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Summary

Parkinson’s disease (PD) is the second most common neurodegenerative disease. In PD, ag-
gregation of the protein a-synuclein (a-syn) in the substantia nigra is the central hallmark of
pathogenesis. Therefore, understanding the aggregation process itself as well as identifying
factors that influence it is crucial. In this respect, this cumulative PhD thesis investigates the
aggregation kinetics of a-syn in dependence of several factors in a comprehensive and de-
tailed manner in four dedicated chapters.

In chapter one, the aggregation of a-syn is studied by high-resolution fluorescence mi-
croscopy. This in situ real-time analysis of aggregation lead to the detection of a stop-and-
go mechanism of fibril growth, where growth phases were consistently interrupted by stop
phases. Stop and growth phases were isoenergetic and interconverted with rate constants
k.,_ of ~1.5 x 10~*s~1. On average, a-syn fibrils grew with a growth rate of ~8.5nmmin~",
which corresponded to a growth rate constant of 8.6 x 103 M~'s~'. The development of this in
situ assay enables the detailed study of the aggregation process and factors that influence it.

Chapter two covers the influence of a covalent linkage of B1- and B2-fragments of a-syn
on its aggregation and the aggregation of amyloid- and IAPP. A covalent disulfide linkage of
B1- and B2-fragments (called a-synCC) inhibited its aggregation, both de novo and seeded
aggregation. a-SynCC also inhibited the aggregation of other amyloid proteins substoichiomet-
rically and greatly reduced cytotoxicity of a-syn, amyloid-B and IAPP in SH-S5Y5 cell culture.
The identification of this inhibitory conformation that abolishes amyloid aggregate formation
harbours great potential for the develepmont of therapeutic molecules.

In chapter three, the effect of membrane-binding on a-syn aggregation is investigated, as
a-syn is both a cytosolic and a membrane-associated protein. To mimick physiological lipid bi-
layers, we used nanodiscs (ND) composed of different lipids (different head group charge, fatty
acid type, size) framed by a membrane scaffold protein. By using several biophysical methods
we deciphered kinetic, thermodynamic and mechanistic properties of a-syn interaction with
membranes, e.g. the higher the negative charge and available membrane surface area, the
more a-syn residues were bound and aggregation was inhibited. In low membrane surface area
conditions however, a-syn aggregation was stimulated. This study provided detailed, residue-
resolved insights into membrane-binding of a-syn and concomitant aggregation behaviour.

Chapter four deals with the influence of oxidative-stress-associated dityrosine (DiY)-
crosslinking in a-syn, as increased oxidative stress is another hallmark of PD. We used
UV-irradiation-assisted DiY formation as a model system to specifically form dityrosines. a-Syn
as an intrinsically disordered protein showed a high tendency to form both intra- and inter-
molecular dityrosine crosslinks, independent from tyrosine position. Intermolecular DiY dimers
strongly inhibited both de novo and seeded aggregation of wildtype a-syn substoichiometrically.
DiY-crosslinking of preformed a-syn aggregates stabilized them against dissolution, partly dis-
solved DiY-crosslinked aggregates acted as efficient on-pathway seeds for a-syn aggregation.
This study showed that dityrosine formation can both inhibit aggregation but also stabilize toxic
aggregates of a-syn.






Zusammenfassung

Die Parkinson-Krankheit (PD) ist die zweithdufigste neurodegenerative Krankheit. Das zentrale
pathogenetische Merkmal der PD ist die Aggregation des Proteins a-Synuklein (o-Syn) in der
Substantia nigra. Das Verstandnis des Aggregationsprozesses sowie die |ldentifizierung beein-
flussender Faktoren ist somit von wesentlicher Bedeutung. Deshalb wird in dieser kumulativen
Dissertation die Aggregation von a-Syn detailliert und in Abhangigkeit zahlreicher Faktoren in
vier Kapiteln untersucht.

In Kapitel eins wird die Aggregation von o-Syn mithilfe hochauflésender Fluoreszenzmikros-
kopie untersucht. Diese in situ-Echtzeitanalyse flhrte zur Identifizierung eines "stop-and-go"
Mechanismus des Fibrillenwachstums, in welchem das Fibrillenwachstum durch Stopphasen
unterbrochen war. Die Wachstums- und Stopphasen waren isoenergetisch und wechselten
mit Ratenkonstanten von k_,_ von ~1.5 x 10~*s~". Im Durchschnitt wuchsen a-Syn-Fibrillen
mit einer Wachstumsrate von ~8.5nmmin~', dies entspricht einer Wachstumskonstante von
8.6 x 103M-'s~'. Die Entwicklung dieses in situ Assays ermdglicht die detaillierte Unter-
suchung von a-Syn-Aggregation und Faktoren, die sie beeinflussen.

Kapitel zwei behandelt den Einfluss der kovalenten Bindung zwischen den B1- und B2-
Fragmenten in a-Syn auf seine Aggregation und die Aggregation von Amyloid- und IAPP. Die
kovalente Disulfidbriicke zwischen den B1- und p2-Fragmenten (a-SynCC) verhindert de novo
und keiminduzierte Aggregation. a-SynCC inhibierte auch die Aggregation von anderen Pro-
teinen substéchiometrisch und reduzierte die Cytotoxizitat von a-Syn, Amyloid- und IAPP in
SH-S5Y5-Zellkultur stark. Die Identifizierung dieser inhibitorischen Konformation, die amyloide
Aggregation verhindert, birgt gro3es Potential bei der Entwicklung von Therapeutika.

In Kapitel drei wird der Effekt von Lipidmembranen auf die a-Syn-Aggregation untersucht.
Um physiologische Lipidmembranen nachzustellen, benutzten wir Nanodisks (ND) mit ver-
schiedenen Lipiden (unterschiedliche Ladung, Fettsduren und GréBe), eingefasst von einem
Gerulstprotein. Mithilfe von mehreren biophysikalischen Methoden wurden kinetische, thermo-
dynamische und mechanistische Eigenschaften der Interaktion von a-Syn mit Membranen bes-
timmt, z.B. je héher die negative Ladung und verfligbare Membranoberflache, desto mehr
Aminosauren von a-Syn wurden gebunden und die Aggregation war inhibiert. Eine geringe
Membranoberflache hatte einen stimulierenden Effekt auf die Aggregation. Zusammenfassend
haben wir in dieser Studie detaillierte, aminosaurespezifische Erkenntnisse in die Membran-
bindung und damit einhergehende Aggregation von a-Syn geschaffen.

Kapitel vier beschaftigt sich mit oxidativem-stress-assoziierter Dityrosinbildung in a-Syn. UV-
Bestrahlung diente als Modelsystem, um Dityrosine (DiY) spezifisch zu bilden. a-Syn als in-
trinsisch ungefaltenes Protein zeigte eine starke Tendenz, intra- und intermolekulare Dityro-
sine unabhangig von der Tyrosinposition zu bilden. Intermolekulare DiY Dimere inhibierten
die de novo und keiminduzierte Aggregation von a-Syn substéchiometrisch. DiY-verbriickte o-
Syn-Aggregate waren stabil gegentber Denaturierung und teilweise aufgeldste DiY-Aggregate
waren effiziente Keime fiir die a-Syn-Aggregation. Diese Studie zeigte, dass DiY-bildung die
Aggregation verhindert, allerdings toxische Aggregate von a-Syn stabilisiert.
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1 Introduction

1.1 Protein Misfolding Diseases

Protein Misfolding Diseases (PMDs) or amyloidoses are diseases that are caused by the mis-
folding of soluble endogenous proteins into unsoluble protein aggregates, called amyloid fibrils.
The misfolding/aggregation process is detrimental to cells in direct and indirect ways. Today,
there are around 50 different PMDs described, ranging from several neurodegenerative dis-
eases like Alzheimer’s disease (AD), Parkinson’s disease (PD) or Transmissible spongiform
encephalopathies (TSEs) to systemic amyloidoses like AL amyloidosis and localized amyloi-
doses like type Il diabetes mellitus (T2D) [1]. AD, PD and diabetes mellitus alone accounted for
~3 million deaths in 2013, constituting 5.6% of all deaths around the world [2]. In developed
high income countries, AD is mostly within the top five causes of death, which will become an
even bigger socioeconomical issue, as society ages and a therapy is not available.

In PMDs, the protein misfolding process is seen as the central causative event that initiates
pathology. This is supported by genetic studies, where mutations leading to increased produc-
tion of the protein or mutations that increase the aggregation propensity of the protein cause
early-onset or severe forms of the disease. A corresponding genetic background and amyloid
pathology has e.g. been described for AD [3], PD [4], Amyotrophic Lateral Sclerosis (ALS) [5]
and Huntington’s disease [6]. In the case of AD, this central protein aggregation process is
called the amyloid cascade and has already been formulated in 1992 by Hardy and Higgins [7].

1.2 Protein Misfolding and Amyloid Aggregation

The misfolding of endogenous proteins is a normal process that can happen during protein
folding, as there are often metastable intermediate or stable alternative protein structures on the
way to the native, functional protein. When looking at the energy landscape of protein folding,
there are often several possible structures that are energetically favorable. These structures
represent kinetic traps with a local energy minimum within the protein folding funnel (fig. 1.1) [8].
Once misfolded, proteins can either be correctly folded by the help of chaperones, or degraded
by either the ubiquitin-proteasome system or the lysosomal pathway (autophagy) [9, 10].

In PMDs, these pathways are challenged by an overproduction of aggregation-prone proteins
or by mutated proteins with a very high aggregation propensity [11]. This results in increased
aggregate and amyloid fibril formation which then further inhibits the ubiquitin-proteasome sys-
tem [12]. Misfolding and aggregate formation can either occur in highly structured proteins like
superoxide dismutase in ALS [13] or in intrinsically disordered proteins (IDPs) like a-synuclein
in PD [14].

In globular, structured proteins, complete misfolding and aggregation is often preceeded by
partial misfolding, where certain domains of the protein unfold and misfold locally, as has been
e.g. been described for human lysozyme [15]. In IDPs like a-synuclein, there is no need for
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unfolding and because of their high flexibility, aggregation-prone B-sheet structures are within
their normal transient structural fluctuations [16].
Protein misfolding and aggregation leads to
an increase in B-sheets, especially in the late
stages, when aggregated proteins form amy-
loid fibrils. The term "amyloid" has been origi-
nally coined by Rudolph Virchow in 1854, who
found dense inclusions in brain specimens
that could be stained with iodine and there-
fore called them starch-like (amyloid). In 1859,
Friedreich and Kekulé then showed that these Partilly
inclusions are composed of proteins instead . states
of carbohydrates, thereby first defining amy- gy Amorphous
loid as protein aggregates [17]. Amyloid fib- e
rils are basically arrays of B-strands that are sty
organized into B-sheet-rich fibres. It has been fibrils
proposed that amyloid formation is not a rare niramelecular contacts - Intermolecular contacts
event restricted to a few proteins, but rather  Figure 1.1: Protein folding funnel with misfolding

lematic outcomes of protein misfolding that will be

dency to form an amyloid 3-sheet structure as subjected to degradation by the Ubiquitin-Proteasome

an alternative to its native state [18]. Interest- ~ System or the autophagy-lysosome pathway. From
Hartl et al., 2011 [8].
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ingly, amyloid fibrils are not only associated
with diseases, there are several proteins that form functional amyloid fibrils, e.g. URE2p from
Saccharomyces cerevisae, Curli from Escherichia coli or Pmel17 in Homo sapiens [19].

Aggregation of a protein usually follows a nucleation-dependent polymerization process,
where the first step is the formation of aggregation nuclei that then seed the aggregation of
monomers [20]. This is a continuous process that starts with the misfolding of the monomeric
protein to an aggregation-prone conformation. Several monomers can then cluster to oligomers,
which can be quite heterogenous, with structures that are on-pathway or off-pathway to amyloid
fibrils. Certain on-pathway oligomers, e.g. called protofibrils are then highly seeding-competent
amyloid structures that can polymerize and reorganize to amyloid fibrils (fig. 1.2).

The process of aggregation from a monomer to an oligomer and finally an amyloid fibril
is called primary nucleation, as the aggregate just forms from associating monomers. There
are however two additional secondary processes which influence the aggregation kinetics of
amyloid proteins. Once the first fibrils are formed they can break, thereby creating additional
fibril ends that are accessible for elongation by monomer addition [21]. This mechanism is
called fibril fragmentation and leads to an increase in aggregation speed, as the broken fibrils
act as efficient aggregation seeds. A second process that is dependent on preformed aggre-
gates is secondary nucleation. Secondary nucleation describes when B-sheet-rich aggregates
cause the aggregation of nearby monomeric proteins by catalyzing aggregation on their surface



1.2 Protein Misfolding and Amyloid Aggregation

A Off-pathway B primary
oligomers Amyloid o nucleation
Protofibrillar fibrils @ © ® —_
oligomers
® e
On-pathway
Monomers oligomers
(@) OO @ fragmentation
o ® - o foe -
0% = g9 = £ = o ® %
® (OX© ®
Dimers
Trimers secondary

2

Figure 1.2: The amyloid aggregation process. A: Aggregation of a protein from monomer to amyloid fibril. B:
Three main processes that happen during amyloid aggregation. Blue species are non-B-sheet-rich structures (yet)
or are off-pathway aggregates, orange species are -sheet-rich and can be denoted as amyloid structures.

(fig. 1.2B). This process has been described to be the main factor governing the aggregation
kinetics of AB once enough aggregates have been formed by primary nucleation [22].

1.2.1 Amyloid Structures and Toxicity

Generally speaking, protein aggregates are detrimental to cells in indirect and direct ways. Indi-
rect toxicity arises, when the aggregation of a protein leads to depletion of the native functional
protein, which can then no longer exert its physiological function. Increased aggregation of a
certain protein can also trigger the aggregation of other aggregation-prone proteins, thereby
multiplying the detrimental effect [23, 24]. Accumulation of such protein aggregates directly
leads to proteostatic stress that compromises several organelles and cellular processes, e.g.
the ubiquitin-proteasome system [12] and the endoplasmatic reticulum (ER). ER stress causes
a build-up of unfolded and misfolded (membrane-)proteins, which then can no longer be post-
translationnally modified and/or shuttled to the cell membrane. Persistant ER stress finally re-
sults in autophagy and apoptosis [25].

Various aggregation intermediates on the pathway to an amyloid fibril have been described to
be toxic to cells. Whereas the monomeric form of an aggregation-prone protein is usually non-
toxic, already dimeric assemblies have been reported to be highly synaptotoxic, e.g. in the case
of the AD-associated protein AP [26]. Trimers of AP also greatly impair long-term potentiation
[27]. Higher number oligomers of amyloid proteins can be quite heterogenous in structure, but
many structural investigations of toxic oligomers show a dominance of B-sheets. For A, several
B-sheet-rich structures have been suggested, e.g. an antiparallel B-sheet structure, a B-barrel
conformation and, similar to amyloid fibrils, a cross-B-architecture (fig. 1.3A,B) [28-30].

Other amyloidogenic proteins like PD-associated a-synuclein or T2D-associated IAPP also
form B-sheet rich oligomeric structures on their way to the amyloid fibril [31,32]. Many of these B-
oligomers are believed to consist of B-strands arranged around central cavity, which could lead
to membrane disruption and cell death by uncontrolled ion flux. It has also been proposed that
small oligomers of amyloid proteins, that do not yet possess an extensive 3-sheet structure, can
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form annular molecules that act as unspecific ion channels within the cell membrane, thereby
causing cell death (fig. 1.3C) [33—-35].

Besides the fact that B-oligomers disrupt cell membranes, AB oligomers have also been
shown to cause synaptotoxicity by binding to membrane-bound prion protein and activating
a cascade which leads to reduced NMDA receptors on the cell surface [36]. It has also been re-
ported that AB-oligomers induce hyperphosphorylation of the microtubule-stabilizing tau protein
and subsequently cause dendritic spine loss, which is another hallmark of AD [37].
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Figure 1.3: Structures of amyloid oligomers and amyloid fibrils. A: X-ray structure of a hexameric oligomer of
a modified AB17-36 peptide from Spencer et al., 2014 [38]. B: Model of a toxic 20-meric oligomer of AB with cross-
B structure from Stroud et al., 2012 [30]. C: AFM micrographs of small pore-forming oligomers of amyloidogenic
proteins AB, IAPP and a-synuclein from Quist et al., 2005 [35], copyright (2005) National Academy of Sciences. D:
TEM (left), MAS NMR structure fitted into the cryo-EM reconstruction of transthyretinigs.115 fibrils (middle) with zoom
(right) from Fitzpatrick et al., 2013 [39].

In contrast to the heterogenous nature of amyloid oligomer structures, the structure of amy-
loid fibrils is highly similar between numerous amyloidogenic proteins [40]. Amyloid fibrils are
fibres with a diameter of around 2nm to 20 nm and a variable length, which can go up to tens
of micrometers. They usually consist of several filaments, which are twisted around each other
(fig. 1.3D). When examined by X-ray diffraction, amyloid fibrils of different amyloidogenic pro-
teins exhibit a cross-p diffraction pattern [41]. The so-called cross-p-structure of amyloid fibrils
describes a structure, where arrays of B-strands are organized perpendicular to the fibril axis,
with stabilizing hydrogen bonds between B-strands (fig. 1.3D).

Whereas amyloid fibrils have been seen as the toxic protein conformation in PMDs, this hy-
pothesis has changed somewhat in recent years, with the focus currently lying on oligomeric
aggregation intermediates. Amyloid fibrils are now often seen as the final outcome of protein
aggregation with little pathological relevance, once fibrils are deposited intra- or extracellularly
in aggresomes or large aggregates like Lewy bodies in PD or amyloid plaques in AD [1]. How-
ever, several studies point out that amyloid fibrils are also toxic. On the one hand, fibrils are
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in an equilibrium with oligomers and monomers, so they can be a source of toxic oligomers
that are dissociating from the fibril [42]. On the other hand, amyloid fibrils of a-synuclein and
huntingtin have been shown to actually be more toxic to cells than on-pathway oligomers, when
the concentration is accurately taken into account, as they cause membrane permeabilization
and apoptosis through caspase-3 activation [43]. Also, fibrils of a-synuclein, tau and superoxide
dismutase (SOD1) are able to spread between neurons, thereby triggering the aggregation of
monomeric protein and spreading disease throughout the brain [44—46].

1.2.2 Detection of Amyloid Aggregation
Dyes

The first staining and detection method for amyloid aggregates in histological specimens was
the iodine staining applied by Rudolph Virchow in 1854. lodine staining was however not spe-
cific for amyloid protein aggregates, as it is usually a staining method for starch. In 1927, Divry
and Florkin discovered an amyloid-specific staining method that is still considered the gold-
standard of amyloid staining in histological samples today, the Congo red staining [47]. Congo
red stains amyloid aggregates red and exhibits a apple-green birefringence when examined
under polarized light. Today, especially for staining and detecting amyloid aggregation in vitro,
the fluorescent dye Thioflavin T (ThT) is widely used. It was discovered by Vassar and Culling
in 1959 and has certain advantages over Congo red [48]. In contrast to Congo red, Thioflavin
T is a fluorescent dye that greatly enhances its fluorescence emission when bound to amyloid
fibrils (~100fold), which makes a laborious staining and washing procedure as well as a polar-
ized light source obsolete. When bound to amyloid fibrils, ThT also changes its excitation and
emission wavelengths, from Aex: 385 nm (free) to Aex: 450 nm (bound) and from Aem: 445 nm
(free) to Aem: 482 nm (bound), respectively.

Thioflavin T is a benzothiazole dye that can be seen as a molecular rotor, where the benzoth-
iazole and aniline moieties can rotate freely around their shared C-C bond in solution, thereby
effectively quenching fluorescence (fig. 1.4A). When ThT is bound within the cross-B architec-
ture of amyloid fibrils however, it gets locked in a planar conformation that greatly increases its
fluorescence (fig. 1.4B) [49].

Monitoring protein aggregation with Thioflavin T has become a very popular tool for in vitro
studies, as it is very sensitive and can easily be used in high-throughput screens in multi-
wellplates. The so called ThT assay has been pioneered by Harry LeVine Il in 1993 [50]. ThT
is added in concentrations of around 1 uM to 50 uM to solutions of aggregation-prone proteins
that are then subjected to specific aggregation conditions (e.g. 37 °C and shaking, low or high
pH, low or high ionic strength etc.). After a variable lag phase, where the first aggregates form by
primary nucleation, the ThT signal rises exponentially, proportional to the increase in B-sheets
until it reaches a saturation, when all monomers are aggregated to amyloid fibrils (fig. 1.4C).
ThT assays are a suitable tool to generally monitor the aggregation of a protein. It has however
its limitations, as it can only describe the complete aggregation process. For example, no in-
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Figure 1.4: Thioflavin T in its free state and bound to amyloid fibrils and ThT assay. A: Thioflavin T in its
free state. The benzothiazole and aniline moieties can rotate freely, thereby quenching fluorescence. B: Thioflavin T
bound within the cross-f architecture of amyloid fibrils. ThT can bind along surface side-chain grooves in a B-sheet.
C: Conventional ThT assay to monitor the aggregation (increase in B-sheets) of proteins. Modified from Biancalana
et al., 2010 [48].

formation on the growth kinetics of a single fibril can be retrieved. It has also been shown that
several compounds can interfere with ThT binding to fibrils [51].

Besides ThT, 8-Anilinonaphthalene-1-sulfonic acid (ANS) and 4-(dicyanovinyl)-julolidine
(DCVJ) are also used to detect amyloid aggregates in solution. ANS is a fluorescent dye which
is used to detect exposed hydrophobic patches in proteins, making it a suitable tool to detect
protein un-/misfolding and early stages of aggregation [52]. It has indeed been reported that
ANS can selectively detect toxic oligomers of AP that do not yet show a marked ThT fluores-
cence [53]. DCVJ is a molecular rotor like ThT, it can be used as a viscosity or solvent probe
and it also binds to hydrophobic patches of proteins. Similar to ANS, DCVJ has been shown to
be more sensitive for small oligomeric aggregate detection than ThT [54].

Microscopy

To gain deeper insight into amyloid aggregation kinetics on a molecular level, several micro-
scopic methods have been employed. When aggregation on a single fibril level should be mea-
sured in situ and in real-time, the measurement has to take place in a buffered solution with
free monomers. For that reason, two microscopic methods are especially suitable, atomic force
microscopy (AFM) and fluorescence microscopy. AFM is a type of scanning probe microscopy,
where a very thin cantilever tip (nanometer radius) scans a sample that has been deposited on
a planar carrier, e.g. a mica surface. Because it is not an optical method, the diffraction limit
does not have to be taken into account, so it can provide a resolution down to <0.1 nm, which is
around 1000 times lower than the optical diffraction limit [55]. As amyloid fibrils are around 2 nm
to 20 nm in diameter, AFM is suitable for imaging of amyloid aggregation. It did indeed provide
new and detailed insights into the aggregation kinetics of e.g. IAPP and a-synuclein [56, 57].
Studying amyloid formation by AFM enabled the measurement of individual fibril growth rates
(e.g. 1.1 nmmin~" for IAPP and around 10 nmmin-" for a-synuclein) as well as structural re-
arrangements and stop phases during fibril growth. Figure 1.5A shows seeded a-synuclein
growth studied by AFM.
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Figure 1.5: Monitoring amyloid aggregation by AFM and TIRFM. A: AFM images of seeded a-synuclein fibril
growth performed at 50 °C, pH 7, and 8 uM monomer concentration, individual images are 1.4 um x 1.4 um. Modified
from Hoyer et al., 2004 [57]. B: TIRFM images of seeded AP4o fibril growth performed at 37 °C, pH 7.5, 50 uM
monomer and 5uM Thioflavin T. Scale bar represents 10 um. Modified from Ban et al., 2004 [58].

Besides AFM, high-resolution fluroescence microscopy has been successfully used to study
amyloid aggregation. Total internal reflection fluorescence microscopy (TIRFM) has been
proven to be especially useful for this application. In TIRFM, the excitation laser light is com-
pletely internally reflected at the interface to the sample, thereby creating an evanescent wave
of excitation light, which only enters around 150 nm into the sample. Because of that very thin
layer of illumination, TIRFM offers a high signal-to-noise ratio (background fluorescence can
be reduced down to a factor of 2000 compared to conventional fluorescence microscopy) for
objects that are directly near the glass surface of the glass slide [59]. Naturally this requires
that fibrillation happens directly at the glass surface. The study of amyloid aggregation has
so far provided insights into detailed fibrillation kinetics of B>-microglobulin [60], AB4o [58],
glucagon [61, 62], IAPP [63] and a-synuclein in the article included in this thesis (see sec-
tion 2.1) [64]. In the TIRFM experiments, Thioflavin T was used as the amyloid staining dye for
the growing fibrils.

Alongside TIRFM, super-resolution microscopy like dSTORM has also been used to study the
fibrillation of a-synuclein [65]. In all real-time experiments, preformed fibril seeds were included
in the reaction to speed up the fibrillation procees.

1.3 Parkinson’s Disease

Parkinson’s disease (PD) is the second most common neurodegenerative disease, the lifetime
risk to develop PD is around 2% for men and 1.3% for women [66]. In 2013, 102,500 people died
of PD worldwide [2]. PD symptoms have been first described in 1817 by English surgeon James
Parkinson who termed the disease "shaking palsy" [67]. It has received worldwide attention
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by well-known sufferers like Muhammad Ali, Pope John Paul Il and Michael J. Fox, whose
foundation is one of the largest funders of PD research today.

The most characteristic symptoms of PD are four motor symptoms which are also the main
diagnostic criteria: rigor (muscle stiffness), bradykinesia (slow movement), tremor and postural
instability [68]. Alongside these motor symptoms, several non-motor symptoms like depression,
apathy and dementia are also known and common, although not as characteristic. Several
sensory problems accompany PD, e.g. olfactory dysfunction might be an early preclinical sign
of PD [69]. Sleep disorders are also very common in PD patients and greatly affect quality of
life. Strikingly, Rapid-eye-movement sleep behavior disorder (RBD) might be a very early sign
of PD patients, years before any motor deficits can be diagnosed [70].

PD pathophysiology shows a degeneration of dopaminergic cells in the substantia nigra, a
region of the midbrain that is involved in motor control and reward. Death of the dopaminergic
system and loss of the neurotransmitter dopamine leads to the characteristic motor deficits
seen in PD [71]. The loss of dopaminergic neurons in the substantia nigra can easily be seen
in post mortem analysis of a PD-patient’s brain, as the usually dark-colored substantia nigra
region is strongly destained because of the cell loss (fig. 1.6). Dopaminergic neurons are dark-
colored because of their high content of neuromelanin, a darkbrown pigment which is highly
enriched in these cells [72].

Normal Midbrain Midbrain of a PD patient

Figure 1.6: Midbrain sections of a healthy brain and a PD patient’s brain. Left side: midbrain section of a healthy
brain. Right side: midbrain section of a PD patient’s brain. Red arrows indicate the substantia nigra. Modified from
http://neuropathology-web.org/chapter9/chapter9dPD.html [73].

Parkinsons’s disease, alongside other Lewy body diseases like Dementia with Lewy Bodies
(DLB) or Multiple System Atrophy (MSA) feature intraneuronal inclusions of aggregated protein
called Lewy bodies. They are named after German neurologist Friedrich Heinrich Lewy, who
discovered these inclusions in 1912 [74]. Lewy bodies mostly consist of aggregates of a en-
dogenous protein called a-synuclein (a-syn) [75], although other proteins like the tau protein
may also be present in smaller amounts [76].
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1.4 a-Synuclein

Most cases (>90%) of PD are idiopathic, meaning that disease onset can not be traced to
a known cause like a genetic background/familial history or environmental risk factors. Around
5-10% of PD cases can be conclusively traced to monogenetic backgrounds of mutations in at
least five genes: LRRK2, SNCA, PRKN, PINK1 and PARK7 [77]. In the last years, advances
in DNA sequencing techniques and large-scale genome data analysis have revealed that there
are likely several more risk loci for Parkinson’s disease [78]. The SNCA locus codes for a- syn,
whose aggregation is heavily associated with PD (see section 1.4). Multiplications of the SNCA
locus as well as five missense mutations (A30P, E46K, H50Q, G51D and A53T) have been
found to cause hereditary early-onset forms of PD [4]. The LRRKZ2 locus codes for a protein
called leucine-rich repeat kinase 2 that phosphorylates proteins and is abundantly expressed
in dopaminergic regions of the brain. Mutations in this protein, e.g. the G2019S mutation alone
causes 4% of hereditary forms of PD and 1% of PD cases that have been denoted as idiopathic
[79]. PRKN, PINK1 and PARK7 are autosomal-recessive PD genes, which code for proteins
that are involved in the protection of neurons from oxidative stress (PARK7) and involved in
initiation of autophagy of damaged mitochondria (PRKN, PINK1) [4].

To this day, no causative therapy for PD is available, but several approaches, e.g. im-
munotherapy targeting a-syn, are currently developed [80]. Symptomatic treatment of PD is
accomplished mainly by replenishing the reduced dopamine pool in the brain. As dopamine
does not cross the Blood-Brain-Barrier (BBB) and can cause peripheral adverse side ef-
fects, the dopamine precursor Levodopa (L-3,4-dihydroxyphenylalanine) is given as a drug.
Levodopa crosses the BBB, where it is converted to dopamine by aromatic L-amino acid
decarboxylase [81]. Levodopa therapy is most effective in the first years of the disease. In later
stages, when Levodopa treatment loses its effectiveness and/or causes side effects, surgical
implantation of electrodes for Deep Brain Stimulation (DBS) can alleviate PD symptoms [82].

