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Amyloid protein aggregation results in major disturbances of cellular processes in humans. The most common
amyloid-related disorders are Alzheimer’s disease and Parkinson’s disease. Parkinson’s disease is charaterized by
the formation of protein-rich aggregates that are deposited in neurons, termed Lewy bodies and Lewy neurites. The
main component identified in these protein-rich deposits is the peptide a-synuclein.

The work described here is mainly focused on in vitro aggregation studies of a-synuclein alone and in the presence
of lipid membranes of different compositions. This is possible as we have identified conditions leading to
reproducible thioflavin-T aggregation kinetics. The aggregation mechanism of a-synuclein was shown to be pH
dependent. At neutral pH, both homogeneous primary nucleation and secondary processes are undetectable. At
mildly acidic pH, present in the lumens of some intracellular compartments, secondary processes are enhanced.
Experiments were performed to identify the nature of these secondary processes, distinguishing between
fragmentation of fibrils and nucleation of monomers on the surface of existing aggregates. It was found that
monomer-dependent secondary nucleation is the underlying dominant microscopic event of the aggregation process
at mildly acidic pH, providing an autocatalytic amyloid amplification event. Crystallin chaperones purified from bovine
eye lens were shown capable of inhibiting fibril formation of a-synuclein by affecting both secondary nucleation and
elongation processes.

In amyloid plaques associated with several amyloidogenic diseases, tightly associated lipids have been identified.
We explore how lipid membranes interfere with the aggregation mechanism of a-synuclein. Our results show a
dependence of the aggregation rate on lipid composition and lipid charge. Biological exosomes, isolated from
neuroblastoma cells, were shown to accelerate a-synuclein aggregation. This effect was found to be due to neuro-
specific ganglioside lipids. Investigating the catalytic effect of anionic lipid membranes on a-synuclein aggregation, it
was shown that charge-based interactions, induce conformational change of a-synuclein from random coil to a-helix,
and is also associated with rapid aggregation kinetics. However, charge-independent interactions are also
important, as lipid membranes containing uncharged lipid species with large hydrophilic headgroups were shown
capable of triggering a-synuclein aggregation, although far less efficiently and without inducing a-synuclein
conformational change to a-helix.

Investigating a-synuclein-ganglioside co-aggregation by imaging with cryo-EM at different time points along the
aggregation reaction revealed aggregates with different structural morphology compared to those formed from pure
a-synuclein. The images show a clear evolution of the vesicle size distribution, with a dramatic decrease in vesicle
size during the lagphase of the aggregation reaction. Co-aggregates are thin and curly, decorated with small and
monodisperse lipid vesicles contrary to compact bundles observed for fibrils formed from protein alone.
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Preface

The deposition of protein-rich aggregates termed Lewy bodies and Lewy neurites
and the spreading of the pathology throughout the brain are hallmarks of
Parkinson’s disease. The main component found in such protein inclusions is o-
synuclein. The aggregation mechanism of a-synuclein was found to be pH
dependent (paper LII and VII). At neutral pH (Paper 1), homogeneous primary
nucleation and secondary processes, such as fragmentation of fibrils and
nucleation of monomers on the surface of existing aggregates, are undetectable.
For mildly acidic pH (Paper I, I and VII), present in some lumens of intracellular
compartments, the molecular mechanism underlying the aggregation process is
dominated by monomer-dependent secondary nucleation. Secondary nucleation
consists of a double threat, increasing rapidly both the load of fibrillar mass and
the amount of smaller oligomeric species often linked to cytotoxicity. a-Synuclein
fibril formation was shown to be inhibited by crystallin chaperone proteins,
purified from bovine eye lens (Paper III). The inhibitory effect of crystallins was
shown to be time-dependent, with early additions of crystallin capable of
retarding aggregation, affecting both elongation and monomer-dependent
secondary nucleation.

Amyloid protein interaction and co-aggregation with lipid membranes is of critical
importance in biology, potentially associated with toxicity and propagation of
Parkinson’s disease. Spectroscopy, microscopy, protein chemistry and surface
techniques have been here used to address and investigate the influence of lipid
membranes on the aggregation of a-synuclein, structure of co-aggregates, lipid
composition and lipid dynamics in the co-aggregates (Paper IV — VII). The studies
take advantage of well characterized and reproducible aggregation kinetics. It was
demonstrated that monomeric a-synuclein readily associates with anionic lipid
membranes at slightly acidic pH conditions due to electrostatic interactions (Paper
VII). In membrane-induced aggregation, when the protein adsorbs to anionic lipid
membranes, it induces a-synuclein conformational change from random coil to a-
helix and accelerates the aggregation kinetics (Paper V). In particular, ganglioside
lipids found in high amounts in neurons and exosomes, were shown to be more
efficient in accelerating a-synuclein aggregation as compared to other anionic lipid
systems (Paper IV and V). Interactions with uncharged lipid membranes are also
relevant in membrane-induced aggregation although the catalytic effect was shown
to be far less pronounced for all uncharged model systems investigated (Paper V).



The lipid-protein co-aggregates formed in systems containing gangliosides are
shown to have distinct structure and morphology when compared to pure protein
aggregates (Paper VI). Changes in surface properties of the amyloid aggregates
due to the presence of lipids may also modulate the aggregation mechanism by
interfering with surface-dependent processes like monomer-dependent secondary
nucleation. Our results may provide novel insights by bridging fundamental
understandings with the role of these aggregates in biological systems.

The described project on amyloid protein interactions with lipid membranes may
add to the understanding of the molecular mechanisms behind Parkinson’s disease.
There are indications that protein-lipid co-aggregation is a physiologically
important phenomenon, and if this is the case, the research will have impact on
both medical practice and the scientific community.
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1.Introduction

1.1 Proteins: Building blocks of life - “A Protein Shake a Day Keeps the
Doctor Away”

Proteins are elegantly folded macromolecules made up of small amino acid units,
responsible for nearly all tasks of cellular life. Each protein typically folds into a
specific structure that will lead to a specific function. In protein assemblies, the
backbone of the molecular structure is quite similar, differing from one another in
their side-chains. These side-chains consist of small molecular groups that are
exposed to the environment and are specific for each amino acid (1). Multiple
specific interactions between side-chains lead to a unique protein native fold.
Protein folding is a spontaneous process on the short timescales striving towards
minimal free energy. Commonly, polypeptides form a-helices and B-sheets as a
result of the geometry of chemical bonds and the steric hindrance of atoms
between side chains (1). Proteins that lack a fixed conformation are referred to as
Intrinsically Disordered Proteins (IDP).

As millions and millions of copies of each protein are made in a lifetime, random
events may lead these molecules to follow a wrong pathway and misfold eluding
cellular quality control mechanisms (2). Under appropriate conditions, proteins
with known native structures and without (IDP’s) can misfold prompting them to
self-aggregate into amyloid fibrils (3). Such “renegade” protein aggregates can be
closely related to cytotoxicity.

1.2 Protein Misfolding in Amyloidosis - “The Highway to Hell”

Amyloidosis refers to a variety of conditions where proteins misfold aggregating
into amyloid fibrils. The deposition of these insoluble aggregates in organs and
tissues in vivo is a hallmark of amyloid-related disorders (4). In recent years, many
of these neurodegenerative disorders have gained an increase in interest due to a
rapidly rising costly issue in terms of health care and social disruption (4). This
diverse group of disorders has effects that are felt in every part of the body and
every part of the globe (1).

Classification of amyloid diseases is dependent on the protein identity and their

deposition pattern as insoluble amyloid aggregates (Table 1). The accumulation of
amyloid fibrils is linked to a diverse set of diseases including Parkinson’s disease
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(PD), Alzheimer’s disease (AD), Diabetes Type II, Huntington’s disease and many
others (3, 5).

Table 1. Classification of some amyloid disorders in respect to protein identity and deposition pattern as amyloid
fibrils.

Clinical Disease Amylmd-lj“ormmg Location of i&mylmd
Peptide Formation
Parkinson’s disease a-Synuclein Brain
Amyloid- (A
Alzheimer’s disease S B(AP) Brain
Tau
Huntington’s disease Huntingtin Brain
Transthyretin . .
Amyloidosis Transthyretin Systemic
Diabetes Type 11 Islet Amyloid Polypeptide Pancreas

1.3 Parkinson’s Disease — “The Shaking Palsy”

James Parkinson was the first to clinically describe PD as the Shaking Palsy in his
published monograph in 1817 (6). Since then many advances have been made in
the direction of understanding the pathology. Today, it is suggested that the
symptoms of PD are a result of loss of dopamine neurons in the Substantia Nigra,
located in the midbrain region, accompanied by intraneuronal inclusions (7). In an
early course of disease, the most common symptoms are movement-related, such
as shaking, rigidity and slowness of movement. Later on, cognitive and behavioral
problems, as well as, dementia may arise.

PD neurodegeneration results from the accumulation of intercellular and
intracellular deposits of amyloid aggregates, which are termed Lewy bodies and
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Lewy Neurites. The main component of these inclusion bodies is a protein known
as o-synuclein (o-syn). In addition, other proteins and lipids have also been
identified as components of Lewy bodies (8, 9).

PD is a multifactorial disease; both genetic and non-genetic factors are involved
(9). In approximately 95% of PD cases there is no apparent genetic linkage
(“sporadic” PD), with the remaining 5% of the cases being inherited (10). There
are many mechanisms suggested to be involved in the development of PD, such as,
accumulation of misfolded protein aggregates, incompetent protein clearance,
mitochondrial dysfunction, oxidative stress, excitotoxicity, neuroinflammation and
genetic mutations (9). Both the formation of Lewy bodies and the spreading of the
pathology throughout the brain are hallmarks of PD (11).

1.4 a-Synuclein - “Peptide from Hell”

The phrase “peptide from hell” has been commonly used by scientists who on a
daily basis endure the demeanor of AP (12). Having had the privilege to work with
both AP and a-syn peptides, I can say without a doubt that the description
“peptide from hell” also fits a-syn to perfection. a-Syn can be found both as an
intrinsically disordered peptide in the cytosol but also with an o-helical
conformation when associated to lipid membranes (13). It is therefore suggested
based on its dynamic structure, to play specific roles in different cellular locations
(13). The function of a-syn is not entirely understood but the protein has been
suggested to be associated with the synapse and involved in synaptic activity,
synaptic plasticity, neurotransmitter release, dopamine metabolism, synaptic pool
maintenance and vesicle trafficking (14). Interestingly, the overexpression of o-
syn both in humans (15) and in animal models (16) leads to much greater toxic
effects than those caused by loss of a-syn (14, 17).

a-Syn is a 140 amino-acid long acidic protein with three domains: an N-terminal
lipid-binding region, a hydrophobic central domain and a C-terminal acidic tail
(Figure 1). Positively charged residues are located mainly in the N-terminal region
(residues 1-60). The lipid-binding region of oa-syn also contains 7 amino-acid
sequence repeats containing the highly conserved KTKEGV motif, which is also
present in the o-helical domain of apolipoproteins (13). These repeats are
responsible for the ability to form a-helical structures and therefore important in
a-syn-lipid interactions. When associated to anionic vesicles a-syn forms a linear
helix with the first 100 amino-acid residues involved in the a-helical structure (18-
20). All identified mutations associated with synucleinopathies are located in this
lipid-binding domain: A30P, E46K, H50Q, G51D, A53E and AS3T (14).
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The central hydrophobic region (residues 61-95), also known as Non-amyloid-3
component (NAC), is particularly rich in hydrophobic residues and makes up the
core region of amyloid fibrils as it forms cross-f structures (13). Peptides derived
from the NAC amino-acid sequence are capable of forming ordered fibrils and can
seed AP1-40 and AP1-42 aggregation (21, 22). Interestingly, the strong fibril
formation propensity of a-syn is not shared by its homologue B-syn, which lacks
11 hydrophobic residues in the NAC region (23). B-Syn was shown unable to form
amyloid fibrils (23).

