, 185]. For example, metastable dimA�
oligomers bind to the surface of A� fibrils and inhibit secondary nucleation [185]. Furthermore, studies
employing dimA� allowed to identify the importance of low pH, as present in endosomal/lysosomal
compartments, for rapid A� oligomer formation [163].

Beside other amyloid peptides, generation of IAPP oligomer models are of great importance to improve
our understanding of this type of aggregate species. As stable IAPP oligomers cannot be obtained
directly from monomeric human IAPP for the reasons stated above, we tested here if oligomers can be
obtained using an IAPP construct analogous to dimA�. This approach is motivated by the sequence
similarity of IAPP and A� [47, 477]. Moreover, certain A� and IAPP oligomers may be structurally
and functionally related, as suggested by the cross-reactivity of oligomer-specific antibodies [50]. We
introduce an engineered dimer of an IAPP mutant, called dimIAPP (Figure 6.2A), in which both subunits
are connected via a flexible linker in a head-to-tail fashion. With the help of this model, we obtained
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insights into the effect of oligomers on IAPP aggregation and pathophysiology.

6.4. Results

6.4.1 DimIAPP assembles into curvilinear oligomers

We developed an artificial dimer of an IAPP mutant called dimIAPP (Figure 6.1A), in analogy to the
design of the artificial A� dimer dimA�. In dimIAPP, two IAPP units are connected by a (G4S)4-linker.
The linker is supposed to provide sufficient flexibility to the IAPP units, such that they are not restricted
in adopting all assembly types accessible to natural IAPP. In order to avoid formation of aberrant
disulfide bonds, the cysteines at positions 2 and 7 of both IAPP units were exchanged to serines
(Figure 6.2A). This modification leads to loss of the disulfide loop connecting IAPP residues 2 and
7 under oxidizing conditions. In fibrils, amino acids (aa) 1-12 are not part of the core but located
at the periphery [458, 478, 479], indicating that the Cys-to-Ser exchanges are not essential for IAPP
aggregation. This is confirmed by kinetics studies [480], which show that loss of the disulfide loop actually
promotes IAPP amyloid fibril formation. Furthermore, we note that dimIAPP is not C-terminally amidated.

Figure 6.2: Model system for IAPP oligomers utilizing a tandem IAPP construct called dimIAPP.
(A) Amino acid sequences of IAPP and dimIAPP. DimIAPP is an engineered dimer of an IAPP cysteine
mutant. The subunits are connected via a flexible (G4S)4-linker to provide conformational freedom. (B,C)
Morphologies of IAPP fibrils (B) and dimIAPP-O (C) after 16 h of quiescent incubation at 37 °C in
50 mM MES pH 6.5, 50 mM NaCl, imaged using atomic force microscopy (AFM). Color scale: height in
nm. (D) 3 dimensional view of curvilinear oligomeric dimIAPP-O in a zoomed-in area of C (marked in a
red box).

While IAPP formed amyloid fibrils upon incubation in 50 mM MES pH 6.5, 50 mM NaCl, dimIAPP
assembled into spherical and curvilinear oligomers, as imaged by atomic force microscopy (AFM) (Figure
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6.2B-D, SI Figure 6.7). These oligomers, which we named dimIAPP-O, are reminiscent of the metastable
off-pathway oligomers formed by dimA� [169, 163, 185]. DimIAPP-O exhibit a tendency to assemble
into clusters (Figure 6.2B, SI Figure 6.7), which has also been observed for dimA� oligomers at this
slightly acidic pH [163].

To monitor the formation of dimIAPP-O and IAPP fibrils, we performed aggregation kinetics with
the amyloid-specific dye Thioflavin-T (ThT). Initially monomeric IAPP exhibits an increase in ThT
fluorescence attributed to the formation of cross-� containing amyloid fibrils (Figure 6.3A,B). In contrast,
the preparation of dimIAPP-O showed no ThT fluorescence over 25 h (Figure 6.3A). At 0 h, almost
double amount of the monomers remained in monomeric form, as it was detected in the supernatant
fraction after centrifugation (Figure 6.3C, SI Figure 6.8). However, larger amorphous aggregates were
also detected under the AFM at 0 h incubation (Figure 6.3D). During incubation, the oligomers get
formed and adopt their stable and curvilinear oligomeric state (Figure 6.3D, see 16 h). Once it is formed
into these curvilinear form, the structure of dimIAPP-O does not change, namely no increase in ThT
signal could be detected for an incubation time of 20 h (SI Figure 6.9A). The ThT-negativity is a feature
that distinguishes dimIAPP-O from dimA� oligomers but does not provide insights into the structural
organization of these oligomers, as the molecular basis of ThT binding to oligomers lacking cross-�
structure is not well understood.

Figure 6.3: Monitoring the dimIAPP-O formation. (A) Aggregation kinetics of 2 µM IAPP (green) and
2 µM dimIAPP-O (orange) monitored by ThT. DimIAPP-O are ThT negative and do not show any change
over a period of 25 h. (B) AFM image of 2 µM IAPP after aggregation kinetics. Color scale: height in nm.
(C) Peak areas of a pellet and supernatant fraction of monomeric dimIAPP sample at 0 h analyzed via
RP-HPLC. Before applying on HPLC, the sample was centrifuged at 11,000 rpm for 5 min (SI Figure
6.8). (D)Monitoring the dimIAPP kinetics from panel A via AFM. AFM images were taken at 0, 4 and 16
h. Color scale: height in nm.

6.4.2 DimIAPP-O inhibit aggregation of IAPP

We next investigated the effect of dimIAPP-O on IAPP amyloid fibril formation. The addition of
dimIAPP-O to 3 µM monomeric IAPP (colored) inhibits the aggregation of IAPP when comparing it to
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the equivalent monomer concentrations of IAPP (Figure 6.4, colored and black). Notably, 2 molecules
of IAPP (in monomer units) equilibrate 1 molecule of dimIAPP (dimeric construct). This indicates that
dimIAPP-O act differently from IAPP monomers in terms of their aggregation properties.

Adding substoichiometric concentrations of dimIAPP-O to 3 µM monomeric IAPP decelerates or
completely inhibits the aggregation of IAPP (Figure 6.4A, colored and grey). At the end of this kinetic,
small protein aggregates corresponding to the structure of stable dimIAPP-O could be detected under
AFM (SI Figure 6.9B). This suggests small concentrations of dimIAPP-O to actively stop the nucleation
or growth of the substrate IAPP.