1.4 a-Synuclein

1.4.1 Physiological Aspects

o-Synuclein (a-syn) is an endogenous protein of 140 amino acids and 14.5kDa that is abun-
dantly expressed in the central nervous system (CNS), but e.g. also found in red blood cells,
muscle, liver, lung and heart [83]. a-Syn consists of an amphipathic, lysine-rich N-terminus
(residues 1-60), a hydrophobic, aggregation-prone middle region (NAC region, residues 61-95)
and a highly charged and flexible C-terminus (residues 96-140) [84]. Whereas the NAC re-
gion is rather uncharged at physiological pH (-1), the N-terminus carries a positive net charge
(+3) and the C-terminus a negative net charge (-12) (fig. 1.7). There are two main posstrans-
lational modifications described for a-syn, the first is that it is ubiquitously acetylated at the
N-terminus [85], the second is phosphorylation at different positions, the most frequent phos-
phorylation sites are serine 87 and serine 129 [86]. Several C-terminal truncations have been
described for a-syn, e.g. at positions 119 (aspartic acid), 115 (aspartic acid), 133 (tyrosine) or
135 (aspartic acid) [85]. Truncation of the acidic C-terminus greatly increases the aggregation
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propensity of a-syn [87]. Besides that, aggregated a-syn extracted from Lewy bodies is often
phosphorylated, poly-ubiquitinated, and glycated [83]. As the substantia nigra is a brain region
with increased oxidative (and nitrative) stress, oxidative and nitrative modifications of a-syn, es-
pecially at the four tyrosine residues (Y39, Y125, Y133, Y136), are common (see section 1.5).
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Figure 1.7: Schematic of o-syn with highlighted regions, posttranslational modifications, familial mutations
and tyrosines. Blue: Positively-charged, lysine-rich N-terminus with acetylgroup and familial PD mutations. Orange:
Aggregation-prone NAC region with phosphorylation site serine (S) 87. Red: Negatively-charged C-terminus with
phosphorylation site serine (S) 129. Tyrosines are also labelled as a reference for section 2.4.

The function of a-syn is not yet fully understood. Snca-knockout mice show a general im-
pairment in synaptic function. When hippocampal slides of Snca-knockout mice are subjected
to persistent high-frequency stimulation, the synaptic responses are impaired. As this persis-
tent stimulation depletes the pool of docked and reserve vesicles in synapses, a-syn seems
to play a role in refilling and trafficking of synaptic vesicles [84, 88]. Indeed, a-syn has been
shown to be located in presynaptic terminals, where it is associated with the synaptic vesi-
cle pool [89, 90]. Additionally, a-syn can also bind to synaptic proteins that are involved in
vesicle exocytosis, such as phospholipase D2 and RAB small GTPases [91,92]. a-Syn can
also function as a chaperone, e.g. by controlling assembly, degradation and maintenance of
the vesicle-associated soluble N-ethylmaleimide-sensitive-factor attachment receptor (SNARE)
complex [93, 94]. Besides being associated with the synaptic vesicle pool, a-syn is also asso-
ciated with mitochondria, both loss and overexpression of a-syn cause mitochondrial dysfunc-
tion [95-97]. Localization within the nucleus, the Golgi complex, the endoplasmatic reticulum
and binding to components of the cytoskeleton have also been reported for a-syn, highlighting
a complex role of a-syn both in its physiological function and in disease [83].

o-Syn is a protein that is both cytosolic and membrane-associated [83]. The cytosol-
membrane equilibrium may well be directly related to its function in vesicle trafficking, as it
has to rapidly associate with - and dissociate from membranes. In its cytosolic form, a-syn is
an intrinsically disordered protein (IDP), meaning that it does not exhibit a stable secondary
structure in solution, but rather an unfolded structure (random coil). This structural disorder is
preserved in several neuronal and non-neuronal cell types [98]. It can however form transient
structures, e.g. transient contacts between amino acids that form B-strands in a-syn fibrils [16].
Also, the formation of an N-terminal a-helix has been decribed for a-syn, especially when
o-syn is associated with lipid membranes (see subsection 1.4.2).
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1.4 a-Synuclein

1.4.2 o-Synuclein and Membranes

As mentioned before, a-syn is in an equilibrium between a cytosolic and a membrane-
associated state. This might be directly linked to its function in synaptic vesicle trafficking,
where both membrane-binding and cytosolic solubility are needed. Whereas cytosolic a- syn is
intrinsically disordered and only forms transient structural elements, the presence of lipid mem-
branes induces an oa-helical fold in a-synuclein [99]. The N-terminus and the NAC region of
o-syn contain seven imperfect repeats of an 11-residue lysine-rich sequence (KTKEGVXXXXX)
interspaced with hydrophobic residues, which can form an amphipathic, positively charged «-
helix (fig. 1.8A). Upon binding to (negatively-charged) lipid bicelles or detergent micelles, a-syn
forms an a-helix that spans residues 3 to 92. The helix is either an extended helix, e.g. when
the membrane area is large enough and not highly curved (fig. 1.8C) [100, 101], or a "bro-
ken" helix with two helices spanning residues 3-37 and 45-92, separated by a turn spanning
residues 38-44 (fig. 1.8B) [102]. This amphipathic helix of polar/charged and hydrophobic
residues is e.g. a known feature of lipid-associated apolipoproteins, supporting a-syn’s role as
a lipid-binding protein [103].
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Figure 1.8: Amphipathic repeats and o-helical structures of a-syn upon membrane-binding. A: o-Syn se-
quence with highlighted KTKEGVXXXXX repeats (underlined in blue), positively-charged lysines (red) and hy-
drophobic residues (yellow), modified from Ulmer et al., 2005 [102]. B: "Horseshoe" conformation of a-helical a-syn
with two helices, N-helix (3-37) and C-helix (45-92), separated by a short linker (38-44), modified from Ulmer et
al., 2005 and Lashuel et al., 2013 [84, 102]. C: Extended helix conformation of textalpha -helical a-syn with one
continuous helix spanning the first ~90 residues, modified from Georgieva et al., 2008, Robotta et al., 2011 and
Lashuel et al., 2013 [84, 100, 104]. N-terminus, NAC region and C-terminus are denoted as in fig. 1.7.

It has been shown that a-syn tightly binds to negatively-charged lipids like phosphatidylser-
ine, phospatidylinositol or phosphatidylglycerol and to a much lesser extend to neutral lipids
like phosphatidylcholine or phosphatidylethanolamine [105, 106]. This fits well to a largely elec-
trostatic model of binding, where the positively-charged amphipathic helix of a-syn binds to
negatively-charged lipid head groups. This is supported by the observation, that a-syn binding
to membranes can be abolished e.g. by a high ionic strength in the buffer [107]. Besides its
preference for negatively-charged lipid head groups, a-syn also preferentially binds to phos-
pholipid membranes that are in a fluid phase, e.g. lipids with long unsaturated fatty acids or
short saturated fatty acids [108]. Upon binding to liposomal membranes, a-syn is able to rear-
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range membrane organization by increasing curvature and tubule formation [109]. In a similar
manner, a-syn senses lipid packing defects in curved membranes like vesicles and reorganizes
them e.g. by membrane thinning [110].

Binding of a-syn to membranes is not only related to its native function, but also plays a role
in PD pathogenesis. Oligomeric or fibrillar a-syn has been shown to destabilize membranes,
e.g. by membrane disruption or by formation of ion pores [111, 112]. Oligomeric a-syn can
also damage mitochondria and fragment mitochondrial membranes by binding to cardiolipin,
a lipid that is part of the inner mitochondrial membrane [113]. In general, the presence of
lipids influences and modulates the diseases-associated aggregation kinetics of a-syn (see
subsection 1.4.3 and section 2.3).

1.4.3 a-Synuclein in Disease

The aggregation of a-synuclein is the central pathogenic hallmark of synucleinopathies like
Parkinson’s Disease or Multiple System Atrophy (MSA). Several studies show that a-syn ag-
gregation is a central event. Known familial mutations like A30P, E46K and A53T increase the
aggregation propensity (oligomerization and/or fibrillation) of a-syn and thereby cause early-
onset of PD [114—116]. Multiplication of the SNCA locus leading to higher a-syn expression
also causes severe, early-onset pathology [117,118]. On the other hand, an artificial muta-
tion (S87E), mimicking phosphorylation at serine 87, greatly decreases both the aggregation
propensity and the neurotoxicity of a-syn in rat brains [119].

In respect to pathophysiology, aggregation of a-syn is indirectly toxic to cells, as the aggre-
gation process depletes monomers that then no longer can fulfill their function in vesicle traf-
ficking. In general, aggregation of a-syn, analogous to other amyloid proteins, overexerts the
cellular protein degradation machinery, the ubiquitin-proteasome pathway, which finally leads
to increased apoptosis [120]. a-syn overexpression and aggregation has been shown to be
detrimental to several cell organelles, e.g. by causing severe endoplasmatic reticulum stress,
fragmenting the Golgi complex and leading to mitochondrial dysfunction [121,122]. a-Syn ag-
gregation and mitochondrial dysfunction generate oxidative stress that is also detrimental to
cells (see section 1.5). As mentioned before, several oligomeric intermediates of a-syn have
been proposed to form annular pores in the membranes, thereby disrupting ion homeosta-
sis [112,123, 124]. Fibrillar a-synuclein has also been shown to extract lipids from membranes
and form coaggregates, thereby destabilizing the membrane [125]. Rather in contrast to other
amyloid proteins, there is clear evidence for a-syn that both oligomeric aggregation intermedi-
ates as well as mature amyloid fibrils are toxic to cells. Although a-syn oligomers are difficult to
isolate and/or purify and sometimes require artificial protein sequence alteration, there is evi-
dence that oligomeric species are toxic to cells, cause oxidative stress and permeabilize mem-
branes [126—128]. On the other hand, there is substantial evidence that a-syn fibrils are toxic
to cells and also migrate through the extracellular space between neurons, thereby spreading
aggregation and disease throughout the brain [44,129, 130].
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On a structural level, aggregation leads to the formation of B-sheets in a-syn. Whereas
amyloid fibrils of a-syn exhibit a distinct B-sheet structure, oligomers show an intermediate
structure between monomers (random coil) and amyloid fibrils (B-sheets) when observed by
solid-state nuclear magnetic resonance spectroscopy (ssSNMR) [124]. Certain a-syn oligomers
have been investigated structurally, a low resolution structure of membrane-permeabilizing o-
syn oligomers has been obtained by the combination of small-angle X-ray scattering (SAXS)
and modeling (fig. 1.9A) [131]. Cryo-EM of an off-pathway, membrane-permeabilizing oligomer
showed a pore-like topology (fig. 1.9B) [128].
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Figure 1.9: Structures of a-syn oligomers and a-syn fibrils. A: Low-resolution SAXS structure of a wreath-
shaped, membrane-permeabilizing a-syn oligomer from Giehm et al., 2011 [131]. B: Cryo-EM structure of pore-like
oligomer from Chen et al., 2015 [128]. C: Distribution of B-strands in a-syn (35-100) from three different ssNMR
structural studies, Vilar et al., 2008 [132], copyright (2008) National Academy of Sciences, Comellas et al., 2012
[133] and Tuttle et al., 2016 [134]. D: Electron micrographs of two different (straight and twisted) fibrils, model of
arrangement of a-syn B-strands in a protofilament (middle) and organization of two protofilaments in a straight fibril
(left) and twisted fibril (right) from Vilar et al., 2008. E: Electron micrographs of a-syn fibrils and "greek key" model
of a-syn fibrils from Tuttle et al., 2016.

Several ssNMR studies have investigated the structure of a-syn fibrils and identified the dis-
tribution of B-strands within the fibril [132, 133, 135, 136]. Figure 1.9C shows the distribution of
B-strands from selected publications. The B-sheet fibril core of a-syn fibrils is located between
residues 35-100 in all selected publications. Whereas Vilar et al. identified five B-strands in o-
syn fibrils, Comellas et al. and the most recent and elaborate structure from Tuttle et al. contain
six B-strands, although the exact locations within the sequence vary between the different mod-
els. Vilar et al. found two fibril morphologies when screening multiple EM pictures, a straight
fibril morphology and a twisted morphology (fig. 1.9D). In the proposed model, mature a-syn
fibrils are build by two protofilaments, that are either twisted around each other or are ordered in
parallel. Each protofilament is build by one a-syn monomer per layer that connects its B-strands
with turns in an antiparallel fashion. The most recent and precise model of a-syn fibrils is shown
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in fig. 1.9E. Tuttle et al. only observed one fibril morphology by EM, the B-strands of the fibril
core are organized in a so called "greek key" motif.

Kinetics of a-Synuclein Aggregation

Aggregation of a-syn generally follows a nucleation-dependent polymerisation process, where
secondary nucleation only plays role in certain conditions (section 1.2, fig. 1.2). There are sev-
eral biophysical methods that can measure the aggregation kinetics of a-syn, e.g. ThT assays,
SAXS, quartz crystal microbalance (QCM) or dynamic light scattering (DLS) [137, 138]. To ob-
tain detailed single fibril kinetics, high resolution techniques like AFM (fig. 1.5) or TIRFM (see
section 2.1) have to be used [57,64]. The application of AFM has e.g. detected a stop-and-go
growth mechanism of a-syn fibrils, where continuous growth phases are interrupted by stop
times, during which fibrils did not grow anymore.

There are a lot of factors that influence the kinetics (and also thermodynamics) of a-syn ag-
gregation in vitro. a-Syn aggregation at physiological pH and 37 °C is markedly slower than
e.g. the aggregation of amyloid-B or IAPP when studied by ThT assays (section 2.2, [139]). The
kinetics can however be accelerated by many factors. Lowering the pH to <6 greatly acceler-
ates a-syn aggregation, as secondary nucleation becomes a substantial factor that increases
aggregation speed [138]. Increasing the ionic strength of the used buffer or addition of diva-
lent cations like Mg?*/Ca?* has been reported to increase aggregation velocity in a-syn [140].
The addition of polyvalent heavy metal ions like AI®* or Cu?* also drastically enhanced ag-
gregation speed [141]. Analogous to the effect of polyvalent cations like Mg?* and A3+, poly-
cationic molecules like putrescine or spermidine distinctly accelerate a-syn aggregation [142].
The stimulatory effect of cations or low pH (increase in H3O") highlight the inhibitory effect of
the negatively-charged C-terminus on a-syn aggregation - when the negative charges at the C-
terminus get neutralized, the aggregation velocity increases substantially. This is confirmed by
the observation, that a-syn lacking the highly acidid C-terminus (o-syn4.19g) aggregates much
faster than the wildtype protein, aggregation speed of this mutant is also independent from the
addition of cations [87].

As mentioned before, lipids and membranes have a marked effect on the aggregation of a-
syn. Whereas neutral phospholipids do not exert a strong effect on a-syn aggregation, highly
negatively-charged membranes strongly inhibit the aggregation of a-syn, when the lipid-to-o.-
syn ratio is high (see section 2.3). On the other hand, with lower lipid-to-a-syn ratios, negatively-
charged membranes can stimulate the aggregation of a-syn by increasing primary nucleation
(see section 2.3 and [107]). Studies using small unilamellar vesicles (SUVs) shed light on the
influence of several lipids in respect to lipid head group and fatty acid type on the aggregation
of a-syn [108]. It has e.g. been shown that a-syn aggregation is stimulated the most in the
presence of (negatively-charged) lipids with short saturated fatty acid chains like lauric acid
(12:0) and myristic acid (14:0) in the fluid phase.

Oxidative modifications of a-syn have also been reported to influence the aggregation kinet-
ics of a-syn in different ways (see section 1.5 and section 2.4).
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1.5 Oxidative Stress in PD

Besides a-syn aggregation, oxidative stress (OS) is another hallmark of Parkinson’s disease,
as it is highly increased in the substantia nigra [143]. The substantia nigra naturally is a brain
region of increased OS for several reasons. Its high dopamine content is a source of oxidative
stress, as dopamine metabolism generates reactive oxygen species, both the deamination of
dopamine by monoamine oxidase as well as its autooxidation produce H,O,, superoxide (O5")
and hydroxyl ("OH) radicals [144, 145]. Additionally, the substantia nigra contains high amounts
of iron (Fe* and Fe3*) which catalyzes the production of reactive oxygen species (ROS) from
H-O. via the Fenton reaction in a cyclic process [146].

Mitochondrial dysfunction is a major source of increased ROS production and has been
identified as a critical element in the pathogenesis of PD [147]. Mitochondria naturally produce
ROS, e.g. the superoxide anion, as a byproduct of the electron transport chain across complex
| to IV. This ROS production can be highly elevated in PD, when complex | is inhibited or
deficient and electrons are transferred onto oxygen instead of ubiquinone [148]. The direct link
between complex | inhibition and PD can be seen in an inducible PD model: the (unintentional)
administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), originally an unwanted
byproduct of meperidine analogue synthesis, causes PD symptoms and classical PD pathology
i.e. cell death in the substantia nigra, although without without Lewy body pathology. MPTP
localizes to mitochondria and has been indentified as a potent complex I inhibitor. This specific
action of MPTP has made it a drug-inducible animal model for PD [148, 149].

There are also several genetic links between mitochondrial dysfunction/oxidative stress and
PD [4]. Loss-of-function mutations in the genes PRKN, PINK1 and PARK7 cause early-onset
PD. PRKN and PINK1 code for the proteins PTEN-induced protein kinase 1 and parkin (RBR
E3 ubiquitin protein ligase). These proteins are involved in mitochondrial quality control, as
they initiate the degradation of damaged mitochondria. PINK1 senses mitochondrial stress and
damage and subsequently recruits parkin to the mitochondrion. Parkin then polyubiquitinates
several mitochondrial proteins, thereby tagging the mitochondrion to be degraded by the protea-
some and macroautophagy [150]. PARK7 codes for the protein DJ-1, which is directly linked to
prevention of OS. DJ-1 is a neuroprotective, anti-oxidant, anti-apoptotic and anti-inflammatory
protein that e.g. directly quenches ROS and acts as a molecular chaperone [151]. Overexpres-
sion of DJ-1 e.g. protects from MPTP-induced PD, whereas DJ-1 knockout or loss-of-function
mutations increases susceptibility to oxidative stress and finally causes degeneration of nigral
cells and PD [147]. Mutations in LRRK2 that codes for leucine-rich repeat kinase 2 are among
the most frequent familial mutations found in PD, most of which are gain-of-function mutations
that increase kinase activity of LRRK2 [152]. LRRK2 is a cytosolic protein, but is also known
to associate with the outer mitochondrial membrane. Overexpression of LRRK2 and expres-
sion LRRK2-mutants with increased kinase activity have been shown to lead to an increase in
oxidative-stress mediated cell death [153, 154].

o-Synuclein is also involved in PD-associated OS in a diverse fashion. Aggregation of a-syn
directly causes oxidative stress in several ways. For example, overexpression of a-syn causes
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increased ROS production and cell death in SH-S5Y5 cells [155]. Additionally, when a-syn can
no longer exert its function in vesicle/neurotransmitter recycling and trafficking e.g. due to ag-
gregation, cytosolic dopamine content and metabolization, being a source of ROS, increases.
Increased cytosolic dopamine content and subsequent OS is also a result of pore-forming a-syn
aggregates that permeabilize vesicles [147, 156]. Besides that, a-Syn can also localize to the
inner mitochondrial membrane, where it inhibits complex | and releases cytochrome ¢, both re-
sulting in increased OS [157]. a-Syn (aggregation) also directly recruits and activates microglia
that actively produce ROS and cause OS, thereby promoting neuroinflammation [158].
On the other hand, oxidative (and nitra-

tive) stress has also been reported to pro- (Sene mutations. |
mote a-syn aggregation [159]. Oxidative —

adducts of a-syn protofibrils with dopamine COF ) (Eele
were shown to possess a high kinetic sta- i go ATvgamiodts
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tein [161, 162]. An aggregate-stabilizing ef- <O L_Z‘\/«'\.\/\if‘:?
fect of oxidative crosslinking of a-syn fibrils
has also been reported [163].

Taken together, these findings suggest
that oxidative stress and a-syn aggregation
act together in a vicious cycle that further Figure 1.10: Oxidative stress in PD. Various pathways

. that produce ROS and lead to oxidative stress in PD. From
accelerates neurodegeneration in the sub-  pjas et al,, 2013 [147].
stantia nigra. A summary of oxidative stress
pathways in PD is shown in fig. 1.10. Oxidative stress in general is harmful to cells in many
ways, as ROS react with biomolecules leading to lipid peroxidation, DNA damage and crosslink-

ing (e.g. by dityrosine formation) and fragmentation of proteins (see subsection 1.5.1 and [147]).

1.5.1 Dityrosine Formation

Oxidative stress can lead to several reversible and irreversible protein modifications. Reac-
tive oxygen/nitrogen species can e.g. oxidize methionine residues, lead to polypeptide back-
bone cleavage, form protein carbonyls, modify tryptophan and tyrosine residues to nitrotryp-
tophan or nitrotyrosine and crosslink proteins by the formation of dityrosines [164]. Dityrosine
is a covalent adduct of two tyrosine residues, where a covalent bond forms between the two
phenol moieties as a result of hydrogen abstraction and can be used as a marker for oxida-
tive stress [165, 166]. Hydrogen abstraction and subsequent dityrosine formation can either
be initiated by reactive oxygen species or by electron ejection through UV-irradiation of about
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280 nm [167]. The ejected electron is usually transferred to O,, thereby forming the superoxide
anion O, ™. Hydrogen abstraction in tyrosine leads to the formation of a tyrosyl radical that can
either react with superoxide back to tyrosine, form tyrosine hydroperoxides with superoxide and
H* or, when two tyrosyl radicals come together, form dityrosine [165]. The reaction of tyrosine
to dityrosine proceeds through four steps: 1) tyrosyl radical formation though H*-abstraction,
2) radical isomerization from O® to ‘C, 3) two tyrosyl radicals form a covalent 3-3’-bond, 4)
dityrosine enolization (fig. 1.11) [166].

Tyrosine Radical Isomerization 3,3‘-Dityrosine
O__OH Oy -OH HO _ O O -OH HO_ _O O.__OH
NH, 2 NH, HoN NH, HoN NH,
H+- . Radical O ‘ Enolization O O
abstraction Recombination HH
OH L O o o] OH OH

Figure 1.11: Reaction scheme of dityrosine formation. The reaction from tyrosine to 3,3’-dityrosine can be
divided into four steps: 1) H"-abstraction, 2) radical isomerization, 3) radical recombination of two tyrosyl radicals,
4) dityrosine enolization.

The formation of dityrosine (DiY) due to oxidative stress has been studied for several pro-
teins like calmodulin, insulin, B-casein, bovine serum albumin and B-lactoglobulin [168—171].
Crosslinking between two tyrosine residues have been reported to occur both intra- and inter-
molecularly, the latter leading to protein DiY dimer formation. In flexible and rather unstructured
proteins like B-casein, dityrosine formation is favored, as close contact of two tyrosyl radicals
is more probable. In globular proteins like B-lactoglobulin, reaction of a tyrosyl radical to 3,4-
dihydroxyphenylalanine (DOPA) is favoured, as it is more unlikely that two tyrosyl radicals are
unlikely to find each other [171]. DOPA is the product of the reaction of one tyrosyl radical with
a hydroxyl radical [172].

Dityrosine has unique spectral characteristics that differ from tyrosine, therefore its formation
can be studied by the change in fluorescence emission of a solution. At neutral pH, dityro-
sine has two excitation maxima at 283 nm (unionized form) and 315 nm (ionized form) and an
emission maximum of 409 nm [165]. These spectral characteristics also allow that dityrosine
formation can be initiated by UV-irradiation at 280 nm and traced/verified simultaneously in a
single experimental setup (see section 2.4).

Dityrosine-crosslinking has been studied mechanistically with tyrosine and in proteins like
calmodulin, insulin and milk proteins, but it has also been studied in aggregation-prone proteins
like amyloid-B and a-syn. In the brain, both amyloid-B and a-syn aggregates (amyloid plaques
and Lewy bodies) can be co-stained with an dityrosine antibody, indicating that dityrosine for-
mation is a process that happens naturally during pathogenesis of AD and PD [163,173]. In
the case of amyloid-B, oxidative-stress-induced DiY dimer formation has been reported to in-
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crease the aggregation propensity of the protein and stabilize already formed aggregates in
vitro [173]. For a-syn, various oxidative stress conditions have been used to form dityrosines
and/or nitrotyrosine, e.g. incubation with tris-(bipyridine)ruthenium(ll) chloride/ammonium per-
sulfate, peroxynitrite/CO», CuCl,/H>O,, cytochrome ¢/H>O, or just prolonged incubation of
the protein [161, 162, 174—176]. Dityrosine formation in a-syn has been reported to either in-
crease aggregation propensity or decrease aggregation propensity, depending on the prepara-
tion method, and to stabilize preformed fibrils. In section 2.4, the influence of DiY formation in
a-synuclein on its aggregation kinetics is covered in detail.

1.6 Aim of This Work

Aggregation of a-synuclein is a central hallmark of Parkinson’s disease. The prevention or
modification of a-syn aggregation is therefore a central target for the development of causal
therapies for PD [177]. In this respect it is crucial to study the aggregation process itself and
factors that influence aggregation kinetics in detail, both for the fundamental understanding
of protein aggregation and to identify molecular starting points to develop efficient therapeu-
tics. In this thesis, the aggregation process of a-syn is studied on a single molecul level by
high-resolution TIRF microscopy. Besides that, several factors that influence the aggregation
process of a-syn are investigated: 1) the influence of contacts between B1 and B2 fragments
of a-syn, 2) the influence of different membrane environments and lipid binding and 3) the in-
fluence of oxidative-stress-associated dityrosine formation on a-syn aggregation kinetics (and
thermodynamics). As this thesis is a cumulative thesis, it comprises four chapters that describe
several aspects of a-syn aggregation as single publications.

In section 2.1, the aggregation process of a-syn is studied in detail on a single molecul level
with high-resolution TIRF microscopy. The application of this technique to study aggregation
of amyloid proteins has been pioneered by Ban and coworkers in 2003 and e.g. provided in-
sights into the aggregation process of B2-microglobulin and amyloid-B1.4¢ [58,60]. We apply this
technique to study the aggregation process and kinetics of a-syn on a single aggregate/fibril
level, thereby deciphering mechanistic features of a-syn aggregation and determining essential
kinetic parameters of a-syn fibril growth.

In section 2.2, the influence of a covalent disulfide linkage of the 1 and pB2-fragments of
a-syn (see fig. 1.9C) on the aggregation kinetics of a-syn and also on other amyloidogenic
proteins, IAPP and AR, is examined. It has been shown before, that a B-wrapin affibody protein
binds a-syn and thereby inhibits its aggregation substoichiometrically [178]. When bound within
a B-wrapin, a-syn adopts a structure that features contacts between the 1 and B2 fragments
of a-syn that usually form B-strands in the amyloid fibril.

In section 2.3 we elucidate the effect of membrane environments, i.e. nanodiscs on the ag-
gregation of a-syn. Nanodiscs are small patches of planar lipid bilayers that are packed into a
lipodisc by a membrane scaffold protein. As a-syn is also a membrane-associated protein (see
subsection 1.4.2), studying the influence of lipid bilayers on a-syn aggregation is crucial. In
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this publication we evaluate the binding of a-syn to nanodiscs of different charge contents and
fluidity in a residue-resolved way and correlate these results with the aggregation propensity of
the protein and propose models for a-syn-nanodisc binding and lipid-associated aggregation.

Section 2.4 focusses on the influence of oxidative-stress-associated dityrosine-crosslinking
in o-syn on its aggregation propensity. Oxidative stress is another hallmark of PD besides a-syn
aggregation. In oxidative stress conditions, tyrosyl radicals are formed that can subsequently
form a covalent dityrosine crosslink, when two tyrosyl radicals find each other. In this publication
we study dityrosine formation in a-syn by UV-irradiation and a fluorometric assay, compare
intra- and intermolecular dityrosine crosslinks and their effect on a-syn aggregation. We also
study the effect of dityrosine crosslinks on preformed a-syn aggregates.
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2.1.2 Abstract

Neurodegenerative disorders associated with protein misfolding are fatal diseases that are caused by
fibrillation of endogenous proteins like a-synuclein (a-syn) in Parkinson’s disease (PD) or amyloid-§ in
Alzheimer’s disease. Fibrils of a-syn are a major pathological hallmark of PD and certain aggregation
intermediates are postulated to cause synaptic failure and cell death of dopaminergic neurons in the
substantia nigra. For the development of therapeutic approaches, the mechanistic understanding of the
fibrillation process is essential. Here we report real-time observation of a-syn fibril elongation on a glass
surface, imaged by total internal reflection fluorescence microscopy using Thioflavin T fluorescence.
Fibrillation on the glass surface occurred in the same time frame and yielded fibrils of similar length as
fibrillation in solution. Time-resolved imaging of fibrillation on a single fibril level indicated that a-syn fibril
elongation follows a stop-and-go mechanism, i.e. fibrils either extend at a homogenous growth rate or
stop to grow for variable time intervals. The fibril growth kinetics were compatible with a model featuring
two states, a growth state and a stop state, which were approximately isoenergetic and interconverted
with rate constants of ~1.5 x 10~*s~'. In the growth state, a-syn monomers were incorporated into the
fibril with a rate constant of 8.6 x 103 M-"s~'. Fibril elongation of a-syn is slow compared to other
amyloidogenic proteins.
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2.1.3 Introduction

Protein misfolding diseases are fatal disorders that include neurodegenerative diseases like
Parkinson’s disease (PD) or Alzheimer’s disease (AD). These diseases are caused by misfold-
ing and aggregation of endogenous proteins into amyloid fibrils. This process can either start
from mainly disordered proteins, like a-synuclein (a-syn) [84], or highly structured proteins like
lysozyme that undergo partial unfolding [179]. Aggregation of such disease-associated pro-
teins usually follows a nucleation-dependent polymerization process, starting from monomers
that first assemble into oligomeric fibrillation nuclei. Further polymerization occurs by monomer
addition, resulting in protofibrils and mature amyloid fibrils as found in amyloid deposits like
Lewy bodies in PD or amyloid plaques in AD [1,75, 180, 181]. The primary nucleation step
is bypassed in the presence of preformed fibrils, which serve as seeds for the conversion of
monomers from the soluble to the fibrillary state [20, 44].

In PD, the deposition of a-syn aggregates is the major pathophysiological hallmark [84]. a-
Syn is a 14.5kDa protein mainly found in the central nervous system [89]. Studies have shown
that a-syn plays a crucial role in synaptic trafficking. Both the knockout and the overexpression
of a-syn, respectively, lead to synaptic failure, thus supporting its role in neurotransmitter traf-
ficking [88,182]. During progression of PD, fibrillar aggregates of a-syn accumulate in the brain,
predominantly in the substantia nigra, coinciding with the loss of dopaminergic neurons [156].
The resulting deficiency of the neurotransmitter dopamine leads to the characteristic symptoms
of PD including bradykinesia, rigor, and tremor [183]. Certain fibrillation intermediates of a-syn
are neurotoxic, e.g. by an amyloid pore forming mechanism [112]. Additionally, mature a-syn
fibrils are proven to be detrimental to cells as they provide a source of neurotoxic oligomers [42]
and spread disease between neurons [44].