The C-terminal domain (residues 96-140) is highly concentrated with acidic
amino-acids. The sequence of the C-terminal tail is homologous with small heat
shock proteins. It has been suggested that the highly charged C-terminal tail may
have a protective role in fibril formation (13). Lowering the negative charges at
the C-terminal region, by lowering pH (11) or by truncations of the C-terminal has
been shown to accelerate aggregation (24, 25).

Repeat 1 Repeat 2 Repeat 3 Repeat 4
D K SK KEGV E KTKQ E KTKE SKTKE H (50)
Repeat 5 Repeat 6 Repeat 7
TVAEKTK EQVTN i TGVT QK TVE S T KKDQ (100)

KNEEGAPQE GILEDMPVDP DNEAYEMPSE EGYQDYEPEA  (140)

Central region
(NAC domain)

¥ £ 111D BT D100 10

1 61

Amphiphatic N-terminal region Acidic C-terminal region

Figure 1. a-Syn sequence and charge residue distribution profile. The acidic residues are highlighted in red, the
basic in blue and the hydrophobic in orange. The 7 amino-acid sequence repeats containing the highly conserved
KTKEGV motif are boxed.
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In aqueous solution, recombinant monomeric a-syn is unfolded (Figure 2).

10 T T 3 3 T
O  a-syn

[6] (10°.deg-cm’-dmol™)

-30 e
190 200 210 220 230 240 250

Wavelength (nm)

Figure 2. Secondary structure of monomeric a-syn monitored with Far UV circular dichroism spectroscopy in
10 mM MES buffer pH 5.5. The spectrum displays a minimum around 200 nm, which is typical for a protein in random
coil, i.e. with no defined structural element (Paper V; 54).

1.5 Amyloid Fibril — “Amylum”

Amyloid fibrils are supramolecular structures discovered 150 years ago, that were
shown to be stronger than steel, flexible as silk, highly resistant to degradation and
with the capability to preform essential functions in many living systems (4). The
term amyloid was introduced in 1854 by Rudolph Virchow. Examining brain
tissue with abnormal appearance, he mistakenly concluded after positive iodine
staining that the macroscopic defects consisted of starch. He named these starch-
like structures amyloid, from the Latin word for starch - Amylum. The modern
definition for amyloid fibril protein is that it occurs in tissue deposits as rigid,
unbranched fibrils with the ability to bind Congo red dye and exhibit birefringence
when viewed by polarization microscopy (26). When analyzed by X-ray
diffraction, the fibrils should exhibit the characteristic cross-p diffraction pattern
(26), with repeating substructure units consisting of [-strands running
perpendicular to the fiber axis (27). Notable observations from the diffraction
pattern are a spacing of 4.7-4.8 A between hydrogen bonded B-strands within a
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sheet and 6-11 A between the B-sheets (28, 29). Amyloid fibrils tend to be long (>
1 um) and rather thin (10-20 nm in diameter) structures.

Recombinant a-syn has been shown to form amyloid fibrils. I have had during my
PhD the opportunity to image a-syn fibrils using different experimental
techniques, such as, cryo-EM and super resolution microscopy (Figure 3).

Figure 3. a-Syn amyloid fibrils. o-Syn amyloid fibrils imaged using cryo-EM (left panel) and dSTORM super
resolution microscopy (right panel). Important to point out, the circular shaped objects in the left panel are artefacts.
Images published in Paper II.

Increasing evidence suggests that the amyloid state may be more stable than the
functional native state of many protein molecules (30). The propensity for amyloid
formation depends on amino-acid sequence and solution conditions (1). Mature
protofibrils are the first structures to exhibit amyloid characteristics. These
protofibrils twist around one another giving origin to higher order amyloid fibrils

31).

As many proteins and peptides have the ability to fold into amyloid fibrils it may
indicate that fibril formation is not necessarily sequence specific, and can be
driven purely on backbone interactions, limited by the steric hindrance associated
with the packing of side-chains on both sides of the B-sheet (32). The assembly of
protofilaments into fibrils seems to be driven by hydrophobic side-chains that are
exposed on the sides of the amyloid core (5). These non-specific hydrophobic
interactions can lead to polymorphisms within the amyloid fibers. Polymorphic
fibrils can differentiate on the degree of twisting, the number of filaments per fibril
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and the diameter of the fibril (33). It has been suggested that different polymorphic
structures have different biological functions and contribute to different
cytotoxicity levels (33).

1.6 Amyloid Cytotoxicity

Protective mechanisms are used and are associated with properties of the cellular
environment to conserve proteostasis. Such “housekeeping” mechanisms include
molecular chaperones, unfolded protein response pathways, protein degradation by
proteasomes and autophagy that serve to avoid accumulation of misfolded and
aggregated protein at all various stages in the lifecycle of proteins (4, 30, 34). The
role of fibrils in amyloid diseases is still unclear. Amyloid fibrils have been
suggested to be toxic themselves, or contribute to cytotoxicity by acting as
reservoirs of toxic oligomers, or generating the formation of oligomeric species on
their surface through secondary nucleation or by disrupting protein homeostasis
(35-40). Many emerging studies claim oligomers to be the toxic mediators for cell
damage and cytotoxicity (4). Oligomeric species have gained much interest, but
have proven to be challenging to study due to their often transient and dynamic
nature. Adding to this and further complicating structural analysis of oligomers, is
the intrinsic heterogeneity found in these species, both in variability of size and
structure (41).

Various amyloid-forming proteins seem to share similar cytotoxic mechanisms,
independent of whether their aggregates are formed inside or outside of the cell
(42, 43). For this reason, it has been commonly suggested that these protein
aggregates may share a common target, the cell membrane (42, 43).

1.7 Aggregation Mechanism — “From Macroscopic to Microscopic”

Kinetic approaches towards determining mechanisms of protein aggregation began
with work of Oosawa et al on actin polymerization using the monomer-addition
model (44). Ferrone et al in the 1980s introduced the concept of filament
fragmentation and heterogeneous nucleation, which was suggested to take place on
the surface of existing aggregates (45). A simplistic view of the protein
aggregation process and it’s complex network of microscopic events can be
divided into three types of reactions (46):
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- only dependent on monomers
- only dependent on aggregates

- dependent on both monomers and aggregates

Primary pathways only involve monomers. If nucleation occurs between
monomers in the bulk solution it is referred to as homogeneous primary
nucleation, opposing to nucleation that occurs at an external surface which is then
referred to as heterogeneous nucleation (47). Primary pathways lead to the
formation of larger aggregated species (Figure 4). As soon as these initial
aggregated species are present, secondary pathways need to be accounted for.
Examples of secondary pathways are fragmentation and secondary nucleation.
Fragmentation, an event only dependent on aggregated species, generates new
aggregates producing new fibril free ends, which can further elongate by the
addition of new monomers (Figure 4). This event is prominent, in particular, when
mechanically shaking the reaction sample as this leads to breakage of fibrils.
Secondary nucleation requires both monomer and aggregated species. Secondary
nucleation consists of an initial attachment of monomers to the surface of an
amyloid fibril, followed by nucleus formation and detachment (Paper II).
Secondary nucleation increases rapidly both the load of oligomeric species and
fibrils. As a result of a high rate constant for secondary nucleation, nuclei
generated from secondary nucleation usually dominate over primary nucleation
from very early in the aggregation reaction an onwards (48).
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Figure 4. Simplistic illustration of the microscopic events present in protein aggregation. The events are often
divided into three types of reactions: only dependent on monomers (Primary nucleation); only dependent on
aggregates (Fragmentation); dependent on both monomers and aggregates (Secondary nucleation and Elongation).

1.8 Monitoring aggregation kinetics with thioflavin-T

Thioflavin-T (ThT) was introduced by Vassar and Culling in 1959. ThT is a
cationic benzothiazole dye that shows enhanced fluorescence upon binding to
cross-p structures (49, 50). It is very commonly used to diagnose both ex vivo and
in vitro amyloid fibrils, as well as, following fibril formation (50). The critical
micellar concentration of ThT in water was obtained to be around 4 uM (49). ThT
molecules have been shown to bind to amyloid fibrils and this is accompanied by
enhanced fluorescence with excitation and emission maxima at approximately 440
and 490 nm, respectively (49-51). The detailed binding mechanism of ThT to
amyloid fibrils is still not fully understood. The most accepted view is that ThT
molecules are intercalated within the side-chain channels of the amyloid fibrils
that run along the fibril axis (50, 52). This rigid environment results in a rotational
immobilization of the central C-C bond connecting benzothiazole and aniline
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rings, giving rise to enhanced fluorescence (50, 52). The minimal binding site has
been suggested to require four consecutive B-strands (52).

As mentioned above the formation of fibrils occurs through a nucleation-
dependent polymerization reaction. Underlying the macroscopically observable
typical ThT sigmoidal trace (Figure 5) are various possible microscopic events
occurring simultaneously at different rates: primary nucleation of monomers in the
bulk solution or at a surface, elongation of fibrils through monomer addition,
monomer-dependent secondary nucleation and fragmentation. A common
parameter to describe ThT kinetic aggregation traces is t;,, which is the time at
which the ThT fluorescence reaches 50% of the total fluorescence intensity.
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Figure 5. A typical sigmoidal amyloid aggregation trace for a-syn monitored by ThT.

The ability to fit macroscopically observed kinetic traces and extract detailed
information of microscopic events and rate constants can be extremely valuable
(53). This approach has shown capable of capturing the mechanistic details for
many amyloid-forming proteins, as long as, it includes the accurate microscopic
steps and rate constants (Paper I and II, 24, 25, 37, 46, 54). The quantitative
information in terms of rate constants of each microscopic step and how they vary
depending on protein sequence, solution conditions and additives can therefore be
attained.
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1.9 Lipid Membranes
1.9.1 Model Membranes

Model membranes are simplified systems composed of a small set of defined
components found in membrane systems in vivo allowing us to control physical-
chemical parameters of interest, such as, membrane charge, lipid specificity, lipid
headgroup size and acyl-chain packing. A lipid bilayer can adopt different phases
depending on temperature, pressure, hydration and structural properties of the lipid
composition (55, 137). The liquid disordered bilayer is characterized by a low
acyl-chain order and high lateral diffusion (56, 57). The liquid crystalline lamellar
phase differs from so-called gel phase bilayers were the chains have crystalline
packing. The transition between gel and liquid crystalline lamellar phases depend
on properties of the lipid molecules including length and unsaturation of the chain,
as well as, size and charge of the lipid headgroup. The liquid ordered bilayer
structures occur in many lipid mixtures containing cholesterol. The liquid ordered
lamellar phase is characterized by a high order in the acyl-chain region without
losing the high lateral diffusion (56, 57). In order to investigate the interaction of
a-syn to lipid membranes, experiments were conducted using model membranes.
Our studies focused mainly on physiologically relevant lipids but also some model
lipids that are not commonly found in biological systems but were chosen because
of their molecular characteristics (Figure 6).
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Figure 6. Chemical structures of the main lipid species investigated.
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These amphipathic lipids self-assemble into a variety of arrangements, exhibiting a
variety of different structures. The structure of such assemblies is dictated by the
chemical nature of the lipids and the surrounding conditions. For the various
experiments performed during my PhD, different lipid self-assembled structures
where studied, including systems that form lamellar bilayer phases and micelles.
In the studies with bilayer-forming systems, dispersed unilamellar vesicles,
deposited bilayers or bilayer lipodiscs were used (Figure 7).