Figure 6.4: Influence of dimIAPP-O in low and high concentrations on IAPP aggregation kinetics.
(A) Kinetics of 3 µM IAPP (grey) were incubated in presence of substochiometric concentration of
dimIAPP. Kinetics of 3 µM IAPP with 0.1 µM dimIAPP-O (yellow), 0.25 µM dimIAPP-O (orange),
0.5 µM dimIAPP-O (red), 1 µM dimIAPP-O (green) was performed. For all approaches, 3 µM IAPP
(grey) was used as control as well as the IAPP concentration representing the summed up concentration
between dimIAPP units and monomeric IAPP (black). (B) Kinetics of 3 µM IAPP (grey) were incubated
in presence of higher than stochiometric concentration of dimIAPP-O. Kinetics of 3 µM IAPP with 2
µM dimIAPP-O (blue), 3 µM dimIAPP-O (purple), 5 µM dimIAPP-O (pink) were performed. For all
approaches, 3 µM IAPP (grey) was used as control as well as the IAPP concentration representing the
summat concentration between dimIAPP units and monomeric IAPP (black). (C) AFM images were taken
of 3 µM IAPP + 3 µM dimIAPP-O after aggregation kinetics (purple box). Color scale: height in nm. Size
of image: 2x2 µm.

When adding dimIAPP-O in higher ratios than 1:1 to 3 µM IAPP, we observe no difference in the lag
time in comparison to the 3 µM IAPP control (Figure 6.4B, colored and grey). This indicates that in high
concentrations dimIAPP-O do not interfere with IAPP. Considering the higher plateau and the observation
that dimIAPP-O act differently as monomers suggests that dimIAPP molecules might get triggered by
IAPP monomers or aggregation species to leave their off-pathway state and built ThT-positive cross-�
structures. In line, the formation of dimIAPP fibrils was observed by AFM when dimIAPP monomers
were incubated at a concentration of 10 µM (SI Figure 6.9C). After kinetic measurements, fibril structures
were detected by AFM, whereas dimIAPP-O could not be distinguished from IAPP fibrils in form of
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curvilinear oligomers and exhibited the same appearance as the 3 µM IAPP control (Figure 6.4C).

However, in substochiometric ratios, dimIAPP-O are capable of inhibiting amyloid aggregation of IAPP
and behaves differently regarding aggregation in comparison of IAPP monomers, which identify them as
stable oligomers off the pathways towards amyloid fibrils.

6.4.3 Exposure of RIN-m5f cells to dimIAPP-O and IAPP fibrils activate
cellular stress response

Next, to gain more insights on how the presence of the different aggregation species, IAPP fibrils or
curvilinear dimIAPP-O, affects the induction of stress phenotypes in pancreatic RIN-m5f cells. Therefore,
the upregulation of transcripts of stress markers associated with the ER and mitochondrial oxidative
stress was investigated. We were interested exclusively in the effect of externally added IAPP fibrils
and dimIAPP-O on stress genes. Therefore, the RIN-m5f cell line, derived from Rattus norwegicus was
selected as the model cell line because rodent IAPP is aggregation incompetent due to six mutations
primarily localized between aa 20 and 29. Contrary, human pancreatic cell lines express aggregation
competent IAPP innately. The origin of the observed effect would not have been clearly assigned by the
external addition of the species to human pancreatic cells.

Oxidative stress is believed to play a pivotal role in the pathogenesis of T2DM [481, 482]. In other
diseases connected to the amyloid aggregation of peptides, such as AD, a higher production of ROS
is observed [483]. Key oxidative stress markers are superoxide dismutase 2 (Sod2) and catalase (Cat)
(Figure 6.5A). Sod2 converts two superoxide anion molecules into H2O2 while Cat reduces H2O2 to water
(Figure 6.5A). After exposure to dimIAPP-O, sod2 expression was significantly upregulated (20-fold)
while treatment with IAPP fibrils did not alter the expression level compared to untreated cells (Figure
6.5B). Contrary to that a distinct effect was seen for cat expression. Exposure of RIN-m5f to dimIAPP-O
resulted in a significant downregulation while exposure to IAPP fibrils resulted in almost 5-fold increased
cat expression (Figure 6.5C).

When stressed, the cell activates different pathways to rescue itself before apoptosis is initiated. Here, we
investigated the influence of dimIAPP-O and IAPP fibrils to four main players involved in the ER stress
response (Figure 6.5A). Three of them are involved in rescuing mechanisms: Activating transcription
factor 6 (Atf6), Pancreatic eukaryotic translation initiation factor 2↵ kinase (PERK) and Inositol-requiring
protein 1 (IRE1) [484]. When those transducers are activated, they induce unfolded protein response
(UPR) transcription factors X-box binding protein 1 (Xbp1) and activating transcription factor 4 (Atf4)
[484]. One of the downstream targets of Atf4 is CCAAT-enhancer-binding protein homologous protein
(Chop) [485]. Chop is a key player in apoptosis [486]. Here, all tested stress markers for ER stress,
namely atf6 (10-fold), xbp1 (4-fold), aftf4 (6-fold) and chop (5-fold) were significantly upregulated after
the treatment with IAPP fibrils while only chop was upregulated approximately 3-fold after the treatment
with dimIAPP-O (Figure 6.5D-G).

Another mechanism to react to stress situations is the formation of stress granules (SG) [153] whose
formation is triggered by the phosphorylation of the downstream target of PERK and upstream regulator of
Atf4: eukaryotic translation initiation factor 2↵ (eIF2↵) [487]. Stress granules are condensates composed
of untranslated RNA and proteins forming by liquid-liquid phase separation (LLPS) [488, 489, 490]. The
protein class of Ras-GTPase-activating protein (GAP)-binding proteins (G3BP) is the central node of
condensate assembly with specificity for unfolded RNA [491] to inhibit RNA-RNA interactions. This
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supports G3BP to act as an RNA chaperone [492].

Figure 6.5: Influence of dimIAPP-O and IAPP fibrils on transcription of different ER stress and
oxidative stress markers. (A) Once the cell is stressed, different stress markers get activated and the
transcrition level upregulated. Activating transcription factor 6 (Atf6) and X-box binding protein 1 (Xbp1)
activate mechanism of cell maintenance. Atf4 as a master manipulator controls on the one side adaptive
genes of the unfolded protein response (UPR) and on the other hand CCAAT-enhancer-binding protein
homologous protein (CHOP) which controls apoptotic UPR genes. Stress also influences transcription
of genes involved in oxidative stress response like superoxide dismutase 2 (Sod2) and catalase (Cat).
Sod2 reduces superoxide anions to hydrogen peroxide which is then further decomposed into water and
gaseous oxygen. Figure is inspired by Inagi et al. [484]. (B-G) The transcription rates of RIN-m5f cells
were investigated, when treated with 1 µM dimIAPP-O or IAPP fibrils. qPCR analysis was performed
in 5 technical replicates and 3 biological replicates. Statistical analysis was applied using an unpaired
student’s t-test and a Grubb’s outlier analysis. * = p < 0.05, ** = p < 0.01. Sod2 transcription (B) is
significantly increased in cells which were treated with dimIAPP-O while transcription of cat (C) is
significantly decreased. Cells which were treated with IAPP fibrils exhibit an upregulated transcription of
cat. Treatment of the cells with IAPP fibrils results in a significant upregulation of ER-stress markers atf6
(D), xbp1 (E), atf4 (F) and chop (G). Chop expression is also upregulated in cells which were treated with
dimIAPP-O.