Studying the fibrillation process of amyloid proteins has long been and still is of great im-
portance, both for the development of reliable and early stage diagnostic methods, and for the
identification of compounds that interfere with the protein misfolding process. The fluorescent
dye Thioflavin T (ThT) is often used to measure amyloid fibrillation in vivo and in vitro [48]. ThT
binds amyloid fibrils with a Kp ranging from 0.033 uM to 23 uM, depending on the fibril form-
ing protein [184], and exhibits a hundredfold increase in fluorescence emission at ~485nm
when bound within the cross-B-sheet architecture of amyloid fibrils. Usually, ThT assays are
conducted in solution with agitation throughout the experiment [50]. The resulting fluorescence
curve reflects fibrillation within the whole sample as an integrated value. Due to the exper-
imental setup, no information on the single aggregate or fibril morphology can be obtained.
Furthermore, the determined fibrillation kinetics only reflect the mean situation of an ensemble
of molecules in different assembly states. Kinetic information on the single fibril level cannot
be attained. To gain a deeper insight into the aggregation mechanism at the molecular level,
the application of high resolution imaging techniques which allow for monitoring the elongation
of single fibrils has proven successful in order to gain a deeper insight into the aggregation
mechanism at the molecular level [56,59].
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Combination of ThT staining with total internal reflection fluorescence microscopy (TIRFM)
was pioneered by Ban et al. [60]. This method provided kinetic insights on a single fibril level
into fibrillation of the amyloidogenic proteins p2-microglobulin [60], amyloid-p40 (AB40) [58],
glucagon [61,62], and amylin [63]. Here we report the direct observation and kinetic analysis
of a-syn fibril growth that is associated with PD, studied by TIRFM.

2.1.4 Results
Direct Observation of a-Syn Fibrillation by TIRFM

The fibrillation of a-syn was monitored in the presence of seeds prepared by sonication of
preformed fibrils. Seed particles were imaged by atomic force microscopy (AFM) as bundles
of short (length <200 nm) fibrils (fig. 2.6) and therefore contained multiple potential fibrillation
sites. Direct observation of a-syn fibril elongation was performed on conventional 130 um to
160 um thick glass carriers, covered with a smaller coverslip and sealed with wax (valap) to
prevent evaporation. Images from seven different positions were taken every ten minutes for
40 h. The obtained images from these seven positions did not show any significant difference in
terms of fibrillation kinetics, fibril morphology and seed distribution. Images of fibril elongation
from an individual fibril seed are shown in fig. 2.1.

Figure 2.1: Direct observation of a-syn fibril growth by TIRFM. Time series of TIRFM images of a 160 uM
solution of monomeric a-syn in the presence of 15ugmi~' seeds and 7 uyM ThT. Excitation of ThT fluorescence with
405 nm laser, filtering of fluorescence emission through a 450/50 bandpass filter. Scale bar: 2 um.

A time lapse video of the elongation of multiple fibrils is provided in the Supplemental Ma-
terials. Figure 2.2A shows the elongation of a single fibril. The background fluorescence is
sufficiently low to allow determination of the time course of fibril length.
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Kinetics of the Elongation of Single o-Syn Fibrils Studied by TIRFM

For the analysis of fibrillation kinetics, the time-dependent length of 25 individual fibrils was
studied. Final fibril lengths were ranging from ~4 pm to ~9 um with most fibrils having a length
of around 7 um after 40 h of fibrillation (fig. 2.3A). Fibril elongation was not a continuous process
but a combination of growth states and stop states (fig. 2.2B, fig. 2.3A).
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Figure 2.2: Elongation of an individual fibril and identification of stop states. A: Elongation of a single fibril
(f7). Experiment time and corresponding length are indicated above, detected stop states are designated by a
red line beneath the images, scale bar: 1 um. B: Corresponding length measurement of {7 over time. Stop states
were defined as periods with growth rates <2nmmin™', a value approximately corresponding to the error of length
determinations. The three stop states detected during elongation of {7 are indicated by a red line.

length [um]

This stop-and-go mechanism of amyloid fibril elongation has been observed before [57, 58,
62, 185]. To depict growth and stop states accurately, the fibril length was measured approxi-
mately every 30 min to 60 min during growth states and less frequently during stop states. More
frequent sampling did not provide additional information due to the limited pixel resolution of the
TIRFM images. Growth rates (g) were determined as the increase in length from the previous
time point divided by the measurement time between the two time points (fig. 2.3B).

During growth states, most fibrils were growing with a growth rate g of about 4 nmmin~' to
12nmmin~' (fig. 2.3B). The mean rate of a-syn fibril elongation proved to be 8.5 4 3.7 nm min~"
(table 2.1). The growth rate of individual fibrils exhibited a high inter- and intrafibrillar variability
over time (fig. 2.7), the mean growth rate, however, did not change significantly during the
experiment (fig. 2.3B). A growth rate of ~8.5nmmin~'! corresponds to the addition of ~1.2 a-
syn monomer to the growing fibril per second, assuming a structure of a-syn fibrils as proposed
by Vilar et al. [132] and a distance of 0.47 nm between B-strands in an amyloid fibril [186].
Vilar et al. suggest that mature a- syn fibrils consist of four protofilaments twisted around each
other, with each protofilament comprising a single a-syn molecule per B-strand layer, which is
equivalent to 8.5 monomers per nm fibril length. Addition of 1.2 a-syn monomers per second
corresponds to a rate constant of fibril elongation ko, 0f 8.6 x 103 M~1s~', assuming an average
monomer concentration of 140 uM during the 40 h experiment time (see below and fig. 2.5B).
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Figure 2.3: Time dependence of fibril lengths and growth rates. A: Time courses of the elongation of ten different
fibrils (f1-10) B: Growth rate plot of 25 fibrils, calculated by the increase in fibril length compared to the previous
measurement divided by the time interval between the two measurements. Growth rates <2nmmin~" were in the
range of the detection limit and were assigned to stop states (red circles). The dashed line indicates mean growth
rates, binned to an interval of 2h. The mean growth rate after 34 h was not determined as there were too few events.

The single fibril growth kinetics data was analyzed with a two state model featuring a growth
state and a stop state which interconvert with rate constants k_ and k., respectively, previously
applied to fibril elongation data of AB [185] and glucagon [62] (fig. 2.4A). Growth state (fig. 2.4B)
and stop state (fig. 2.4C) length distributions were plotted and fitted by a monoexponential
decay function to determine k_ and k,.

Stop and growth states populated at the end of the experiment were excluded from the anal-
ysis, as (i) only a lower limit of their lengths could be specified, and (ii) during the apparent stop
states that were not followed by a growth phase, fibril elongation might have proceeded unno-
ticed outside of the TIRFM focal plane. With a k_ of 1.63 x 10~*s"and a k, of 1.27 x 104571,
the frequency of entry into a stop state or reentry into the growth state was similar.

Consequently, the probabilities of being in the growth state, p,, or in a stop state, p_, de-
termined from the single fibril elongation curves, were both around 0.5 during most of the ex-
periment time (fig. 2.8). Whereas the monoexponential fit to the growth state length distribution
is of high quality (R = 0.998), the stop state length distribution is not fitted perfectly by a mo-
noexponential decay (R = 0.976). A possible explanation would be the existence of different
stop states with individual constants k. of reentry into the growth state (fig. 2.9). The obtained
kinetic parameters of a-syn fibril growth are summarized in table 2.1.

Comparison of Single Fibril Monitoring with Fibrillation in a Test Tube

To compare the real-time monitoring experiment in immediate proximity to the TIRFM glass
surface with seeded fibrillation of a-syn in bulk solution, fibrillation reactions were performed in
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Figure 2.4: Two-state model of a-syn fibril elongation. A: The fibril can adopt a growth state or a stop state which
interconvert with rate constant _ and k.. Fibril elongation occurs in the growth state with rate constant kon. B, C:
Distributions of the lengths of growth states (B) and stop states (C) (black lines). The number of states was plotted
against the minimal length of these events. To determine k_ and k., the plots were fitted by a monoexponential
decay function (red lines). R? was 0.998 for (B) and 0.976 for (C).

test tubes under identical conditions (identical protein and seed concentrations, no agitation,
25°C). After 0h, 24 h, 48h and 72 h, samples were taken and imaged by TIRFM (fig. 2.5A).

As in the real-time monitoring experiment, concentrations of 15pugmi~! a-syn seeds and
160 uM monomeric a-syn substrate was effective in triggering fibrillation on the time scale of
hours to days. Seeds of a-syn were observed as accumulations of individual fluorescent par-
ticles when stained with the amyloid-specific dye ThT. The accumulation of seed particles is
probably due to drying of the sample, as it was not observed in the real-time experiment. Com-
parable to the in situ experiment, fibrils grew beam-like in all directions with the seed being
the center, as expected for seed particles comprising multiple active fibrillation sites (fig. 2.6).
Fibrillation was clearly visible after 24 h with fibril lengths of around 6 um (fig. 2.5A). After 48 h,
fibrils had reached lengths of up to ~10 um, which is comparable to the in situ experiment.

In parallel to TIRFM, the fibrillation in test tubes was monitored by determining the depletion
of soluble a-syn. The test tube samples were centrifuged at 100000 g for 1 h at 4°C to pellet

Table 2.1: Estimated kinetic parameters for a-syn fibril growth.

Parameter Value Standard Deviation
Rate of transition k. (s™" 1.27 x 107 +0.36 x 107°
into growth state
Rate of transition k_ (s 1.63 x 107 +0.15 x 1078
into stop state
Probability of p: (3-30 h) 0.48 +0.12
growth state
Probability of p— (3-30 h) 0.52 +0.12
stop state
Fibril growth rate g (nm min~") 8.5 3.7
Fibril elongation Kon (M1 s™1) 8.6 x 10° +3.7 x 10°

rate constant
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Figure 2.5: Seeded fibrillation of o-syn in a test tube. The test tube experiment was performed under the same
conditions as the real-time TIRFM experiment. A: Aliquots (5 pl) were withdrawn after the indicated times, dried out
on a glass slide, and imaged by TIRFM. Scale bar: 10 um. B: a-Syn concentration in the supernatant after 100 000 g
centrifugation of test tube samples plotted over incubation time.

fibrils. The a-syn concentration in the supernatant was measured by spectrophotometry and
plotted over time (fig. 2.5B). The concentration of soluble a-syn decreased only slowly from an
initial value of 160 uM to 115 uM after 72 h of fibrillation.

In conclusion, the test tube fibrillation data agrees with the real-time monitoring data that
a-syn fibril elongation is rather slow under the applied conditions, occurring on the time scale
of hours to days.

2.1.5 Discussion

In this study we report the direct observation of a-syn fibrillation in real-time and the analysis of
fibrillation kinetics at the single fibril level imaged by TIRFM.

The analysis of a-syn fibrillation kinetics revealed a stop-and-go mechanism for fibril elonga-
tion, which is in accordance with previous studies on other amyloidogenic proteins, such as Ap
and glucagon [57, 58, 62, 185]. The fibril elongation kinetics were compatible with a two-state
model featuring a growth state and a stop state. The probabilities of being in the growth state or
the stop state are very similar, i.e. the growth state and the stop state are approximately isoen-
ergetic. The interconversion between the states occurs with rate constants of ~1.5 x 10~*s".
Very similar rates were reported for the stop-go transition of glucagon fibrillation [62], indi-
cating a common physical origin of the stop-and-go fibrillation mechanisms of different amy-
loidogenic proteins. Previous suggestions to explain the occurrence of stop states comprise
growth-inhibiting interactions of the fibril with physical obstacles [58] and surfaces [57, 185], as
well as transitions between templating-competent and templating-incompetent conformations
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at the fibril ends [185, 187]. Templating-incompetent conformations could result from incorrect
attachment or incorrect conformational conversion of monomers or oligomers at the growing
fibril end. To explain the long duration of stop states, the dissociation or reconversion rate of the
incorrectly attached unit would need to be sufficiently low [65]. In this context it is worth noting
that different regions of the conformational space of amyloid-like structures are separated by
significant energy barriers [42]. For example, the rates of dissociation of monomers or soluble
oligomers from amyloid fibrils or protofibrils are frequently on the order of or below the stop-go
transition rate reported here [188—190].

During growth states, the average fibril growth rate was 8.5 nmmin=", corresponding to a rate
of monomer addition of ~9 x 103 M~"s~". a-Syn fibril growth rates of 10 nmmin-" (average in-
cluding stop phases) [57] or between 0 nmmin~" and 6 nm min~" [65] were reported previously
based on in situ AFM or two-color direct stochastic optical reconstruction microscopy data,
respectively. The data sets cannot be compared directly due to differences in experimental
conditions that are expected to affect the fibrillation kinetics (e.g. protofibril vs. fibril elongation,
pH, temperature). However, the data consistently demonstrate a low elongation rate of a-syn
in comparison with other amyloidogenic polypeptides. For example, fibril growth rates of AB40
and glucagon are approximately one order of magnitude higher at similar temperatures and
slightly lower monomer concentrations than those used here [58,62,191]. Similarly, 8-fold and
20-fold higher elongation rate constants were determined for B2-microglobulin and the yeast
prion protein Sup35, respectively [21,192]. a-Syn is a comparatively long amyloidogenic pro-
tein [193] with a stretch of ~70 amino acids that has to be incorporated correctly in an in-register
format into the fibril core [132, 194]. The length of the polypeptide chain might be a factor lim-
iting the elongation rate, considering the rugged energy landscape at the monomer-fibril inter-
face [195, 196]. A further characteristic of a-syn is its highly acidic C-terminus. Electrostatic
repulsion between the C-termini of a-syn molecules at the fibril end likely reduces the rate of
fibril elongation. This is supported by the strong inhibiting effect of the C-terminus on de novo
fibrillation [87,197].

2.1.6 Materials and Methods
Fibrillation of «-Syn and Preparation of Fibril Seeds

o-Syn was recombinantly expressed in Escherichia coli and purified as previously described [140]. Af-
ter purification, o-syn was dialyzed against 20 mM 2-(N-morpholino)ethanesulfonic acid (MES) bulffer,
pH 6.0. Protein concentration was measured by UV/VIS-spectroscopy. a-Syn fibrils were prepared as
follows: 300 pl of 150 uM a-syn diluted in 20 mM MES, pH 6.0 with 0.02% sodium azide (NaN3) were
incubated at 300 rpm and 37 °C for five days in a 2ml glass vial containing a magnetic stir bar. Samples
of the a-syn fibrillation reaction were taken after different time points followed by addition of 5uM ThT
and imaging by TIRFM to confirm the presence of amyloid fibrils. For the preparation of fibril seeds, the
fibril solution was diluted twentyfold (5 pl in 100 pl) in 20 mM MES buffer pH 6.0 in PCR tubes. The PCR
tube was then transferred to an ultrasound bath (Bandelin Sonorex RK100H, Bandelin electronic) and
sonicated twice for 10 min. Seed solutions were stored at 4 °C for a maximum of one week.
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Cleaning of Glass Slides and TIRFM

Glass slides for imaging of the seeded fibrillation samples and for the direct observation of fibril elonga-
tion were Menzel-Glaser coverslips #1 (0.13 mm to 0.16 mm thickness, hydrolytic class 1), 25 x 60 mm
coverslips as carriers and 18 x 18 mm coverslips as covers (Gerhard Menzel GmbH, Braunschweig).
Coverslips were cleaned by 45 min sonication in an ultrasound bath (Bandelin Sonorex RK100H, Ban-
delin eletronic) at 60 °C in a container with 2% Hellmanex Il solution (Hellma). Afterwards, the coverslips
were thoroughly rinsed in Milli-Q H,O (~ten times) and subsequently stored in absolute ethanol. Prior
to use, absolute ethanol was evaporated under a nitrogen stream.

TIRFM was performed on a Leica AF6000LX inverted microscope with a HCX PL APO 100x 1.47 oil
objective and a Hamamatsu C9100-02-LNK0OO EM-CCD camera (objective-style TIRFM). A 405 nm laser
diode was used for the excitation of ThT, the excitation light was filtered from fluorescence signal by a
450/50 bandpass filter. Exposure times and EM gain were set to 100 ms and gain 800-1200 for preview
and 1s to 2s and gain 200-500 for the final images. Images were analyzed with the open source soft-
ware ImagedJ (available at http://rsb.info.nih.gov/ij; developed by Wayne Rasband, National Institutes of
Health, Bethesda, MD). Images were manipulated with regard to changing brightness/contrast, cropping
of images and applying the "hot cyan" lookup table as well as insertion of scale bars.

Direct Observation of a-Syn Fibril Elongation by TIRFM

For the direct observation of fibril elongation, a 10 ul sample was prepared as follows: 15pugml~' o-
syn seeds, 10 mM MgCl,, 7uM ThT and 160 uM a-syn monomers in 20 mM MES pH 6.0 were mixed
in a PCR tube. Seven pl of this sample were applied onto a 25 x 60 mm glass slide covered with an
18 x 18 mm glass slide with a distance of approx. 15um between the two slides (as confirmed by a
z-scan with laser scanning microscopy). The coverslips were sealed with wax (valap: 1 part vaseline, 1
part lanolin, 1 part paraffin wax, recipe from Nikon Imaging Center, Harvard Medical school) to prevent
evaporation. Sample preparation time was around ten minutes before the first image was taken. The
sample was inserted into the TIRF microscope, seven suitable positions were selected and imaged every
ten minutes for 40 h. Penetration depth of the evanescent field was 180 nm, exposure time 1.5s, EM
gain: 500. Temperature was ~25 °C, as measured with an infrared thermometer during the experiment.
To analyze growth kinetics of single fibrils, images were loaded into Imaged image analysis software and
fibril lengths were measured with the segmented line tool.

Seeded Fibrillation of o-Syn in a Test Tube

For the seeded fibrillation of a-syn in a test tube, 100 pl samples per time point were prepared under the
same conditions as in the real-time fibrillation TIRFM experiment, except for the absence of ThT. Sam-
ples were incubated at 25 °C without shaking. After 0 h, 24 h, 48 h and 72 h, 5 ul samples were withdrawn
from the solutions and dried on a coverslip. Prior to imaging by TIRFM, 5 ul of 5 uM ThT was added to the
dried spots to dissolve salt crystals and provide the fluorescent dye. The remaining solution (95 pl) was
subjected to ultracentrifugation at 100 000 g and 4 °C for one hour. The concentration of soluble protein
in the supernatant was measured by absorption at 280 nm in a JASCO V-650 spectrophotometer. Three
samples per time point were measured.
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Figure 2.6: AFM images of a-syn seeds used for real-time monitoring of fibrillation. Seeds were prepared by
sonication of a 100 ugml™" a-syn fibril solution. 50 pl of a 15 pg ml~" seed solution in 20 MM MES pH 6.0 containing
10 mM MgCl, were deposited on a mica slide and incubated for one hour at room temperature. Afterwards, the
slide was washed three times with 100 pul dH,O and dried carefully under a nitrogen stream. AFM images were
obtained with tapping mode. The upper row shows the height traces, the lower row shows the amplitude traces of
four individual seed spots, the seed image on the right having a different xy and height scale. In AFM, individual
seeds were of similar size as in the TIRFM images, covering an area of around 0.5 x 0.5 um. Individual seed particles
consisted of multiple fibril fragments, consistent with the observation that fibrils were growing in multiple directions
from one seed in the real-time TIRFM experiment.
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Figure 2.7: Growth rates of fibrils f1-f10 plotted over time. The growth rates of fibrils f1-f10 shown in fig. 2.3
exhibited a high variability over time.
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Figure 2.8: Probability distribution of of growth states and stop states over time. Probabilities were determined
by dividing the number of growth events and the number of stop events by the total number of events at the respective
times. Apparent stop states that were not followed by a growth state (i.e. stop states populated at the end of the
experiment) were excluded from the analysis, as fibril growth might have proceeded unnoticed outside of the TIRFM
focal plane in these cases. The high growth state probability during the first ~ three hours of the experiment can be
explained by a bias stemming from the fact that only initially growing fibrils were selected for analysis. The mean
growth rate after 34 h was not determined as there were too few events. The mean probabilities were calculated for
the time frame from 3 h to 30 h, as there were very few growth events after 30 h.
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Figure 2.9: Kinetic analysis of reentry into the growth state. Stop state length distribution (black line) fitted to
a single exponential (red) or a double exponential (blue) decay. The better fit of the double exponential function
suggests the existence of different stop states with individual constants k. of reentry into the growth state. R? was
0.976 (red) or 0.996 (blue). k.1 and k> represent the constants of reentry into the growth state determined by the
double exponential decay fit.

32



2.2 Contacts between B1-pf2 Segments in a-Synuclein

2.2 Contacts between 31-2 Segments in a-Synuclein

2.2.1 Article Information

Title: Contact Between the 1 and 2 Segments of a-Synuclein that
Inhibits Amyloid Formation

Hamed Shaykhalishahi', Aziz Gauhar!, Michael M. Wérdehoff!, Clara S. R. Griining', Antonia
N. Klein?, Oliver Bannach'2, Matthias Stoldt'-?, Dieter Willbold'-2, Torleif Hard®, and Wolfgang
Hoyer'2"

1 Institut fiir Physikalische Biologie, Heinrich-Heine-Universitat Diisseldorf, 40225 Diisseldorf, Germany
ZStrukturbiochemie (ICS-6), Forschungszentrum Julich, 52425 Jilich, Germany
3Depar'cment of Chemistry and Biotechnology, Swedish University of Agricultural Sciences (SLU), 750 07 Uppsala, Sweden

*corresponding author, wolfgang.hoyer@uni-duesseldorf.de

Published in: Angewandte Chemie International Edition, Vol. 54, pp. 8837-8840, 2015 [139]

DOI: 10.1002/anie.201503018

Journal Impact Factor (2015): 11.709.

Contribution: 20%. M.M.W. designed and performed the TIRF microscopy experiments and evaluated
the data. For further details see the appendix.

2.2.2 Abstract

Conversion of the intrinsically disordered protein o- synuclein (a-syn) into amyloid aggregates is a key
process in Parkinson’s disease. The sequence region 35-59 contains -strand segments 1 and B2 of a-
syn amyloid fibril models and most disease-related mutations. 1 and B2 frequently engage in transient
interactions in monomeric a-syn. Here, we evaluate the consequences of B1-B2 contacts by disulfide
engineering, biophysical techniques, and cell viability assays. The double-cysteine mutant a-synCC, with
a disulfide linking B1 and B2, is aggregation-incompetent and inhibits aggregation and toxicity of wild-type
a-syn. We show that a-syn delays the aggregation of amyloid-f peptide and islet amyloid polypeptide
involved in Alzheimer’s disease and type 2 diabetes, an effect enhanced in the a-synCC mutant. Tertiary
interactions in the B1-B2 region of a-syn interfere with the nucleation of amyloid formation, suggesting
promotion of such interactions as a potential therapeutic approach.

2.2.3 Article

Protein aggregation and the toxicity of the resulting aggregates are fundamental to the patho-
genesis of several human degenerative diseases. For example, aggregates consisting of o-
synuclein (a-syn), the amyloid-B peptide (AB), or islet amyloid polypeptide (IAPP) are patholog-
ical features of Parkinson’s disease (PD), Alzheimer’s disease (AD), and type 2 diabetes, re-
spectively [1,75]. a-Syn is a cytoplasmic protein of 140 amino acids which predominantly exists
as an intrinsically disordered protein (IDP) in the cell [198, 199]. The conformational ensemble
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of the IDP contains a substantial fraction of conformers that exhibit long-range intramolecular
interactions, which may promote or inhibit aggregation [16,200-204].

According to paramagnetic relaxation enhancement NMR and molecular simulations, con-
tacts between the B1 and B2 sequence segments are among the most prevalent tertiary inter-
actions in monomeric a-syn [16]. The designations B1 and B2 refer to two of the approximately
five B-strands of a-syn molecules in the amyloid fibril state [132]. The B1-B2 region comprises
amino acids 35-59, lies outside of the hydrophobic, fibrillation-triggering NAC region [205], and
is the most N-terminal sequence region of a-syn incorporated in the fibril core of most of the
fibril polymorphs described to date [132, 135, 206, 207]. Several lines of evidence support a
critical role of the B1-B2 region for a-syn aggregation and pathogenesis: First, it harbors most
of the disease-related mutations, which alter the oligomerization and fibrillation propensity of
a-syn [208]. Second, it is part of the core of a-syn oligomers, exhibiting particularly high resis-
tance to H/D exchange [209]. Third, it regulates a-syn strain type and seeding efficiency [210].
Fourth, we have recently shown that sequestration of the B1-2 region by the engineered bind-
ing protein B-wrapin AS69 potently inhibits a-syn aggregation [178]. In complex with AS69,
a-syn locally adopts a B-hairpin conformation with B-strands comprising residues 37-43 and
48-54, respectively, reminiscent of the 1 and B2 strands of fibrillar a-syn [178]. The tertiary
contacts between the B-strands of the AS69-bound B-hairpin agree well with the 31-B2 contact
map of free, monomeric a-syn [16].

Considering the importance of the B1-B2 region for a-syn aggregation, p1-p2 tertiary contacts
might be crucial regulators of aggregation. Here we investigate the effect of contact between 1
and B2 on amyloid formation. A stable contact was established by introduction of an intramolec-
ular disulfide bond in the double cysteine mutant G41C/V48C, called a-synCC. The C41-C48
disulfide bond is compatible with the B-hairpin conformation of AS69-bound a-syn (fig. 2.10a).

The two exchanges G41C and V48C are located in the 1 and B2 strand, respectively, diago-
nally opposite of each other. The Ca-Ca distance of G41 and V48 in the a-syn:AS69 complex is
6.1 A, which is within the Ca-Ca: distance range of cysteine disulfide bonds in X-ray structures
(average: 5.6 A) [211]. The steric demands of two disulfide-bonded cysteine residues (sum of
residue volumes 207 A3) are similar to those of the original glycine-valine combination (sum of
residue volumes 203 A3) [212]. To analyze the conformation of a-synCC, the ("H-15N) HSQC
NMR spectrum of [U-'°N]-a-synCC was compared to that of [U-'°N]-wt a-syn (fig. 2.10b). The
limited resonance dispersion of wt a-syn was retained for a-synCC, demonstrating that the
engineered disulfide does not induce folding into a stable conformation. a-synCC showed in-
significant secondary chemical shifts, further indicating that it is an IDP like wt a-syn (fig. 2.10c).

Noticeable differences in chemical shifts of a-synCC and wt a-syn were only observed for
the amino acid residues adjacent to the two mutation sites; however, secondary chemical shifts
did not support formation of any stable secondary structure in this region (fig. 2.10c). Oxi-
dized a-synCC did not form fibrils after prolonged incubation in a fibrillation assay monitored by
Thioflavin T (ThT) fluorescence (fig. 2.10d). Breakage of the B1-2 disulfide bond with the re-
ducing agent dithiothreitol (DTT), however, resulted in aggregation kinetics similar to those of wt
a-syn (fig. 2.10d). Formation of the B1-B2 disulfide bond thus renders a-synCC non-fibrillogenic,
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Figure 2.10: Protein engineering and characterization of a-synCC. a) Left: f-Hairpin conformation of the f1-p2
region of a-syn bound to B-wrapin AS69 (PDB: 4bxl). The side chains at the front face are shown as sticks. Right:
Model of a B-hairpin conformation of a-synCC, in which residues 41 and 48 of wt a-syn have been exchanged
to cysteines. b) Section of overlaid ("H-"°N)-HSQC NMR spectra of [U-'°N]-wt a-syn (red) and [U-"SN]-a-synCC
(blue) at 10 °C. Assignments of peaks affected by the double cysteine exchange are indicated. c) Averaged Co and
C’ secondary chemical shifts of a-synCC and difference in secondary chemical shifts between a-synCC and wt
a-syn. d) ThT time course of fibrillation of oxidized and reduced a-synCC compared to wt a-syn.

indicating that B1-B2 contacts entail conformations belonging to the pool of autoinhibitory con-
formations [200]. Size exclusion chromatography (SEC) confirmed that oxidized a-synCC did
not form stable oligomers upon incubation but remained monomeric (fig. 2.13). This is in con-
trast to ABCC, a double cysteine mutant of AB engineered following an analogous strategy
(fig. 2.14), which was previously shown to form stable, neurotoxic oligomers [213,214]. This dif-
ference might be a consequence of the lower hydrophobicity of the hairpin region of a-synCC
compared to the hairpin region of ABCC, with GRAVY (grand average of hydropathy) [215]
values of 0.48 for a-synCC(37-54) and 1.27 for ABCC(17-36).

o-SynCC inhibited the aggregation of wt a-syn both at equivalent and at substoichiometric
concentrations (fig. 2.11a). The inhibitory effect at substoichiometric ratios indicates that o-
synCC interferes with nucleation and/or elongation of wt a-syn fibrils. The inhibitory effect is a
consequence of the B1-p2 disulfide linkage as it was abolished by disulfide reduction by DTT
(fig. 2.11a).