Supported
Bilayer

Micelles Lipid Vesicle Lipodisc

Figure 7. Lipid self-assembled structures used for model membrane studies.

1.9.2 The Cell Membrane

The cell membrane is a semi-permeable barrier that serves to protect the integrity
of the interior of the cell or organelles, allowing certain molecules in and keeping
others out. In a typical eukaryotic cell it has a thickness of ca. 5 nm. The cell
membrane is primarily composed of lipids and proteins. The lipid composition is
complex and varies between organelles and the plasma membrane. Lipid
composition also varies between the inner and the outer leaflet in, for example, the
plasma membrane (58). Some examples of lipids commonly found in the outer
leaflet of the plasma membrane are Sphingomyelin, Cholesterol and Glycolipids
(such as, Gangliosides (GM)) (59). In the inner leaflet, Phosphatidylethanolamine
(PE), Phosphatidylserine (PS) and Phosphoinositides (PI) are more frequent (59).
Cardiolipin (CL) is found in the inner leaflet of mitochondria (58).
Phosphatidylcholine (PC) is common in all cellular membranes.

The fluid mosaic model proposed that biological lipids form a uniform and
homogeneous mixture in the plane of the bilayer (60). Much has evolved since this
model was originally formulated. The lipid raft hypothesis suggests that lipids are
sorted into domains, lipid rafts, which are rich in sphingolipids (for example
gangliosides) and cholesterol (61). The phase coexistence of liquid-ordered and
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liquid-disordered phase in lipid rafts confers these domains unique
physicochemical properties (60, 61). There are studies suggesting that lipid rafts
act as preferential interaction sites for amyloid peptides leading to pathological
forms of the peptides (60).

1.10 Protein-Lipid Interaction and Co-Aggregation

The function of a-syn is not yet fully understood. There seems to be a striking
similarity with amyloid-forming apolipoproteins at the level of primary and
secondary structure, in the sense that both protein families have repeating
sequences that give rise to lipid-binding a-helical domains (62). Due to the
location of a-syn in neurons, it is widely assumed that a-syn may modulate the
dopamine neurotransmission by regulating synaptic vesicle trafficking (63).
Interesting, albeit the adipose tissue, neural tissue has the second highest content
in lipids. The interaction of a-syn and lipid membranes are highly relevant, and
there are different aspects of protein-lipid interactions that are important, some of
which have been investigated in this PhD thesis:

- For several of the amyloid disorders, protein aggregation has been
associated with membrane disruption in cells and in model membranes
(18, 64-68). Therefore, the effects of a-syn on lipid membranes, such as,
membrane permeabilization and membrane thinning are of interest.

- Lipid membranes are reported by numerous studies to influence the
protein aggregation process (54, 69, 70). The effect of lipid membranes on
o-syn aggregation mechanism was here investigated in papers IV, V and
VII.

- Tightly associated lipids have been identified in amyloid plaques
associated with several amyloidogenic diseases from in vivo and in vitro
studies (42, 71-81). Interactions between lipids and amyloid peptides may
modulate the aggregation, but also the structure and physical-chemical
properties of the co-aggregates formed. Co-aggregation implies extraction
of components from the lipid membrane which in turn is likely to affect
membrane structure and function (74). Structure of a-syn-lipid co-
aggregates was studied in paper VL.

- It has been suggested that a-syn is able to form lipid-protein particles
reminiscent of high density lipoproteins, linked to the transport of a-syn
across the blood-brain barrier (82-85). Formation/stabilization and
characterization of such a-syn-lipid assemblies is highly relevant.
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2.Methodologies

The goal of this PhD thesis is a detailed characterization of the amyloid
aggregation mechanism of a-syn. Focus will be on the protein a-syn alone, as well
as, in the presence of model membranes of different lipid compositions, and
biological membranes in exosomes isolated from Neuroblastoma cells. In this
section a brief overview follows of some methodologies and experimental
techniques used.

2.1 a-Synuclein Protein Preparation

For all experiments described, we used human a-syn expressed in E. coli from a
Pet3a plasmid containing a synthetic gene with E. coli-optimized codons
(purchased from Genscript, Piscataway, New Jersey), and purified using heat
treatment, ion exchange and gel-filtration chromatography. A key procedure to
achieving reproducible experiments is to use pure samples as starting material.
Gel-filtration is a crucial step to isolate pure monomeric a-syn in the desired
degassed experimental buffer. Only protein sample corresponding to the central
region of the peak is collected. Freshly purified peptide samples were prepared and
handled always on ice to avoid initiation of the aggregation process. The peptide
concentration was determined by absorbance at 280 nm using an extinction
coefficient & = 5800 I'mol'cm™.

2.2 Small Unilamellar Lipid Vesicle Preparation

The procedure for preparation of small unilamellar vesicles (SUV) was the same
for all experiments. Stock solutions of lipids were prepared by weighting and
mixing lyophilized lipids accordingly, in chloroform/methanol 2:1 v/v. Thin lipid
films were deposited onto glass vials under a slow flow of nitrogen and further
dried in a vacuum oven at room temperature overnight. The lipid films were then
rehydrated with experimental buffer to a final pre-determined concentration.
Sonication of the SUVs was done using a microtip, 50 % duty cycle for 15 min at
65 % amplitude, followed by centrifugation for 3 min at 13000 g. The size of the
SUVs was checked often by dynamic light scattering and was shown to be ~80 nm
in diameter.
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2.3 Monitoring a-Synuclein Aggregation Kinetics using ThT

In order to monitor a-syn fibril formation using ThT some important experimental
aspects were initially addressed (Paper 1l and unpublished data):

- Can ThT be used to quantify relative amyloid fibril amounts?
- What is the optimal concentration of ThT to monitor a-syn aggregation?
- Does ThT affect the aggregation process?

Conversion of the fluorescence signal to aggregate mass requires that the signal
intensity is proportional to the amount of fibrils formed. ThT affinity and quantum
yields are influenced by several factors therefore preliminary optimization studies
were necessary for our solution conditions (36). A set of samples containing
different amounts of a-syn seeds were titrated with a concentration variation of
ThT (Figure 8). The first observation was that fluorescence intensity from ThT dye
bound to the fibril is proportional to the amount of fibrillar mass in a defined
regime of dye concentrations (Figure 8). The fluorescence of the dye decreases at
higher dye concentrations which is likely due to self-quenching.
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Figure 8. ThT titration of different concentrations of a-syn seeds. A) 100 uM B) 60 uM and C) 40 uM seeds were
titrated with ThT in 10 mM MES buffer pH 5.5 at 37°C under quiescent conditions. The figures show average ThT
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kinetic traces that are shown in bold and are plotted as ThT intensity as a function of time. D) ThT fluorescence
intensity at the plateau plotted as a function of the respective ThT concentration for each seed concentration tested.
Arrow and dotted line indicate the optimal concentration for ThT (20 uM) accessed to have a linear relationship
between fluorescence intensity and aggregate concentration (Paper II).

In order to monitor a-syn fibril formation, the concentration of ThT has to be
optimized for the protein concentration range investigating. It is crucial that the
concentration of ThT in the sample is sufficient, so that fluorescence intensities are
meaningful and not influenced by complete depletion of ThT from the solution at
high concentrations of a-syn fibrils (Paper II).

A typical ThT seeded kinetic a-syn aggregation experiment is shown in Figure 9.
The fluorescence intensity of 20 uM ThT increases as a function of time,
indicative of an increase in the amount of -sheet enriched structures. To support
this, parallel to an increase in ThT signal is a decrease in monomeric a-syn present
in the sample as a function of time, measured by absorbance at 280 nm. These
results nicely show that an increase in aggregate concentration is paralleled by a
decrease in monomer concentration.
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Figure 9. Aggregation kinetics of a-syn. The aggregation kinetics of 20 uM a-syn in the presence of two seed
concentrations, (right panel) 3 uM and (left panel) 0.3 uM, followed using ThT (bold lines) and in parallel monitored
by measuring the concentration of a-syn remaining in solution as a function of time using absorbance at 280 nm
(dotted lines; unpublished data).

2.4 Trap and Seed Kinetic Assay

The trap and seed kinetic assay is based on a typical seeding experiment (Figure
10). The method was designed to identify the dominant secondary process of a-
syn aggregation. To perform such an assay, there are some experimental details to
improve reproducibility which will be briefly described below. The first detail is to
evaluate the influence of the surface material of the filter plates on a-syn
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aggregation, and this was performed simply by incubating a-syn monomer in such
plates, filtrating and monitoring the aggregation kinetics with ThT in a plate reader
at 37 °C. No aggregation was seen during the time frame investigated when using
low-binding GHP membrane filter plates.

Prior to the experiment, the filter plates are washed with experimental buffer to
remove any contaminants. The membrane filter is also rinsed with a-syn monomer
until one saturates the membrane. The experiment is performed following 3 steps:

Step 1:
Once the pre-treatment of the filter plates is done, the first step of the experiment

is to trap fibrils in the filter plate. a-Syn fibrils were trapped by filtration applying
vacuum. The flow-through (Filtrate 1) is collected in a non-binding PEGylated
plate supplemented with ThT and aggregation kinetics monitored in a plate reader.
If the trapping has been successful the ThT fluorescence intensity in filtrate 1
should be similar to the background.

Step 2:
The trapped fibrils are then incubated for a certain period of time with monomer,

buffer or other component. In the experiments published in Paper II, freshly
purified a-syn monomer and experimental buffer were added and incubated with
the trapped fibrils for 2 h. As a reference sample, the monomers where incubated
in buffer solution without any seeds for the same period of time.

Step 3:
After the incubation period, the samples are newly filtered and the flow through

collected in PEGylated plates, supplemented with ThT and monitored in the plate
reader (Filtrate 2).
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Figure 10. Schematic representation of the experimental steps involved in the trap and seed aggregation
kinetic assay.