We studied LLPS-induced build-up of SG by using G3BP1 as a marker protein (Figure 6.6A). We could
observe a clustering of G3BP1 in the dimIAPP-O and IAPP fibril-treated cells while this clustering could
not be monitored in the untreated cells (Figure 6.6B, SI Figure 6.10). Both, dimIAPP-O and IAPP fibrils
trigger SG formation.
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Figure 6.6: Influence of dimIAPP-O and IAPP fibrils on granular stress. (A) Using different
aggregation species, ER stress and oxidative stress markers get activated and induce the formation of
RNA-protein clusters known as stress granules (SG). G3BP1 is one of the proteins involved in this
mechanism and is the schematic representation of all proteins involved. (B) Representative images of
RIN-m5f cells treated with 1 µM IAPP fibrils or 1 µM dimIAPP-O (scale bar = 12 µm). G3BP1 (red) is
distributed equally in the untreated cells, while it localizes in clusters in the treated cells (white arrows).

6.5. Discussion
Here, we introduced dimIAPP-O as a stable oligomer model, which structurally differs from fibrils as it
forms curvilinear oligomers. In this work, we performed initial experiments on the effect of dimIAPP-O
on the aggregation of IAPP as well as their influence on cell stress mechanisms in comparison to
IAPP fibrils. In terms of aggregation, dimIAPP-O act differently than IAPP monomers by slowing
down aggregation of IAPP in substoichiometric ratios. The data suggests dimIAPP-O to interfere with
the aggregation mechanism of IAPP by inhibition of nucleation and/or fibrillar growth. Off-pathway
oligomeric species are already known to inhibit fibril formation [326, 327, 493, 494, 495, 496, 497]. This
finding is not only known for IAPP, but several other peptides and is explainable by their competition for
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monomers and the consequence that the number of free monomers available for nucleation processes
decreases [167].

Furthermore, this model opens the possibility to study off-pathway oligomers in more complex systems as
no additional agent or condition is required to stabilize the off-pathway oligomer state once it is formed.
In our experimental setup, we investigated the effect of IAPP fibrils and dimIAPP-O detached from the
possibility of internal IAPP to aggregate as we chose rodent pancreatic cells. This difference to most
other studies as well as the difficult determination of stable oligomers in experimental setups might be
the reason for the observation that fibrils induced stronger activation of stress responses in cells than
oligomers. Though Saravanan et al. [498] described the existence of non-toxic oligomers, however, we
state that our dimIAPP model is of great relevance as it still has upregulating effects on chop expression.
Huang et al. [499, 500] have already shown that the addition of human IAPP (no characterization of the
IAPP species) to INS-1 rat insulinoma cells also induces the upregulation of ER stress markers on protein
level. Similarly, our results indicate IAPP fibrils and dimIAPP-O to be stressful for RIN-m5f cells on
transcription level which is in line with Gurlo et al. [501]. Our study demonstrated that the addition of
external dimIAPP-O and IAPP fibrils induces ER stress, oxidative stress responses and LLPS-induced SG,
which may trigger increased toxicity in a system where self-amplification leads to disease. However, the
physiological relevance of curvilinear oligomers is still elusive [502].

The difference and absolute advantage of our system is the guarantee of the oligomeric species’ ap-
pearance as no upregulated IAPP is used to trigger stress responses but defined aggregated species.
The applicability of an artificial dimeric model in in vitro aggregation and cell culture experiments
has also been shown by our group before [163]. Curvilinear oligomers of dimA� inhibit A� aggre-
gation and do not show effects of cytotoxicity but altered expression of Alzheimer’s related Tau. In
agreement with our results, it has been shown that the IAPP aggregate elicits a stress response in
cells similar to the cellular responses observed in diabetes mouse experiments [503] confirming the
relevance of added IAPP species to cells to gain complete understanding of T2DM-associated mechanisms.

To sum up, we would like to make clear once again that it is not easy to guarantee the real appearance of
the “oligomers” used human IAPP [472] and oligomer models are urgently needed. Understanding the
mechanisms behind IAPP oligomer toxicity is crucial for developing targeted therapeutic strategies to
prevent or halt the progression of T2DM.
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6.6. Material and Methods

6.6.1 Protein preparation

DimIAPP expression cassette was purchased by Genscript in the expression vector pET11-a. The expres-
sion cassette consists of a 6x his-tag, the IAPP �-wrapin HI18, a flexible (G4S)3-linker, another �-wrapin
HI18, a (G4S)3-linker, a TEV cleavage site, the IAPP sequence, a (G4S)4-linker and again the IAPP se-
quence. This design is inspired by Mirecka et al. [504]. Escherichia (E. coli) BL21(DE3) was transformed
by thawing 200 µl of the cells for 10 min on ice, adding 10 ng of the plasmid, letting them rest for 10 min
on ice, heat shock at 42 °C for 1 min, letting them rest for 2 min on ice, adding 450 µl of pre-warmed
(37 °C) 2YT medium and letting the cells incubate for 1 h at 37 °C under constant agitation of 800 rpm.
Afterwards, the cells were plated on LB-agar plates containing ampicillin and incubated at 37 °C overnight.

A pre-culture was prepared in a volume of 50 ml. The next day, 2 l of main culture were inoculated with a
OD600 of 0.1. They were incubated at 37 °C at constant agitation of 120 rpm until OD600 of 0.6 was
reached. Expression was performed for 3 h at 37 °C and 120 rpm. The harvesting was performed for
10 min at 5,000 xg at 4 °C. The bacteria pellet was frozen at -20 °C.

The pellet was dissolved in 10 ml NaPi (pH 8.0), 500 mM NaCl, 6 M Urea and 0.4 mM PMSF. The cells
were disrupted with a cell disruptor and spun down for 30 min at 40,000 xg at 4 °C. An immobilized
metal ion affinity chromatography (IMAC) purification was performed in 20 mM NaPi (pH 8.0), 500 mM
NaCl, 6 M Urea, washed with 20 mM NaPi (pH 8.0), 500 mM NaCl, 6 M Urea plus 20 mM imidazole.
The elution was performed with 20 mM NaPi (pH 8.0), 500 mM NaCl, 6 M Urea plus 450 mM imidazole.
The sample was concentrated to 500 µl using a concentrator with 3 MWCO.