To test if a-synCC inhibits elongation of wt a-syn fibrils, seeded fibrillation reactions of wt
a-syn were performed in the absence and presence of a-synCC and monitored either in a flu-
orescence microplate reader (fig. 2.15) or by total internal reflection fluorescence microscopy
(TIRFM) (fig. 2.11d). Ultrasonicated wt a-syn fibrils were used as seeds. Addition of a-synCC
entailed a concentration-dependent inhibition of seeded wt a-syn aggregation (fig. 2.15). Wt
a-syn fibril seeds were imaged by TIRFM as particles with several fibrillation sites, resulting
in a fibril network after quiescent incubation with wt a-syn monomers (fig. 2.11d) [64]. In con-
trast, fibril networks were not formed when a-synCC was incubated with wt a-syn fibril seeds,
in agreement with the finding that a-synCC is non-fibrillogenic (fig. 2.11d). Incubation of wt a-
syn monomers with wt a-syn fibril seeds did not lead to the formation of fibril networks when
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Figure 2.11: a-SynCC inhibits aggregation and toxicity of wt a-syn, AR and IAPP. a)—c) ThT time course of
fibrillation of wt a-syn (a), AB (b), and IAPP (c) in the absence and presence of a-synCC. d) TIRF microscopy of
fibrillation of a-synCC and wt a-syn in the presence of wt a-syn fibril seeds under quiescent condition. Scale bar:
5um. e)—g) MTT assays to evaluate the toxicity of wt a-syn (e), AB (f), and IAPP (g) aged in the absence and
presence of a-synCC to SH-SY5Y neuroblastoma cells. The data are representative of experiments carried out
in triplicate (mean + s.d.), expressed as percentage relative to the untreated cells (control). h) a-SynCC interacts
with AB protofibrils. SEC chromatograms of purified Ab protofibril samples re-injected onto the column after 10 min
incubation at room temperature in the absence (blue) or presence (red) of a twofold excess (calculated in monomer
units) of a-synCC. AP protofibrils elute close to the void volume (ca. 8.5 ml), while the elution peak at circa 11.5ml
corresponds to a-synCC. Dot blot analysis of the protofibrils fractions using the anti-a-syn antibody 211 is shown
below the chromatogram. Fresh a-synCC served as positive control. AB(1-40) (b,f) or AB(1-42) (h) with an N-terminal
methionine [216] was used.

a-synCC was present (fig. 2.11d). The inhibitory effect of a-synCC on wt a-syn fibril elongation
was dependent on the B1-p2 disulfide linkage as it was abrogated by disulfide reduction by
DTT (fig. 2.11d). In summary, the seeded fibrillation experiments indicate that a-synCC inter-
acts with fibril ends. Wt a-syn samples that were aged under aggregation-promoting conditions
reduced the viability of human SH-SY5Y neuroblastoma cells, as assessed by an MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay (fig. 2.11e). However, when
ageing of wt a-syn was performed in the presence of a-synCC, the cell viability was rescued
(fig. 2.11e).

Different protein aggregation disorders, associated with amyloidogenic proteins of non-
homologous sequences, frequently overlap clinically and pathologically, suggesting a mutual
interference of the aggregation reactions of the involved proteins [210,217]. While AB plaques
are often found in PD patients, a-syn Lewy bodies are found in most of the AD cases [218].
Similarly, IAPP oligomers and plaques were identified in the brains of diabetic AD patients [219].
We investigated potential heterotypic interactions of a-synCC with other amyloidogenic pro-
teins by testing its effects on the fibrillation of AR and IAPP. The effects of a-synCC were
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compared to those exerted by wt a-syn. Wt a-syn and a-synCC both inhibited fibrillation of
AP and IAPP, with more potent inhibition exhibited by a-synCC (fig. 2.11b,c). The lag-time
of fibrillation of 5 uM A increased by 2- and 4-fold upon addition of an equimolar amount of
wt a-syn and a-synCC, respectively (fig. 2.11b). Reduction of the disulfide bond in a-synCC
decreased the inhibitory effect of a-synCC to the level of wt a-syn, demonstrating that the
B1-B2 disulfide linkage is responsible for the higher inhibitory potential of a-synCC (fig. 2.11b).
The lag-time of fibrillation of a 1 uM solution of IAPP increased by 10- and 40-fold in the
presence of an equimolar amount of wt a-syn and a-synCGC, respectively (fig. 2.11c). A 1:10
ratio of a-synCC:AB or a-synCC:IAPP was sufficient to achieve a significant prolongation of
the fibrillation lag time, supporting an impact of a-synCC on the nucleation and/or elongation
of AB and IAPP fibrils (fig. 2.11b,c). A chaperone-like activity of a-syn was observed before
in thermal-induced and chemical-induced protein aggregation assays [220, 221]. The acidic
C-terminal tail was critical for this activity by serving as a solubilizing domain. A C-terminally
truncated variant of a-synCC, a-synCC(1-108), however, caused similar increases in the
fibrillation lag times of A and IAPP as full-length a-synCC (fig. 2.11b,c). B1-B2-mediated
aggregation inhibition does therefore not depend on the acidic C-terminal of a-syn and must
act through a different mechanism than the previously reported chaperone-like function. To
complement the ThT fluorescence data, Ap aggregation was analyzed by SEC and trans-
mission electron microscopy (TEM), demonstrating that a-synCC inhibited the formation of
oligomers and fibrils (fig. 2.16). Ageing of solutions of AB and IAPP under aggregation-
promoting conditions resulted in cytotoxicity in an MTT assay on SH-SY5Y neuroblastoma
cells (fig. 2.11f,9). However, when the cells were treated with AR and IAPP samples aged in the
presence of a-synCC they displayed a viability similar to that of untreated cells (fig. 2.11f,9).
To identify the molecular species inter-

acting with a-synCC, binding of a-synCC
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and to AP protofibrils, metastable neuro- @ 7 @ -\._\
toxic oligomers, was tested. Biotinylated " Qvo\nomeri olgomerinuciel 3 o
monomers of the target proteins were m;_k_!_ ----------------- i

coated on streptavidin SA sensor chips. % ----------------- :

No response indicative of binding was de-

tected for any of the three target proteins AB
when o-synCC was passed as analyte —
over the sensor surfaces (data not shown).

Freshly prepared AP protofibrils were incu-

bated for 10 min with or without a-synCC.
Figure 2.12: Representation of the inhibitory effect of

The incubated samples were analyzed by tertiary contacts in the 31-B2 region of a-syn on the
reinjection onto the SEC column, isolation aggregation of amyloidogenic IDPs. Conformations of

oo . a-syn featuring B1—B2 contacts are incompetent to form
of the protofibril fraction, and dot blot us- oligomers and fibrils. Furthermore, they inhibit fibril nucle-

ing the anti-a-syn antibody 211 (fig. 2.11h).  ation and elongation of a-syn, AB , and IAPP.

:
i

3

~



2 Articles

The AP protofibrils sample pre-incubated with a-synCC showed immunoreactivity, indicating
binding of a-synCC to AP protofibrils.

The present study shows that a-synCC with established disulfide bond actively interferes with
the aggregation of amyloidogenic proteins (fig. 2.12). How does the 31-B2 contact lead to inhibi-
tion of protein aggregation? Considering the amino acid sequence, formation of 31-B2 contacts
is likely accompanied by population of conformers with clusters of hydrophobic and aromatic
amino acids, including, e.g., Tyr-39 and His-50. These conformers might not be compatible
with the fibrillation reaction, but prone to interact with other species on the aggregation path-
way that also exhibit hydrophobic patches, such as oligomeric nuclei and fibril ends, eventually
precluding further assembly of these species.

This work supports the view that the 1-f2 region is an important regulatory element of a-
syn aggregation. Tertiary interactions between B1 and B2 interfere with aggregation and steer
o-syn’s capacity to engage in hetero-interactions with other amyloidogenic IDPs. In the search
for inhibitors of amyloid formation [222], promotion of B1-B2 contacts therefore constitutes a
potential approach.

2.2.4 Materials and Methods

Protein Preparation

Wt a-syn and a-syn(1-108) were expressed and purified as described [178]. To generate a-synCC and
a-synCC(1-108) constructs, the Gly-41 and Val-48 residues of wt a-syn and a-syn(1-108) were ex-
changed to cysteines using a site-directed mutagenesis approach. In order to ensure formation of the
intramolecular disulfide bond, the purified a-synCC proteins were dialyzed against 100 mM Tris-HCI, pH
8.4, containing 2 uM CuSO4 [223]. Oxidized a-synCC was further purified by activated thiol sepharose
4B medium (GE Healthcare). For NMR experiments, both wt a-syn and a-synCC were expressed in
M9 minimal medium supplemented with "®N-NH4CI (1gl-') and ®Cg-glucose (2gl-') and purified as
described for the unlabeled protein.

AB40 and AB42 were produced with an N-terminal methionine by recombinant co-expression with
ZAB3 [216]. The N-terminal methionine is required for translation initiation in the employed expression
system. AP with and without N-terminal methionine are highly similar in terms of structure and aggrega-
tion properties [216, 224].

Synthetic human IAPP (EMD Millipore), amidated at the C-terminus to correspond to the form with full
biological activity [225], was dissolved in 20 mM NaPi, 50 mM NacCl, pH 6.0, containing 6 M Guanidine
HCI to dissolve preexisting aggregates. The monomeric fraction was collected after SEC on a Superdex
75 10/300 GL column (GE Healthcare) in 20 mM NaPi, 50 mM NaCl, pH 6.0.

NMR Spectroscopy

NMR data were collected at 10 °C using a 900 MHz spectrometer (Varian) equipped with a cryogenically
cooled Z-axis pulse-field-gradient triple resonance probe. ("H-">N)-HSQC (heteronuclear single quan-
tum coherence) measurements were performed on samples of ca. 250 uM [U-"5N]-wt a-syn or [U-'°N]-
o-synCC in 20 mM NaPi, 50 mM NaCl, pH 7.4. Backbone assignments were obtained with BEST-TROSY
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experiments [226] and standard triple resonance heteronuclear NMR techniques using samples of the
[U-13C,"®N]-labeled proteins. NMR data were processed using NMRPipe [227] and analyzed with Ccp-
Nmr [228]. Averaged Ca and C’ secondary chemical shifts were calculated as AS = (3 x AS(Ca) + 4 x
AS(C))/7 applying random coil shifts according to Kjaergaard et al [229, 230].

Microplate Aggregation Assay

Fibrillation was performed in black round-bottom 96-well plates (Nunc) in an Infinite M1000 plate reader
(Tecan). a-Syn fibrillation was done at 37 °C in 20 mM NaPi, 50 mM NacCl, pH 6.0, under orbital shak-
ing with one glass bead (2mm) per microplate well. Ap fibrillation was done at 30°C (fig. 2.11b,f) or
37°C (fig. 2.16) in 20mM NaPi, 50 mM NaCl, pH 7.4, under orbital shaking with one glass bead per
microplate well. AB(1-40) with an N-terminal methionine [216] was used in the fibrillation experiments.
IAPP fibrillation was done at 30°C in 20 mM NaPi, 50 mM NaCl, pH 6.0, under quiescent conditions.
All samples contained 40 uM ThT and 0.04% NaNs;. The plates were sealed with polyolefin tape (Nunc)
before incubation. Amyloid formation was followed by ThT fluorescence at 480 nm (excitation 440 nm).
Seeded-growth fibrillation of a-syn was performed under the same conditions as applied for de novo
fibrillation, but in the presence of 20% (w/w) a-syn seeds. Seeds were prepared by ultrasonication of
preformed a-syn fibrils for 15 min in an ultrasound water bath.

Size Exclusion Chromatography

SEC runs were performed on a Superdex 75 10/300 GL column connected to an Akta Purifier system
(GE Healthcare) at a flow rate of 0.8 mImin~"'.

TIRF Microscopy

Wt a-syn and a-synCC were incubated in 20 mM MES, 10 mM MgCl,, pH 6.0, at 37 °C in PCR tubes
in the presence of a-syn seeds, prepared by ultrasonication of preformed a-syn fibrils for 15 min in an
ultrasound water bath. After 0 h, 24 h and 48 h, 2 pl samples were withdrawn and dried on a cleaned glass
coverslip (Menzel-Gléser coverslips #1, 25 x 60 mm, 0.13mm to 0.16 mm thickness, hydrolytic class 1,
Gerhard Menzel GmbH, Braunschweig, Germany). Directly prior to imaging, 5 ul of 5uM Thioflavin T
in dH,O were pipetted onto the dried spots. TIRFM was performed on a Leica AF6000LX inverted
microscope equipped with a HCX PL APO 100x 1.47 oil objective and a Hamamatsu C9100-02-LNK0O
EM-CCD camera (objective-style TIRFM). A 405nm laser diode was used for the excitation of ThT.
Excitation light was filtered from the fluorescence signal by a 450/50 bandpass filter. Exposure times
and EM gain were set to 100 ms and 800-1200 for preview and 1s to 2s and 200-500 for the final
images. Images were processed with Imaged software (available at http://rsb.info.nih.gov/ij; developed
by Wayne Rasband, National Institutes of Health, Bethesda, MD) with respect to brightness and contrast
settings, cropping of images, and application of lookup table hot cyan.
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Transmission Electron Microscopy

Samples from an AP aggregation assay were diluted to an AB concentration of 5uM, and 20 pl were
applied to formvar/carbon coated copper grids (S162, Plano), followed by incubation for 3min. The
grids were washed three times with H,O and once with 2% aqueous uranyl acetate, followed by 1 min
incubation with 2% aqueous uranyl acetate for negative staining. The grids were dried overnight. The
samples were examined with a Libra 120 electron microscope (Zeiss) operating at 120kV.

Toxicity Assay

The viability of SH-SY5Y neuroblastoma cells was assessed with an MTT assay (Cell Proliferation Kit
I, Roche Diagnostics) as described before [178]. Protein samples were aged under the conditions of
the microplate aggregate assay described above for 48 h (a-syn), 4h (AB), or 1h (IAPP) at a protein
concentration of 50 uM (a-syn), 96 uM (AB), or 50 uM (IAPP), respectively, and diluted into the cell culture
medium to the final concentrations of 1 uM (a-syn), 10 uM (AB) and 0.5 uM (IAPP). The cell cultures were
further incubated for 24 h before the MTT assay was carried out.

ApB Protofibril Interaction

Ap42 protofibrils were prepared as described before [189]. 480 ul of freshly SEC-purified AB protofibrils
(52 uM monomer concentration) in 20 mM NaPi buffer, pH 7.0, were mixed with 200 pl of 283 uM o.-
synCC or with 200 pl of buffer and incubated at room temperature for 10 min. Following re-injection of the
samples onto a Superdex 75 10/300 column, AP protofibril fractions were collected for further analysis by
dot blotting. The anti-a-syn antibody 211 (Santa Cruz Biotechnology) recognizing a C-terminal epitope
was used at a concentration of 0.5pugml~' to detect a-synCC. A HRP-conjugated goat anti-rabbit IgG
antibody was applied to detect bound antibody 211 on a CCD camera, using SuperSignal West Pico
chemiluminescent substrate (Thermo Scientific).
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Figure 2.13: SEC analysis of aggregation of a-synCC and wt a-syn. Protein samples subjected to an aggrega-
tion assay for the indicated times were loaded onto a Superdex 75 10/300 GL column (void volume ~8.5 ml. For wt
a-syn, the elution peak was greatly reduced after 120 h incubation due to the formation of amyloid fibrils which do

not enter the column bed.
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Figure 2.14: The positions of the exchanges to cysteine (yellow) in a-synCC are identical to those in ABCC
[214] in relation to the B-hairpin. Backbone hydrogen bonding across the strands is indicated with black dots.
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Figure 2.15: ThT time course of fibrillation of wt a-syn in the presence of preformed wt a-syn fibril seeds,
with addition of a-synCC at the time points indicated by arrows.
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Figure 2.16: a) SEC analysis of Ap} aggregation in absence and presence of a-synCC. Protein samples were
subjected to an aggregation assay for the indicated times and loaded on a Superdex 75 10/300 GL column (void
volume ~8.5ml). In the absence of a-synCC, the elution peak of A was strongly reduced after 1 h incubation (blue

trace) due to the formation of amyloid fibrils which do not enter the column bed. b) Two representative TEM images
of each of the 1 h incubation samples analyzed in a).
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2.3.2 Abstract

The protein a-Synuclein (aS) is linked to Parkinson’s disease through its abnormal aggregation, which
is thought to involve an interplay between cytosolic and membrane-bound forms of aS. Therefore, bet-
ter insights into the molecular determinants of membrane association and their implications for protein
aggregation may help deciphering the pathogenesis of Parkinson’s disease. Following previous stud-
ies using micelles and vesicles, we present a comprehensive study of oS interaction with phospholipid
bilayer nanodiscs. Using a combination of NMR-spectroscopic and complementary biophysical as well
as computational methods we structurally and kinetically characterize oS interaction with defined stable
planar membranes in a quantitative and site-resolved way. We probe the role of oS acetylation as well
as membrane charge, plasticity and available surface area in modulating oS membrane binding modes
and directly link these findings to their consequences for the nucleation and elongation process of aS
amyloid fibril formation.

2.3.3 Introduction

The protein a-Synuclein (aS) is associated with various synucleinopathies including Parkin-
son’s disease through its abnormal aggregation, fibril formation and formation of Lewy bod-
ies [44,75,136,231]. While the exact native function is yet not fully understood, oS is found
in synaptic vesicles and supposed to be involved in membrane interactions, e.g. in synaptic
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vesicle homeostasis [232,233] and SNARE-like vesicle-to-vesicle or vesicle-to-membrane fu-
sion [234, 235]. Membrane association of aS has been shown to modulate its aggregation
propensity [236,237], and oS oligomeric species have been proposed to be the toxic species in
Parkinson’s disease, especially through membrane pore formation mechanisms [238,239]. aS
has been shown to be N-terminally acetylated, which is thought to act as an important mode of
regulation of protein-membrane association [98,240,241]. Previous data recorded using micelle
and vesicle preparations already provided valuable information of the aS-membrane interac-
tions, including binding and lipid specificity [105,106,242], effect of mutations on membrane as-
sociation [235, 243], micelle-bound structure [102], vesicle-bound structural insights [244—246]
and conformational dynamics [14,235, 246]. Two structural models of lipid-bound oS were pro-
posed, i.e. the “extended helix” consisting of one roughly 100-residue long a-helix [100] and
the “horse-shoe”, consisting of two helices with different lipid affinities separated by a kink at
residues 42-44 [247]. Furthermore, various effects of lipids for aS aggregation were reported in-
cluding inhibition of aggregation [248], triggering of fibrillation [107,249] and modification of fibril
structure [133]. Membrane binding and its effect on aggregation have been shown to be strongly
dependent on chemical properties of the lipids including head group charge content [247] and
fatty acid type [108].

The intrinsic features of the phospholipid bilayer nanodisc (ND) system [250] offer the poten-
tial to provide additional insights that are complimentary to the information obtained on micelle
and vesicle preparations. Notably, NDs have been used before to study the effect of calcium
ions on the membrane interaction of aS [251] as well as lipid and monomer specificity of the
Alzheimer’s associated AP peptide [252]. In general, NDs are very homogenous, stable in a
wide buffer range [253] and allow the preparations of well-defined lipid mixtures with an ac-
curate estimate of the bilayer size [254], charge [255], and lipid molarity [256]. The increased
stability offers e.g. the possibility to consistently determine the interaction with a stable planar
bilayer surface. In contrast, it is known for small unilamellar vesicles (SUVs) that the interac-
tion with aS can considerably and rapidly change the lipid environment (e.g. from homogenous
SUVs to rather heterogeneous particles [110, 133,235, 257]). Additionally, the smaller size of
the NDs should, in theory, allow the detection of the lipid-bound state using suitable solution
NMR techniques [253,258,259]. In general, the well-defined size and lipid composition of NDs,
paired with their accessibility, homogeneity and stability should therefore permit quantitative
insights into membrane association as well as its role in aggregation.

Here we make use of this potential and report on a comprehensive NMR investigation of the
effects of lipid charge, bilayer fluidity and aS acetylation on the structural aspects of oS mem-
brane association. We corroborate these insights with molecular dynamics (MD) simulations
as well as a series of complementary biophysical measurements to further characterize mem-
brane plasticity, overall affinities as well as binding and aggregation kinetics. Based on this data
we correlate structural insights, such as residue specific affinities and competition for accessi-
ble membrane surface area, to their potential role in modulating oS aggregation properties. Our
study provides insights into (i) the different lipid binding modes of aS to stable planar bilayers
of defined lipid quantity and composition, (ii) the effect of membrane plasticity for aS binding,
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(iii) the modulation of membrane plasticity through aS, and (iv) the connection between binding
modes and their effect on oS aggregation. Additionally, it gives an initial estimate of the number
of lipid-associated oS molecules that are required to induce/promote nucleation, and allows to
develop a basic structural, thermodynamic and kinetic model of the modulation of aS aggre-
gation through its interaction with different membrane surfaces. Our in vitro data help to better
understand the molecular determinants of aS-membrane association and point to possible in
vivo implications in the context of Parkinson’s disease.

2.3.4 Results and Discussion
Effects of Phospholipid Head-group Charge on the S Membrane Binding Mode

To obtain residue specific insights into the interaction of aS with lipid bilayer nanodiscs (NDs)
of various composition, we recorded a series of solution NMR 2D TROSY-HSQC spectra (see
Supplementary Table 2.2 for full list of measured samples). The NMR spectrum of aS in the
presence of NDs containing only DMPC lipids perfectly overlays with the spectrum of aS in
the absence of NDs (fig. 2.17a-d). This finding provides additional evidence that aS does not
interact with non-charged lipid bilayers [105], a point that is still controversial in the literature
[99]. Additionally, it also shows that aS does not interact with the membrane scaffold protein
(MSP), confirming that the effects described in the following are not biased by (unspecific)
oS-MSP interactions.

In a similar way as reported previously using liposomes [247, 260], we further tested the
influence of increasing amounts of negatively charged lipid head groups on aS membrane as-
sociation, keeping a molar ratio of one aS molecule per membrane leaflet (fig. 2.17a-d). Note
that lipid ratios and proper mixing of the different lipid types inside the nanodiscs was also ob-
served by NMR spectroscopy (Supplementary Figure 2.23a). Our NMR data show a gradually
increasing bilayer interaction of aS with increasing lipid charge content, dividing the protein into
rather distinct regions with different binding behaviors (fig. 2.17e). The first region spans the
N-terminal residues 1-38, which are already weakly interacting at 25% content of negatively
charged lipids and strongly interact at 50% (or higher) charge content. The region of residues
38-60 interacts more gradually at 50% charge content. Amino-acids 60-98, corresponding ap-
proximately to the aggregation-prone non-amyloid-3 component (NAC region), displays some
interactions with membranes containing 75% anionic lipids and strongly interacts at 100% an-
ionic lipid content. The 98-120 region is (partly) affected by 100% net charge content only. Fi-
nally, the last 20 C-terminal residues never show any membrane interaction. This data is largely
in line with an expected predominantly electrostatic model (the first 60 residues displaying a net
positive charge, the last 40 residues a net negative charge, and the NAC region being mostly
hydrophobic), as well as the three regions dynamic model reported before using SUVs [246].

Using Thioflavin T (ThT) fluorescence as a reporter for fibril formation, we also measured
aggregation kinetics of aS in the absence and presence of the different ND compositions
(fig. 2.17f-g). These experiments were performed under conditions where oS amyloid fibrils
form spontaneously and therefore mainly report on the potential interference of nanodiscs with
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Figure 2.17: Lipid charge content modulates oS membrane binding modes and different binding modes
show different effects on oS aggregation properties. NMR spectra of ['°*N]-aS (50 pM) in the absence or in the
presence of 25uM NDs of different POPG (negative charges) contents. [*N-'H]-TROSY-HSQC spectra of acety-
lated (a) and non-acetylated (b) aS. Spectra in the absence (grey) or in the presence of NDs containing 0% POPG
(black), 25% POPG (light blue), 50% POPG (blue), 75% POPG (dark blue) and 100% POPG (purple) are displayed.
Selected residue assignments corresponding to differently affected parts of aS are indicated. Corresponding NMR
attenuation profiles, i.e. the ratio of peak volumes in the presence and absence of NDs, are plotted against aS
primary sequence for acetylated (c) and non-acetylated (d) aS. (e) Molecular model visualizing the gradual bind-
ing of different parts of aS to NDs with increasing charge content. (f,g) aS aggregation assays (normalized ThT
fluorescence) in the absence and presence of NDs with indicated POPG charge content for acetylated (f) and non-
acetylated (g) oS (data of triplicate measurements until reaching saturation and their respective fits are shown, color
code as in a-d).

the lipid-independent aggregation pathway of aS [138,261-263]. Interestingly, despite the fact
that the NMR data show interaction, the presence of NDs up to an anionic lipid content of 50%
does not appear to affect aggregation kinetics (note that the free non-acetylated aS reference
(fig. 2.179, gray) shows a different behavior, this point will be discussed below). When increas-
ing the negative charge content to 75% the aggregation half-time slightly increases (fig. 2.17f,g,
dark blue) and a strong aggregation-inhibiting effect is detected in the presence of NDs with
100% anionic lipids (fig. 2.171,g, purple).

While the NMR data visualize the modes of aS binding to membranes of different charge
contents, the ThT kinetic data allow to directly link these molecular determinants to their effect
on oS aggregation. In this respect, one of the most striking connections is that oS interaction
with NDs comprising up to 50% negatively charged lipids does not involve the NAC region and
that under the same conditions no detectable effect on the aggregation behavior of (acetylated)
oS is found in ThT assays. When further increasing the charge density above 50% negatively
charged lipids, NMR data show first a partial (75% POPG, fig. 2.17a-d, dark blue) and then a
full (100% POPG, fig. 2.17a-d, purple) signal attenuation of the NAC region. This correlates
well with a slight inhibitory effect of the 75% charged NDs on oS aggregation (fig. 2.17f,g, dark
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blue) and a very strong inhibitory effect of 100% charged NDs (fig. 2.17f,g, purple). Our data
strongly suggest that for the tested conditions (high anionic lipid content and high lipid-to-aS
ratios) membrane association of the NAC region seems to be the dominant factor for protecting
oS from aggregation.

Nanodisc-bound State of oS is Predominantly o-Helical

It is worth noting that the NMR results described above mainly refer to the decrease in peak
intensity as a reporter for interactions, which is in line with the effects seen before using
SUVs [242]. While it is clear that SUVs have particle sizes (associated with slow tumbling
rates) well above the detection limit of conventional solution NMR techniques, the smaller size
of the ND system should, in principle, allow detection of NMR signals, as has been reported
before for several ND-bound or ND-integrated proteins [253]. Nonetheless, neither the usage of
Transverse Relaxation Optimized Spectroscopy (TROSY) [264] with increased signal accumu-
lation (i.e. 10-fold longer as for spectra shown in fig. 2.17a-b) nor the measurement at increased
temperatures (35 °C) and the usage of an NMR-optimized smaller membrane scaffold protein
(MSP1D1AHS5) [258] forming NDs of smaller size and higher tumbling rates, resulted in appear-
ance of a new set of peaks indicative for the bound sate (and the presence of slow exchange
processes) or a collective shift of peaks indicative of fast on-off exchange processes (see e.g.
Supplementary Figure 2.24). In theory, three effects may explain this observation and obstruct
detection of the ND-bound residues of aS: (i) the bound-to-free exchange rate is in the order
of the NMR time scale (so-called intermediate exchange), (ii) the presence of a non-negligible
part of aS protruding out of the ND (namely at least residues 98-140), slowing down molecular
tumbling and increasing relaxation leading to line broadening beyond the detection limit, and/or
(iii) membrane-bound oS shows a significant amount of plasticity leading to inhomogeneous
broadening of the NMR lines.

While intermediate exchange can be largely ruled out due to the observed binding kinetics
(vide infra, fig. 2.20a-b, ton and ty of around 4 us M and 65 s, respectively) it is at this point dif-
ficult to further distinguish between slower tumbling and molecular plasticity (or a combination
thereof) that interfere with solution NMR detection of the bound conformation. In order to still
gain insight into the conformation of oS bound to NDs, we used magic angle spinning (MAS)
solid-state NMR which is not subject to size effects. Moreover, we took advantage of the very
low temperatures (100 K) used in Dynamic Nuclear Polarization (DNP) to additionally eliminate
exchange processes, as well as to increase the sensitivity of the experiment. To avoid prob-
lems of signal overlap arising from severe inhomogeneous line broadening often seen in this
range of temperatures [265], we used a sparse isotope labelling scheme [266], leading to the
simplification of 3C-'3C spectra to secondary structure sensitive Ca-Cp cross-correlations of
valines (and leucine CB-Cy). Notably according to the aS primary sequence (fig. 2.18, top) and
our solution NMR observations (fig. 2.17a-b), 95% of the valine residues (i.e. 18 out of the 19)
should be membrane-bound at the used charge content and aS-to-ND ratio.
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While in the absence of NDs the DNP
13C-13C spectrum (fig. 2.18, black) shows a
continuous distribution of the Valine Ca-Cp
cross peaks reflecting the carbon chemical
shifts of the allowed Ramachandran space 20
(expected for an intrinsically disordered pro-
tein such as aS), a very strong peak shift
to a defined chemical shift range typical for
o-helical structure is visible after addition of
NDs (fig. 2.18b, red). The DNP data thus
show that aS binds the ND lipid surface in
a-helical conformation corroborating previ-
ous studies using CD and vesicles, solution
NMR and detergents micelles and solid- 80 ¢
state NMR and SUVs [102,107,246]. . free aS
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not only differ in their head group charge but structure are labelled. Occurrence of Valine residues in
. . . the aS sequence is shown on top (18 out of 19 Valines
also in their hydrocarbon chain length and are present in the expected binding site of the used ND).
number of unsaturated bonds, i.e. 16:0-18:1
PG and 14:0 PC for POPG and DMPC, respectively (nomenclature refers to ‘number of carbons
in the fatty acid’: 'number of unsaturations’). Both of these features will affect the fluidity and
phase transition temperature T, of the lipid bilayer. In general, native membranes are heteroge-
neous mixtures of numerous different lipids and proteins, both of which can strongly influence
lipid phase properties. In this respect it was also suggested before that the MSP-lipid interac-
tions may not only be seen as an artificial border of the bilayer, but may partly mimic protein-lipid
interaction occurring in native membranes [267]. While the usage of additional transmembrane
proteins is rather restricted due to the limited bilayer area of the NDs, the usage of different
heterogeneous lipid mixtures may generate a suitable mimetic for rather heterogeneous physi-
ological membranes.