2.5 Phosphorus Assay

Phospholipid concentrations were determined by phosphorus analysis according to
Rouser et al. For this assay, a-syn was aggregating in the presence of phospholipid
vesicles of different compositions. A solution of KH,PO, was used in order to
obtain a standard phosphorus concentration curve. Extremely important to
highlight is that all glassware used for this assay was properly washed with
detergent containing no phosphorus. Before usage of the glassware, it was rinsed
with 1% Nitric acid. The concentration of a-syn was kept constant at 0.5 mg/ml
with the concentrations of lipid vesicles varying from 0 to 1 mg/ml. These samples
were left aggregating overnight at 37 °C in an orbital shaker at 200 rpm. Each
sample was then centrifuged for 5 min at 13000 g. Representative volumes of the
supernatant were collected in glass vials. The pellet was resuspended in buffer and
representative volumes were also collected for analysis. All collected samples
were placed in a heat block at 115 °C to evaporate the solvent. Dried samples were
then digested with 0.65 ml Perchloric acid 70 % at 180 °C for 20 min and left
cooling. When cool, 3.3 ml milliQ H,O, 0.5 ml 25 g/l ammonium molybdate and
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0.5 ml 100 g/l ascorbic acid were added to the samples. The samples were placed
for 5 min at 100 °C and immediately after the absorbance was read at 800 nm.
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3.Experimental Techniques

3.1 Size-Exclusion Chromatography

Size-exclusion chromatography (SEC) is a method that allows separation of
molecules based on their size. The chromatography column is packed with porous
beads, such as, dextran polymers or agarose. The sample is applied to the column
and the pore structures of the resin will provide a molecular sieve. In this method
the efficiency to penetrate the pores of the stationary phase is measured, meaning
that small molecules will access the entire volume of the beads while bigger
molecules are excluded from the pores. Having said this, larger molecules are
eluted first with the smallest last (Figure 11).
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Figure 11. Schematic illustration of size-exclusion chromatography. The porous beads are colored in light grey.
Panel A shows the evolution of the separation of three molecules of different sizes: green circles the largest
molecules, orange intermediate size and blue the smallest. In panel B, it is shown the order of which the molecules
will elute as a function of elution volume.
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3.2 Fluorescence Spectroscopy

Fluorescence is a luminescence phenomenon where certain molecules emit light
upon absorption of photons from a light source. Fluorescence is thus a photon
emission phenomenon. Most molecules occupy the lowest vibrational level of the
electronic ground state. Absorption of incoming photons will promote the
molecule to an electronic excited state. This excitation to an emissive state will
only occur when the wavelength of an incident photon matches the energy
difference between the vibrational ground state of the electronic ground state and a
vibrationally excited state of the electronically excited state. This is because the
absorbance of the photon and excitation of the electron happens much faster than
the time scale of inter-nuclear vibrations, and excitation goes to one or more
vibrationally excited levels that have the largest overlap with the ground state
wave function. In the excited state, collisions with other molecules cause the
excited molecule to lose vibrational energy and drop down to the lowest
vibrational level of the electronically excited state. The molecule then travels back
to a vibrationally excited state of the electronic ground state emitting a photon.
Due to the relaxation, the photon emitted is of lower energy than that of the
initially absorbed photon, which is referred to as the Stokes shift. Here,
fluorescence spectroscopy was used to detect and quantify the presence of fibrils
through the interaction of ThT (all Papers). Also used to visualize the aggregation
process using protein molecules with different fluorescent labels (Paper II).

3.3 Circular Dichroism Spectroscopy

Circular Dichroism (CD) spectroscopy measures the differential absorption of left
vs right circularly polarized light (86, 87). The vast majority of biological
molecules are chiral. 19 of the 20 common amino acids that build up proteins are
also chiral. As a result of proteins containing chiral chromophores, left and right
circularly polarized light will be absorbed differently. CD of molecules is
measured over a range of wavelengths. Far UV CD spectra of proteins reveal
characteristics of their secondary structure while near UV monitor changes in
tertiary structure. Typical CD spectra of a-helix, B-sheet and random coil are
shown in Figure 12. Here, circular dichroism spectroscopy was mainly used to
monitor changes in a-syn secondary structure in the presence of lipid membranes
with different compositions (Papers V).
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Figure 12. Characteristic a-helix (a), B-sheet () and random coil (r) signature CD spectrum. Figure adapted
from T. E. Creighton, Proteins, W. H. Freeman 1984.

3.4 Cryo-EM

Cryo-EM is extremely useful since the amyloid fibrils to be visualized do not need
to be in a crystalline form neither labeled with stable isotopes or dyes (28).
Electrons produced by an electron gun are transmitted through the sample. As
electrons have shorter wavelengths compared to photons, higher resolution can be
achieved when compared to a light microscope. The sample is spread on a carbon
coated copper grid forming a thin layer and plunged into liquid ethane at -180°C in
a temperature and humidity controlled environment. It is very important that the
freezing of the sample is rapid as it prevents the frozen water around the molecules
from forming cubic ice, and enables the trapping of the molecules structure in the
transparent amorphous ice. Here, cryo-EM was used to investigate the structural
evolution of a-syn aggregates formed in the presence of lipid membranes (Papers
IV and VI)

3.5 Super Resolution Fluorescence Microscopy (ISTORM)
Spatial resolution has been limited by the diffraction of light restricting our view
to length scales of 200-300 nm in the lateral direction and 500-700 nm in the axial

direction. Super resolution fluorescence microscopy has allowed to overcome the
diffraction barrier enabling an optical resolution of ~20 nm.
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Direct stochastic optical reconstruction microscopy (dSTORM) is one of these
super resolution microscopy techniques. It relies on the different temporal
emission of fluorescence from fluorophores. Fluorophores close-by emit light at
different times allowing them to be resolved if separated by a distance that exceeds
the light diffraction limit. The photoswitching of single fluorophores and tunable
transition rates are key for dSTORM. An excitation beam excites randomly
fluorophores that may convert after several blinking cycles to a dark state. A
second beam then excites stochastically fluorophores into a bright state. The basis
of dSTORM falls on the ability to spatially and/or temporally modulate the
transition between a fluorescent bright state and a photoreduced dark state.
dSTORM was here used to investigate o-syn amyloid growth from seed fibrils at
mildly acidic pH conditions (Paper II).

3.6 Quartz Crystal Microbalance — Dissipation

Quartz crystal microbalance with dissipation (QCM-D) is a surface sensitive tool,
which provides real-time information on adsorption processes where the measured
signals depend on both adsorbed amount and how much these molecules extend
out in the surrounding solutions. The method is often commonly used to study
lipid bilayer deposition and protein binding to lipid membranes (88). A QCM-D
sensor is a thin piezoelectric quartz crystal in-between a pair of electrodes, usually
made of gold. The electrodes can be coated with different materials, such as, silica
oxide. The sensor is excited to oscillate at its resonance frequency by applying an
alternating voltage. During an experiment, several resonance frequencies, referred
to as overtones, are monitored.

The mass of the adsorbed layer is sensed as a change in the resonance frequency of
the oscillating crystal (Af) (88, 89). When molecules adsorb to an oscillating
quartz crystal, water or other liquids also couple to the adsorbed mass. The
frequency will decrease with an increase of the adsorbed “wet mass”. The
viscoelastic properties of the film are deduced from the damping of the sensor
movement, meaning changes in dissipation. Dissipation occurs when the voltage
to the crystal is shut off, and the energy of the oscillating crystal dissipates (AD)
(88, 89). Measuring the dissipation parameter is analytically useful for films of
adsorbed molecules that extent into the solution and which do not follow the linear
relationship between measured frequency shift and adsorbed mass. The dissipation
increases for films with high coupling to the solution. Here, QCM-D was used to
investigate a-syn adsorption to lipid membranes varying both lipid compositions
and solution conditions (Paper VII), as well as, adsorption of a-syn to preformed
fibrils (Paper II).
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3.7 Differential Sedimentation

Sedimentation of particles in a liquid is vastly used to characterize particle size
distribution. Particles with different densities sediment at different rates in the
liquid in which they are suspended in. The sedimentation rates will depend on
several factors, such as, liquid viscosity, particle shape and size and the force used
to sediment (gravitational or centrifugal).

By measuring the time it is necessary for particles to settle a known distance in a
liquid of known viscosity and density, it is possible to determine the
corresponding particle size distribution. It is common to apply Stoke’s law for
spherical particles. Using the disc centrifuge apparatus in paper II, sedimentation
occurs via centrifugal force, extending the possible range of particle separation
down to about 5 nm. Ultimately, the disc centrifuge method relies on the fact that
a-syn aggregates of different sizes travel through a sucrose gradient at different
speeds. However, there are some deviations to Stoke’s laws, and to us the most
problematic was the fact that a-syn aggregates are not spherical particles. It is
reported that the errors associated to the diameters measured for particles with
large aspect ratios or very irregular shapes, such as a-syn aggregates, may not
exceed 20%. Although the size obtained is to some extent unreliable, the size
distribution profile still contains important qualitative information. Here,
differential sedimentation was used to identify the nature of the dominant
secondary process of the aggregation mechanism of a-syn at slightly acidic pH
solution conditions (Paper II).
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4.Results and Discussion

The aim of my PhD thesis was to characterize the aggregation mechanism of a-syn
in the absence and presence of lipid membranes. The following chapter discusses
some of the major questions investigated:

- Is a-syn aggregation kinetics reproducible? To investigate the aggregation
mechanism of o-syn a reproducible method is required void of extrinsic
interference (all Papers and unpublished data).

- How do solution conditions determine the relative importance of nucleation and
growth processes in a-syn aggregation? o-Syn in vivo is in contact with different
cellular environments with different pH lumens. It is therefore relevant to
investigate the importance of pH on the aggregation mechanism of a-syn (Paper I).

- What is the underlying dominant secondary process of a-syn aggregation
mechanism at mildly acidic pH conditions? At mildly acidic pH conditions
secondary processes were shown to be enhanced. The nature of the dominant
secondary process underlying the aggregation mechanism was identified (Paper
10).

- What governs surface-assisted nucleation? Amyloid fibrils are often linked to
cytotoxicity as a result of oligomeric species generated through surface-assisted
secondary nucleation. Here, we investigated the importance of electrostatic
interactions in secondary nucleation (Paper VII).

- What is the role of crystallin chaperones on a-syn fibril formation? Amyloid
disorders are often linked to the disruption of the chaperone mechanism as a result
of aging. Having said this, the role of crystallin chaperones and there effect on the
aggregation mechanism of a-syn was evaluated in detail (Paper III).

- How to investigate the effect of lipid membranes on the aggregation kinetics of
a-syn? We study protein-lipid interactions as we believe that this may affect the
fibril formation process due to protein-membrane association. For this one needs a
reproducible method to monitor protein-lipid co-aggregation (Paper IV-VII and
unpublished data).

- How do biological membranes influence o-syn ageregation? Cell-to-cell transfer
of a-syn involving exocytosis/endocytosis mechanisms has increasingly gained
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interest. We investigated the effect of biological membranes in exosomes on the
aggregation mechanism of a-syn (Paper IV).

- What lipid headgroup features drive a-syn association to lipid membranes? Lipid
membranes where shown to influence o-syn association and aggregation. We
investigated whether the effects observed are related to specific headgroup
interactions or if it is attributed to more generic properties of the lipid headgroup,
such as, charge and size (Paper V and unpublished data).

- Do lipids affect the morphology of the protein-lipid co-aggregates? The
formation of protein-lipid co-aggregates will have distinct structure, morphology
and dynamics compared to assemblies of either protein or lipid alone. Protein-lipid
co-aggregates during the course of the aggregation process were monitored using
cryo-TEM (Paper VI).

- Are lipids taken up into amyloid aggregates during the co-aggregation process?
Here we investigated if lipids are taken up to the final protein-lipid co-aggregate
using a range of different lipid model systems (unpublished data).
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4.1 Is a-synuclein aggregation kinetics reproducible?

The reproducibility of ThT kinetic experiments is crucial for investigating the
mechanism of o-syn aggregation. a-Syn aggregation has been shown to be
strongly influenced by intrinsic and extrinsic factors. In order to better understand
the role of some extrinsic factors, the effect of surface materials of the sample
containers on o-syn aggregation was investigated. Other factors that were
previously shown to play a role are air-liquid interfaces (90), temperature (91), pH
(Paper 1), salt concentration (Paper VII, 92) and the presence of cofactors (93).
Knowing what external factors strongly interfere with a-syn aggregation enables
us to further design experimental conditions where we avoid such interference.