Size exclusion chromatographie (SEC) was performed with a Superdex200 10/300 Increase column by
Cytiva using 20 mM Tris (pH 8.0), 50 mM NaCl in an NGC liquid chromatography system (Bio-Rad).
TEV cleavage was performed overnight. Afterwards, a HPLC run was performed using a gradient over
40 min from 20-64% acetonitrile (AcN), 0.1% TFA. A Zorbax C8 SB300 9.4x250 mm semipreparative
column was used.

Human IAPP was purchased from Pepscan (purity 93.2%) and monomerized by resolving 1 mg which
was aliquoted using HFIP in 500 µl 6 M guanidine hydrochloride solution. Subsequently, a SEC was
performed using a Supedex75 10/300 Increase column in 10 mM MES/NaOH buffer, pH 6.0 using NGC
liquid chromatography system (Bio-Rad) collected in Eppendorf Protein LoBind Tubes.

6.6.2 DimIAPP-O preparation

Lyophilized dimIAPP was resolved in HFIP and aliquoted in 1 µg, before lyophilized again. Then,
dimIAPP was dissolved in 4 µl 50 mM NaOH. Then, 92 µl 50 mM MES (pH 6.5), 50 mM NaCl were
added. Afterwards, 4 µl 50 mM HCl were added. The dissolved protein was incubated at 37 °C for 16 h
quiescently.

DimIAPP-O were spun down at 11,000 xg for 10 min at 20 °C and the buffer was discarded. The
oligomers were dissolved in buffer at a concentration of 20 µM. For all applications, oligomers were
diluted to the desired concentration. The centrifugation process did not alter the appearance of the
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oligomers (SI Figure 6.9E).

For cell culture experiments, the oligomers were dissolved in RPMI-1640 medium (Thermo Fischer
ATCC modification, Germany). IAPP fibrils cannot be spun down, therefore they were added to the
medium in the buffer in which they were prepared before (dilution factors of 1:1,000).

6.6.3 IAPP fibril preparation

IAPP was dissolved in 50 mM MES (pH 6.5), 50 mM NaCl in a concentration of 100 µM in 50 mM MES
(pH 6.5), 50 mM NaCl and incubated under constant agitation at 800 rpm for 5 days.

6.6.4 Thioflavin T (ThT) fluorescence assay

Aggregation kinetics were monitored by ThT fluorescence. Freshly SEC prepared monomerized IAPP
was taken. The de novo assays were run in 50 mM MES (pH 6.5), 25 mM MgCl2 supplemented with
0.04% NaN3 and 20 µM ThT in 96-well Half Area Black/Clear Flat Bottom Polystyrene Microplate (3881,
Corning). Respective concentrations of dimIAPP-O were added to the samples. ThT measurements were
recorded in a BMG FLUOstar Omega microplate reader with Reader Control software from BMG at
37 °C using excitation wavelengths of 448-10 nm and emission wavelengths of 482-10 nm. Each data
point reflects to the average of orbitally measured value over 3 mm with 20 flashes per well. The plate
was shaken at 300 rpm before each cycle. The observed effects are not caused by the addition of buffer in
which dimIAPP-O was dissolved (SI Figure 6.9D). Each data point was normalized to the highest value of
the control sample (3 µM IAPP only) run in the same measurement to equalize differences due to different
gain settings.

6.6.5 Atomic Force Microscopy (AFM)

For the AFM imaging of different species after preparation, 10 µl were put onto a freshly cleaved
muscovite mica surface and dried by incubating for 2 min. Subsequently, the mica was washed 3 times
with MQ H2O and blown dry with a steam of N2. The imaging mode was intermittent contact mode (AC
mode) using a JPK NanoWizard 3 AFM run with NanoWizard Control Software v.5 version 5.0.84 by
JPK. The cantilever had a silicon tip (OMCL-AC160TS-R3, Olympus) with a tip radius of 9 ± 2 nm, a
force constant of 26 N/m and a resonance frequency of 300 kHz. For each sample, an area of 25 µm2

was scanned to get an overview. For the AFM imaging after ThT kinetics, the plates (96-well Half Area
Black/Clear Flat Bottom Polystyrene NBS Microplate, 3881, Corning) were put into a sonication bath for
10 s. Subsequently, 10 µl of the samples were taken out of the plate and prepared like described above.

6.6.6 Reverse-Phase High-Performance Liquid Chromatography (RP-HPLC)

HPLC analysis was performed on an Agilent 1260 Infinity system using an Agilent Zorbax SB300 C8,
5 µm, 4.6x250 mm column at 80 °C column temperature. A flow rate of 1.0 ml/min was applied. After
the gradient, the column was washed for 2 min with 80% AcN with 0.1% TFA. Re-equilibration was
performed for 4 min using MQ water.
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6.6.7 Cultivation of RIN-m5f cells

RIN-m5f cells (ATCC, CRL-11605, Manassas, VA, USA) were cultured in RPMI-1640 medium (Thermo
Fisher ATCC modification, Germany) supplemented with 10% fetal calf serum (Sigma, F9665) and 1%
penicillin/streptomycin (ThermoFisher, 15140122) in T75 tissue culture flasks (Sarstedt, 83.3911.002) in
a humidified incubator with 5% CO2 at 37 °C. Depending on their confluence, cells were passaged every
three to five days.

For the experiments, cells were seeded in well plates (Sarstedt, Cell+ treated). When 80-90% confluence
was achieved, cells were treated with 1 µM IAPP (the same amount of buffer) or 1 µM dimIAPP for
24 h at 37 °C. Buffer control were performed to confirm that the observed effect is contributed to the
treatment (Figure 6.11A). For RNA isolation, cells were incubated with trypsin for 10 min at 37 °C and
then harvested by centrifugation at 5,000 rpm for 5 min. After counting the cells using Neubauer chamber,
the cells were dissolved in TRIzolT M normalized to the same number of cells.

6.6.8 Cell viability assay

Cell viability was verified using Cell Titer Blue® assay (Promega, G8080) in a 48 well plate (Sarstedt,
83.3923.300) (SI Figure 6.11B). Cells were treated with 1 µM IAPP fibrils or 1 µM dimIAPP-O. Different
puromycin concentration served as negative controls. After an additional incubation time of 24 h at
37 °C, the supernatant was decarded and 100 µl OptiMEM (GibcoT M) was added. Then, 25 µl of the
CellTiter-Blue® reagent was added to each well, followed by a 4 h incubation at 37 °C. Afterwards, 50 µl
supernatant was transferred in a half area 96 well plate (Corning, 3881). The fluorescence was measured
at 535/590 nm using a plate reader (Clariostar, BMG LABTECH, Ortenberg, Germany). Results are
represented as the percentage of CTB reduction, assuming that the absorbance of positive control was
100%.