To further investigate the effect of different lipid properties we recorded additional NMR spec-
tra of aS in the presence of NDs containing different lipids and lipid mixtures. The data recorded
with 100% POPC NDs do not show interaction (fig. 2.19a, grey), comparable to 100% DMPC
NDs (fig. 2.17a-d, black) and demonstrates that in the absence of negative net charges on the
head groups, properties such as an increased chain length and unsaturation, do not induce a
significantly stronger interaction. We also used lipid mixtures where charged and uncharged
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lipids have the same fatty acid chains (i.e. POPC/POPG and DMPG/DMPC) or mixtures where
the position of negative charge and hydrocarbon chain is swapped (i.e. DMPG/POPC vs.
POPG/DMPC). In these mixtures, we kept the overall net charge content constant at 50%. Our
data show that the heterogeneous mixtures DMPG/POPC and POPG/DMPC behave very sim-
ilarly (fig. 2.19a, turquoise and dark blue, respectively) suggesting that the position of charge
with respect to chain length and unsaturation is not critical in the tested conditions. Also, when
using a more homogenous mix of POPG/POPC, a similar pattern is found (fig. 2.19a, yellow),
suggesting that ‘surface roughness’ of the membrane, as potentially introduced by the hetero-
geneous lipid chain lengths, does not significantly change the aS-membrane interaction.
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Figure 2.19: oS-lipid interaction is favored by, and potentially modulates, membrane plasticity. aS NMR
attenuation profiles in the presence of NDs with indicated lipid composition (molar ratio 2:1, aS-to-NDs) for bilayers
that are in a more fluid (a) or gel phase (b) at 10 °C. Note that all NMR data, except the indicated 100% DMPG
measurement (b, red bars), are recorded at 10 °C. (c) Corresponding ThT aggregation assays for selected conditions
(color code as in (a,b), for better visibility only the mean values of triplicate measurements are shown). (d) oS
structural model of key lipid binding mode (see text for more details). Periodically and symmetrically appearing
lysine residues (blue) form a positively charged ‘grid’. (e) aS-to-lipid contacts (<0.4 nm) per residue as occurring
during the time course of MD simulations. Normalized values for interactions of either lysine or all other residues with
anionic lipids (upper diagram) or neutral lipids (lower diagram) for gel/fluid-phase membranes (beige/yellow bars)
are shown, respectively. (f) Model of aS-ND interaction, lysine (blue) and negatively charged residues (red) are
highlighted. (g) Effect of aS interaction in MD simulations on the two different membrane systems. Bilayer thickness
(upper panels) and area per lipid (lower panels) in the presence (solid lines, three independent simulations) and in
the absence of aS (dashed line, one simulation) are shown.

Interestingly, when using a homogeneous mix with fully saturated lipids (DMPC/DMPG), al-
beit having the same net charge content of 50%, a very different pattern in line with no signif-
icant interaction with aS, is visible (fig. 2.19b, beige). Notably, at the temperature of the NMR
experiments (10°C) the bilayer formed by DM-lipids is in the gel phase (T, around 28°C,
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Supplementary Figure 2.23d). This data is in line with previous data on SUVs that identified
an important role of the lipid phase for aS-lipid interaction [108]. When increasing the charge
content to 100%, but remaining in the gel phase (100% DMPG, fig. 2.19b, brown) the first 60
residues of aS show a clear interaction with the membrane resembling a binding mode that is
found for 50% charge content in the fluid phase (e.g. fig. 2.19a, yellow). While increasing the
temperature for the NMR measurements above T, leads to a previously observed loss of NMR
signals due to amide-water exchange processes for most residues relevant for the interaction
(Supplementary Figure 2.24c-d), lowering the pH from 7.4 to 5.3 (Supplementary Figure 2.24e-
f) can counter this effect and allows to confirm that when measuring the interactions to DMPG
lipids in the fluid phase, a much larger binding interface is found (fig. 2.19b, brown-red), com-
parable to the binding mode found for 100% POPG (fig. 2.19a, purple). Consequently, when
the lipid charge density is high enough, the lipid phase state and related bilayer fluidity in a
stable planar bilayer plays an important role in aS association. Taken together, these data on
oS-lipid association can be summarized as follows: (i) unsaturations in the hydrocarbon chains,
leading to increased membrane fluidity, are not sufficient to induce binding, (ii) the presence of
heterogeneity in fatty acid chains and the combination of charge and unsaturation on the same
lipid molecule are not critical and (iii) in addition to charge, a lipid phase state that introduces
an increased membrane fluidity is important for binding.

We also performed ThT aggregation assays with NDs containing selected lipid mixtures as
investigated by NMR, again under conditions in which spontaneous aggregation of aS is ob-
served in the absence of lipids. All mixtures that contain 50% negatively charged lipids, in-
dependently of tail heterogeneity or charge position show consistently unaffected aggregation
behavior (fig. 2.19c¢). However, oS aggregation is drastically impeded in the presence of 100%
DMPG NDs (fig. 2.19d, red-brown). Since aggregation assays were measured at 37°C (i.e.
above the DMPG phase transition) this is well in line with the corresponding NMR attenuation
profile (fig. 2.19c¢, red-brown) suggesting that under this conditions aS is in a lipid binding mode
that involves the NAC region and thus inhibits aggregation.

From the evaluation of the different membrane interaction modes of aS with NDs observed in
this study, it is clear that in particular the initial about 38 residues comprise a central lipid bind-
ing motif. Based on previously reported solid-state NMR data [246] and CD data [106, 107] of
vesicle preparations as well as the DNP solid-state NMR data of aS in the presence of NDs that
we report here, it is also clear that the lipid interacting residues of aS form a helical secondary
structure. Analysis of the primary sequence and secondary structure of this interacting region
highlights key features of its architecture which is highly suitable for interactions with charged
lipid (bi)layers (fig. 2.19d) [99]. These features include the very exposed and symmetric distri-
bution of positively charged lysine side chains (fig. 2.19d, blue), the occurrence of hydrophobic
residues on one side of the helix (fig. 2.19d, yellow) and the distribution of negative charges
on the opposite side (fig. 2.19d, red). Based on this architecture it is tempting to speculate
that the positively charged residues will interact with negatively charged lipid head groups, the
hydrophobic residues will be oriented towards the hydrophobic lipid chains and the negatively
charged residues will be oriented towards the solvent (and compensate the net charge of the
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protein). Noteworthy these protein features are again found in the next binding region (residue
39-60). In this picture, it would be likely that the lipids as well as the lysine side chains (partly)
rearrange, from their ‘unbound’ conformation, to ideally accommodate electrostatic interactions
in the bound conformation. This rearrangement may be favored by a more fluid lipid phase,
which would explain the lower interaction found for NDs with DMPG lipids below the phase
transition.

To test this hypothesis, we performed molecular dynamics (MD) simulations of aS-membrane
interactions. Our simulations focus on the first 61 residues of oS and its interactions with mem-
branes formed by a mixture of either 50% POPG - 50% POPC lipids in the fluid phase or a
50% DMPG - 50% DMPC mix in the gel phase (see methods for more details). Indeed, the
MD data confirm that the lysine residues play a key role in the membrane interaction, as e.g.
visible by promoting considerably more contacts to anionic lipids than other residues during the
time course of the simulations (fig. 2.19e, upper diagram). Additionally, the MD data also show
a generally stronger interaction of aS with the anionic lipids in the fluid membranes (POPG)
as compared to the gel-phase membranes (DMPG) (fig. 2.19e, yellow vs. beige). Noteworthy,
these effects are much less pronounced for contacts to the neutral lipids (fig. 2.19e, lower di-
agram). These findings correlate well with the effects of lipid charge and membrane plasticity
seen in the NMR and aggregation assays.

Interestingly the MD data also report on the effect of aS interaction from the lipid point of view.
According to this data, the already well ordered DMPC/PG-lipids (gel phase) experience only
very small effects due to the presence of aS. On the other hand, the less ordered POPC/PG-
lipids (fluid phase) are strongly affected. Here the presence of aS induces a considerably more
ordered lipid state as evident by an increased bilayer thickness, reduced surface area per lipid
and increased order parameters for the hydrocarbon chains (fig. 2.19g and Supplementary
Figure 2.25). Generally, the MD data suggest that aS-membrane interaction is (initially) facil-
itated by increased membrane plasticity (e.g. more contacts for fluid phase). The increased
plasticity may facilitate reorientations of the lipids to support favorable interactions with aS.
This view is supported by our MD data showing significantly higher occurrence of short lysine-
lipid distances, which would allow lipid-mediated salt bridges, in the simulations with more fluid
membranes (see Supplementary Figure 2.25). These interactions may consequently confine
lipids and lead to a reduced membrane plasticity. The latter is in line with recent experimental
data showing that aS binding can increase lipid packing [268], an effect that has also been
suggested to play a role in aS function as chaperone for SNARE-mediated vesicle fusion [93].

NDs Can Simultaneously Interact With Multiple aS Proteins Facilitating Formation of
Aggregation Seeds

While our NMR data clearly reveal binding modes with different contributions of the oS pri-
mary sequence, we were also interested in the overall affinity of the protein for NDs. We there-
fore measured interaction kinetics using bio-layer interferometry (BLI) with immobilized NDs of
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different charge content. In line with the NMR data, no aS binding was detected when NDs
containing 100% DMPC were immobilized (data not shown).
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Figure 2.20: Limited but highly charged lipid surface area can induce an oS binding mode capable of pro-
moting aggregation through induction of primary nucleation. BLI sensorgrams using 100% POPG immobilized
NDs and acetylated oS (a) or non-acetylated oS (b) in different concentrations ranging from 31 (black) to 2000 nM
(yellow). Corresponding steady-state response plots are shown as inserts. The extracted global affinities (Kp) are
about 60 and 100 nM, respectively. NMR attenuation profiles of a titration of 50 uM acetylated (c) or non-acetylated
(d) oS with varying concentrations of 100% POPG NDs (a.S-to-NDs molar ratios ranging from 32:1 to 1:1, see color
code). (e,f) Corresponding residue-specific affinities (Kp) extracted from NMR titration data shown in (c,d), respec-
tively. (g) Model of different oS-lipid binding modes in the presence of excess (upper picture) or limited amount
(lower picture) of highly charged NDs (for simplicity only one side of the bilayer is occupied by aS). (h,i) Normalized
ThT fluorescence kinetic curves for selected aS-to-ND ratios for acetylated (h) and non-acetylated (i) aS. While high
amount of NDs (upper binding mode in g) inhibit aggregation, limited amount of highly charged membrane surface
(lower binding mode in g) enhances aggregation. (j,k) Normalized kinetic data in quiescent conditions and absence
of preformed seeds at pH 5.3 for acetylated (j) or non-acetylated (k) aS. While under these conditions no aggrega-
tion (nucleation) is observed in the absence of NDs (grey) the presence of 16:1 molar ratio of 100% POPG NDs
(lower binding mode in g) induces primary nucleation. (I,m) Raw data of quiescent ThT fluorescence aggregation
assay in the presence of 2.5% preformed seeds for acetylated (I) or non-acetylated (m) aS for different molar ratios
(see color code) of 100% POPG NDs.

In the case where NDs with 100% anionic lipid content were immobilized, a clear response
upon addition of different aS concentrations was observed (fig. 2.20a,b) and dissociation con-
stants Kp in the order of 60nM to 100nM (one oS to one ND) were calculated. In addition,
kinetic information could be extracted which shows a tight binding with a fast association and a
slow off-rate of approximately 10-2s~".
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In order to obtain residue-specific insights into the membrane affinity of oS, we additionally
conducted NMR titration experiments using 100% negatively charged NDs (fig. 2.20c-f). In gen-
eral, dissociation constants can be extracted from NMR titrations attenuation profiles by fitting
the concentration dependency of the attenuation with a single exponential decay for each re-
solved peak (corresponding to one assigned residue) (fig. 2.20e-f). Our data reveal differential
membrane affinities for different regions of the aS primary sequence. The regions with differ-
ential affinities largely overlap with the regions of the different binding modes identified before,
i.e. four distinct regions of decreasing affinity range (1-38, 39-60, 61-98, 99-140).

Importantly, it appears that one ND with 100% negatively charged lipids can simultaneously
interact with up to 16 aS molecules (8 per bilayer side) in the course of the NMR time scale,
as seen from the almost complete disappearance of the signals of the very N-terminal residues
(fig. 2.20e-f, light blue). Moreover, while these first residues are interacting with the membrane,
independently of the number of aS molecules bound to one ND, the binding of the NAC region
is strongly modulated by the number of bound aS molecules. This suggests that, due to the
higher lipid affinity of the N-terminal region as compared to the NAC region, the free energy
of the system is minimized by favoring N-terminal interactions in cases where the accessible
membrane surface is limited. Note that due to the geometry of the used nanodiscs up to five
oS molecules can simultaneously bind with a 38-residue long a-helix (first binding mode) to
one side of one ND. If 8 molecules are accommodated together on the surface, (on average) a
23-residue long helix per monomer could be formed.

To characterize the effect of the accessible membrane surface area (as given by the aS-
to-ND ratio) and the resulting stoichiometry on oS aggregation behavior, we measured ThT
aggregation kinetics on samples with different aS-to-ND ratios ranging from 2:1 to 64:1 by
varying the ND concentration at constant aS concentrations (fig. 2.20h-i). Interestingly, a higher
ratio of aS-to-ND leads to a prominent decrease in aggregation lag-times when using 100%
POPG NDs (fig. 2.20h,i, blue and cyan). These data show, in line with previously reported
behavior on SUVs [107, 133, 249], that under specific conditions lipid bilayers can accelerate
the fibrillation process. Here, these conditions represent a limited membrane surface area with
a high charge density. According to our NMR data this will introduce an aS-lipid binding mode
that brings several aS molecules with exposed NAC regions in close proximity. Noteworthy,
unlike in the case of SUVs [107], AFM images of oS fibrils formed in the absence or presence
of NDs do not show different morphology (data not shown).

We additionally carried out the same BLI measurements, NMR titrations and ThT assays
for ND containing only 50% POPG lipids. For these NDs no clear signature of binding could
be obtained in the BLI measurements (data not shown), suggesting a weak affinity and/or
too fast off rates to allow detection via BLI. This is in line with size exclusion chromatography
(SEC) profiles that also point to a more transient interaction (Supplementary Figure 2.23b,c).
NMR titrations, however, show clear concentration dependent attenuation profiles that allow
the calculation of residue specific affinities (fig. 2.21a-d). Noteworthy, the affinities for the aS
residues in the first binding region (residues 1-38) are comparable to the values obtained for
100% charged NDs (fig. 2.20e-f). In contrast, for the following binding regions much lower
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affinities are found (at the edge of detection for residues 39-60, and no interaction for residues
>60), including the absence of interactions of the NAC region.

In line with an exposed NAC region the
ThT data for NDs with 50% negatively
charged lipids at low aS-to-ND ratios are
consistently showing no effect on aggrega-
tion half-times. The data at higher ratios
are less reproducible and show a slight ten-
dency to prolonged half-times (fig. 2.21e-f).
At this point, it is not clear whether this fea-
ture has mechanistic relevance or is just an
artefact caused by the limited reproducibil-
ity of this condition.

The Molecular, Thermodynamic
and Kinetic Determinants of
Membrane-modulated oS Aggregation

It has recently been shown in a system-
atic study that under appropriate condi-
tions, which minimize the intrinsic nucle-
ation rate (quiescent conditions and pro-
tein repellent plate surfaces), lipid bilayers
in the form of small unilamellar vesicles
can largely accelerate the nucleation of aS
amyloid fibrils [107]. In order to determine
whether NDs can have a similarly accel-
erating effect, we performed ThT aggrega-
tion experiments under similar conditions,
i.e. where no aS aggregation should be de-
tected in the absence of lipids (see meth-
ods for more details). These experiments
were performed at mildly acidic pH (5.3), as
it was recently shown that under these con-
ditions, oS amyloid fibrils can amplify auto-
catalytically through surface-catalyzed sec-
ondary nucleation [138,269]. This should in
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Figure 2.21: Moderately charged membrane surfaces
interact more transiently with oS and do not induce
primary nucleation. NMR attenuation profiles of a titra-
tion of 50 uM acetylated (a) or non-acetylated (b) aS with
varying concentrations of 50% POPG NDs (aS-to-NDs
molar ratios ranging from 32:1 to 1:1, see color code).
(c,d) Corresponding residue-specific affinities (Kp) ex-
tracted from NMR titration data shown in (a,b), respec-
tively. (e,f) Normalized ThT fluorescence kinetic curves
for selected aS-to-ND ratios for acetylated (e) and non-
acetylated (f) aS. (g) Model of aS-lipid binding modes in
the presence of excess (upper picture) or limited amount
(lower picture) of moderately charged NDs (for simplicity
only one side of the bilayer is occupied by aS).

principle enable even very low primary nucleation rates to be detected through autocatalytic
amplification. Membrane binding behavior of oS at these buffer conditions was also checked
by NMR for 100% POPG NDs and comprises the same region (residues 1-96 at low aS-to-ND
ratios) as seen for neutral pH (see Supplementary Figure 2.24c,d).
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As expected, the ThT assay under the quiescent conditions does not show any aggregation
in the absence of NDs (fig. 2.20j,k, grey). However, the samples with 100% POPG NDs (in a
aS-to-ND ratio of 16:1) do display aggregation, indicating that this type of membrane is indeed
enhancing primary nucleation to a degree sufficient that the subsequent secondary nucleation
leads to detectable quantities of amyloid fibrils (fig. 2.20j,k, blue). Interestingly, since our data
also allow an estimation of the total number of &S monomers that are brought in close proximity
due to their interaction with the same ND, this result may also provide a first approximation of
the number of aS monomers needed for the formation of a nucleus. Our data suggest that this
‘minimal critical nucleation number’ has an upper limit of around 8 oS molecules.

In order to further disentangle the effect of NDs on the various individual steps in the aS
aggregation pathway, we next designed strongly seeded aggregation assays under quiescent
conditions at neutral pH, where fibril elongation is the only process that occurs at a significant
rate. Seeding experiments carried out in the presence of 100% charged (POPG) NDs show a
clear reduction in elongation rate with increasing ND concentration (fig. 2.201,m). While at high
molar excess of aS (16:1, aS-to-ND), according to our NMR data, nearly all aS monomers
should interact through their most N-terminal regions with the NDs, no significant effect on the
elongation rate was observed (fig. 2.201,m, blue). At molar ratios of 4:1 (fig. 2.20l,m, orange) a
decrease in elongation is observed, however at this ratio our NMR data clearly indicate that all
oS monomers are interacting with the NDs. Nevertheless, in both cases (molar ratios of 16:1
and 4:1) larger fractions of the monomer population should still have accessible NAC regions,
which may explain their ability to participate in the fibril elongation process. However, the limited
interaction surface may also influence the dynamic nature of membrane association leading to
a certain population of free monomeric aS at any given time.

Unlike for 100% POPG NDs (fig. 2.20j-1) and in line with the previously discussed moderate
effects of 50% POPG NDs on the overall aggregation process (fig. 2.17f,g, blue, fig. 2.19d,
yellow and beige, fig. 2.21e,f), we did not observe accelerated aS nucleation in the presence
of NDs with 50% POPG nor a clear perturbation of fibril elongation in seeded experiments (see
Supplementary Figure 2.26 for data and a more detailed discussion).

N-terminal Acetylation Has Moderate Effect on Membrane Association and Leads to
Different Behavior in Aggregation Assays

As visible in Figure 2.17, Figure 2.19, Figure 2.20, and Figure 2.21, in addition to using the
N-terminally acetylated form of aS, which represents the native post-translational modifica-
tion of aS and is known to be relevant for membrane association [98, 240], we also recorded
most experiments with the non-acetylated form of aS. In line with previous findings [270], N-
terminal acetylation leads to clear chemical shift perturbations in the NMR spectra for the first
10 residues of aS (fig. 2.17a,b).

Overall, most of the above discussed features of aS membrane interaction are rather similar
in acetylated and non-acetylated oS, however there are a number of distinct differences. For
instance, the peaks which are already shifted in free S due to the acetylation are also the
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ones that are affected most by the presence of nanodiscs with low amount of charges (close to
physiological concentration). Our data (fig. 2.17a-d) show a rather small but significant increase
in the membrane association of the first 15 residues due to the N-terminal acetylation, which
is in line with previous observation using SUVs [241,271]. oS acetylation is known to increase
N-terminal helix propensity [270,272], which may facilitate formation of the initial binding mode
and be of significance for naturally occurring processes.

A similar effect is also seen for the global binding as determined by BLI, which shows a
(slightly) higher membrane affinity of the acetylated (fig. 2.20a, Kp of 60 nM) as for the non-
acetylated aS construct (fig. 2.20b, Kp of 100 nM). When looking deeper into the NMR titration
data, it appears that another effect takes place, namely a slightly increased membrane affinity
of the NAC region for the non-acetylated aS NAC region (fig. 2.20e vs. f and fig. 2.21c vs. d).
At current stage, it is not easy to explain why a modification at the N-terminus will affect the
lipid interaction of a protein region that is sequentially separated by roughly 60 residues. Such
a behavior could however either be related to intermolecular interactions and/or long range
intramolecular interactions (in a ‘horseshoe’-conformation) that may or may not be artificially
introduced by the limited surface area of the NDs.

Strikingly, the reference kinetic curve of non-acetylated aS reproducibly shows under the
applied conditions a strongly delayed aggregation as compared to the acetylated reference. In
the setup used, primary nucleation processes are likely to happen at the air-water or plate-
water interface [262, 263], thus a lower hydrophobic propensity of non-acetylated oS could
explain this effect. While this may be the dominant process in the absence of lipids, it may not
be the case anymore in the presence of NDs [107], either because NDs shield these interfaces
or because nucleation happens primarily at the membrane surface. The much lower differences
due to acetylation state in the presence of NDs fit this explanation, as well as additional tests we
ran using different types of plates (data not shown). Higher order processes, namely different
fragmentation behaviors, can however not be excluded.

It appears that the biggest effect of acetylation is related to assay parameters that are nor-
mally not the matter of interest, which nevertheless may be important for future studies [260].
Still the results from systematic measurement of the effects of N-terminal acetylation via differ-
ent methods point to subtle changes in membrane interaction in respect to NAC region specific
affinities at high lipid charge densities as well as to N-terminal binding at a lipid charge density
comparable with the overall composition found for membranes in e.g. synaptic vesicles [246].
Hence, both effects may be of particular importance under physiological conditions.

2.3.5 Conclusion

Overall our data demonstrate that the nanodisc system allows to study the interaction of oS
with stable, planar membranes in a quantitative and site-resolved way. It also provides insights
into the correlation between the identified membrane binding modes as well as binding kinetics
and their consequences for aS amyloid fibril formation, both in respect to the nucleation and
elongation process.
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Figure 2.22: Model of the influence of different NDs on the oS aggregation pathways and its potential im-
plication in the context of cell/vesicle membranes. Four scenarios are depicted according to their membrane
surface charge and accessibility, respectively. In cases where membranes/NDs with only low charge densities are
present (scenario 1 and 2) aS interacts with its N-terminal residues and most likely forms a fast exchanging equilib-
rium between soluble and membrane associated oS monomers. This equilibrium does not seem to strongly interfere
with the slow process of aS nucleation, it may however (slightly) decrease the pool of free monomers available for
fibril formation. Notably these conditions are more likely to better resemble the average charge densities found in
physiological membranes. However, specific, abnormal and/or stochastic processes may also lead to highly charged
membrane surfaces with limited (scenario 4) or not limited surface access (scenario 3). aS will strongly interact with
the latter in a binding mode that will largely inhibit both, oS nucleation and fibril elongation. In cases where sev-
eral aS monomers compete for a limited highly charged membrane surface area (scenario 4), the amyloid fibril
nucleation process can be accelerated, most likely due to an oS binding mode that brings exposed NAC regions
of several aS monomers in close proximity. Under these conditions the fibril elongation rate is largely unperturbed,
probably due to sufficient monomers with limited membrane association and/or due to induction of higher order
processes.

In summary, our data show that (i) residue specific aS-membrane affinities are rather sim-
ilar for the N-terminal aS region for 100% and 50% negatively charged NDs, (ii) for 100%
anionic lipids the aS can adopt a substantially expanded binding mode as compared to 50%
anionic lipids content, leading to considerably higher global affinities, (iii) the exchange rate
between free aS in solution and membrane-bound oS is rather slow in the 100% charged case
and likely to be rapid in the 50% case, (iv) region-specific membrane affinities (especially the
NAC region) are correlated with aggregation properties, (v) with sufficient excess of lipids and
sufficient charge density, NDs can inhibit primary nucleation as well as fibril elongation by se-
guestering monomers out of solution, (vi) competition of S monomers for highly charged lipid
surface generates a membrane-bound oS conformation that can induce primary nucleation,
and (vii) the number of aS monomers that are brought together on one ND and which can pro-
mote amyloid fibril nucleation is in the order of 8 aS molecules. Figure 2.22 summarizes these
molecular, thermodynamic and kinetic determinants of membrane-modulated oS aggregation.

While our in vitro data show strongest effects at lipid charge densities well above the av-
erage lipid compositions of native membranes, the membrane composition may vary locally
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in physiological membranes. Due to the normally found high lipid diffusion rates, clusters of
higher negative charges may form spontaneously and/or be induced by an initially transient
oS interaction. For the latter, the N-terminal acetylation may play an important role, since it
increases membrane interaction at average native lipid charge densities. Our data suggest that
clusters of around 60-80 negatively charged lipids suffice to form a strong interaction (this may
however not be the lower limit). Sporadically formed lipid charged clusters could also induce a
competition of several S monomers for the accessible surface area. Our data show that due to
the different residue-specific membrane affinities this will generate a binding mode that, once
the rather low aS critical oligomerization number is reached, can act as an aggregation seed.
Such a scenario could promote the initial step of primary nucleation in the pathogenesis of
Parkinson’s disease and is in line with recent in vivo findings suggesting that shielding aS from
membrane interactions can inhibit initial steps of amyloid fibril formation including the formation
of cell toxic species [273].

2.3.6 Methods

oS and N-terminally Acetylated oS Expression and Purification

Codon-optimized oS in the pT7-7 vector was expressed in E. coli BL21 DE3. For acetylated oS, the
N-terminal acetylation enzyme NatB from Schizosaccharomyces pombe was coexpressed in a second
vector, pNatB [274]. PNatB (pACYCduet-naa20-naa25) was a gift from Dan Mulvihill (Addgene plasmid
# 53613). Expression was conducted in 50 mM phosphate-buffered 2YT-medium (pH 7.2) with 0.4%
glycerol and 2 mM MgCly, protein production was induced at OD 1-1.2 with 1 mM IPTG and run for 4 h at
37 °C. For '®N-labelled protein, a:S or acetylated oS was expressed in M9 medium with 0.2% >NH,4CI.

Sparsely labelled oS for DNP experiments was non-acetylated, expression was done in a similar way,
in M9 medium using 0.4% [2-'3C]-glucose and 0.2% '’NH,CI. Isotope labelling of Phe, GIn, Glu, Pro,
Asn, Asp, Met, Thr, Lys, and lle was suppressed by supplementing sufficient quantities (150 pg mi~" of
each) of these unlabeled amino acids in the expression media as reported previously [266].

Purification of aS or acetylated oS was carried out as previously described [140], some changes to
the original protocol have been made. Except for sparse labelled aS for which previous lysis in 20 mM
Tris-HCI pH 8.0, 1 mM EDTA was done, cell lysis and release of aS or acetylated oS was performed by
directly boiling the frozen cell pellet at 95 °C in a threefold volume of 20 mM sodium phosphate buffer, pH
7.4, for 30 min. Thermostable aS or acetylated oS remained in the supernatant after 30 min of centrifu-
gation at 150009 and 4 °C and was subsequently subjected to an ammonium sulfate precipitation by
slowly adding saturated ammonium sulfate solution to 50% saturation at 4 °C. Precipitated protein was
pelleted at 15000 g and 4 °C, dissolved in 50 ml of 50 ml Tris-HCI pH 8, sterile-filtered and loaded onto an
ion exchange chromatography column (HiTrap Q FF, GE Healthcare), where oS or acetylated oS eluted
at around 300 ml NaCl in 50 ml Tris-HCI pH 8. Elution fractions containing oS or acetylated oS were sub-
jected to another ammonium sulfate precipitation and finally purified by a SEC run (Superdex 75 10/300,
GE Healthcare) in 20 mM sodium phosphate pH 7.4, 50 mM NaCl. N-terminal acetylation of acetyl-aS
was checked by HPLC, mass spectrometry, and NMR, proved to be about 95% when coexpressed with
NatB.
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Membrane Scaffold Proteins Expression and Purification

As reported before [275], E. coli BL21 (DE3) were transformed with MSP1D1 or MSP1D1AH5 plasmid
DNA in vector pET28a. Cells were grown in LB medium, induced by 1 mM IPTG at an optical density of
0.7 and incubated 5h to 6 h at 37 °C, then pelleted down. Cells were resuspended in 50 mM Tris-HCI pH
8, 500 mM NaCl (buffer B) supplemented with 6 M GdnHCI and EDTA-free Complete protease inhibitors
(Macherey-Nagel) lysed by sonication (Bandelin Sonopuls MS72 probe), centrifuged at 170009 for 1 h
(Beckman J2-21 rotor JA-20.1) and incubated 1h with previously equilibrated 2.5 ml Ni-NTA agarose
resin/3 L culture (Macherey-Nagel). Column was washed with 4 CV buffer B, 4 CV buffer B supplemented
with 1% Triton X-100, 4 CV buffer B + 60 mM Na-cholate, 4 CV buffer B, 4 CV buffer B + 20 mM imidazole.
Four fractions of 1 CV were eluted with 250 mM imidazole. The whole process was kept at 4 °C in a cold
room. The elution fractions were pooled and dialysed against 100-fold 200 mM Tris-HCI pH 7.5, 100 mM
NaCl. N-terminal His-tag was cleaved using TEV protease incubated overnight at 4 °C. AHis-MSP was
separated from MSP by IMAC and concentrated to the desired molarity using a Vivaspin centrifugal
device of 10 kDa MWCO.