To investigate the role of surface materials, reactions starting from monomeric
peptide under quiescent conditions were monitored by ThT at mildly acidic pH in
two of the most common sample containers used in kinetic studies of amyloid
formation: Untreated polystyrene plates and non-binding plates coated with PEG
(PEGylated plates). In polystyrene plates the aggregation kinetics of o-syn
revealed to be reproducible, and this is the reason why initial studies (for example
presented in Paper IV) were all performed in such sample containers (Figure 13B;
Paper II). On the other hand, in PEGylated plates, the aggregation of a-syn was
shown to be extremely slow and not observable up to 100 h (Figure 13A; Paper
10).
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Figure 13. Role of surface materials on a-syn aggregation. A) Aggregation kinetics of 30 uM a-syn in polystyrene
plates and in non-binding PEGylated plates. B) a-Syn aggregation kinetics for different monomer concentrations,

ranging from 10 to 50 uM in polystyrene plates. The aggregation kinetics monitored in polystyrene plates appears
quite independent of the peptide concentration, suggesting that the available polystyrene surface may be a limiting
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factor. Experiments were performed in 10 mM MES buffer pH 5.5 under quiescent conditions at 37°C. The average
traces are shown in bold in the figures with experimental repeats dotted (Paper II).

Nucleation and Fragmentation can be selectively enhanced

To further understand the catalytic nature of polystyrene surfaces, plain
polystyrene nanoparticles (24 nm diameter) were added to monomeric a-syn in
PEGylated plates under quiescent conditions (Figure 14, unpublished data). With
the addition of polystyrene nanoparticles, aggregation occurs to similar extent as
that in polystyrene plates (Figure 14). This implies that it is indeed through an
interaction of monomeric a-syn and polystyrene that aggregation is induced by
triggering heterogeneous primary nucleation (Figure 15; 94, Paper II).
Interestingly, higher concentrations of nanoparticles caused slower aggregation
kinetics, possibly due to a greater surface adsorption resulting in a decrease of a-
syn concentration (Figure 14). When the concentration of nanoparticles is
increased, the concentration of a-syn also needs to increase for aggregation to be
observed.
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Figure 14. Polystyrene surfaces selectively enhance heterogeneous primary nucleation. a-Syn aggregation
kinetics for different monomer concentrations, ranging from 1 to 30 pM in the presence of different concentrations of
polystyrene nanoparticles. Experiments were performed in PEGylated plates in 10 mM MES buffer pH 5.5 under
quiescent conditions at 37°C. The figure shows the average tq, for at least 3 experimental repeats for each condition.
At low monomer concentrations it appears that all peptide may be adsorbed to the nanoparticles, for example,
monomer concentrations 1, 2 and 3 uM in the presence of 0.25 mg/ml polystyrene nanoparticles, no aggregation is
observed (unpublished data).
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It should be mentioned that many studies in literature have resorted and still resort
to other approaches to trigger a-syn aggregation, such as, mechanical shaking of
the samples or other extrinsic factors mentioned above. However, these external
parameters will affect the aggregation mechanism of a-syn. In particular, the effect
of shaking has been investigated, highlighting some associated complications as
will be discussed later in this thesis. In short, shaking has been shown to
selectively enhance both nucleation and fragmentation leading to rapid
aggregation kinetics (Figure 15). Shaking induces the formation of air-liquid
interfaces (e.g. bubble formation), which induces o-syn to adopt o-helical
conformation at the interface, favoring fibril formation (90, 95).

@
e_0

. ‘ E
&
: w©
Catalytic Heterogeneous E
Surface Primary g
%clcation =)
=1

°

Q@ °

L ]
oo
—_— OO0 — -_
Elongation
Misfolded Oligomers .
Monomer
]‘ Protofibril
Mature fibril
o0 *
000 .
Oligomers
Generated from )
Secondary Nucleation )

Figure 15. Extrinsic factors, such as hydrophobic surfaces and shaking, selectively enhance heterogeneous
primary nucleation and fragmentation. The microscopic events that are enhanced due to extrinsic factors are
highlighted in the figure. One should however point out that the microscopic events shaded in the figure still occur
during the aggregation process.
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Seeded kinetics, the way we prefer for experiment reproducibility

Although the high reproducibility and rapid aggregation kinetics observed in
polystyrene plates, it is hard to interpret, as the observed effects are affected by the
interaction of a-syn with the polystyrene surface. Having said this, to characterize
the aggregation mechanism, kinetic experiments were performed in the absence of
foreign catalytic surfaces in PEGylated plates, were o-syn aggregation is
extremely slow due to an undetectably low primary nucleation rate constant.
Triggering aggregation in such sample containers was possible with the addition
of, for example, preformed a-syn fibrils, and often referred to as seeds. Seeds were
added to the reaction solution in known amounts (counted as monomer
equivalents). The addition of seeds bypasses the need for primary nucleation
(Figure 16). The lagtime is a direct consequence of the amount of seeds added to
the aggregation reaction. The lagtime decreases with increasing amounts of seeds.
The reaction is very sensitive to the concentration and size of the seeds, it is vital
to handle all seed solutions in the same manner (Paper II).
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Figure 16. Seeded Aggregation kinetics in non-binding PEGylated plates. The addition of seeds triggers a-syn
aggregation by enhancing secondary processes leading to reproducible aggregation kinetics and bypassing the need
for primary nucleation.

50



Conclusion:

In the lab we are able to reproduce the aggregation kinetic data for a-syn and other
amyloid-forming peptides quite effortlessly when our starting samples are pure (all
Papers). This clearly highlights the non-stochastic feature of the aggregation
process in bulk samples.
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4.2 How do solution conditions determine the relative importance of
nucleation and growth processes in a-synuclein aggregation?

An extremely interesting feature of a-syn is the fact that this peptide displays a
highly polarized charge distribution. As a result of this heterogeneous distribution
of charges within the amino acid sequence of a-syn, its aggregation behavior is
strongly dependent on solution conditions, such as, pH and ionic strength. As o-
syn is in contact with different cellular environments with different pH lumens, it
is physiologically relevant to evaluate the importance of pH on the aggregation
kinetics.

I should point out that at the time of this study we were conducting aggregation
kinetic experiments at mildly acidic pH. We learned that the research group in
Cambridge was doing similar experiments at neutral pH (96). We then decided to
merge efforts and follow the aggregation as a function of pH. The approach was to
systematically vary monomer concentrations in the presence of different seed
concentrations and vary pH of the solution (from pH 5.5 to 6.5) (Figure 17, Paper |
and VII).
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Figure 17. pH dependence of the aggregation kinetics of a-syn at low ionic strength. Aggregation kinetics of 20
UM a-syn monomer was monitored varying the pH from 5.5 to 6.4 in 10 mM MES buffer for three different seed
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concentrations ranging 0.02, 0.06 and 0.2 uM under quiescent conditions at 37°C. The figure shows average traces of
at least three experimental repeats (Paper | and VII).

Conclusion:

The experiments were performed by different people in different labs in different
countries but revealed to be highly reproducible and congruent. The aggregation
mechanism was shown to change as a function of pH. At neutral pH, the rate
constant of elongation and higher-order assembly of fibrils was much higher than
that of primary nucleation and secondary processes (Figure 18). Below pH 6
secondary processes are enhanced and strongly accelerate the aggregation kinetics
of a-syn changing the overall character of the aggregation process (Figure 18).
Secondary processes manifest themselves through a positive curvature of the
measured sigmoidal ThT kinetic aggregation trace (Figure 17). These findings in
Paper I provide new insights into possible mechanisms of o-syn aggregation at
different pH-values, which might have impact on understanding the spreading in
the context of PD. Establishing correlations between solution conditions relevant
to specific cellular compartments and overall aggregation profiles and propensity
of a-syn can help understand the prion-like mechanism.
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of pH (Paper ).
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4.3 What is the underlying dominant secondary process of a-synuclein
aggregation mechanism at mildly acidic pH conditions?

We have seen that the overall balance of nucleation and growth is altered as a
function of pH. At acidic pH conditions secondary processes were shown to be
enhanced. The effect is manifested by a very strong acceleration of the aggregation
in the presence of seeds. Through a multitude of experiments, the aggregation
mechanism was studied in order to distinguish between two possible secondary
processes: fragmentation of fibrils or nucleation of monomers on the surface of
existing aggregates.

Distinguishing between Fragmentation and Secondary nucleation

The two kinetic models for dominant fragmentation or dominant monomer-
dependent secondary nucleation processes are expected to give rise to very similar
ThT kinetic traces as confirmed by simulations (Paper II). Therefore, to
distinguish between both secondary processes a set of different experimental
approaches were used:

- Differential sedimentation analysis was performed to study how the size of fibrils
changes over time after the aggregation reaction has finished. No spontaneous
fragmentation of fibrils was observed over a 20 day period.

- Incubating monomeric a-syn for short time periods with trapped fibrils, followed
by filtration lead to acceleration of the aggregation (trap and seed experiment, see
section 2.4). This finding implies the formation of oligomeric species consistent
with secondary nucleation of monomers on the fibril surface. These generated
oligomeric species are small enough to pass through the filter membrane and seed
the aggregation reaction.

- dSTORM enabled us to visually confirm secondary nucleation (Figure 19).
Incubating, a-syn preformed seeds labeled with Alexa Fluor 647 (red color) with
a-syn monomer labeled with Alexa Fluor 568 (green color), showed a coexistence
of both colors along the fibril length and in some regions what appeared to be
growth in green color from the seed in red color.
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A. Seed fibrils . C. Seeds + monomer

T o

B. Seeds + monomer

Figure 19. dSTORM imaging of amyloid growth from seed fibrils at mildly acidic pH conditions. A) Imaged
seed fibril labeled with 1:20 Alexa Fluor 647 used for the self-seeding experiment. (B, C) a-syn monomer labeled with
Alexa Fluor 568 was incubated with 50% seed fibrils labeled with Alexa Fluor 647. Top panel is imaged in the red
channel, middle panel imaged in the green channel and lower panel is a merge between both channels. The scale bar
corresponds to 1 um (Paper II).

Conclusion:

Altogether, the results presented in paper Il suggest that secondary nucleation of
monomers on fibril surface dominates o-syn aggregation and provides an
autocatalytic amyloid amplification mechanism. At mildly acidic pH, the overall
net charge of a-syn is reduced compared to neutral pH, leading to an increase in
the aggregation propensity. Both monomer concentration and the available fibril
surface may be rate limiting for monomer-dependent secondary nucleation. Acidic
pH is found in some intracellular compartments, namely linked to the endocytic
and exocytic pathways, where multiplication of smaller species may therefore be
much faster than at physiological pH.
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4.4 What governs surface-assisted nucleation?

Much remains unknown in terms of surface-assisted nucleation and the molecular
determinants for such microscopic events. We investigated the importance of
electrostatic interactions for secondary nucleation by varying ionic strength. In
addition, the effect of sequence mismatch was briefly studied through a cross-
seeding kinetic experiment using two peptides of different sizes, a-syn and AB42.

The role of electrostatic interactions for secondary nucleation

To investigate the importance of -electrostatic interactions for secondary
nucleation, the aggregation kinetics at mildly acidic pH were monitored by ThT in
the presence of a variation of ionic strength, ranging from 0 to 1200 mM NacCl for
two different seeds concentration (Figure 20).
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Figure 20. Salt dependence on the aggregation kinetics of a-syn. Aggregation kinetics of 5 yM a-syn monomer in
the presence of two different seed concentrations, 0.005 (A) and 0.05 uM (B), were monitored at salt concentrations
ranging from 0 to 1200 mM NaCl added to the 10 mM MES buffer pH 5.5 at 37°C under quiescent conditions. The
figure shows the median traces of at least three experimental repeats. C) t, as a function of salt concentration for
both seed concentrations (Paper VII).

Quite unexpectedly, paper VII shows that the addition of salt progressively retards
the aggregation rate of a-syn with visible changes in the slope of the macroscopic
ThT traces (Figure 20). This effect is contrary to that reported for other amyloid-
forming peptides (97, 98). At high ionic strength, above approximately 120 mM
NaCl, the aggregation seems to be completely inhibited for both seed
concentrations during the time frame of the experiment.