6.6.9 RNA isolation and cDNA synthesis

RNA was isolated using TRIzol™ reagent from Thermo Fisher. Subsequently, RNA was adjusted in all
groups and reverse transcriped to cDNA by using SuperScript™ III Reverse Transcriptase Kit by Thermo
Fisher.

6.6.10 Quantitative Polymerase Chain Reaction (qPCR)

qPCR was performed using Luna Universal qPCR Master Mix from New England Biolabs. The 2x master
mix was mixed with 0.25 µM forward and reverse primer (primer sequences are shown in table 6.1) and
measured at qTOWER3 by Analytik Jena.
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Table 6.1: Primers used for qPCR. Shown are the name of the primers with the addition forward (fwd)
and reverse (rev) as well as the primer sequence for the 5’ to 3’ direction.

Name of primer Sequence of primer (5’>3’)

Actb fwd ACCGAGCATGGCTACAGCGTCACC
Actb rev GTGGCCATCTCTTGCTCGGAGTCT
Atf4 fwd AAGGCAGATTCTCTCGCCAA
Atf4 rev TTCTTCCCCCTTGCCTTACG
Atf6 fwd CGAGGGAGAGGTGTCTGTTTC
Atf6 rev GTCTTCACCTGGTCCATGAGG
Cat fwd CAGGGATGCCATGTTG
Cat rev GGCTATGGATAAAGGATGGAAA
Cbp fwd GGTGGCAGTGTCCTG
Cbp rev CTTCTGAGTCCACGTACTG
Chop fwd AGGAGAGAAACCGGTCCAA
Chop rev GGACACTGTCTCAAAGGCGA
Gapdh fwd CACTGAGCATCTCCCTCACAA
Gapdh rev TGGTATTCGAGAAGGGAGG
Sod2 fwd AGGGCCTGTCCCATGATGTC
Sod2 rev AGAAACCCGTTTGCCTCTACTGAA
Xbp1 fwd CCACTTGGTACAGACCACTCC
Xbp1 rev AGACACTAATCAGCTGGGGG

For this study we decided to present the results as N-fold expression changes and not by using DDCt-
method as it was not possible to us to find suitable, expression-stable house keepers (SI Figure 6.11C).

6.6.11 Immunocytochemistry

For confocal imaging, the cells were seeded on coverslips. Four coverslips were transferred into one well
of a 6-well plate (Sarstedt, 83.3920.300). The plates with the coverslips were left under the UV-lamp
for 30 min. Each well containing the coverslips was washed five times with 500 µl of PBS. 500 µl of
GibcoT M Poly-D-lysin was added and the coverslips were incubated for 1 h at 37 °C. After the incubation,
Poly-D-lysin was discarded and the coverslips were washed five times with 500 µl PBS. Then the cells
were seeded on the coverslips.

After the treatment, the medium was discarded and the wells were washed 6 times with 1 ml of PBS.
350 µl of 4% PFA was added, followed by an incubation of 20 min at room temperature (RT). 4% PFA
was discarded and the wells were washed eight times with 1 ml of PBS. Subsequently, the wells were then
filled with 1.5 ml of PBS and the plates were stored at 4 °C until immunocytochemistry was performed.
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Table 6.2: Solutions for the preparation of immunocytochemically stained RIN-m5f cells. Shown are
the name of solutions with each chemical compounts.

Solutions Chemicals

Solution 1 40 ml PBS + 100 µl TritonX-100
Solution 2 20 ml solution 1 + 20 ml PBS
Solution 3 10 ml solution 2 + 0.25 g BSA
Solution 4 5 ml solution 3 + 5 ml PBS

The coverslips containing the cells were removed from the wells. They were incubated with solution
1 (table 6.2) for 2 min at RT. The cells were blocked at RT for 1 h by pipetting 100 µl solution 3
(table 6.2) on the coverslips. This was followed by a further incubation step with the primary antibody
Rabbit-anti-G3BP1 (ThermoFisher, PA5-29455) for 1 h at RT. The primary antibody was diluted 1:200 in
solution 4 (table 6.2). Afterwards, the coverslips were washed three times with solution 2 (table 6.2). At
RT, the secondary antibodies 647-Goat-anti-Rabbit conjugated with Alexa FluorT M 647 (ThermoFischer,
A-21245) and Alexa FluorT M Plus 555 Phalloidin (ThermoFisher, A30106), diluted 1:500 in solution 4
(table 6.2) were incubated for 1 h in the dark. Afterwards, the cells were washed six times with solution 2
(table 6.2) and the cells were incubated with 300 µM DAPI for 5 minutes at RT. The cells were washed
four times with solution 2 (table 6.2) and then twice with PBS. The coverslips were then shortly dipped in
ddH2O and glued onto microscopic slides using Immu-Mount (from Epredia). Confocal microscopy was
performed on a Leica AF6000LX inverted microscope equipped with a Hamamatsu C9100-02-LNK00
EM CCD camera. Afterwards, the images were processed with the software Fiji to add a scale bar. A
false-positive result caused by unspecific binding of the secondary antibody was excluded (SI Figure 6.10).
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6.8. Supplementary Information