Nanodiscs Assembly

Nanodiscs were assembled according to established protocols [250]. In short, lipids chloroform stocks
were dried under nitrogen flow to obtain a lipid film and stored under vacuum overnight. AHis-MSP1D1 or
MSP1D1AH5 and the appropriate amount of lipids (Avanti Polar Lipids) solubilized in 60 mM Na-cholate
were mixed together in 20 mM Tris-HCI pH 7.5, 100 mM NaCl, 5mM EDTA. The scaffold-to-lipids molar
ratio was calculated from geometrical considerations. 20% w/v of previously washed Biobeads SM-2
(Biorad) were added and the mixture incubated at room temperature overnight. The Biobeads were
removed by centrifugation and once again 20% w/v were added for an additional 4 h to 5 h. Finally, they
were purified by SEC on a HiLoad 16/600 Superdex 200 pg column (GE Healthcare) equilibrated with
20 mM sodium phosphate pH 7.4, 50 mM NaCl using a Akta pure device at a flow rate of 1 mimin~'. The
quality of NDs preparation was check by the SEC chromatogram as well as by DLS (PSS Nicomp). NDs
were concentrated to the desired molarity using a Vivaspin centrifugal device of 10 kDa MWCO.

Bio-layer Interferometry (BLI)

NDs were immobilized on the sensor surface of amine reactive biosensors (AG2R) (fortéBIO, PALL Life
Science) after EDC/NHS activation to a final level between 1.2 nm to 1.8 nm depending on the NDs type
using an Octet RED96 instrument (fortéBIO, PALL Life Science). All biosensors were quenched with 1 M
ethanolamine for 3 min. All experiments were carried out in multi cycle kinetics at 25 °C. Association of
oS in running buffer (20 MM sodium phosphate pH 7.4, 50 mM NaCl) on NDs and reference biosensors
was recorded for 120 s, followed by a dissociation phase of 360 s. Sensorgrams were double referenced
using the reference biosensors and a buffer cycle. Steady-state analysis was realized by fitting the
oS concentration dependency of the highest response against with a simple 1:1 binding model. After
normalization, all on and off curves were fitted against simple exponential build-up or decays and led to
similar on- and off-rates.
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Solution NMR Spectroscopy

Solution NMR experiments were performed on a Bruker Avance Ill HD spectrometer operating at
600 MHz 'H Larmor frequency, equipped with a triple resonance TCI ('H, '3C, '®N) cryoprobe and
shielded z-gradients. If not stated otherwise, all experiments data were recorded at 10 °C with an aS
concentration of 50 uM in 20 mM sodium phosphate pH 7.4, 50 mM NaCl, 10% (v/v) 2H,O and ND
concentration was set to 25 uM (one oS per membrane leaflet). All ['H-°N]-TROSY-HSQC NMR spec-
tra were acquired with 32 scans and 256 indirect increments, processed with TOPSPIN 3.2 (Bruker)
and analyzed with CCPN [228]. Peaks were automatically integrated and the ratio of volumes in the
presence and absence of NDs plotted against the primary sequence. Outliers as results of peak overlap
and/or ambiguities were removed.

ThT Fluorescence Aggregation Assays

50 uM of aS or acetylated aS was mixed with either 25 uM (2:1), 3.125uM (16:1) or 0.781 uM (64:1)
nanodiscs with different lipid mixtures. Assays were conducted in 20 mM sodium phosphate buffer pH
7.4 or 20mM acetate buffer pH 5.3 with 50 mM NaCl, 0.02% NaNj; and 10uM Thioflavin T. Unless
otherwise stated, triplicates of 120 ul were pipetted into 96-well half area well plates with non-binding
surface (Corning No. 3881, black, clear bottom) containing a glass ball for mixing and incubated at 37 °C
for up to 7 days. Orbital shaking at 217 rpm was used for 15 s every 20 min. Thioflavin T fluorescence was
excited at 445 nm and measured at 485 nm every 20 min with 15s of shaking prior to the measurement
in a plate reader (Tecan Spark 10M or Tecan infinite M1000PRO).

For the seeded experiments, fibril seeds of aS or acetylated oS were prepared as follows: 300 pl of
100 UM oS or acetylated oS was fibrillated at 37 °C and 800 rpm for 3 days in a 2ml tube containing a
glass ball in a Thermomixer (Eppendorf). The fibril solution was diluted to 50 pM and sonicated with a
tip sonicator (Bandelin Sonopuls HD3200, BANDELIN electronic) at 10% power (20 W) for 60's, with 1s
pulses on and 4 s off in between. Seed solution was diluted 20-fold for the aggregation assays (2.5 uM,
5%).

Kinetic curves were corrected by subtracting the curve of buffer (containing NDs) in the presence of
ThT and normalized to highest fluorescence intensity (in line with comparable fibril mass seen in SDS-
PAGE after the aggregation assay). The corresponding triplicates are shown as transparent circles in
order to visualize the reproducibility of each experiment. In the case of quiescent nucleation and seeded
assays no normalization was applied and data were recorded without the presence of glass balls and
without plate shaking.

Sodium Dodecylsulfate — Polyacrylamide Gel Electrophoresis (SDS-PAGE)

In order to compare the amounts of soluble and fibrillated aS or acetylated oS in the aggregation sam-
ples, 100l of each triplicate sample were taken out of the well plate, combined in 1.5ml tubes and
spun down at 20 000 g and 20 °C for 30 min. Supernatants (~290 pl) was removed and pellets were re-
suspended in 280 pl buffer and SDS-sample buffer (4-fold) was added. Samples were boiled for 15 min
at 98°C and subsequently 10 ul were loaded onto a 15% SDS-gel together with standards of aS or
acetylated aS and nanodiscs.
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Dynamic Nuclear Polarization (DNP) NMR Spectroscopy

Magic-angle spinning solid-state DNP experiments were performed on a Bruker Avance Il HD spec-
trometer operating at 600 MHz, equipped with a 395.18 GHz second-harmonic gyrotron and a 3.2mm
TH, 13C, ®N triple resonance low-temperature MAS probe. Data were collected at 100 K, 9kHz MAS
speed and 9 W continuous-wave microwave power. The samples were prepared from sparsely labelled
non-acetylated aS (250 ug) in the presence or in the absence of 2:1 molar ratio of 100% POPG nan-
odiscs and filled into 3.2 mm sapphire rotors. Final sample conditions were 15 mM sodium phosphate pH
7.4, 25 mM sodium chloride, 30% 2H,0, 60% glycerol-dg and 2.5 mM AMUPOL [276]. Two-dimensional
['3C-'3C]-Proton-Driven Spin Diffusion (PDSD) experiments with 1s mixing time were performed. 'H
decoupling using SPINAL [228] with a decoupling field of 104 kHz was employed during evolution and
detection periods. Both experiments were conducted using 300 ¢; increments with 16 and 48 scans each
for aS in the absence and in the presence of nanodiscs, respectively. A recycle delay of 5s was used in
both experiments. Both spectra were processed using Topspin 3.2 (Bruker) using identical parameters
with squared and shifted sine bell function (gsine 2.5) for apodization.

Molecular Dynamics Simulations

As starting conformation for the MD simulations, the NMR structure of micelle-bound aS (PDB 1XQ8)
was used, considering only the first 61 residues in order to concentrate on the membrane binding region
of aS.

The protein was placed either 0.5nm or 1.5nm above the membrane surface. A starting orientation
with the negatively charged side chains pointing away from the membrane and the lysine side chains
being oriented towards the membrane surface was chosen (fig. 2.19d). For modeling the lipid bilayer,
membrane patches consisting of POPC/POPG (1:1) or DMPC/DMPG (1:1) involving 512 lipids (256
lipids per leaflet) were built and modeled with Slipids force field parameters [277], while the Amber99sb-
ILDN force field [278] was used for aS. Before aS was added, both lipid bilayers were solvated and
simulated for 500 ns (POPC/POPG) or 1000 ns (DMPC/DMPG) to obtain relaxed membranes. The pro-
tein was then placed above the membrane, the protein-membrane system solvated using the TIP3 water
model [279], Na* and CI- added to neutralize the system and to mimic the Na* concentration used in the
experiments. After energy minimization and equilibration, MD production runs of 500 ns or 1000 ns length
were performed in the NPT ensemble at 10 °C and 1 bar using the GROMACS 4.6 molecular dynamics
package [280]. For the analysis, which was performed using Gromacs and Membrainy tools [281], only
the last 250 ns of each production run was used. More details on the simulation procedure, including an
overview of the production runs, can be found in the Supplementary Information, table 2.3.

Differential Scanning Calorimetry (DSC)

Samples of approximately 5uM NDs of different types (and if stated 10 uM aS) were degassed for
at least 20 min at 30°C and measured in a Microcal VP-DSC instrument (Malvern Instruments). The
thermograms were acquired up-scan from 5 °C to 45 °C at a scanning rate of 0.5°C min~"' and corrected
by subtracting the thermogram of buffer.

61



2 Articles

Acknowledgements

The authors acknowledge access to the Julich-Diisseldorf Biomolecular NMR Center and thank the CSC
— IT Center for Science, Finland, for computational resources. Financial support from an Emmy Noether
grant of the DFG ET103/2-1 to M.E. and an ERC consolidator grant to W.H. is gratefully acknowledged.
T.V. and M.M.W. acknowledge support from the International Graduate School of Protein Science and
Technology (iIGRASPseed) granted by the Ministry of Innovation, Science and Research of the state
North Rhine-Westphalia. This work was supported by the DFG (HE 3243/4-1) and by the Ministry of
Innovation, Science and Research within the framework of the NRW Strategieprojekt BioSC (BioSc
seed fund). We thank Dr. Aldino Viegas for help with NMR data acquisition and Dr. Céline Galvagnion
for fruitful discussions.

Author Contributions

H.H., B.S., D.W., W.H., A.K.B. and M.E. designed the experiments. T.V., M.M.W., H.S., B.U. and C.P.
performed the experiments. T.V. and M.M.W. analyzed the data. T.V. and M.E. wrote the manuscript. All
authors commented on the manuscript.

2.3.7 Supplement

Contents: Supplementary Figures 2.23-2.26 and Supplementary Tables S1 and S2.

62



2.3 Interaction of a-Synuclein with Lipid Bilayer Nanodiscs

d DMPC POPG _ 50% POPG - 50 % DMPC
:)
<
| €2
5 NDs only
8 1 aS only
c
8 aS + NDs
20
<
4.05 4.00 3.95 185 175 165 Rﬂg . |15 | 20
'H chemical shift (ppm) H chemical shift (ppm) etention volume (ml)
W0% 25% M50% HM75% M100% (POPG in ND) c
W free oS ~ 3 100% POPG
=
£ S,
406 5 NDs only
= — g aS only
5 _ s 21
2404 - Sl g aS + NDs
o % re) 0
g 2
[0
S402+— . 173 —— <
T 0 25 50 75 100 25 50 75 100 10 15 20
- % POPG / NDs % POPG / NDs Retention volume (ml)
d e
__ 01, NMR/SEC  BL Th 0.16) .
g | | ] |
5 0-081 | | 012 |
% | | g_) ] |
= 0081 | = 0.08] '
O Q ]
5 0.041 I E
2 | o 0.04
= | o %
‘© 0.02- ] I
g 07 [
z 0 ] [
— -0.04 —
5 15 25 35 45 5 15 25 35 45

Temperature (°C) Temperature (°C)

Figure 2.23: Formation of lipid mixtures in NDs, lipid phase transitions and stability of oS association. (a)
NMR "H-1D spectra of aS in the presence of NDs containing different POPG-to-DMPC ratios corresponding to the
samples shown in fig. 2.17a-b. Chemical shifts ranges for signals from either DMPC (left, choline methyl groups) or
POPG (right, "H next to the unsaturation) are displayed. The volumes of the peaks reflect within an error of approx-
imately 10% the aimed lipid compositions. In addition to volume changes also chemical shifts perturbations for both
lipid specific peaks are visible and follow a rather linear dependence on the composition. The NMR data therefore
report on both the presence and mixing of both lipid types in single nanodiscs. (b) Size exclusion chromatography
(SEC) profiles (Superdex 200 13/300 gl, GE Healthcare) of aS alone (grey), 50% POPG NDs alone (black) and
both after mixing (same amounts as in the isolated case) and incubation for 24 h at room temperature (blue). The
clear separation of aS from NDs in the mixture points to a fast-kinetic exchange between free and bound aS. The
conserved total absorbance additionally confirms the stability of the NDs in the presence of aS. (c) Same as in (b)
but using 100% POPG NDs. The SEC profile of the mixture of aS with 100% POPG NDs shows a clear reduction
of free oS and a size increase of the ND peak, pointing to a strong interaction between the two components. (d)
Differential scanning calorimetry (DSC) thermograms of nanodiscs prepared with either 100% DMPC (black), 100%
POPG (purple) or a 50%-50% mixture thereof (blue), showing phase transitions temperatures around 28 °C, below
5°C and 13 °C, respectively. Temperatures at which different measurements were performed are highlighted. (e)
DSC profile of 100% DMPG NDs in the absence (brown) or presence of aS (orange). While the presence of aS
leads to a lower phase transition temperatures of the lipid bilayer, in line with what was reported using SUVs [107],
the transition temperature differences is much smaller for NDs (AT, = 2.5 °C) as compared to SUVs (AT, = 11 °C)
in line with a largely increase stability of the NDs.
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Figure 2.24: oS-ND interactions using different MSP constructs, lower pH and higher temperature. NMR
spectra (a) and the respective attenuation profiles (b) of [°N]-acetylated-aS (50 uM) in the absence or in the pres-
ence of 25 M NDs with 75% POPG content, assembled using the regular MSP1D1 construct (blue) or with the
smaller MSP1A5 (red). Spectra (c) and attenuation profiles (d) corresponding to the binding of oS to NDs containing
100% POPG lipids at pH 7.4 (purple) and pH 5.3 (pale orange). Transferable assignments (bars) show that no signif-
icant difference in binding mode is visible upon pH variation. Spectra (e) and attenuation profiles (f) corresponding
to the binding of aS to NDs containing 100% DMPG lipids in their gel phase (10 °C, brown) or their fluid phase
(87 °C, red). Since normally measurement at 37 °C leads to considerable peak loss of N-terminal a.S residues due
to water exchange processes, the spectrum was recorded at pH 5.3 (counteracting water exchange). Note that the
pH shift alone has no significant effect on binding (see (c) and (d)). Reference spectra of respective free aS are
shown in dark grey.
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Figure 2.25: Lipid properties and oS-membrane interactions as seen by MD simulations. (a,b) Molecular
arrangement of lipid bilayer in the absence of aS for POPG/POPC lipids in fluid phase (a) and DMPG/DMPC lipids
in gel phase (b) (end of runi1/run2, table 2.3). (c,d) Distances for indicated lysine residues from Lys-N{ to the
phosphorus atom of the next anionic lipid as found in different runs of MD simulations for POPG/POPC (c, individual
bars for run3-5, table 2.3) and DMPG/DMPC (d, individual bars for run5-7, table 2.3) membranes. Distances that
could promote lipid-mediated salt bridges are highlighted in yellow. (e,f) Calculated order parameters for indicated
carbon atoms of the lipid fatty acids with and without aS for POPG/POPC (e) and DMPG/DMPC (f) membranes.
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Figure 2.26: Amyloid fibril nucleation and elongation in the presence of 50% POPG ND and rational for
normalization of ThT data. (a,b) Quiescent nucleation assay of acetylated oS (a) and non-acetylated (b) oS in
the absence (grey) and presence of 50% POPG NDs (conditions analog to data shown in fig. 2.20j,k, for 100%
POPG NDs). (c,d,) Seeded aggregation assays under conditions analog to data shown in fig. 2.20m,l, but using
50% POPG NDs. Surprisingly, the 50% charged NDs do show an effect on the ThT signal as a reporter for fibril
elongation in seeded experiments. This data is difficult to explain given that elongation is, in all cases of amyloid
formation, responsible for the generation of the bulk of fibril mass. Hence, its inhibition should slow down the overall
aggregation kinetic, also under non-seeded conditions. Noteworthy, we observe that ThT signal intensity can be
strongly affected by the presence of NDs and that the absolute ThT intensity does not correlate with absolute fibril
mass when comparing data recorded in the absence or presence of NDs. This is visible by comparing SDS-PAGE
results (e) with ThT intensities (f) of identical samples. After the aggregation assay the aS-band for soluble (sl) and
insoluble (p) protein show very similar intensities in the absence and presence of 100% DMPC NDs. Although our
NMR data show that these NDs do not interact with the oS, the corresponding ThT signal (of the identical samples)
show very different intensities (f). It is therefore likely that the ThT (unspecifically) interacts with NDs, leading to
an overall decrease in ThT intensities. We therefore normalized most ThT assays. Noteworthy, this effect is less
pronounced for ND with 100% POPG (as e.g. visible in the data in fig. 2.20m,l), which we attribute to the high
coverage of the lipid surface by oS molecules that may reduce the unspecific ThT-ND interactions. In line with our
other data recorded using 50% POPG NDs, albeit significantly reduced ThT sensitivity, only very moderate effects
of the NDs on the fibril elongation process are visible after normalizing ThT intensities in the seeded aggregation

assays (h,i).
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Table 2.2: Summary of NMR samples used in the study.

oS type pH MSP type Lipids in ND aS-to-ND ratio
acetylated 5.3 - - -
7.4 - - -
7.4 D1 100% DMPC 2:1
7.4 D1 25% POPG - 75% DMPC 2:1
7.4 D1 50% POPG - 50% DMPC 1:1, 2:1, 411, 8:1,
16:1
7.4 D1 75% POPG - 25% DMPC 2:1
7.4 A5 75% POPG - 25% DMPC 2:1
5.3 D1 100% POPG 21
7.4 D1 100% POPG 1:2, 1:1, 2:1, 41,
8:1,16:1
7.4 D1 100% POPC 2:1
7.4 D1 50% POPG - 50% POPC 21
7.4 D1 50% DMPG - 50% POPC 2:1
7.4 D1 50% DMPG - 50% DMPC 2:1
7.4 D1 100% DMPG 2:1
5.3 D1 100% DMPG, 37 °C 2:1
non-acetylated 7.4 D1 100% DMPC 2:1
7.4 D1 100% DMPC 2:1
7.4 D1 25% POPG - 75% DMPC 2:1
7.4 D1 50% POPG - 50% DMPC 1:1, 2:1, 411, 8:1,
16:1, 32:1
7.4 D1 75% POPG - 25% DMPC 2:1
7.4 D1 100% POPG 1:1, 2:1, 411, 8:1,
16:1, 32:1
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Table 2.3: Summary of MD simulations used for the study. As starting conformation for the MD simulations,
the NMR structure of micelle-bound oS (PDB 1XQ8) was used, considering only the first 61 residues in order to
concentrate on the membrane binding region of aS. The Amber99sb-ILDN force field [277] was used for oS, which
was simulated in its non-acetylated form (i.e., with NHz* at the N-terminus) and with a C-terminal N-methyl amide
capping group to account for the fact that oS would continue beyond residue 61. All lysine side chains were modeled
as positively charged, glutamate and aspartate as negatively charged, while glutamine and histidine residues were
considered to be neutral corresponding to a pH of 7.4. The protein was placed either 0.5 nm or 1.5 nm above the
membrane surface. A starting orientation with the negatively charged side chains pointing away from the membrane
and the lysine side chains being oriented towards the membrane surface were chosen (fig. 2.19d). For modeling
the lipid bilayer, membrane patches consisting of POPC/POPG (1:1) or DMPC/DMPG (1:1) involving 512 lipids
(256 lipids per leaflet) were built using CHARMM-GUI [282] and modeled with Slipids force field parameters [278,
283). Before oS was added, both lipid bilayers were solvated and simulated for 500 ns (POPC/POPG) or 1000 ns
(DMPC/DMPG) to obtain relaxed membranes. Here, the same simulation procedure was employed as described
below. aS was placed above the membrane, the protein-membrane complex solvated using the TIP3 water model,
Na* and CI" added to neutralize the system and to mimic the Na* concentration used in the experiments. The
ion parameters of Smith and Dang [284] were used. The system was then subjected to steepest descent energy
minimization, followed by MD equilibration in the NVT ensemble for 1 ns at 10 °C using the V-rescale thermostat
[285] with a time constant of 0.5 ps and separate temperature coupling for the protein, membrane and water/ions.
Afterwards, 1 ns of NPT equilibration was performed using the Nose-Hoover thermostat [286, 287] and Parrinello-
Rahman barostat [288] with semiisotropic pressure scaling, a reference pressure of 1 bar, a time constant of 10 ps
and an isothermal compressibility of 4.5 x 1075 bar™". During both equilibration steps, restraints were applied to the
positions of the P-atoms of the lipids and terminal C-atoms of their tails with a force constant of 1000 kd mol~ nm=2.
All bond lengths were constrained using the Lincs algorithm [289]. The Coulombic interactions were calculated
using the Particle mesh Ewald (PME) method [290,291] with a cut-off of 1 nm for the short-range interactions and
a Fourier spacing of 0.12nm. The cut-off for the van der Waals interactions was set at 1.4 nm. Periodic boundary
conditions were employed in all directions. For the MD production runs the same settings as for the NPT equilibration
were used, except that all position restraints were removed. All MD simulations were performed at 10 °C with a time
step of 2fs for integration using the GROMACS 4.6 molecular dynamics package [280]. For the analysis, which was
performed using Gromacs and Membrainy tools [281], only the last 250 ns of each production run was used.

Membrane models Systems oS initial distance to the membrane  Time [ns]
surface [nm]

POPC/POPG* RUN?1 - 500
DMPC/DMPG* RUN2 - 1000
POPC/POPG RUN3 0.5 1000
POPC/POPG RUN4 0.5 1000
POPC/POPG RUNS5 1.5 1000
DMPC/DMPG RUN6 0.5 1000
DMPC/DMPG RUN7 1.5 1000
DMPC/DMPG RUNS8 1.5 1000
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2.4.2 Abstract

Parkinson’s disease (PD) is the second most common neurodegenerative disease. It is characterized by
aggregation of the protein a-synuclein (a-syn) in Lewy bodies, mitochondrial dysfunction, and increased
oxidative stress in the substantia nigra. Oxidative stress leads to several modifications of biomolecules
including dityrosine (DiY)-crosslinking in proteins, which has recently been detected in a-syn in Lewy
bodies from PD patients. Here we report that a-syn is highly susceptible to UV-induced DiY formation.
We investigated DiY formation of a-syn and nine tyrosine-to-alanine mutants and monitored its effect
on a-syn fibril formation in vitro. UV irradiation of intrinsically disordered a-syn generates DiY-modified
monomers and dimers, which inhibit fibril formation of unmodified a-syn by interfering with fibril elonga-
tion. The inhibition depends on both the DiY group and its integration into a-syn. When preformed a-syn
fibrils are crosslinked by DiY formation they gain increased resistance to denaturation. DiY-stabilized
a-syn fibrils retain their high seeding efficiency even after being exposed to denaturant concentrations
that completely depolymerise non-crosslinked seeds. Oxidative stress-associated DiY crosslinking of
a-syn therefore entails two opposing effects: (i) inhibition of aggregation by DiY-modified monomers and
dimers, and (ii) stabilization of fibrillar aggregates against potential degradation mechanisms, which can
lead to promotion of aggregation, especially in the presence of secondary nucleation.

2.4.3 Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease with a preva-
lence of around 1% of people over the age of 65 [292], resulting in approximately 100,000
deaths in 2013 [2]. The lifetime risk to develop PD is around 2% for men and 1.3% for women
with a tendency to increase in an aging society [66]. On the molecular level, PD pathophysiology
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shows abnormal aggregation of the intrinsically disordered protein a-synuclein (a-syn) [84], as
well as increased oxidative stress (OS), especially in dopaminergic neurons of the substantia
nigra [143]. Aggregation of a-syn into amyloid fibrils and finally intracellular Lewy body deposits
is a central feature of PD and other Lewy body diseases [84]. This is reflected in the genetics
of familial forms of PD, where multiplication of or point mutations (A53T, A30P, E46K, G51D)
in the SNCA gene (encoding a-syn) cause hereditary early-onset forms of PD [4]. Aggregation
of a-syn is detrimental to cells in many ways as it decreases the free a-syn monomer pool,
thereby disturbing the physiological function of a-syn, i.e. maintenance of the synaptic vesicle
pool [240,293] and dopamine trafficking and homeostasis [182]. Moreover, various aggregated
species of a-syn have been shown to form pores in the cell membrane [112], damage mitochon-
dria [294], destabilize microtubules [295,296] and cause endoplasmatic reticulum stress [297].
Besides a-syn aggregation, OS is a central hallmark of PD [143]. The substantia nigra is a
brain region with increased OS. Firstly, its high dopamine content is a source of reactive oxygen
species (ROS), as the deamination of dopamine by monoamine oxidase generates HoO, which
is a strong oxidizing agent [144]. Besides that, dopamine autooxidates to dopamine o-quinone
and aminochrome, thereby creating toxic superoxide and hydroxyl radicals [145]. Moreover,
dopaminergic neurons contain high amounts of iron which is known to catalyze ROS produc-
tion via the Fenton reaction [146]. Also, mitochondrial dysfunction, e.g. inhibition of complex
l, is part of PD pathophysiology [298]. Complex | inhibition results in increased production of
ROS [299]. This can e.g. be triggered by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
a drug that inhibits complex | and thereby leads to characteristic PD symptoms, making it an
animal model for PD [149]. Besides that, familial early-onset forms of PD are caused by mu-
tations in PINK7 [300], PRKN [301] and PARK7 [302] which code for proteins that usually
associate with mitochondria in OS conditions and either prevent oxidative damage [303] or ini-
tialize autophagy of already damaged mitochondria [304]. Oxidative stress is harmful to cells
in many ways, as it leads to lipid peroxidation, DNA damage and dityrosine (DiY) formation in
proteins [165]. DiY crosslinks are formed when two tyrosyl radicals react with each other to form
a Cortho-Cortho Covalent bond between the two phenol moieties [166]. Elevated DiY levels have
been shown to exist in the brains of Alzheimer’s disease patients [305], and DiY-crosslinking
of amyloid-B (AP) increases its toxicity by enhanced aggregation propensity and stabilization of
already aggregated A fibrils [173]. In PD, DiY and a-syn are colocalized in Lewy bodies of sub-
stantia nigra brain sections [163]. Moreover, DiY is present in ROS-induced a-syn aggregates
in dopaminergic SH-SY5Y cells [306] and is a marker of oxidative stress in a MPTP model of
Parkinson’s disease [307]. DiY-crosslinking of a-syn in vitro has been performed by incubating
o-syn with peroxynitrite/CO» [174,175,308], CuClo/H>O, [163, 175], cytochrome ¢/H>O, [176],
by prolonged incubation [161] or upon purification [309]. To specifically achieve DiY-modification
of a-syn, photosensitization of tris(bipyridine)-ruthenium(ll) chloride in presence of ammonium
persulfate was performed, demonstrating toxicity of the photoinduced oligomeric species to
SH-SY5Y cells [162]. The in vitro studies have consistently linked DiY formation to stabilization
of preformed aggregates [161, 162,174, 176]. In contrast, the reported effects on a-syn fibril
formation varied, comprising complete inhibition of fibril formation [175], reduction of the fibril
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amount [162], formation of off-pathway aggregates [176] and increased fibril formation [163].
In previous in vitro studies, extensive crosslinking typically resulted in a-syn multimers up to
high-n oligomers [162, 163, 174—176]. An alternative method for DiY generation is direct pho-
tolysis by UV irradiation at a wavelength of around 280 nm, which generates tyrosyl radicals by
photo-ejection of electrons [167]. DiY formation can in this case be directly followed by an in-
creasing fluorescence emission at 410 nm, as has been applied in studies of the DiY formation
characteristics of, e.g., calmodulin [169] and insulin [170]. Here we show that a-syn is highly
susceptible to DiY formation by UV irradiation, resulting in DiY-modified a-syn monomers and
dimers but not higher-n oligomers. We compare UV-induced DiY formation of wildtype (WT) o-
syn and several tyrosine-to-alanine (Y-to-A) mutants. We investigate the consequences of DiY
formation for a-syn fibril formation and observe both inhibitory and stabilizing effects, depending
on whether soluble or aggregated a-syn is DiY-modified.

2.4.4 Results
o-Syn is Highly Susceptible to DiY Formation upon UV Irradiation at 280 nm Wavelength

To study the effect of DiY crosslinks on a-syn aggregation we generated DiY-modified a-syn by
UV irradiation. a-Syn was expressed and purified with an N-terminal acetyl group, correspond-
ing to the physiological state [85]. We chose UV-irradiation-induced DiY formation, as it allows
online monitoring of DiY formation kinetics by fluorescence spectroscopy and enables prepa-
ration of sufficient amounts of DiY-crosslinked protein for biophysical studies. As there are no
tryptophanes and cysteines in a-syn and only two phenylalanines (Agy max): 258 nm), its four
tyrosine residues are the major target for photooxidative modifications [170]. We therefore ap-
plied UV irradiation at 280 nm, using the xenon lamp of a spectrofluorometer as the light source,
to selectively excite tyrosine and transform it into a radical, which leads to the formation of DiY,
its most abundant photooxidation product [310]. The kinetics of DiY formation were simultane-
ously recorded by monitoring DiY fluorescence emission at 410 nm. WT a.-syn rapidly formed
DiY upon irradiation in the spectrofluorometer, reaching a DiY fluorescence intensity plateau
within minutes (fig. 2.27a, black trace, fig. 2.33). The set of a-syn species resulting from UV-
induced DiY formation was analyzed by size exclusion chromatography (SEC) and SDS-PAGE
(fig. 2.27e,f). Monomers and dimers but no higher-n oligomers were detected.