The pKa values of the acidic residues, highly concentrated in the C-terminal tail of
a-syn, are less up-shifted at increasing salt concentration, making this part of the
protein more negatively charged at higher salt concentrations (Paper VII). This
could in principle lead to greater repulsion between a-syn monomer and fibril
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surfaces, however, this is compensated by the fact that there is more salt to screen
the repulsion.

Another explanation to the anomalous salt dependence of aggregation involves the
strongly anisotropic nature of a-syn charge distribution. If interactions between the
positively charged N-terminal regions of o-syn monomers and the negatively
charged C-terminal tails of a-syn decorating the fibrils, and vice versa, are critical
for nucleation on the surface of the fibrils, then this attractive electrostatic
component will be diminished upon screening by salt.

The role of sequence mismatch for surface-assisted nucleation

The effect of sequence mismatch was briefly studied through a cross-seeding
experiment using a-syn and AP42. Both peptides have a slightly net negative
charge at the chosen experimental solution condition, pH 5.5 (approximate
isoelectric points for a-syn and AP42 are 4.8 and 5.3, respectively). One clear
difference between these proteins is their size, where a-syn is a much larger
peptide with 140 residues compared to AB42, with only 42 residues.

The experiment consisted of monitoring the a-syn aggregation kinetics with ThT
of a-syn monomers incubated with preformed seeds of either a-syn or AB42. The
data for AP42 are shown in figure 21. It can be observed that AP42 seeds, at two
different concentrations 0.3 and 3 uM, were unable to seed aggregation of a-syn
monomers (Figure 21). Seeds of a-syn, on the other hand, catalyzed o-syn
aggregation at all concentrations investigated. This implies that surface-assisted
nucleation is highly sequence specific and may only tolerate low level sequence
mismatch.
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Figure 21. Cross-seeding between a-syn and AB42. Aggregation kinetics monitored by ThT starting from a-syn
monomer at concentrations ranging 0.5 to 30 pM seeded with preformed fibrils of either a-syn or AB42 in 10 mM MES
buffer pH 5.5 under quiescent conditions at 37°C. The figure shows average traces of at least two experimental
repeats (unpublished data; 136).

Conclusion:

It appears that homogeneous secondary nucleation is largely dependent on
electrostatic interactions. Interactions between the positively charged N-terminal
regions of a-syn monomers and the negatively charged C-terminal tails of a-syn
seem critical for nucleation on the surface of fibrils.

Interestingly, there seems to be some sequence specificity critical for

heterogeneous primary nucleation, tolerating only low levels of sequence
mismatch, as AP42 fibrils were unable to trigger a-syn aggregation.
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4.5 What is the role of crystallin chaperones on a-synuclein fibril
formation?

Chaperones are of extreme importance for maintaining protein homeostasis.
Chaperones have been vastly studied in the amyloid field and have been shown
capable of inhibiting fibril formation for different amyloid peptides, such as, a-
syn, PolyQ peptides, AP, among others by affecting different microscopic events
(99-103). a-Crystallin displays chaperone activity and has been previously
demonstrated to inhibit a-syn fibril formation at neutral pH conditions by affecting
elongation (104). o-Crystallin is mainly found in the eye lens but also occurs in
other tissues, such as, heart, skeletal tissue, kidney and brain (105). Studies have
shown an upregulation in aB-crystallin in PD, Alzheimer’s disease and
Creutzfeldt-Jacob disease (106).

As we have identified conditions governing reproducible aggregation kinetics, the
effect of crystallin proteins on the aggregation of a-syn was investigated in paper
III. Crystallin proteins were purified from bovine eye lens.

Crystallin protein family inhibits a-syn fibril formation

The aggregation kinetics of a-syn was monitored by ThT in the presence of seeds
at three different concentrations and with a concentration variation of a-crystallin.
a-Crystallin was shown to inhibit fibril formation. Curiously, when testing - and
y-crystallin similar trends were observed with clear inhibitory effects.

Secondary Nucleation and elongation are inhibited in the presence of the
Crystallin protein family

In order to understand the inhibitory effect of the crystallin protein family, a trap
and seed experiment was performed. a-Syn seeds were pre-incubated with o- and
y-crystallin, trapped, and then incubated with freshly purified a-syn monomer. The
a-syn seeds that were not incubated with crystallins had the effect to seed and
accelerate the aggregation reaction (Figure 22). However, seeds that had been pre-
incubated with either a- or y-crystallin, were no longer capable of seeding the
aggregation (Figure 22). The inhibitory effect seems to arise as a result of the
interaction between crystallin and a-syn seeds, likely canceling secondary
nucleation and elongation processes.
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Figure 22. Trap and Seed kinetic experiment. 3 pM a-Syn seeds in 10 mM MES buffer pH 5.5 were trapped by
filtration in filter plates. The trapped fibrils were then incubated for 2 h with freshly purified a-syn monomer and newly
filtrated. The flow through was collected in PEGylated plates, supplemented with ThT and monitored in the plate
reader (Filtrate 1). The same procedure was conducted with a-syn seeds pre-incubated for 2 h with two
concentrations (0.2 and 2 mg/ml, respectively) of either a-crystallin (Filtrate 2 and 3) or y-crystallin (Filtrate 4 and 5).
The influence of the surface material of the filter plates was evaluated incubating a-syn monomer in the plates,
filtrating and monitoring the aggregation kinetics with ThT in a plate reader at 37 °C under quiescent conditions. No
aggregation was seen during the time frame investigated. The figures show the individual aggregation kinetic traces of

three experimental repeats (Paper Il).
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The point of no return

The inhibitory effect of a-crystallin was also evaluated in an experiment where o-
crystallin was added at different time points of the on-going seeded aggregation
reaction. Interestingly, when a-crystallin was added before t,, the aggregation of
a-syn was either completely inhibited (highest concentrations) or inhibited to some
extent (lowest concentrations). However, if a-crystallin was added after t;, a-
crystallin is no longer efficient in inhibiting/retarding a-syn aggregation. This
result implies that the inhibitory effect is due to an interaction between crystallins
and aggregated a-syn fibrils.

Conclusion:

The Crystallin protein family inhibits a-syn fibril formation at mildly acidic pH by
inhibiting both secondary nucleation and elongation microscopic events. The
inhibitory effect of a-crystallin was shown to be highly sensitive to the timing of
when a-crystallin was added during the aggregation reaction.
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4.6 How to investigate the effect of lipid membranes on the aggregation
kinetics of a-synuclein?

As we have identified conditions governing reproducible aggregation kinetics, it is
possible to investigate the role of lipid membranes on the aggregation kinetics of
a-syn (107-109). In order to find good conditions to study the effect of lipid
membranes and to make it possible to compare with different studies in literature,
we first look into the role of surface materials of the sample containers and
shaking vs quiescent conditions. Aggregation kinetics of monomeric a-syn in the
presence of anionic DOPC/DOPS lipid vesicles was initially monitored with ThT
in polystyrene plates and in glass vials at mildly acidic pH both under similar
shaking conditions at 100 rpm (left vs middle panel, Figure 23). Not much
difference can be seen for the aggregation profiles of a-syn alone and in the
presence of DOPC/DOPS lipid membranes. One could be tempted to conclude that
the sample container surface used to monitor aggregation is to some degree
irrelevant. However, that is not the case. When repeating the experiment, in
PEGylated plates and quiescent conditions (right panel, Figure 23), the effect of
the same lipid systems above becomes more evident simply due to the fact that
fragmentation is no longer dominating the aggregation process and there is limited
interaction of a-syn with air-water interfaces at bubbles that appear due to shaking,
and no interaction between a-syn and polystyrene catalytic surfaces. In such
experimental conditions, no aggregation is detected for a-syn alone has previously
described in section 4.1, while the anionic vesicles were shown to induce the
aggregation reaction.
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Figure 23. The role of extrinsic factors in a-syn aggregation in the presence of lipid vesicles. Aggregation
kinetics of a-syn alone in the presence of anionic DOPC/DOPS vesicles was monitored by ThT at mildly acidic pH at
37°C under shaking conditions in both (left panel) polystyrene plates and (middle panel) glass vials. (right panel) In
addition, aggregation kinetics of a-syn alone and in the presence of anionic DOPC/DOPS vesicles was monitored
under quiescent conditions in PEGylated plates at mildly acidic pH at 37°C. The figures show average traces of at
least three experimental repeats (unpublished data).
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Figure 23 clearly illustrates the importance and effects of experimental conditions
in terms of shaking and surface material when monitoring the aggregation kinetics
of a-syn alone and in the presence of lipid membranes. Therefore, it is critical to
perform all experiments in controlled conditions, which is done here for papers V,
VI and VI In paper IV, the different experimental conditions are compared, and
conclusions are not drawn for retardation, while observed accelerating effects of
lipids were attributed to the addition of the new component.

Conclusion:

This unpublished study concluded that PEGylated plates and quiescent conditions
are the most appropriate experimental conditions to study the effect of lipid
membranes on the aggregation of a-syn. This was the approach followed in the
latter projects of this PhD thesis. With shaking, fragmentation becomes so
dominant in the aggregation process that it often makes it hard to interpret results,
independent of the sample container used.

Proof of Concept:

Monitoring the aggregation kinetics of a-syn titrated with DOPC lipid vesicles
show that the results obtained with shaking can be highly misleading. Shown in
Figure 24 (right panel), zwitterionic DOPC lipid vesicles were unable to trigger a-
syn aggregation in PEGylated plates. When shaking in polystyrene plates, the
presence of DOPC triggers a-syn aggregation (Figure 24, left panel). At higher
lipid concentrations, above approximately 0.1 mM (L/P = 5), no aggregation is
seen during the time frame of the experiment. At lower concentrations of DOPC,
below approximately 0.1 mM, the aggregation of a-syn seems to occur at higher or
similar rates as o-syn alone. One likely interpretation of these data is that the
observed effects are linked to the deposition of a lipid film at the polystyrene
surface. Meaning that at low lipid concentrations, interactions between the
polystyrene surface and a-syn is similar to that of a-syn in the absence of DOPC
lipid vesicles, generating nuclei through heterogeneous primary nucleation (Figure
15). At high concentrations of DOPC, the polystyrene surface may no longer be
accessible to o-syn monomers, and therefore aggregation is not triggered. In order
words, the observed effects can be due to blocking the surface-protein interactions
rather than being due to lipid-protein interactions, and this example illustrates
complications in interpreting data from various papers for a system that so
strongly depends on the experimental conditions.
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Figure 24. a-Syn aggregation in the presence of zwitterionic DOPC lipid vesicles. Aggregation kinetics of a-syn
in the presence of zwitterionic DOPC vesicles was monitored by ThT at mildly acidic pH at 37°C (left panel) under
shaking conditions in polystyrene plates and (right panel) under quiescent conditions in PEGylated plates. The
figures show average traces of at least three experimental repeats (unpublished data).
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4.7 How do biological membranes influence a-synuclein aggregation?

Prion-like propagation of misfolded a-syn was recently proposed as a key
pathogenetic event in PD (110-116). In prion disease, misfolded protein spreads
between cells, serving as templates triggering protein aggregation in the recipient
cell. This hypothesis has gained great support, while the underlying molecular and
cellular mechanisms are still not well understood. /n vitro studies have implicated
that the mechanisms underlying -cell-to-cell transfer of a-syn involve
exocytosis/endocytosis mechanisms (117-121). Exosomes, approximately 100 nm
in size, are secreted vesicles into the extracellular space involved in cell-to-cell
communication and have the ability to shuttle particular molecules. Recently,
exosomes were suggested to be crucial to intercellular transfer of a-syn
sequestrating and spreading pathological forms of a-syn (122-125).