Figure 6.7: Comparing of IAPP fibrils and dimIAPP-O. AFM images of IAPP fibrils (A) and dimIAPP-
O (B) after 16 h of quiescent incubation at 37 °C. Color scale: height in nm, size of images: 10x10
µm.
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Figure 6.8: Analysis of soluble (A) and insoluble (B) fractions of dimIAPP solution. Monomeric
dimIAPP at 0 h incubation time were analyzed via reversed-phase HPLC. Before applying on HPLC, the
sample was centrifuged at 11,000 rpm for 5 min. (A) HPLC run of the dimIAPP in the supernatant, the
soluble fraction at 0 h incubation. (B) HPLC run of the dimIAPP in the pellet, the insoluble fraction at 0 h
incubation.
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Figure 6.9: Experimental controls of dimIAPP-O preparation. (A) 2 µM of dimIAPP-O were
incubated for 25 h at 37 °C and shaking. No increase of ThT fluorescence is observed. (B) AFM image of
a completely inhibited aggregation of 3 µM IAPP. No fibrils, but oligomeric species are observed. Color
scale: height in nm. Size of image: 2x2 µm. (C) DimIAPP-O prepared at a concentration of 10 µM in
50 mM MES pH 6.5, 50 mM NaCl. Under this condition, fibril formation was detected. (D) Aggregation
kinetics of 3 µM IAPP (black) during 20 h and buffer control. The same volume of dimIAPP-O preparation
buffer (50 mM MES pH 6.5, 50 mM NaCl) was added as in the condition of 2 µM dimIAPP-O (grey).
The buffer has no influence on the aggregation behaviour of IAPP. (E) DimIAPP-O were formed at a
concentration of 1 µM under quiescent conditions for 16 h at 37 °C. After formation, they were centrifuged
for 10 min at 11,000 xg and the buffer except for 5 µl were removed. Then, each 5 µl were pooled and
sonicated in an ultrasonic water bath for 5 s. AFM imaging confirmed the prescence of dimIAPP-O after
the centrifugation step. The appearance of the oligomers has not changed. Color scale: height in nm. Size
of image: 2x2 µm.
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Figure 6.10: Controls for Immunocytochemistry. Representative images of untreated RIN-m5f cells
(scale bar = 38 µm). Cells were treated using DAPI to stain the nucleus (blue) and Phylloidin-555 to stain
actin (green). Upper row: For staining G3BP1 the first antibody rabbit-anti-G3BP1 was used to detect
G3BP1 and afterwards the second antibody 647-goat-anti-rabbit (red) to stain the first antibody. Lower
row: As an antibody control, cells were only treated using the secondary antibody. In this sample no
signal was observed for G3BP1, so false positive signals can be excluded.
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Figure 6.11: Controls of cell culture experiments. (A) RIN-m5f cells do not show an altered transcrip-
tion (example: Xbp1, Chop, Cat) when the same volume of buffer was added to the cells as for 1 µM of
IAPP fibrils. U = untreated, B = buffer treated. (B) CellTiter-Blue® assay of RIN-m5f cells. Cell viability
decreases to 62% when 1 µg/ml puromycin was added and decreases further to 19% when 10 µg/ml
puromycin was added. The cell viability of dimIAPP-O and IAPP fibril treated cells did not decrease. (C)
No reliable housekeeper genes could be identified. This is the reason for not choosing the DDCt-method
for evaluation.



7
GENERAL DISCUSSION

The aim of this thesis was to enhance our comprehension of the progression of amyloid diseases and to
explore strategies for their prevention. In the first part, two inhibitors, AS69 and CC48, were employed
to investigate the mechanistic role of IDR interactions in assisting inhibitors to prevent the formation
of amyloid fibrils. These aggregation inhibitors were developed by our research group prior to my
dissertation. AS69, an engineered ↵S monomer-binder, is a dimer of two identical subunits covalently
linked by a disulfide bond between the Cys-28 residues of both subunits. In vitro and in vivo, AS69
shows an inhibitory effect on elongation as well as primary and secondary nucleation [350, 353]. When a
construct was created in which AS69 was fused to monomeric ↵S forming a pre-formed complex, this
complex showed a similar inhibitory effect on secondary nucleation as the addition of AS69 alone [353].
Surprisingly, the revelation that the complex itself serves as the inhibitory species regarding secondary
nucleation suggests that the IDRs exposed to the complex may play a role in the inhibition. Based
on the knowledge of the structure that ↵S adopts when bound to AS69, a double-cysteine mutant of
↵S, CC48, was created to mimic the formation of the �-hairpin conformation, while leaving the other
regions intrinsically unstructured analogous to WT ↵S [368]. CC48 was identified as a potent inhibitor of
elongation, and fusion of monomeric ↵S to CC48 (WT-CC48) enhanced the inhibitory effect [354].

For both inhibitors, the fusion of a WT ↵S monomer unit had been shown to affect their activity by
increasing the inhibitory potential or stabilizing the inhibitory species in the form of a stable pre-formed
complex. This proves to be surprising, as the WT monomers are actively participating in the inhibition,
contrary to their typical role as substrates for the aggregation reaction. This novel perspective, suggesting
that WT monomers can contribute to inhibition by supporting the inhibitors, opens up new strategies for
inhibitor design. However, realizing this potential requires a detailed understanding of the inhibitors’
mode of action and the role of the WT monomer moiety.

In the second chapter, we offered a model that describes the mode of action of CC48. During elongation,
the inhibitor CC48 is bound to the fibril end of one protofilament, while the second protofilament
binds another WT ↵S molecule. Due to the incorporation of CC48, the subsequent monomers cannot
incorporate into the fibrils in the highly ordered manner, but cluster at the ends, potentially forming a less
ordered oligomer-like cap. This elongation-incompetent state results in the inhibition of fibril elongation.
By directly linking CC48 to WT ↵S in the fusion constructs, their cooperative effect is utilized to achieve
fibril end blockage at an inhibitory concentration two orders of magnitude lower than CC48 alone.

Agerschou et al. [354] have already demonstrated the remarkable inhibitory potential of WT-CC48 with
an IC50 of 11 nM, which is currently considered as one of the most effective inhibitor in this category
[356]. However, until now it was not clear which IDRs of the dimeric construct are responsible for the
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strong inhibition. To elucidate this, various truncated versions of the dimeric inhibitor WT-CC48 were
tested. The presence of the HP and NAC regions in both parts of the WT-CC48 dimeric construct was
identified as crucial for maximal inhibitory activity. These two regions are located within the fibril core
in different polymorphs. This suggests that the self-interaction of the monomers with the fibril ends is
harnessed by the inhibitor, which is a modified version of the monomer, to facilitate their incorporation. It
is clearly shown that the terminal regions are not required for the strong inhibition of WT-CC48. Since
↵S fibrils typically consist of two protofilaments, the dimeric construct WT-CC48 provides the critical
regions sufficient to cover the entire �-sheet core interface exposed at the fibril ends, which may explain
its high inhibitory activity.

The minimal inhibitory construct (WTDNDC-CC48DNDC) has not been individually tested but holds
significant promise for future in vitro and in vivo projects. Given that elongation is presumed to be a
pivotal process to generate fibril mass in cells, investigating its potential as an effective therapeutic agent
in vivo would be interesting. Introducing the construct into the cell may present challenges, which would
require further optimizations such as the fusion of different cell-penetrating tags or the identification of
the best transfection techniques. Another question that still needs to be investigated is how to stabilize the
disulfide bridge in a reducing environment such as within different cell components. Peptide mimetics
could address this question, but the chemical environment surrounding the residues involved in the
disulfide bridge is crucial. It was shown that a CC49 construct, in which the cysteines were inserted at
positions 41 and 49 instead of 41 and 48, exhibits remarkably lower inhibitory potential [354], suggesting
that the use of peptide mimetics may not be expedient. Therefore, further optimization proposals would
need to be explored and tested.