In order to test if the four tyrosine residues in a-syn possess different propensities for DiY
formation we created nine tyrosine-to-alanine (Y-to-A) mutants of a-syn, the single mutants
Y39A, Y125A, Y133A, Y136A, double mutants Y125A-Y133A, Y125A-Y136A, Y133A-Y136A,
the triple mutant Y125A-Y133A-Y136A, and a quadruple tyrosine knockout mutant. All single
Y-to-A mutants exhibited similar DiY formation kinetics, with Y39A reaching a slightly higher
final fluorescence intensity compared to the other single mutants (fig. 2.27a,b blue traces).
Similarly, the three double mutants showed comparable DiY formation kinetics (fig. 2.27a, red
traces). This indicates that the DiY formation propensity does not differ greatly between the
four tyrosines in a-syn. The extent of DiY formation as judged from the final DiY fluorescence
intensities increased with the number of tyrosine contained in the a-syn variant (fig. 2.27 and
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Figure 2.27: DiY formation kinetics of WT a-syn and Y-to-A mutants. (a) DiY formation kinetics of WT a-syn
and single/doublef/triple Y-to-A mutants upon UV irradiation at 280 nm wavelength, monitored by DiY fluorescence
at 410 nm. Fluorescence intensities were normalized by setting the highest fluorescence value of WT DiY-a-syn to
unity. All curves are means of triplicate measurements. Solid lines represent fits to a consecutive two-step reaction,
except for WT a-syn, for which a one-step first order model was applied. (b) Zoom into the first 10 seconds of the
kinetics of WT a-syn and single Y-to-A mutants. (c) Zoom into the DiY formation kinetics of the triple Y-to-A mutant,
Y125A-Y133A-Y136A. (d) a-Syn variants investigated in this study. () SDS-PAGE of WT a-syn and Y-to-A mutants
before (-) and after (+) UV irradiation. 1: WT a-syn, 2-9: single/double/triple Y-to-A mutants in the same order as in
(d), 10: quadruple Y-to-A tyrosine knockout mutant. (f) SEC of WT DiY-a-syn, C-term DiY-a-syn (Y39A), and N-term
DiY-a-syn (Y125A-Y133A-Y136A). (g) DiY fluorescence in dimer and monomer peak after SEC of WT DiY-a.-syn,
total fluorescence and fluorescence intensity normalized to protein concentration are shown as means of triplicates.

table 2.4). As expected, the quadruple Y-to-A mutant of a-syn devoid of tyrosines did not show
tyrosine or DiY fluorescence (fig. 2.33 and table 2.4). For all tyrosine-containing variants, the
occurrence of DiY fluorescence was accompanied by a decrease in tyrosine fluorescence in
the range of 17-28%, suggesting that only ~20% of tyrosines are converted to DiY after UV
irradiation (fig. 2.33 and table 2.4). A limited yield of DiY formation upon UV irradiation has
been observed before, with ~6% conversion to DiY in the case of calmodulin, and has been
attributed to competing reactions [165].

In the case of WT a-syn containing four tyrosines, a strong increase in DiY fluorescence was
observed directly from the beginning of UV irradiation (fig. 2.27b), with kinetics in agreement
with a one-step first order reaction (fig. 2.27a). In contrast, all other variants, containing three
or less tyrosines, showed a sigmoidal profile of DiY formation, and could be fit to the reaction
scheme of a consecutive two-step reaction (fig. 2.27a, rate constants are given in table 2.5).
The difference in the reaction profile of WT and mutant a-syn indicates that WT a-syn is excep-
tionally susceptible to DiY formation. The present data does not report on the step in the DiY
formation mechanism responsible for this effect. However, the clear difference between WT o-
syn and the single Y-to-A mutants suggests that its four tyrosines concertedly prime WT a-syn
for DiY formation.
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One factor that may promote rapid DiY for- 104
mation in a-syn is the structural flexibility of the
intrinsically disordered protein (IDP), which
enables contacts between all tyrosines [174].
Ribonuclease A is a globular protein contain-
ing six tyrosine and no tryptophan residues,
with the capacity to form DiY-linked dimers
[311]. When UV-irradiated at the same condi- 0.0 P
tions, DiY formation is much slower in ribonu- oo e

ime [min]

clease A compared to a-syn (fig. 2.28), sup-
porting a role of a-syn’s conformational flexi-  Figure 2.28: DiY formation kinetics of a-syn WT

o o . . and ribonuclease A. DiY formation kinetics of 100 uM
bility in facilitating DiY formation. To evaluate o-syn WT and 100 uM ribonuclease A (RNase A). A
the ratio of inter- to intramolecular DiY forma- zoom into the DiY formation kinetics of RNase A for
. . . . a longer time (1 h) is also shown. The mean curve of
tion, dimers and monomers of UV-irradiated triplicate measurements was normalized by setting the
WT a-syn were purified by size exclusion chro- highest fluorescence intensity of a-syn WT to unity.
matography (SEC) (fig. 2.27f). The dimer frac-
tion contained only ~5% of the total protein according to absorbance at 220 nm, yet exhibited
nearly the same DiY fluorescence intensity as the monomer fraction (fig. 2.27g). The lower
DiY content per protein in the monomer fraction is in agreement with the limited conversion
of tyrosines to DiY. UV-irradiation induced a-syn dimers could also be visualized by SDS-
PAGE for all a-syn variants apart from the quadruple Y-to-A mutant of a-syn devoid of tyrosines

(fig. 2.27e).
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DiY-modified Monomers and Dimers Inhibit Fibril Formation of Unmodified a-Syn by
Interfering with Fibril Elongation

We next evaluated the effect of DiY crosslinks on a-syn aggregation. To this end, UV-irradiated
solutions of WT and Y-to-A mutant a-syn that had achieved the final plateau of DiY fluorescence
intensity (referred to hereafter as DiY-a-syn) were added to non-UV-irradiated WT a-syn, and
aggregation was monitored by Thioflavin T (ThT) fluorescence. The solutions contained 25 uM
WT a-syn and 25 uM DiY-a-syn (total protein concentration, DiY-containing protein molecules
were not further enriched). WT and Y-to-A mutant DiY-a-syn greatly inhibited aggregation of WT
a-syn, manifested in a prolonged lag-time and a reduced slope of the aggregation time course in
the observed growth phase (fig. 2.29a and b). WT DiY-a-syn and all tyrosine-containing Y-to-A
mutant DiY-a-syn variants inhibited aggregation to a similar extent. In contrast, the UV-irradiated
quadruple Y-to-A mutant devoid of tyrosines did not inhibit a-syn aggregation (fig. 2.29c¢).

To investigate the specificity of aggregation inhibition by DiY-a-syn, we evaluated the in-
hibitory potential of free DiY and of a UV-irradiated, DiY-containing fragment of the tau protein,
TauK18A280AA [312]. Like a-syn, tau is an IDP involved in neurodegenerative diseases, and
interactions of a-syn and tau have been reported [210]. Free DiY did not show a significant ef-
fect on a-syn aggregation (fig. 2.29c). DiY-TauK18A280AA led to a prolonged lag-time of a-syn
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Figure 2.29: Influence of DiY-a-syn and other DiY species on the aggregation of a-syn. Kinetics of fibril forma-
tion of 25 uM non-irradiated WT a-syn in the presence of (black) 25 uM of non-irradiated WT a-syn, or in the pres-
ence of 25 uM of the indicated DiY species: (a) single Y-to-A mutants, (b) double/triple Y-to-A mutants, (c) quadruple
tyrosine knockout mutant, DiY/tyrosine mix (prepared as DiY a-syn), and DiY-TauK18A280AA. Mean curves of tripli-
cates are shown (with the exception of the black curve which is the mean of 15 experiments), normalized by setting
the highest fluorescence intensity in the aggregation reaction of non-irradiated WT a-syn to unity.

aggregation, but did not have a strong effect on the slope of the aggregation time course in
the observed growth phase (fig. 2.29¢). These observations demonstrate that the specific pro-
tein environment of DiY determines the effect on aggregation, and that DiY-a-syn is particularly
potent at inhibiting a-syn aggregation.

The efficient aggregation inhibition entailed by the triple mutant Y125A-Y133A-Y136A, which
can only form intermolecular DiY crosslinks through its sole tyrosine residue Y39, suggests
that DiY-crosslinked a-syn dimers are the main inhibitory species (fig. 2.29b). To compare the
inhibitory potential of DiY-a-syn dimers and monomers, the dimeric and monomeric DiY-a-syn
fractions were separated by SEC (fig. 2.27f) and added to WT a-syn aggregation reactions
(fig. 2.30a,b). Apart from WT DiY-a-syn, the single Y-to-A mutant Y39A DiY-a-syn, which can
form inter- and intramolecular DiY only in the C-terminal domain (thus denoted C-term DiY-a-
syn), and the triple Y-to-A mutant Y125A-Y133A-Y136A, which can only form intermolecular DiY
in the N-terminal domain (thus denoted N-term DiY-a-syn), were included in this experiment.
DiY-a-syn dimers were added at a concentration of 1.25 uM to 25 uM WT a-syn, i.e. at a substo-
ichiometric ratio of 1:20 or 1:10 with regard to the dimer concentration or subunit concentration,
respectively. To achieve the same DiY concentration in the case of DiY-a-syn monomers, they
were added at a total protein concentration of 10 uM, accounting for the approximately eight-
times lower DiY fluorescence compared to DiY-a-syn dimers (fig. 2.279). Addition of the N-term
DiY-a-syn monomer fraction resulted in only minor effects on WT a-syn aggregation, in agree-
ment with the fact that this construct cannot form intramolecular DiY crosslinks. In contrast,
all DiY-a-syn dimers as well as WT and C-term DiY-a-syn monomers strongly inhibited WT -
syn aggregation (fig. 2.30a). Dimers, irrespective of the domain location of the DiY crosslinks,
achieved a higher inhibitory effect than monomers, supporting a dominant role of dimers in
DiY-a-syn-associated aggregation inhibition.
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Figure 2.30: Influence of DiY-a-syn dimers and monomers on a-syn aggregation. (a) Kinetics of fibril formation
of 25uM of non-irradiated WT a-syn in the presence of either 1.25uM DiY-a-syn dimers (WT, C-term, N-term),
1.25 uM A140C dimers, or 10 uM DiY-a-syn monomers (WT, C-term, N-term). (b) Seeded aggregation of 25 uyM WT
a-syn in the presence of 1.25 uM DiY dimers (WT, C-term, N-term) or 1.25 uM A140C dimers and 10% (in monomer
equivalents, 2.5 pM) sonicated preformed o-syn fibril seeds. Seeded aggregation was performed without agitation
to disfavor formation of new nuclei or fibril fragmentation. (c) ('H-"*N) HSQC NMR spectra of 100 uM [U-"°N]-a-syn
in the absence and presence of 400 uM unlabeled (natural abundance) WT DiY-a-syn. (d) AFM micrographs of
samples taken from the seeded aggregation assay shown in (b) with/without WT DiY-a-syn dimers after O h and
24h.

To test the effect of DiY-a-syn on the elongation of a-syn fibrils, WT a-syn aggregation was
monitored in the presence of ultrasonicated a-syn WT fibrils seeds, under conditions disfavoring
formation of new nuclei or fibril fragmentation [269]. As expected under these conditions, WT
a-syn aggregation proceeded rapidly without a discernible lag phase (fig. 2.30b). In the pres-
ence of DiY-a-syn dimers at a substoichiometric ratio of 1:20, however, this process is halted,
resulting in a ~5-fold lower final ThT fluorescence compared to aggregation reactions in the
absence of DiY-a-syn dimers (fig. 2.30b). The inhibitory effect of DiY-a-syn on fibril elongation
was confirmed by atomic force microscopy (AFM). Sonicated seed particles were imaged as
bundles of short (length <200 nm) fibrils of WT a-syn [64] (fig. 2.30d). After quiescent incuba-
tion of seeds with WT a-syn monomers in the absence of WT DiY-a-syn dimers, long fibrils
formed (fig. 2.30d). In contrast, after quiescent incubation of seeds with WT a-syn monomers
in the presence of WT DiY-a-syn dimers, the seed fibril bundles appeared unchanged and
long fibrils could not be observed (fig. 2.30d). We investigated if the inhibitory effect of DiY-a-
syn dimers depends on the nature of the crosslink, by comparing the effect of a-syn dimers
crosslinked through a C-terminal disulfide bond. Dimers of a-syn A140C had only minor effects
on de novo and seeded aggregation of WT a-syn (fig. 2.30a and b). This demonstrates that the
DiY crosslink exerts specific effects.

The substoichiometric inhibition entailed by DiY-a-syn indicates that it interferes with nucle-
ation and/or elongation of a-syn fibrils by interacting with higher-order a-syn assemblies such
as oligomers, fibril surfaces, or fibril ends. We tested if DiY-a-syn also has an effect on the
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conformation of monomeric a-syn. For this purpose, the ("H-">N) HSQC NMR spectra of [U-
5NJ-a-syn in the absence and presence of a 4-fold excess of [NA]-DiY-a-syn were compared
(fig. 2.30c). The spectra perfectly superimposed, suggesting the absence of an effect of DiY-a-
syn on a-syn monomer conformation.

DiY Formation Stabilizes On-pathway Aggregation Seeds

OS-associated DiY-crosslinking can stabilize preformed aggregates [161, 162, 174, 176]. We
evaluated the stabilization of preformed a-syn fibrils by UV-induced DiY-crosslinking against
chemical denaturation, and examined if DiY-stabilized a-syn aggregates retain the ability to
seed a-syn fibrillation. To this end, we preformed a-syn fibrils and split the fibril sample in two
halves, one of which was UV-irradiated for DiY-crosslinking. The samples were subsequently
incubated in 4 M guanidinium chloride (GdnHCI), a potent denaturant of non-crosslinked a-syn
fibrils [313]. The non-irradiated sample experienced a rapid decline in ThT fluorescence under
these conditions (fig. 2.31a) and eluted in SEC almost exclusively as a monomer after 90 min of
incubation (fig. 2.31b). In contrast, the decrease in ThT fluorescence was less pronounced for
the DiY-crosslinked sample, which eluted in SEC as a mixture of monomers, low-n oligomers,
and high molecular weight aggregates of >600kDa (fig. 2.31a,b). AFM imaging of the void
volume fraction of 4 M GdnHCl-treated DiY-crosslinked fibrils revealed small fibril fragments
of about 30-200 nm length (fig. 2.31¢c). These stabilized fibril fragments were subsequently
added to an aggregation reaction of monomeric a-syn under conditions disfavoring formation
of new nuclei or fibril fragmentation, demonstrating seeding activity of DiY-stabilized a.-syn fibrils
(fig. 2.31d). The void volume fraction of 4 M GdnHClI-treated non-crosslinked fibrils, on the other
hand, did not seed a-syn fibrillation (fig. 2.31d), in agreement with the absence of stabilized
fragments in this case (fig. 2.31b).
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Figure 2.31: DiY-crosslinking stabilizes o-syn fibril seeds. (a) Chemical denaturation in 4M GdnHCI of WT
a-syn fibrils that were (blue) or were not (black) subjected to DiY-crosslinking by UV irradiation at 280 nm before,
monitored by ThT fluorescence. (b) SEC after 90 min of denaturation, performed on a Superdex 200 column. S:
void volume peak containing seeds (>600kDa); D: DiY dimer peak; M: a-syn monomer peak. The void volume
fractions collected for further characterization are indicated by a blue box. (c) AFM micrograph (height image) of
purified DiY-stabilized fibril seeds. (d) Seeding capacity of DiY-stabilized fibril fragments evaluated by addition to a
fibril formation assay of 25 uM non-irradiated a-syn monomer under conditions disfavoring formation of new nuclei
or fibril fragmentation.
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2.4 Dityrosine formation in a-Synuclein

In conclusion, OS-associated DiY-crosslinking in a-syn fibrils leads to a substantial increase
in resistance to denaturation. When DiY-crosslinked fibrils are partially denatured and subse-
quently separated again from the denaturant, they still exhibit a strong seeding efficiency for
0-Syn monomers.

2.4.5 Discussion

Several post-translational modifications of a-syn have been identified in Lewy bodies, poten-
tially with critical impact on a-syn aggregation [86]. One of these modifications is DiY formation,
which is special in its capacity to establish novel covalent bonds between sites that are distant
in the primary sequence, as well as between two protein molecules. In the case of intrinsically
disordered proteins (IDPs) like a-syn, these crosslinks will strongly influence the ensemble of
conformations adopted by the polypeptide chain [176]. We find that a-syn is highly susceptible
to UV-induced DiY formation. This is likely another consequence of its IDP nature [174], as the
globular protein ribonuclease A, which like a-syn contains tyrosines and no tryptophan, shows
insignificant levels of DiY formation in comparison (fig. 2.28). This is in accordance with studies
on the IDP B-casein, which has a dramatically increased propensity for DiY formation compared
to the globular proteins BSA and B-lactoglobulin [171].

Strikingly, WT a-syn containing 4 tyrosines exhibits a different time course of DiY formation
than all mutants containing 3 or less tyrosines, achieving a far higher initial rate of DiY produc-
tion (fig. 2.27b). The very significant difference in rates cannot simply be explained by statistical
arguments. Assuming that the rate of production of the tyrosine radical, as well as its lifetime
are not the limiting factors of DiY formation, but rather the encounter of two tyrosine radicals,
we would expect a ratio of the rates of 6 to 3 to 1, corresponding to the number of possible
intramolecular DiY pairs if a total of 4,3, and 2 tyrosines are present per molecule of a-syn.
In addition, the WT sequence with 4 tyrosines can in principle form 2 DiY crosslinks, so that
the upper bound of the ratios of the intramolecular DiY formation kinetics of a purely statisti-
cal treatment is 12 to 3 to 1. Therefore, the much larger difference in response to irradiation
between the WT sequence and the tyrosine deletion mutants is most likely due to differences
in the efficiency in radical generation, radical lifetime and the rates of potential side reactions
other than DiY formation that the tyrosyl radicals can undergo. The distinct changes from the
4 tyrosine-containing WT to the 3 tyrosine-containing mutants suggests significant differences
in the collective photophysical properties of the tyrosines in these constructs. These properties
are likely decisively affected by the high local concentration of tyrosine in a-syn (60 mM, assum-
ing a radius of 3nm for the a-syn molecule) [314], and by the particular capability of tyrosine
residues to establish intra- and intermolecular contacts of IDPs [315,316].

Analysis of the Y-to-A mutants furthermore indicates that the propensity for UV-induced DiY
formation does not differ greatly between the four tyrosines. This is reminiscent of a study
on peroxynitrite-induced DiY formation, which arrived at the same conclusion by analyzing a
set of tyrosine-to-phenylalanine mutants [175]. In contrast, other studies have observed dom-
inant roles of Tyr-125 [308], Tyr-133/Tyr-136 [176], or have prevalently detected Tyr-39 in DiY
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crosslinks [162,309], suggesting that the method of tyrosyl radical formation affects the residue-
specific DiY formation propensity.

We observe opposing effects of DiY formation on a-syn fibrillation, depending on whether
monomers or fibrils are DiY-modified (fig. 2.32). UV-induced DiY-modification of a-syn
monomers led to intra- and intermolecular DiY crosslinks, with similar amounts of DiY in the
monomer and dimer fractions, but insignificant formation of higher-n oligomers (fig. 2.27e,f,9).
Substoichiometric amounts of DiY-modified monomers and dimers inhibited de novo fibril for-
mation as well as seeded fibril growth of unmodified a-syn (fig. 2.32b). This demonstrates that
at least the fibril elongation step of the aggregation reaction is inhibited. Since free DiY and a
DiY-containing fragment of the tau protein showed no or only weak effects on a-syn fibrillation,
respectively, specific interactions between DiY-modified and unmodified a-syn molecules seem
to be critical for aggregation inhibition. The hydrophobic NAC region might be a key interaction
site in this context, as it is critical for a-syn self-assembly. At the same time, the inhibitory
effect is not a general phenomenon linked only to dimer formation, as a dimer linkage through
a C-terminal disulfide bond could not reproduce the effect of C-terminal DiY-crosslinking
(fig. 2.30a,b). This suggests that DiY is not just serving as a linker that modulates the confor-
mational ensemble of a-syn, but that the DiY group is actively involved in interactions that lead
to an inhibition of fibril elongation.

The substoichiometric inhibition of fibril elongation suggests that these interactions occur
preferentially at the fibril end. With fibril ends, DiY-modified monomers and dimers establish
interactions that are incompatible with fibril elongation.
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Figure 2.32: Scheme of the effects of DiY formation on a-syn aggregation. (a) Pathogenic aggregation process
of a-syn from monomers to nucleiffibril seeds and mature fibrils. (b) Inhibition of a-syn aggregation. When a-syn
monomers are DiY-modified by UV irradiation or reactive oxygen species (ROS), resulting in DiY-crosslinked dimers
and monomers, both nucleation and fibril elongation are inhibited. (c) Stabilization of a-syn fibril seeds by DiY
formation. When a-syn nuclei/fibrils are modified by DiY-crosslinking they gain increased resistance to denaturation
and retain the capacity to seed fibril growth.
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The stronger inhibitory effect of the dimer compared to the monomer could be due to the
larger number of sites in the dimer that are involved in such off-pathway interactions (e.g. two
NACs regions in the dimer vs. one in the monomer), or due to the increased topological chal-
lenge to correctly incorporate a dimer into the in-register fibril core. We note again, however,
that the specific DiY crosslink is critical for the enhanced inhibition of the dimer, as a dimer
linkage through a C-terminal disulfide bond did not show a significant inhibitory effect. Previ-
ous studies have shown that DiY-crosslinking stabilizes preformed o-syn aggregates against
chemical denaturation [161, 162,174, 176]. We find that preformed a-syn fibrils stabilized by
UV-induced DiY modification are effective at seeding a-syn fibril growth (fig. 2.31d, fig. 2.32c).
Stabilization of a-syn fibril seeds by DiY-crosslinking might consequently be a factor that coun-
teracts their cellular degradation and hence supports the persistence and even spreading of
a-syn pathology.

In contrast to the consistent observation of stabilization of preformed a-syn aggregates [176],
previous studies reported different effects of DiY-crosslinking on de novo fibril formation. In
agreement with the inhibitory effect of DiY-modified a-syn monomers and dimers reported here,
Norris et al. found that a-syn did not polymerize into fibrils after peroxynitrite treatment [175].
Tris(bipyridine)ruthenium(ll) chloride photosensitization led to a reduction in fibril yield [162]. In
contrast, formation of off-pathway aggregates or increased fibril formation was observed upon
treatment with cytochrome ¢/H>O, [176] or CuCl>/H>O, [163], respectively. Specifically for DiY-
crosslinked a-syn dimers, a reducing effect on the fibril yield of non-crosslinked a-syn [162]
or a role as critical on-pathway intermediate [161] have been reported. The disparate findings
suggest that the conditions of tyrosyl radical generation modulate the effects of DiY-a-syn on
fibril formation, for example by determining the extent of DiY modification and the set of DiY-
modified a-syn species. In fact, we observe exclusively DiY-modified a-syn monomers and
dimers after UV irradiation, whereas previous protocols generated a-syn multimers up to high-
n oligomers [162,163,174-176].

We find that DiY-modified monomers and dimers strongly inhibit fibril elongation, whereas
DiY-stabilization of fibril seeds promotes fibril elongation in the presence of a degrada-
tion/destabilization process. DiY modification of a-syn might therefore protect from aggregation
in the absence of aggregates, or when low aggregate amounts are present. However, as
aggregation proceeds in the course of disease progression, DiY formation might switch from
an aggregation-inhibiting to an aggregation-promoting factor above a critical level of aggre-
gate formation. In the presence of secondary nucleation processes that lead to autocatalytic
proliferation of fibrils [269], the rate of which depends on the total mass of fibrils, DiY-induced
stabilization of fibrils could ultimately result in the initiation of a positive feedback loop of a-syn
aggregation.
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2.4.6 Materials and Methods
Expression and Purification of Acetyl-a-syn and Acetyl-o-syn Mutants

Acetyl-a-syn wildtype (WT), acetyl-a-syn tyrosine-to-alanine (Y-to-A) mutants and acetyl-a-syn-A140C
were expressed in E. coli BL21DE3 carrying codon-optimised a-syn in pT7-7 vector and the pNatB
vector with the N-terminal acetylation enzyme NatB from Schizosaccharomyces pombe [274]. PNatB
(pPACYCduet-naa20-naa25) was a gift from Dan Mulvihill (Addgene plasmid #53613). Y-to-A mutants
were generated by QuikChange site-directed mutagenesis. Expression was conducted in phosphate-
buffered (50 mM, pH 7.2) 2YT-medium with 0.4% glycerol and 2mM MgCl,, protein production was
induced at ~OD 1.2 with 1 mM IPTG and run for 4h at 37 °C. Purification of a-syn was performed
as previously described [140] with modifications to the original protocol: Cell lysis and release of ther-
mostable a-syn was carried out by boiling the frozen cell pellet in a fourfold volume of dH,O at 95°C
for 30 min. After centrifugation at 15000 g and 4 °C for 30 min, the protein in the supernatant was pre-
cipitated by gradually adding saturated ammonium sulfate solution until 50% saturation was reached.
Protein was pelleted at 15000 g and 4 °C for 30 min and resuspended in 50 ml of 50 mM Tris-HCI, pH 8,
sterile-filtered and loaded onto a 5 ml HiTrap QFF anion exchange chromatography column (GE Health-
care). Acetyl-a-syn eluted at ~300 mM NaCl in a 0-500 mM NaCl gradient. The elution fractions were
precipitated by adding saturated ammonium sulfate solution to 50% saturation, the protein pelleted as
before, resuspended in dH,O and finally purified by size exclusion chromatography (SEC) on a Superdex
75 16/60 column (GE Healthcare) in 25 mM K-phosphate buffer, pH 7.3, 100 mM KCI. Final yields were
~40-60mg I~ culture for acetyl-a-syn WT and Y-to-A mutants, and around 20 mg1-' for acetyl-a-syn
A140C. Protein concentrations were determined by absorbance measurement at 275 nm using an ex-
tinction coefficient of 5600 M~ cm~" if not stated otherwise.

DiY Formation by UV-irradiation

For DiY formation, 100 uM solutions of a-syn WT and a-syn Y-to-A mutants as well as tauK18A280AA,
tyrosine, and ribonuclease A in 25 mM K-phosphate buffer, pH 7.3, 100 mM KCI were loaded into a flu-
orescence cuvette with a magnetic stir bar. All spectra and DiY formation kinetics were recorded on a

JASCO FP-6500 spectrofluorometer at 20 °C. Before and after DiY formation, tyrosine spectra (Aex
274 nm, bandwidth 5nm; Agy,, = 290-350 nm) and DiY spectra (Agx = 320 nm, bandwidth 5nm; Agm
350—-480 nm) were recorded. DiY formation was induced at Agx = 280 nm (bandwidth 20 nm) and moni-

tored every second at Agm = 410 nm (bandwidth 20 nm). UV irradiation and fluorescence readings were
stopped when a fluorescence intensity plateau was reached to prevent excessive photobleaching. For
evaluation, buffer fluorescence was subtracted and the mean of triplicate measurements was normalized
by setting the highest fluorescence of WT DiY-a-syn to unity. The kinetics of DiY formation were fit to a
consecutive two-step reaction or a one-step first order reaction, using Abscissa 2D plot and fit tool by
Radiger Brohl (http://rbruehl.macbay.de/).
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Separation of DiY-a-syn Dimers and DiY-a-Syn Monomers

To compare the inhibitory potential of DiY-a-syn dimers and monomers, the dimeric and monomeric
fractions of WT DiY-a-syn, the single Y-to-A mutant Y39A DiY-a-syn (C-term DiY-a-syn), and the triple
Y-to-A mutant Y125A-Y133A-Y136A (N-term DiY-a-syn) were separated by SEC. DiY formation was
carried out in solutions of 200 uM WT a-syn, 267 uM Y39A a-syn, and 800 uM Y125A-Y133A-Y136A
a-syn, i.e., at equivalent tyrosine concentration. After DiY formation by UV irradiation, 500 ul of each
sample were loaded onto a Superdex 75 10/300 column (GE Healthcare) and separated by SEC in
25 mM K-phosphate buffer, pH 7.3, 100 mM KCI. For analytical SEC, 200 pl samples with half the protein
concentration were loaded. As DiY formation significantly changed the absorption of a-syn at 275nm
and to ensure comparability of the different Y-to-A mutants, protein concentrations were measured at
220 nm nm using extinction coefficients of 105344 M~"cm~" for monomers and 210688 M-' cm~" for
dimers. These extinction coefficients were determined by measuring the absorbance at 220 nm of a
WT a-syn sample of known concentration (determined by absorbance at 275 nm). For determination
of the dimer and monomer yields, SEC peaks were integrated by the UNICORN evaluation software
(GE Healthcare). For the measurement of DiY fluorescence in the dimer and monomer peaks, three
~400 ul samples of 100 uM WT DiY-a-syn were separated by SEC, the protein concentrations of dimer
and monomer peaks were measured as before, and the fluorescence was measured at 410 nm with Agy
=320 nm. The mean DiY fluorescence of triplicate samples was calculated.

Aggregation Assays

Thioflavin T (ThT) aggregation assays were conducted in Corning half area 96-well plates with non-
binding surface (Corning No. 3881). For the assays starting from monomeric a-syn, 25uM of non-
irradiated WT a-syn was mixed with either 25 uM DiY-a-syn, 25 uM of UV-irradiated tyrosine, or 25 uM
of UV-irradiated tauK18A280AA. Aggregation assays were run for five days with measurement of ThT
fluorescence every 20 min (Agx = 450 nm, bandwidth 5 nm; Agy = 482 nm, bandwidth 10 nm) with 15 s of
orbital shaking before the measurement in Tecan Infinite 200PRO and Tecan Infinite M1000PRO plate
readers. The assays were conducted at 37 °C in 25 mM K-phosphate buffer, pH 7.3, 100 mM KCI, 1 mM
MgCl,, 10 uM Thioflavin T (ThT) and 0.05% NaNs, reflecting intracellular potassium and magnesium
concentration as well as intracellular pH and ionic strength. A glass ball was added per well to improve
mixing. Per well, 125 ul sample was used. To evaluate the effect of DiY-a-syn dimers and A140C dimers
on o-syn aggregation, 1.25puM dimers (WT DiY-a-syn dimer, C-terminal DiY-a-syn dimer, N-terminal
DiY-a-syn dimer, A140C dimer) were added to 25 uM of WT monomers (1:20 stoichiometry). DiY-a-syn
monomer fractions were used at a total a-syn concentration of 10 uM in order to achieve the same DiY
concentration as in the dimer experiments, considering the eight-times lower DiY fluorescence compared
to DiY-a-syn dimers. For seeded aggregation assays, 10% (in monomer units, 2.5 uM) of WT a-syn fibril
seeds were added to 25 uM WT a-syn aggregation reactions. The seed solution was prepared as fol-
lows: 300 pl of 100 uM a-syn was fibrillated at 37 °C and 800 rpm for 3 days in a 2ml tube containing
a glass balls in a Thermomixer (Eppendorf). The fibril solution was diluted to 50 uM and sonicated with
a tip sonicator (Bandelin Sonopuls HD3200, BANDELIN electronic) at 10% power (20 W) for 60 s, with
1 s pulses separated by 4 s pause. In seeded aggregation experiments samples were not shaken prior
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to measurement to disfavor formation of new nuclei or fibril fragmentation. For evaluation, the mean of
triplicate measurements was referenced to the highest fluorescence of 25 uM WT a.-syn.

Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectra were acquired at 10 °C using a 750 MHz Avance Ill spectrometer (Bruker) equipped with
a cryogenically cooled Z-axis pulse-field-gradient triple resonance probe. The NMR samples contained
[U-"°N]-a-syn at a concentration of 100 uM in 20 mM Na-phosphate buffer, pH 7.4, 50 mM NaCl, 8%
D, 0O, with or without addition of 400 uM [NA]-DiY-a-syn.

Atomic Force Microscopy (AFM)

For AFM imaging, 20 pl of the indicated samples shown in figure 4 and 5 were incubated for 30 min on
a gold-coated mica surface, the solution was taken off, shortly washed with dH,O, and dried under a
nitrogen stream. The samples were imaged by tapping mode on a JPK Instruments Nanowizard 3.

Denaturation and Seeding Capacity of DiY-crosslinked a-Syn Fibrils

For the fibril denaturation experiments, 3 ml of 150 uM a-syn WT in 25 mM K-phosphate buffer, pH 7.3,
100 mM KCI, 1 mM MgCl, and 0.1% NaNj3; were fibrillated at 37 °C in a 15ml tube under stirring with
a magnetic stir bar for 3 days. Four aliquots of 700 ul were directly frozen in liquid nitrogen and stored
at —80°C. One half of each aliquot was subjected to DiY-crosslinking by UV irradiation as described
before. Subsequently, 300 pl of the fibril solutions (with and without DiY crosslinks) were mixed with
20 uM ThT and 4 M guanidinium chloride, pH 8, in a glass cuvette with a stir bar (total volume: 600 pl)
and incubated for 90 min at 20 °C inside the fluorometer. ThT fluorescence was measured every minute
at 485nm (Agx = 445 nm). Buffer fluorescence was subtracted. After 90 min of denaturation, 500 pl of
the solutions were loaded onto a Superdex 200 10/300 column (GE Healthcare) and separated at a flow
rate of 0.5mImin~" in 25 MM K-phosphate buffer, pH 7.3, 100 mM KCI. Void volume fractions (~1.5ml)
were collected and directly evaluated for their capacity to seed fibril formation by addition (80% v/v) to
aggregation reactions of 25 uM non-irradiated WT a-syn at 37 °C. Fibril formation was followed without
shaking to disfavor formation of new nuclei or fibril fragmentation.
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Figure 2.33: Tyrosine and DiY spectra of a-syn WT and o-syn Y39A-Y125A-Y133A-Y136A (Tyr KO) mutant
before and after UV-irradiation. (a) Tyrosine spectra of WT and Tyr KO mutant before and after UV-irradiation
recorded at Agx = 274 nm and at Aem = 290-350 nm. Whereas a-syn WT shows a marked tyrosine spectrum with
a peak at 303 nm that decreases ~20% after UV-irradiation, the Tyr KO mutant does not exhibit a marked tyrosine
spectrum. (b) DiY spectra of WT and Tyr KO mutant before and after UV-irradiation recorded at Agx = 320 nm and
at Agm = 350-480 nm. a-Syn WT shows a high DiY fluorescence increase at 410 nm after UV-irradiation, the Tyr KO
mutant does not show a peak at 410 nm after UV irradiation.
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Table 2.4: Tyrosine and DiY fluorescence emission of a-syn variants before and after DiY formation. For the
quadruple mutant, tyrosine and DiY spectra could not be measured properly because of the absence of tyrosines;
n. o.: not observed.

Protein Tyrosine fluorescence Dityrosine fluorescence
Aex: 274 nm, Agm: 303 nm Aex: 320 nm, Agm: 410 nm
before after decrease [%)] before after
WT 560 451 19.5 13 356
Y39A 376 288 23.3 6 109
Y125A 453 378 16.7 7 138
Y133A 514 410 20.2 9 136
Y136A 465 367 21.0 12 215
Y125A-Y133A 399 329 17.4 9 146
Y125A-Y136A 340 279 18.1 11 108
Y133A-Y136A 395 320 18.9 10 134
Y125A-Y133A-Y136A 243 176 27.6 5 27
Y39A-Y125A-Y133A-Y136A (Tyr KO) n.o. n.o. - n.o. n.o.

Table 2.5: Rate constants of DiY formation in a-syn. The kinetics data was fit to a consecutive two stage reaction

k k.
A : B 2 C. The rate constants obtained from the fit cannot be assigned to reaction steps 1 or 2
and have therefore been labeled k;, and k.
Protein Rate constants
Km [s1] kn[s]
WT 1.67 x 10* 4.01x 10
WT (monoexponential fit) - 4.02x10°
Y39A 458 x 103 458 x 10
Y125A 1.01 x 102 2.95x 10
Y133A 7.75x10°% 3.09x 10
Y136A 2.01x 102 3.34x 10
Y125A-Y133A 1.23 x 102 3.77x 10
Y125A-Y136A 1.40 x 102 3.82x 103
Y133A-Y136A 2.38x 102 3.77 x 10°
Y125A-Y133A-Y136A 5.33x 103 1.33x 103
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3 General Discussion

In this PhD thesis, several kinetic parameters of a-synuclein aggregation were determined and
different factors that influence the aggregation process were disentangled. We analyzed the
effects of protein modifications of a-syn on its aggregation properties, i.e. the effect of a co-
valent disulfide linkage of the aggregation-prone B1- and B2-regions in a-syn and the effect
of oxidative-stress-associated intra- and intermolecular dityrosine-crosslinking. Moreover, the
interaction of a-syn with different artifical lipid bilayer membrane mimetics, called nanodiscs
(ND), has been studied in detail, including the consequences of interaction for aggregation.

We also gained detailistic insights into the aggregation process itself, by analyzing aggre-
gation of a-syn by high-resolution fluorescence microscopy on a single molecule level. This
in situ observation of aggregation in real-time enabled us to precisely determine aggregation
speed in nm/min, which directly relates to the amount of attaching a-syn monomers/second (to
the fibril end) and, by considering the protein concentration, yields the kinetic parameter kon
for a-syn fibril growth. In our case, the mean single fibril aggregation speed of a-syn averaged
over 25 fibrils and 34 h proved to be around 8.5 4+ 3.7 nmmin~', which corresponds to ~1.2
a-syn monomer incorporating into the fibril per second, assuming an a-syn fibril structure as
proposed by Vilar et al., and a distance between B-sheets within a fibril of 0.47 nm [132, 186].
This aggregation speed results in an a-syn fibril elongation rate constant of 8.6 x 103M-"s".
Other high-resolution microscopy methods like atomic force microscopy (AFM) or two-color
direct stochastic optical reconstruction microscopy (dASTORM) have also analyzed a-syn fib-
ril growth and measured growth rates between 1 to 10nmmin-! [57, 65]. These growth rates
are within one order of magnitude with our determined growth rate of 8.5 + 3.7 nmmin-', the
slight variances in growth rate can e.g. be explained by different experimental conditions, e.g.
different buffer/pH, protein concentration and temperature. The fibril growth rates of other amy-
loidogenic proteins like amyloid-f40, glucagon, B2-microglobulin and Sup35 are between 8 to
40-fold higher, indicating that a-syn fibril elongation is a rather slow process [21, 58, 62, 192].
In comparison to these other proteins, a-syn is a long protein of 140 amino acids which might
explain that the incorporation of a monomer into the fibril takes longer.

Besides growth rates, we also observed stop phases during fibril growth, which has been
observed before in comparable in situ experiments [57, 58, 62, 185]. Our high-resolution data
enabled us to study interconversion rates between growth and stop phases in detail, based
on 25 fibrils. Growth and stop phases interconverted with rates of about 1.5 x 10~*s~1 (k_:
1.63 x 1074571, k,: 1.27 x 10~*s7"), thereby demonstrating that growth and stop phases are
approximately isoenergetic. These stop phases of fibril growth have been hypothesized to result
from contacts of fibrils with obstacles or surfaces like the glass surface in microscopy carriers
or the surface of a mica chip for AFM [57,58, 185] or incorporation of a templating-incompetent
monomer or oligomer [185,187]. Indeed, this might well be the case. In section 2.4 we describe
the formation dityrosine (DiY)-crosslinked dimers in a-syn that potently inhibit fibril elongation
in a substoichiometric fashion. A low substoichiometric ratio of 1:20 relating to DiY dimer to
a-syn monomer almost completely inhibited fibril elongation (fig. 2.30b,d). The inhibitory effect
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on fibril elongation is likely a sterical hindrance, when a DiY-crosslinked dimer docks to the fibril
end, the dimer subunits can not both be incorporated into the fibril, so that fibril growth cannot
proceed (fig. 3.1). Interestingly, van Maarschalkerweerd et al. have found that DiY-crosslinked
dimers are naturally present in recombinant protein preparations of a-syn as they can form
during the purification procedure, e.g. in concentration and/or gel filtration steps [309]. Incorpo-
ration of this templating-incompetent DiY dimer to the fibril end might be the explanation for our
observed stop phases during fibril growth. Adding to this we showed by NMR experiments that
DiY dimers (and/or intramolecularly-crosslinked DiY monomers) do not interact with wildtype
o-syn monomers, indicating that the inhibitory effect on fibril elongation is indeed based on the
interaction with fibrils (fig. 2.30c).

DiY-crosslinking of proteins is a process that happens in oxidative stress conditions, when
proteins are exposed to reactive oxygen species such as the H>O, or the hydroxyl radical
("OH) [165]. DiY and a-syn are colocalized in the brain of PD patients, indicating that DiY-
crosslinked a-syn plays a role in PD pathology [163]. We found that a-syn as an intrinsically
disordered protein (IDP) has a high tendency to form dityrosine crosslinks, much more than
a globular protein such as ribonuclease A (fig. 2.28). The analysis of DiY formation kinetics
of several tyrosine-to-alanine mutants did not show any preference of DiY formation of certain
tyrosine positions within the four tyrosines found in a-syn. This is probably because of its high
structural flexibility, so all tyrosines can easily be radicalized and two tyrosyl radicals can easily
find each other.

In the brain, a-Syn is highly abundant in the cytosol of neurons, e.g. up to 1.2% of total pro-
teins is a-syn in brain regions like the striatum or the hippocampus [89]. Considering an average
cytosolic protein concentration of approximately 100 to 270 mgml~' [317], a-syn concentration
in neurons is at least 1 mgml~'. The high abundance of a-syn in brain regions that exhibit in-
creased oxidative stress conditions might indicate that oxidative (dityrosine) formation in a-syn
is a probable process that happens quite often. This points to the possibility that a-syn, be-
sides its role in synaptic trafficking, is also an antioxidant that functions as a ROS scavenger by
readily reacting with hydroxyl radicals [318]. On the other hand, the coexistence of high a-syn
concentrations and increased OS also demonstrates that a-syn aggregation and OS can influ-
ence each other and act together in a detrimental way that finally causes cell death [155,319].

Indeed, we found two opposing effects when looking at DiY formation in a-syn (see sec-
tion 2.4, fig. 2.32). When monomeric solutions of a-syn were irradiated with UV light, a model
system of OS-associated tyrosine radicalization and subsequent DiY formation, DiY-crosslinks
formed rapidly. These DiY-crosslinks in a-syn markedly inhibited the aggregation of wildtype
protein (fig. 2.29a,b, fig. 2.30a,b,d), thereby showing that OS can be quenched by a-syn and
that this oxidative modification prevents the toxic aggregation process. We can however not
exclude that these DiY-crosslinked a-syn species are cytotoxic, as has been shown for different
oxidatively modified a-syn species [162].

On the other hand, we have shown that OS-associated DiY-crosslinking of preformed o-
syn aggregates has a stabilizing effect that greatly increases their resistance to dissolution
(fig. 2.31a,b,c). These crosslinked aggregates still retain the ability to induce aggregation

86



of a-syn monomers, thereby showing that OS-associated protein modifications can have
an aggregation-promoting effect (fig. 2.31d). As dityrosine and a-syn have been shown to
colocalize in Lewy bodies of PD patients’ brain, this DiY-stabilization of a-syn fibrils occurs
naturally [163]. This indicates that stabilization of aggregation seeds by DiY-crosslinking is an-
other hallmark of PD and can be seen as a vicious cycle of OS and aggregation that increases
aggregate toxicitiy, as stabilized aggregates cannot be dissolved/removed.

Besides the inhibitory effect of DiY dimers on a-syn fibril elongation, we also analyzed the
inhibitory effect of a certain structural conformation of a-syn, where the B1- and p2-regions
has been stabilized by a disulfide bridge (see section 2.2). It has been shown before that cer-
tain affibody proteins called B-wrapins can bind a-syn and sequester a B-hairpin conformation
spanning the B1- and B2-region, thereby potently inhibiting aggregation [178]. The idea of the
study presented in section 2.2 was to stabilize this contact between the B1- and p2-fragments
in a-syn by an intramolecular disulfide bridge and study its consequences for the aggregation
of wildtype protein. By mutating glycine at position 41 and valine at position 48 both to cys-
teine, a disulfide bridge can form between these residues that takes up a comparable space
as the glycine and valine residues do when locked in the B-hairpin conformation (0.56 nm vs.
0.61nm, see fig. 2.10a) [211]. As wildtype a-syn does not contain cysteines in its sequence,
disulfide bonds can only form between these two residues in the mutant which we thus de-
noted a-synCC. a-SynCC retained the disordered structure of wildtype a-syn, indicating that
the introduced disulfide bridge did not enforce an artificial conformation in a-syn (fig. 2.10c).

The stabilized B1-f2-contacts in a-synCC rendered it aggregation-incompetent and inhibited
not only the de novo aggregation of a-syn, but also the aggregation of amyloid proteins amyloid-
B and IAPP substoichiometrically (fig. 2.11a-c). a-SynCC also inhibited the seeded aggregation
of wildtype a-syn (fig. 2.11d). This effect might well be analogous to the inhibitory effect on fibril
elongation that we have described for DiY dimers and DiY monomers. a-SynCC molecules
might dock to the fibril end and may also partly form the B-sheet core of the fibril. However
because of the sterical restraints introduced by the covalent linkage of the 1- and f2-fragments
that are usually also part of the fibril, a-synCC can not be incorporated completely into the fibril.
This process results in fibril ends that are incompetent for further monomer docking, leading
to stop phases in fibril growth, which we have observed in section 2.1. Before fibril growth can
proceed, the templating-incompetent monomer (or dimer in the case of DiY-crosslinking) would
have to dissociate from the fibril end, a process that is on the timescale of 10 to 120 min in
the case of amyloid-p [188, 189]. Considering that the aggregation of a-syn and amyloid- in
vitro is completely finished within 3 to 30 h (fig. 2.11a,b), the substantial inhibitory effect of the
incorporation of templating-incompetent species becomes evident.

Also, both in the case of DiY-crosslinked dimers/monomers and a-synCC, the substoi-
chiometric inhibition of fibril elongation can easily be explained by the direct interaction of
templating-incompetent species with the fibril ends. When we call this inhibition a substoichio-
metric effect, we compare the concentration of monomeric protein that goes into the fibrillation
reaction with the concentration of the monomeric (or dimeric) inhibitor. However this is no
longer a substoichiometric effect when we consider that the inhibition takes place at the fibril
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3 General Discussion

end. The concentration of fibril ends is much lower than the concentration of monomeric protein
that goes into the fibrillation reaction, e.g. even as low as 1/1000 of the total initial monomer
concentration [43], pointing to a rather stoichiometric inhibition of fibril elongation. The effects
of templating-incompetent a-syn-species like DiY dimers and a-synCC on fibril elongation are
summarized in figure 3.1 (right hand side).

In relation to the aggregation-inhibiting a-synCC, we also showed that cell viability in an
MTT-assay with SH-S5Y5 cells is increased when cells are treated with solutions of a-syn,
amyloid-f and IAPP that have been coaggregated in the presence of a-synCC, compared to
the aggregated proteins without a-synCC (fig. 2.11e-g). This not only shows that reduced ag-
gregation is directly linked to reduced cytotoxicity, but also that molecules that dock to the fibril
ends and render them templating-incompetent have the potential to prevent aggregate toxicity.
Alongside other therapeutic routes to inhibit amyloid toxicity like reduction of amyloid protein
production [320], stabilization of monomers/nucleation inhibitors [321] and clearance of aggre-
gates [322], specific fibril elongation inhibitors that induce (ideally constant) stop phases in fibril
growth might be another promising strategy. These fibril elongation inhibitors can be molecules
that stabilize conformations of amyloid proteins that can dock to the fibril end but are then
templating-incompetent. In the case of a-syn, a molecule that e.g. stabilizes non-fibrillogenic
contacts between 1- and B2-fragments may be a promising therapeutic candidate. As we have
shown a substoichiometric mode of action for fibril elongation inhibitors, they might be effective
in quite low concentrations. As most amyloidoses are diseases that develop slowly and mani-
fest in the last quarter of life (60 years plus), decreasing aggregation velocity by a factor of two
might actually prevent disease onset.

Besides the detailed analysis of the a-syn aggregation process and the analysis of influenc-
ing factors related to modification of a-syn itself by DiY formation or protein engineering, we
also studied the effect of an important binding partner of a-syn, i.e. lipid membranes, on its ag-
gregation (section 2.3). In its physiological state, a-syn is in an equilibrium between a cytosolic
and a membrane-associated form [83]. Therefore, its interaction with lipid membranes definitely
has consequences in respect to aggregation propensity and velocity. Aggregation of a-syn in
the presence of lipid membranes has been studied before in vitro, several membrane mimetics
have been used, e.g. detergent micelles or lipid vesicles [107, 133,236, 249]. In our study we
chose lipid bilayer nanodiscs (ND) that are composed of a phospholipid bilayer surrounded by
a membrane scaffold protein (MSP). NDs have several advantages over lipid vesicles, e.g. a
homogenous, well defined size and membrane area [254], a high stability [253] and their lipid
composition and charge can easily be modified by introducing different lipids as well as ganglio-
sides, cholesterol and sphingomyelin [252,255]. The size of NDs can also easily be tuned by
choosing a specific MSP construct of a defined length. In contrast to lipid vesicles, NDs provide
a planar lipid bilayer surface which might have a different effect on a-syn binding and aggrega-
tion than curved lipid vesicles. It has e.g. been shown, that a-syn binding remodels curved lipid
vesicles, thereby forming lipoprotein particles that also coaggregate [110, 125,257]. This might
be very different for stable, planar lipid bilayer NDs.
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We studied the residue-specific binding of a-syn to differently charged nanodiscs e.g. using
liguid-state NMR. Therefore, the content of negatively charged 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoglycerol (POPG) was varied from 0% to 100% in 25% steps in a molar ratio of one
a-syn molecule per ND bilayer side. An interaction of a-syn with nanodiscs results in a re-
duced residue peak intensity in NMR, i.e. a complete disapperance of residue peaks in NMR
means a strong binding of these residues to nanodiscs. This disappearance of peaks due to
immobilization of a-syn on the membrane surface has been used before to study the residue-
resolved interaction of a-syn with vesicles [242]. We therefore analyzed binding by calculating
the reduction of peak intensity over the 140 residues of a-syn in presence of NDs (fig. 2.17). At
0% negative charge, a-syn did not interact with nanodiscs at all, the NMR spectrum remained
unchanged in respect to the reference spectrum without nanodiscs. At 25% negative charge,
which is close to the negative charge content in physiological membranes, e.g. synaptic vesi-
cles [323], residues 1-38 of a-syn were interacting with nanodiscs. The higher the negative
charge, the more a-syn residues were bound. At 100% negative charge, a-syn residues 1-98
interacted strongly with NDs. The residue-resolved analysis of nanodisc binding lead us to the
conclusion, that there are four regions in a-syn in relation to ND-binding: region one spans
residues 1-38 and weakly interacts with NDs at 25% negative charge, region two comprises
residues 38-60 and interacts at 50% negative charge with NDs. The aggregation-prone central
NAC region of a-syn spanning residues 60-95 (region three) begins to interact with NDs at 75%
charge and strongly interacts at 100% negatively-charged lipids in NDs. Region four (residues
98-120) is only weakly affected by NDs with 100% negative charge. The last 20 amino acids
of a-syn never interact with NDs. This four region model fits to the three region model that has
been proposed by Fusco et al. using lipid vesicles [246]. The binding of a-syn to NDs is prob-
ably facilitated by electrostatic interactions. As the first 60 residues of a-syn with its lysine-rich
repeat sequences carry a positive net charge, a strong interaction with negatively-charged NDs
is logical. Interestingly, the practically neutral NAC region is also strongly bound to NDs at 100%
negative charge. (fig. 2.17).

We next wanted to find out how the interaction with NDs influences the aggregation kinetics
of a-syn, we hypothesized for example that strong binding of the aggregation-prone NAC region
of a-syn to nanodiscs would result in a prominent change in aggregation behavior. Therefore
we performed Thioflavin T aggregation assays with a-syn in the presence of NDs of different
charge content and also different concentrations of NDs (fig. 2.17, fig. 2.20, fig. 2.21). We found
that NDs with a negative charge of 50% in a 1:1 stoichiometry with a-syn did not influence
aggregation kinetics, aggregation halftimes were the same as for the wildtype protein without
NDs (fig. 2.17f). This fits to the observations from the NMR experiments, were the NAC region
of a-syn was still unaffected by the presence of NDs with 50% POPG, therefore aggregation
can take place, although many synuclein molecules are anchored to NDs with their N-terminus.
As obvious from the NMR experiments, The NAC region of a-syn starts to interact gradually
with NDs of 75% negative charge. Consequently, the aggregation kinetics of a-syn begin to
be affected, with slightly longer aggregation halftimes (fig. 2.17f). At 100% negative charge,
aggregation of a-syn is completely inhibited in a 1:1 ratio for 140 h. This is explained by the fact
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that the complete aggregation-triggering NAC region of a-syn is bound to NDs as evident from
the NMR experiments (fig. 2.17¢, purple). From this data we concluded that binding of a-syn to
highly-negatively charged membranes with a high surface area, i.e. a high lipid-to-a-syn-ratio
prevents the aggregation of a-syn. This has also been reported before in a study using small
unilamellar vesicles made of the negatively-charged lipid 1,2-dimyristoyl-sn-glycero-3-phospho-
L-serine (DMPS) [107].

However, this situation (100% negatively-charged lipids and a large available membrane sur-
face area) is likely not a physiological scenario. It is much more likely that there is a limited
membrane surface available for interaction. Most negatively-charged lipids of the plasma mem-
brane (phosphatidylserine, phosphatidylinositol and phosphatidic acid) are located at the cy-
tosolic side (inner leaflet) of the membrane, where they can interact with cytosolic proteins
like a-syn [324]. A further clustering of negatively-charged lipids may result in small mem-
brane patches with a limited interaction surface but very high charge. We therefore also tested
the influence of low ND(lipid)-to-a-syn-ratios on the aggregation of a-syn. Interestingly, low
ND(lipid)-to-a-syn-ratios, e.g. 1:16 or 1:64 had a stimulating effect on aggregation (fig. 2.20h).
When coaggregated in the presence of small amounts of NDs with 100% negatively-charged
POPG lipids, aggregation halftimes were approximately reduced by a factor of two. A 1:16 stoi-
chiometry of 100% POPG NDs to a-syn was also the only tested condition which could induce
aggregation in quiescent conditions, where a-syn aggregation is usually very slow (fig. 2.20j).
A similar ambivalent effect of lipid-induced aggregation-inhibition and aggregation-stimulation,
depending on the lipid-to-a-syn-ratio, has been reported before for lipid vesicles [107]. This
shows that membrane curvature only plays a subordinate role when it comes to the influence
on a-syn aggregation.

We think that the aggregation-triggering effect of a small, negatively-charged membrane sur-
face area results from many a-syn molecules that cluster together on the membrane surface.
The high negative charge binds a-syn molecules tightly to the membrane surface, but as the
surface is only limited, they do not bind with residues 1-100 (including NAC region) as is the
case when the membrane surface area is not limited. Several a-syn molecules rather bind with
their very N-terminal residues on the ND surface, as their affinity for negatively-charged lipids is
the highest, i.e. higher than the affinities of the NAC region residues (fig. 2.20e). When several
a-syn molecules are bound on the ND surface, the NAC regions of these molecules come in
close proximity to each other (fig. 2.20g, fig. 2.22). This leads to an accelerated aggregation, as
nuclei form faster in this way than in solution. As a 16:1 ratio of a-syn to NDs (i.e. eight a-syn
molecules per bilayer side) promotes aggregation, we deduce that eight molecules of a-syn
can form a nucleus that is promoting aggregation.

In contrast to highly-charged NDs with 100% anionic POPG lipids and a limited surface,
NDs with a low-to-medium charge (e.g. 50% POPG), did not show an aggregation-triggering
effect, even in low ND-to-a-syn ratios (fig. 2.21e). When comparing this effect with the NMR
data on the interaction of a-syn with 50% POPG NDs (fig. 2.21a), we see e.g. in the case
of a 16:1 a-syn-to-ND ratio that interaction of the N-terminal residues is only transient, as
approximately 50% of residue peaks are still visible. This only transient interaction does not
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seem to be enough to bring the NAC region of several a-syn molecules in close proximity to
each other and stimulate aggregation. Aggregation therefore seems to proceed on a longer
time-scale than the transient on-off-interactions of a-syn with membranes of low-to-medium
charge (fig. 2.21g).

What does this mean now in respect to a-syn’s physiological function and its role in the patho-
genesis of Parkinson’s disease? In our study we used planar lipid bilayer mimetics to study
a-syn’s interaction and aggregation. Although a-syn exerts its function in synaptic vesicle traf-
ficking and preferentially binds to small, highly-curved vesicles [83,99], it has also been shown
to bind to (rather) planar bilayers, thereby forming an extended helix conformation rather than a
broken helix conformation [100]. A switching between a broken, kinked helix and extended helix
has been reported before and might actually be directly related to its function, as this exten-
sion e.g. might trigger vesicle fusion/rearrangement [325]. With our highly tunable and stable
planar lipid bilayer ND system we were able to reproduce the strong binding and aggregation-
inhibition properties of negatively-charged lipid membranes previously reported using curved
lipid vesicles [107,236]. Our planar bilayer ND approach therefore combines the reproducibil-
ity of physiological lipid-binding features of a-syn with the advantages of NDs, e.g. in NMR
experiments like small size, high stability and homogeneity, to name a few [253].

In contrast to the aggregation-inhibition and membrane interaction of a-syn in high lipid-to-
a-syn ratios, the situation in Parkinson’s disease pathogenesis is likely a different one, where
membrane environments actually promote aggregation. It has been shown that PD is caused
and/or initiated by an increased expression of a-syn or the expression of a-syn mutants that
show an increased aggregation propensity and/or different lipid binding properties [4,243]. The
a-syn-to-lipid ratio therefore is likely much higher in PD patients than in healthy individuals. This
would shift the effect of membrane interaction from an aggregation-inhibiting to an aggregation-
promoting effect as has been observed in our study. Notably, it has recently been demonstrated
that molecules that reduce membrane interaction of a-syn actually reduce cytotoxicity [273,
326]. Therefore, the combination of NMR and aggregation analysis (in high a-syn-to-lipid ratios)
established with our ND system is well suited to screen and assess molecules that inhibit
aggregation of a-syn in an membrane environment and subsequently reduce cytotoxicity.

Figure 3.1 summarizes selected findings of ND membrane interaction of a-syn and its con-
sequences for aggregation (left hand side).

In conclusion, this PhD thesis with its four distinct publications unraveled several kinetic deter-
minants and features of a-syn aggregation. Besides identifying key kinetic parameters of a-syn
fibril growth on a single molecule level, we found different conformers of a-syn that potently
inhibit aggregation. These conformers are either species that arise from natural oxidative modi-
fications of a-syn (in the case of DiY dimers and monomers) or conformers that are likely within
the normal structural flexibility of the IDP a-syn and can be stabilized by protein engineering (o-
synCC). The identification of these efficient aggregation inhibitors harbours great potential for
the finding and development of therapeutic aggregation inhibitors that e.g. exhibit their function
by stabilizing aggregation-incompetent conformers of a-syn. We have also established a highly
tunable and defined ND system for studying membrane interaction and aggregation of a-syn.
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Figure 3.1: Summarizing scheme of factors that influence the aggregation kinetics of a-syn. On the right hand
side, the detailed kinetics from monomers over nuclei to fibrils including stop phases are shown. Rate constants of
individual steps are given beside the respective reaction arrow (see section 2.1). On the right upper side, the
inhibitory effect of B1-p2-linked a-syn monomers on aggregation is shown (see section 2.2). On the right lower side,
the inhibitory effect of dityrosine (dimers) on aggregation is displayed, e.g. also by leading to stop phases of fibril
growth, when dityrosine dimers dock to fibril ends (see section 2.4). On the left hand side, the interaction of a-syn
with lipid bilayer nanodiscs is shown. Red lipid head groups are negatively-charged, black head groups are neutral.
Green fatty acid chains are oleyl-chains, grey fatty acid chains are palmitoyl- or myristoyl-chains. The membrane
scaffold protein of nanodiscs (NDs) is depicted in translucent blue. Highly-negatively-charged lipid bilayer NDs can
either prevent aggregation by strong binding of a-syn (residues up to 120), when there is a high lipid-to-o-syn ration,
or promote aggregation by strong binding of only the N-terminal residues of many molecules, thereby bringing a lot
of aggregation-prone a-syn molecules in close proximity, when there is a low lipid-to-a-syn ratio. Low-to-medium-
charged NDs only weakly and transiently interact with a-syn, thereby not exhibiting a marked effect on aggregation
(see section 2.3).

Besides identifying key kinetic and thermodynamic residue-resolved properties of the a-syn-
ND interaction, we were able to recapitulate the ambivalent influence of negatively-charged
membranes on the aggregation of a-syn. As a reduction of a-syn-membrane interaction has
been shown to reduce cytotoxicity, our ND system offers the potential to identify and assess
aggregation inhibitors of a-syn in a more physiological membrane environment setting.
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