It was shown in Paper IV that the aggregation of a-syn is accelerated by exosomes
irrespective of whether derived from control cells (Figure 25) or cells
overexpressing o-syn.
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Figure 25. Aggregation kinetics of a-syn in the presence of exosomes. The aggregation kinetics of 30 uM a-syn
was monitored by ThT in the presence and absence of exosomes in 10 mM MES buffer pH 5.5 with 140 mM NaCl.
Left panel, aggregation of a-syn (black) with 0.25 mg/ml exosomes from N2a cells (red) or N2a cells overexpressing
a-syn (green). Data collected at 100 rpm in polystyrene plates. The figure shows average traces in bold with dotted
experimental repeats. Right panel, aggregation of a-syn (black line) in the presence of 0.25 mg/ml exosomes from
N2a cells (red lines). Data collected under quiescent conditions in polystyrene plates. In parallel, the concentration of
a-syn remaining in solution was measured by absorbance at 280 nm as a function of time (dotted points). The figure
shows averages of at least three experimental repeats (Paper V).
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Lipid component responsible for catalytic nature

Vesicles composed of extracted exosome lipids were also catalytic implying that
the lipid component is sufficient for this effect. Using mass spectrometry, several
phospholipid species were identified, including PC, PS, PE and PI. Gangliosides
GM2 and GM3, were also found to be components of exosomes. One should
mention that for each lipid class, several species were identified with different
acyl-chain lengths. Model lipid vesicles composed of ganglioside lipids, GM1 and
GM3, (as GM2 is not commercially available) were shown to accelerate the
aggregation in a concentration dependent manner, while other model lipid vesicles
did not show such effect.

Conclusion:

Exosomes accelerate a-syn aggregation and this effect was shown to be due to the
lipid composition, specifically gangliosides. Model membranes containing
negatively or positively charged lipids were prepared to have similar charge
densities as exosomes, however, none induced acceleration of the aggregation.
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4.8 What lipid headgroup features drive a-synuclein association to lipid
membranes?

The interactions between aggregating o-syn and lipid membranes will depend on
the molecular properties of the system, including protein structure, net charge and
charge distribution, as well as, solution conditions and membrane composition and
phase behavior (Paper I, II, 67, 126-128). In order to understand what the
important properties of the lipid system are one often uses model membranes
where the lipid composition can be systematically varied.

a-Syn has been reported to associate with lipid rafts (129, 130), and ganglioside-
containing membrane domains, including GM1 and GM3 (119, 131). This
association of a-syn and gangliosides has been suggested to be due to a specific
interaction between o-syn and both the sialic acid and sugar residues of
gangliosides (119). Gangliosides are reported to be preferentially located in the
outer leaflet of the plasma membrane. The recent hypothesis on cell-to-cell
transmission suggests a role of extracellular a-syn in the spreading of the disease,
meaning extracellular a-syn could interact with gangliosides located on the outer
leaflet (132).

It was previously shown that GM-containing exosomes, as well as, vesicles
prepared form extracted exosome lipids and ganglioside-containing model
membranes accelerate o-syn aggregation. We therefore conducted a follow up
study to understand whether the effects observed are related to specific
interactions between o-syn and the ganglioside headgroup or if it is attributed to
more generic properties of the lipid, such as, headgroup charge and size or lipid
self-assembly (Paper V). The aggregation kinetic experiments were conducted at
mildly acidic pH and low ionic strength (10 mM MES buffer pH 5.5) under
quiescent conditions in non-binding PEGylated plates.

Effects of lipids on a-syn aggregation kinetics

To investigate the effect of lipid membranes on the aggregation of a-syn, model
membranes composed of 90% zwitterionic DOPC and 10% anionic lipids, of
GM1, GM3, DOPS or PE-PEG750 were used (Figure 26, Paper V). All these
anionic lipid vesicles studied were shown to have a strong catalyzing effect on the
aggregation of a-syn. One should highlight that all anionic lipid vesicles
investigated displayed such accelerating effect. In these experiments, the
aggregation Kinetics was studied at low ionic_strength under quiescent
conditions, which is different to the experimental conditions used in Paper IV.
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Figure 26. Aggregation kinetics of a-syn in the presence of anionic lipid membranes. The aggregation kinetics
of 20 uyM a-syn alone and in the presence of lipid vesicles at concentrations ranging from 0.1 to 0.5 mM was
monitored by ThT at 37°C under quiescent conditions. Median experimental traces are shown in bold with at least 5

experimental

Following the aggregation kinetics at low ionic strength and under quiescent
conditions, it is observed a slightly more pronounced -catalytic effect of
gangliosides compared to other anionic lipid systems, at least for the higher lipid
concentrations (Figure 26 and 27). Under such experimental conditions, o-syn
alone and a-syn in the presence of zwitterionic DOPC lipid membranes does not

repeats dotted (Paper V).
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aggregate up to several days (Paper V; Figure 24).
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Figure 27. Aggregation kinetics of a-syn in the presence of anionic lipid membranes. The aggregation kinetics
of 20 uM a-syn in the presence of anionic lipid vesicles at concentrations ranging from 0.1 to 0.5 mM was monitored
by ThT at 37°C under quiescent conditions. Statistical analysis is shown with both box and dot plots of all
experimental repeats for each lipid concentration (unpublished data).

This catalytic effect of anionic lipid membranes seems to be dependent on the
lipid-to-protein ratio. Meaning that, the aggregation kinetics is accelerated with
increasing lipid concentration until a threshold is reached, were beyond that
concentration the aggregation is progressively slowed down (Figure 28). At very
high lipid-to-protein ratios aggregation is not observed (Figure 28). One possible
explanation is that all peptide may be membrane-bound compatible with the
observation of the need for excess monomer protein in solution for aggregation to
be observable (Paper V; 54). a-Syn binding to these different anionic membranes
was further studied and will be discussed in more detail below.
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Figure 28. ThT aggregation kinetics of a-syn in the presence of ganglioside, both GM1 and GM3 containing
lipid membranes. The aggregation kinetics of 20 uM of a-syn was monitored in the presence of 9:1 DOPC/GM1 (left
panel) and 9:1 DOPC/GM3 (right panel) lipid vesicles with concentrations ranging from 0.01-1.8 mM, in nonbinding
PEGylated plates under quiescent conditions at 37°C in 10 mM MES buffer pH 5.5. The average traces of at least 3
experimental replicates are represented as solid lines (unpublished data).

How does a-syn adsorb to ganglioside-containing lipid bilayers

It has been reported that a-syn preferentially associates and adopts an o-helical
conformation to membranes containing lipids with acidic headgroups, such as, PS,
PG and PA (Paper IV and V, 54, 67, 128, 133). The adsorbed a-syn is located in
the interfacial layer proximate to the lipid headgroups, and does not appear to
penetrate deeply into the hydrophobic acyl-chain region of the membrane (134).
This motivated the question, does a-syn bind in a similar manner to ganglioside-
containing bilayers?

FCS was used to investigate peptide binding to lipid membranes by measuring
peptide diffusion times. Fluorescently labeled o-syn was incubated with
zwitterionic DOPC, DOPC/DOPS 9:1 and DOPC/GM1 9:1 lipid vesicles. The
addition of zwitterionic DOPC had no or very little effect on the a-syn
autocorrelation functions (diffusion times of labelled a-syn) at all lipid-to-protein
ratios tested (Figure 29). This implies that protein mainly exists as a monomer in
solution. Both DOPS and GM1 containing vesicles caused slower diffusion for a-
syn at the higher lipid-to-protein ratios, implying that a-syn associates with
anionic lipid membranes. The effects of both anionic lipid systems investigated
were shown to be very similar (Figure 29).
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Figure 29. a-Syn relative binding affinity. 10 nM fluorescently labeled AF568-a-syn was incubated with pure DOPC
(blue), 9:1 DOPC/DOPS (green) and 9:1 DOPC/GM1 (red) at different lipid-to-protein ratios. The normalized

autocorrelation functions for the 3 different lipid systems are plotted for lipid-to-protein ratios 5 (A) and 50 (B)
(unpublished data, experiments performed by Jon Pallbo and Aleksandra Dabkowska).

a-Syn structure upon association to lipid membranes

Protein structure upon lipid membrane binding was studied by 'H-""N-HSQC
NMR and CD experiments. In sum, both two techniques reported similar results for
DOPS and ganglioside-containing vesicles. The NMR experiments show that
binding is taking place at the N-terminus, with the first 100 residues involved in
the membrane-binding structure (Figure 30). CD studies demonstrate
conformational change to a-helix (Paper V). For both systems the a-helicity signal
observed by CD shared a very similar trend for the lipid-to-protein ratios
investigated (Paper V).
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Comparison between lipid headgroups of different charge and size

A set of experiments were designed to understand if the effects for ganglioside-
containing membranes are related to specific interactions between o-syn and the
ganglioside headgroup or if it is due to more generic properties of the lipid, such
as, headgroup charge and size. The designed set of experiments intended to study
both the influence on a-syn aggregation kinetics and conformational change upon
interaction with lipids with different headgroups, such as Asialo-GM1 and
PEGylated ceramide (structures shown in Figure 4). Both uncharged lipids,
Asialo-GM1 and PEGylated ceramide were mixed with DOPC at a molar ratio of
9:1, analogous to the studies of anionic vesicles described above. In the presence
of these lipid systems no o-syn a-helical conformational change was detected,
however, quite unexpectedly aggregation was triggered even though the
aggregation process was clearly slower compared to the situation where a-helical
intermediates were formed in the presence of anionic lipid vesicles. This result
implies that charge-independent interactions are also important for membrane-
induced heterogeneous primary nucleation. It also suggests that o-helical a-syn
intermediates are not required species in triggering aggregation, as previously
proposed (91).

A short summary follows of the lipid systems investigated in terms of effect on
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aggregation rate and conformational change (Paper V; Figure 31):
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Figure 31. Summary of the results obtained for the aggregation kinetics and conformational change of a-syn
in the presence of model membrane systems with different lipid compositions (Paper V).
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Conclusion:

All anionic lipid systems investigated, GM1, GM3, DOPS and PE-PEG750 were
shown to induce a-syn conformation change, from random coil to a-helix. The
catalytic effect displayed by these anionic lipid vesicles on a-syn aggregation is
due to enhancing heterogeneous primary nucleation (Figure 32; Paper V, VII, 54).
The finding that a range of different lipid systems with relatively low content in
anionic lipids trigger the aggregation process is very different from the
observations reported at neutral pH where only certain lipid systems trigger a-syn
aggregation (126).
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Figure 32: Anionic lipid membranes catalyse o-syn aggregation by enhancing heterogeneous primary
nucleation. The microscopic events that are enhanced due to anionic lipid membranes are highlighted in the figure.

Investigating the catalytic effect of anionic lipid membranes on a-syn aggregation,
it was shown that charge-based interactions induce conformational change of -
syn from random coil to a-helix and enhance aggregation kinetics. However,
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charge-independent interactions are also important, as lipid membranes containing
uncharged lipid species with large hydrophilic headgroups were shown to trigger
a-syn aggregation, although far less efficiently and without inducing o-syn
conformational change to a-helix.