The aggregation species targeted by the inhibitors used in this work were summarized in a matrix in
Figure 7.1. In addition to target the fibril ends, as shown for CC48, the inhibition of elongation can also
occur on another target site, such as the sequestration of monomers, e.g., by AS69 (Figure 7.1). The mode
of action of AS69 to inhibit elongation is well understood (Chapter 3). AS69 inhibits fibril elongation
by sequestering ↵S monomers which lose their competence to elongate fibrils when incorporated into
the AS69 complex. This was confirmed by the loss of inhibition of elongation when AS69 was already
saturated with an fused ↵S monomer in a pre-formed complex (AS69-↵S).

In contrast, the mode of action by which the inhibitor prevents nucleation processes is much more
complex and less understood. While AS69 can bind free monomers, this alone does not explain the
inhibitory effect observed in the substoichiometric range. The AS69:↵S complex formed during this
binding reaction demonstrated effective inhibition of both primary and secondary nucleation (Figure 7.1).
Nucleation processes give rise to the formation of oligomeric precursors on the pathway towards amyloid
fibrils with which the complex may interact (Figure 7.1). This substoichiometric activity required not only
the globular part of the complex but also the ↵S IDRs: the presence of the intrinsically disordered NAC
region (aa 60-95) was crucial for the inhibition of lipid-induced primary nucleation, whereas either the
NAC or the N-terminal (amino acids 1-30) IDRs were required for the inhibition of secondary nucleation.

Somewhat surprisingly, it was possible to clearly differentiate between an inhibitor against primary
and secondary nucleation, depending on the presence of the N-terminal region. Previous studies have
suggested that the N-terminal interaction of ↵S with lipids plays a significant role in initiating primary
nucleation [244, 260]. However, a recent study has challenged this notion by indicating that lipids
do not initiate primary nucleation but instead facilitate the elongation of lipidic fibrils [264]. Since
AS69-↵S(N-B) lacks inhibitory effects on primary nucleation through self-interaction, it implies that
the N-terminus may not be as intricately involved in primary nucleation as it is in preventing secondary
nucleation. The question of whether primary nucleation genuinely occurs on lipids is an aspect that will
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hopefully be further explored in future discussions.

Figure 7.1: Target sides of CC48 and AS69 to selectively interfere within different mechanisms.
Matrix to identified with aggregation species correspond as target point for each aggregation mechanisms.
During the aggregation mechanisms, namely elongation, primary nucleation and secondary nucleation,
different aggregation species are involved: monomers (green), oligomers (light blue), fibrils (dark blue).
They represent different target sides for inhibitors. AS69, AS69-↵S or CC48 can selectivley target each
mechanisms by interfereing with certain aggregation species. For primary nucleation an experimental set
up was chosen in which monomers were presented to lipids which are shown here in grey. An overview
of all possible inhibitory’s mode of action are shown for each mechanisms. If the interaction with this
species does not result in an inhibition, it is crossed out in red. For secondary nucleation, it was not
possible to identify the exact mode of action, marked by the fields which are grayed out.

In secondary nucleation, another target site for inhibitors may be the fibril surface (Figure 7.1). Our
data suggests that the two IDR regions, N-terminus and NAC region are crucial for inhibiting secondary
nucleation, but can substitute each other. Based on our data, it is not possible to definitively determine
the exact mechanism by which the AS69-↵S complex intervenes, leading to these aspects being shaded
in gray (Figure 7.1). However, it must be clearly stated once again that these are only schematic
representations of how the aggregation mechanisms are envisioned, and the specific intermediate steps
have not been precisely elucidated. Recently, NMR studies have revealed a possible interaction of the
N-terminus of the monomer with the C-termini exposed to the fibril surface, which may trigger secondary
nucleation [279, 266]. This suggests that our AS69 complex, containing the N-terminus, could have the
ability to bind to the surface of the fibrils. While this study did not provide a definitive indication of
whether the AS69-↵S(N-B) construct actually inhibits secondary nucleation by interacting with the fibril
surface, the strong involvement of the N-terminal and NAC region in secondary nucleation could be shown.

Crucially, the fusion of AS69 and ↵S resulted in the development of a nucleation-specific inhibitor that
has no effect on elongation. When applied to biosensor cells, we gained insights into the aggregation
processes within the cells. The precise mechanism of aggregate proliferation in biosensor cells has
not been determined before. Since the cells had to be seeded to form aggregates, the contribution of
primary nucleation in the cells can be excluded. Interestingly, the results from the cellular seeding
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experiment exactly reproduced the in vitro results. All identified inhibitors for secondary nucleation
also exhibited inhibition in the biosensor cell assay. This underlines the assumption that our inhibitor
design, in which different IDRs were fused, is also inhibitory in cells due to the strong involvement of the
N-terminus and the NAC region. Furthermore, our data indicate that secondary nucleation is an important
driver of aggregation in cells. It has often been assumed that inhibition of elongation is considered a
promising target for inhibitors to reduce fibril mass in cells. However, here we want to suggest that
nucleation-specific inhibitors should also be considered since our data show that a nucleation inhibitor
exhibits substantial inhibition over a three-day period.

The two inhibitors under investigation, AS69-↵S and WT-CC48, are notably large protein inhibitors.
Even if only the essential IDRs are fused to the inhibitor, potentially reducing the constructs by almost
half, they pose challenges in terms of therapeutic application. This is contingent upon three crucial
factors: i.) It is highly improbable to deliver such large proteins into cells without utilizing transfection
methods. Exploring different uptake pathways, for instance through penetration tags, could be attempted,
but this would likely necessitate numerous optimizations. ii.) Inhibitors against synucleinopathies must
cross the blood-brain barrier, as the aggregates are usually found as plaques in the brain. Due to the
size of our inhibitors, crossing the blood-brain barrier is rather unlikely and poses a further problem
for the use of the inhibitors as therapeutic agents. iii.) Moreover, the occurrence of site effects and the
possibility of rapid degradation in cells are very likely with such large proteins. To circumvent undesired
degradation processes, contemplating the synthesis of the inhibitors as D-peptides could be an option
[505]. Nevertheless, even in this scenario, producing such a large protein with correct folding as a
D-peptide would pose challenges. Due to the challenges outlined, these inhibitors are unlikely to be
deemed suitable for therapeutic use, despite their excellent inhibitory potential. However, delving into
their mechanism of action has yielded crucial insights into amyloid aggregation and inhibition, as well as
shedded light on the significance of secondary nucleation in cellular aggregation. The fusion of the IDR
of WT ↵S moieties emerges as a valuable strategy to enhance the effectiveness of aggregation inhibitors
and holds promise for developing inhibitors that selectively target specific mechanisms.