A combined experimental approach showed that a-syn binding relative affinity
and o-syn bound structure are similar between gangliosides and anionic lipid
membranes investigated. However, the catalytic effect of ganglioside lipids on the
aggregation of a-syn was shown to be somewhat greater than that of other anionic
lipid membranes investigated in both high and low ionic strength solution
conditions (Paper IV and Paper V). The molecular explanation for this difference
in lipid-induced aggregation is still not fully understood.
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4.9 Do lipids affect the morphology of the Protein-Lipid Co-
aggregates?

We have investigated the structural evolution of a-syn aggregates formed in the
presence of ganglioside-containing lipid vesicles imaging with cryo-TEM different
time points along the aggregation reaction. As we have identified conditions for
reproducible aggregation kinetics, it is possible to selectively take out samples and
image these at different stages along the aggregation reaction (Figure 33):

20 pM a-syn U
+ . .

0,5 mM 9:1 DOPC/GM1
0,8
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Figure 33. Aggregation kinetics of a-syn in the prescence of GM1 lipid vesicles. The aggregation kinetics of 20
UM a-syn in the presence of 0.5 mM DOPC/GM1 9:1 lipid vesicles was monitored using ThT at 37°C under quiescent
conditions. The average trace is shown in bold with experimental repeats dotted. Red arrows indicate the time points
imaged with cryo-TEM (Paper VI).

Representative cryo-TEM images are shown in Figure 34 for each time point
chosen to image:
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S

Figure 34. Imaging GM1 lipid vesicles in the presence of aggregating a-syn. Samples from different time points
along the aggregation reaction (Oh, 14h, 40h and plateau) were imaged on glow-discharged carbon grids (Paper VI).

Cryo-TEM allows us to verify that the morphology of a-syn-lipid co-aggregates
are different when compared to aggregated protein alone (Figure 34 vs Figure 3,
respectively). Looking at the cryo-TEM images interesting features can be
observed (Figure 34). At time Oh, it seems that a-syn associates immediately with
ganglioside membranes, causing the polydisperse population of vesicles to have
irregular/non-spherical shapes (Top row). Sampling at the lag-phase, shows a
significant decrease in the size distribution of the lipid vesicles, of which the
smaller are mainly associated to fibrillar structures (Middle rows of Figure 34,
Figure 35). Imaging at the end state (corresponding to the plateau in the kinetic
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trace in Figure 33), the sample appeared to be more homogenous, with
predominately long and curly fibrils decorated with small and very monodisperse
lipid vesicles. Fibrils are also rather thin and dispersed rather than compact
bundles, observed for fibrils of protein alone (Bottom row of Figure 34 vs Figure
3).
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Figure 35. GM1 lipid vesicle size distribution as a function of time when in the presence of aggregating a-syn.
(A) Representative lipid vesicles as a function of time along the aggregation reaction. The number of free lipid
vesicles at time point 90 h is too low to get good statistics and therefore the corresponding data point is not added in
the graph. (B) Fraction of number of bound lipid vesicles in relation to total number of lipid vesicles as a function of
time (Paper VI).

Conclusion

Imaging a-synuclein-GM1 co-aggregation using cryo-TEM at different time points
during the aggregation reaction revealed aggregates with different structural
morphology compared to those formed from pure a-synuclein. The images also
show a clear evolution of structures, and a dramatic decrease in vesicle size during
the lagphase of the aggregation reaction (Paper VI).

Protein-lipid co-aggregation is expected to change the physical-chemical features
of the aggregates. As surface properties may change due to the presence of lipids,
it may also affect surface dependent mechanistic events in the aggregation process

(Paper VI).
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4.10 Are lipids taken up into amyloid aggregates during the co-
aggregation process?

Co-localization of lipids and aggregated proteins has been demonstrated for some
amyloid proteins using fluorescent lipid analogues (42, 109, 135). These studies
demonstrate the presence of lipids in the aggregates, but provide no further
molecular insight. The cryo-TEM studies in paper VI showed that lipids have an
effect on fibril morphology. The morphology of the fibrils has also been shown to
depend on the lipid system and lipid-to-protein ratio (74). Using model lipid
systems of known composition, we explored whether lipid species are taken up
during the aggregation process. The lipid systems investigated consisted of pure
zwitterionic DOPC and mixtures of DOPC with different amounts of anionic
DOPS. The total amount of co-aggregated phospholipids was determined by a
quantitative phosphorous assay (Figure 36; 74). This method is easy and fast,
although the sensitivity is low. Other methods with higher sensitivity, such as
NMR and mass spectrometry, are being pursued as I write these results.

Samples Acidic Digestion

Perchloric Acid
180°C, ~20 mins

Ammonium Molybdate
100°C,~5mins

& /
< & - @ pul

Standard [P]
Curve

Figure 36. Schematic representation of the experimental protocol for the phosphorus assay.
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To evaluate the effect of negative charge on lipid uptake during fibril formation,
vesicles containing 0, 1, 10 and 30% anionic DOPS mixed with uncharged DOPC
were incubated with a-syn (Figure 37).

1 T \,D 0,8 T
A R 0.7 B S
0,8 - L, S 7 S/ O
S 0,6 - S
% - % 05 oo
S 06+ S A s S
_E /(O' _g 0,4 - 4 ,/' 7
2 L s J = P
s 04 A E 03l S ]
5 o 5 0 K
— ’B /’ — A
S8 02 ,'j,' 8
021 . 8 i SIS
,'I,’ Qo--TOTTTTTTTT A b5) 0.1 7,‘//,@""— ]
0@’ - I I I I I 0 ! | I I I I I
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14
[Lipid ], (mM) [ Lipid ],  (mM)
--©- - Coaggregated Lipid --O-- Coaggregated Lipid
--O--Free Lipid --O--Free Lipid
- -[- - Coaggregated + Free Lipids - -[3- - Coaggregated + Free Lipids
1,4 T T 1,4 T a
C ; D ’
12+ S 12+ / b
II( II 4
. O ’ ’
~ 1k K B ~ 1 K A
= . , = S
E S & S
3 0er S TF st S :
= S = S
= Sa. 3 oo
= /9, = R
041 S R 04 S 8
. L . K [
bal LQ BRTS) S - ©
02+ 07 B 021 ,5 .7 1
P S
4 % . ,’Iﬁ o
P P ol | | | | 08" 1 I I I I I
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14
[Lipid]  (mM) [ Lipid]  (mM)
--0-- Coaggregated Lipid --©-- Coaggregated Lipid
--0- - Free Lipid --O--Free Lipid
- -[E- - Coaggregated + Free Lipids - -[- - Coaggregated + Free Lipids

Figure 37. Lipid quantification in lipid-protein co-aggregates. Vesicles containing 0% (A), 1% (B), 10% (C) and
30% (D) anionic DOPS mixed with uncharged DOPC were incubated with a-syn overnight with shaking at 37°C. Lipids
present in the pellet of the samples were quantified using the phosphorus assay and shown as co-aggregated lipid in
the figure (unpublished data).
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Well depicted is the fact that increasing negative charge, by increasing the amount
of DOPS in the DOPC-DOPS mixtures led to an increase in lipid uptake (co-
aggregated lipid traces in Figure 37). In other words, the more DOPS the more co-
aggregated lipid is present in the final aggregate. Even adding amounts as low as
1% DOPS leads to an increase in lipid uptake when compared to pure DOPC
(Panel A vs B in Figure 37). One should highlight that the method does not
distinguish between DOPC and DOPS. Two scenarios may be possible: the first
being that lipid uptake can be selective to anionic lipids; the second being that the
presence of anionic lipids are required for lipids to be taken up, but both charged
and uncharged are then present in the final co-aggregate fibril.

Conclusion

Answering the question made in this chapter, lipids are taken up into the fibrillar
structure during the aggregation process. The uptake process seems to be enhanced
with the presence of anionic lipid species.
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5.0utlook

Taking the thesis work altogether one can observe some overall trends combining
results from different studies. Here, we have investigated a-syn aggregation for
different solution conditions (varying pH and ionic strength) and also in the
presence of different catalytic surfaces (of particular relevance are seeds and
vesicles) enabling insights into nucleation. Whether this is nucleation of a
monomer on the fibril surface of the same peptide, “secondary nucleation”, or
nucleation on a catalytic surface, such as, a lipid membrane, polystyrene surface,
air-water interface or seeds of other peptides, “heterogeneous primary nucleation”.
The nucleation event may likely occur in a similar manner for some of these cases.
This does not, however, mean that nucleation may not arise by other pathways, as
suggested in Paper V. Following is an attempt to summarize some findings and
proposing overall conclusions, some of which are speculations (in need of
experiments to confirm):

1) The effect of a-syn seeds and anionic lipid vesicles was shown to trigger a-syn
aggregation by enhancing nucleation (secondary nucleation in the case of seeds
and heterogeneous primary nucleation in the case of lipid vesicles) at mildly acidic
pH. This result suggests that different surfaces may have a similar effect on the
aggregation of a-syn. In the case of anionic lipid vesicles, the catalytic ability is
dependent on protein concentration. Meaning, excess monomer in solution is
required for aggregation to be observed. Incoming a-syn in solution likely senses
similar features when in the presence of both membrane-bound a-syn and a-syn
incorporated in the fibrillar structure, which may consist of an extended
unstructured a-syn C-terminal tail (Figure 38).
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Figure 38. Schematic representation of what incoming a-syn senses in the case of membrane-bound a-syn or
a-syn in a fibril or bound to a catalytic surface.

2) The effect of salt on a-syn aggregation was investigated both in the presence of
catalytic seeds and anionic lipid vesicles at mildly acidic pH (Figure 39). Similar
trends were again observed for both catalytic surfaces, were increasing ionic
strength was shown to inhibit o-syn aggregation. One can postulate that
interactions between the positively charged N-terminal regions of a-syn monomers
and the negatively charged C-terminal tails of a-syn, decorating either fibrils or
anionic vesicles, may be critical for nucleation (Figure 38). These attractive
interactions between free and bound monomer would be screened by salt giving
rise to the anomalous salt dependence of the aggregation observed (Figure 39).
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Figure 39. The effect of ionic strength on aggregation kinetics of a-syn in the presence of different catalytic
surfaces. Aggregation kinetics of 20 uM a-syn monomer was monitored by ThT in the presence of two different
catalytic surfaces, seeds and anionic lipid vesicles, in 10 mM MES buffer pH 5.5 at 37°C under quiescent conditions
without and with added 140 mM NaCl. The figure shows median traces in bold and at least three experimental repeats
dotted (Paper VII).

3) The effect of pH on the aggregation of a-syn has also been investigated for both
catalytic surfaces. At neutral pH, both types of catalytic surfaces do not display
very strong effect on the aggregation of a-syn as compared to the situation of
mildly acidic pH. In the case of lipid vesicles, at neutral pH only certain lipid
systems purely composed of anionic lipids trigger a-syn aggregation (126).
Increasing pH makes the N-terminal part of the protein less positively charged,
and therefore less electrostatic attraction compared to mildly acidic conditions.
This is consistent with the observation that at neutral pH lower amounts of a-syn
bind to the anionic lipid systems here investigated when compared to mildly acidic
pH. At neutral pH, aggregation of a-syn in the presence of a-syn seeds is
observed. However, the aggregation mechanism is dominated by elongation
through addition of monomeric a-syn. Monomer-dependent secondary nucleation

85



at neutral pH is undetectably slow. The reasoning is likely similar to that
postulated above, less electrostatic attraction as a result of a less positively charged
N-terminal region of a-syn.

A number of new questions arise from this PhD work, such as: Does nucleation
happen at the surface? Does it involve free o-syn in transient interactions with
bound a-syn? Does it take place in connection with the exchange process between
bound a-syn and unbound relativelty unstructured a-syn? How large does the
nuclei or oligomeric species grow before they detach?
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