Furthermore, these inhibitors, selectively targeting specific mechanisms, provide the opportunity to serve
as artificial tools in in vitro experiments for identifying the underlying aggregation process (Chapter 4).
This is particularly important in the diagnostically applicable SAA. Our research results indicate that
under SAA conditions, secondary nucleation drives proliferation initiated by CSF from patients with PD.
Remarkably, these interactions are highly protein-specific and lead to efficient amplification of homotypic
seeds from the CSF. Looking ahead, this represents a particularly important discovery to gain insights
in the otherwise very complex aggregation process and thereby promote the further refinement of these
diagnostic tools.

Form this first part, it can be shown that different IDRs have the ability to act as assistants to inhibitors.
We conclude that monomer units within therapeutics can potently inhibit amyloid formation when the
capacity of IDRs to interfere with amyloid formation can be exploited. In addition, the use of certain
monomer subunits leads to a specific redirection of the inhibitors towards a certain aggregation mechanism.
This artificial tool also provides new evidence that secondary nucleation is a crucial process in driving
aggregation under different conditions, such as in cellular seeding, as well as in diagnostic tools and
therefore, should not be neglected.

In the second section of this thesis, we explored the pathophysiological consequences of various
aggregation species on cells. To gain a more comprehensive understanding of cellular responses to fibril
infiltration, NGS was obtained (Chapter 5). Through the establishment of a fluorescence assay, it was
demonstrated that all cells uptake fibrils. This implies that fibrils enter cells through pathways that are
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consistently accessible. In this project, 11 upregulated genes were identified, and 7 of them were validated
by qPCR. The proteins are involved in different cell cascades, reflecting the complexity of the cellular
response to fibrils. Our focus was specifically on these upregulated genes, as we aimed to initially identify
potential interaction partners that might influence fibril uptake. However, the preliminary data presented
in this work suggests that none of these proteins encoded by the genes of interest are directly involved
in the uptake of fibrils. This is not necessarily surprising, considering that these proteins often initiate
cascades to activate the immune system. This aspect needs to be further investigated in the future.

In addition to identify upregulated genes, there is also interest in downregulated genes and their
associations with disease-related functions. Through a more in-depth NGS analysis of our data, these
processes can be elucidated for subsequent experiments. However, it is crucial to note that we are working
within artificial systems: both the artificially produced fibrils in vitro and the cells derived from a tumor
cell line merely simulate neurons. Therefore, it is also crucial to investigate whether these upregulated
genes have disease-related relevance. This can be accomplished by examining CSF from patients and a
healthy control group using enzyme-linked immunosorbent assay (ELISA), thereby comparing the protein
concentrations between these groups. An outlook to the further course of this project may involve the
identification of potential biomarkers through these studies, which could prove significant for diagnosing
and monitoring the disease’s progression.

Another question that may be of interest is whether the uptake of smaller oligomeric structures by
membrane penetration is more efficient than that of fibrils. However, oligomers are difficult to study,
due to their transient nature, low population under standard conditions, and structural heterogeneity.
Hence, an oligomer model for IAPP was developed (Chapter 6). The decision to employ IAPP as an
aggregation-prone protein was influenced by the well-characterized oligomer model for A� (dimA�)
[163, 169, 185]. Leveraging the substantial structural similarity between A� and IAPP, we designed the
model analogously to dimA�, connecting a dimer of two monomeric IAPP cysteine mutants through a
flexible glycine-serine linker. The substitution of cysteines with serines in the monomeric subunits of
IAPP aimed to prevent the undesired, chaotic formation of disulfide bridges intra- and intermolecularly.

The strategy of utilizing a dimer to generate higher local concentrations, leading to the formation of
curvilinear oligomers rather than fibrils, was successfully replicated for dimIAPP. As observed through
AFM, the distinctive appearance of the aggregated species in the form of curvilinear oligomers stood in
clear contrast to the rapid fibrillation exhibited by IAPP. A time-course analysis revealed that dimIAPP
required 16 h of incubation at 37°C to develop these curvilinear oligomeric form. This parallels dimA�,
which also necessitates a 4 h incubation at 37°C to adopt the curvilinear species [169]. However, notable
differences between these two models exist. DimIAPP is ThT-negative in contrast to dimA� and can be
spun down at 11,000 rpm for 5 min, implying that despite the high structural similarity, the aggregation
pathways and generation of aggregated intermediates may differ between the two proteins.

We present preliminary data from the utilization of dimIAPP-O in both in vitro and in vivo studies to
gain insights into its properties. In vitro ThT assays revealed that dimIAPP-O exert a retarding effect
on the aggregation behavior of IAPP. It does not incorporate into fibrils in the same manner as IAPP
monomers do. Applying substoichiometric concentration, dimIAPP-O can strongly to completely inhibit
aggregation. The mechanism behind this inhibition at substoichiometric ratios is not yet fully understood.
Similar inhibitory effects on A� aggregation were demonstrated with dimA�, indicating the mode of
action of curvilinear oligomers with a presumably off-pathway character [169, 185]. However, whether
dimIAPP-O inhibits in the same manner as dimA� oligomers needs to be further investigated.
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Using oligomers in cell culture is inherently challenging, as the stabilization of oligomers typically
requires additional substances [321, 327, 466, 469]. In our model, it was demonstrated that once
dimIAPP-O was formed, it maintained its curvilinear structure stably. With this stable model, we eliminate
the need for additional chemical supplementation and can examine its mode of action in complex systems.
Initially, we tested the model in cells where the endogenous protein was incapable of seeding. Our
aim was to investigate whether exogenous oligomers and fibrils already exert cytotoxic effects. This
hypothesis was confirmed, but the treatment with fibrils led to the upregulation of several marker genes
associated with ER, mitochondrial stress and stress induced by LLPS. Additionally, the oligomer-treated
cells exhibited only upregulation of genes contributing to apoptosis, along with stress induced by LLPS.
From these preliminary data, it is not yet possible to determine which of the two species, the fibril or
our oligomer model, has a higher cytotoxicity. Further experiments are required for this, ideally to
compare their seeding potential, using cell lines expressing aggregation-capable monomers. However, it
is important to remember that T2DM and serveral other amyloid diseases like AD or PD do not progress
aggressively, but slowly and continuously over years. The effects observed here are acute in nature and not
chronic, so it is generally difficult to infer disease-related relevance from these cell culture results. Further
characterization in a disease-related model would be required for a more accurate assessment. However,
with the help of these initial data, we can offer an oligomer model that can be used for such experiments.

To sum up, the data obtained in this thesis, all contribute to the better understanding of amyloid formation
and inhibition as well as the role of oligomers and the identification of cellular effects and response
systems induced by amyloid fibrils. With this work I wanted to make a small contribution to the
understanding of these widespread amyloid diseases. It is a very complex system and despite intensive
research in this field, many questions remain unanswered. In order to develop suitable therapeutics, the
underlying mechanisms need to be better understood in the future.
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