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Abstract

a-synuclein (a-syn) is a natively unfolded protein, which can aggregate into amyloid
fibrils, the major hallmark of Parkinson’s disease (PD). PD is the second most common
neurodegenerative disease; in fact it has been estimated that in 2040 14.2 million people
will be affected by PD worldwide. Therefore a better understanding of the aggregation
mechanisms of a-syn and its link with the disease is necessary for combatting it.

In Chapter [3] the thermal and chemical stability of a-syn fibrils has been investigated.
It is demonstrated that a-syn fibrils can denature when they are incubated for prolonged
time at 4°C. Moreover, it is discussed that this process is arising from a decrease in the
strength of hydrophobic interactions. Hydrophobic interactions are the major stability
factor for amyloid fibrils, hence a weakening of these interactions renders it plausible
that amyloid fibrils can cold-denature, as also folded proteins.

In Chapter [4] the nucleation of a-syn on fibril surfaces has been investigated. This type
of nucleation process has only been recognised to play an important role in amyloid fibril
formation in the last decade. There are several important open questions in relation
to this process. Here I have addressed the question concerning the ability of surface
nucleation to propagate properties of the seed fibrils. It has been demonstrated that
secondary nucleation of a-syn amyloid fibrils does not propagate the fibril structure
and rather resembles a generic heterogeneous nucleation process. Due to the generic
nature of this process, it can also occur in the presence of fibrils formed by another
protein, such as S-syn.

In Chapter [5|is shown how lipid-bilayer nanodiscs composed by a-syn as scaffold protein
constitutes a reproducible tool to investigate the aggregation of a-syn upon binding to
lipids.

Taken together, this thesis establishes important new insights into both the stability of

a-syn fibrils, as well as their process of formation on the surface of other fibrils.
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General Introduction

1.1 Amyloidoses

Amyloidoses indicate diseases caused by protein misfolding. To fulfill their function,
proteins need to adopt their native structure, but in particular conditions they may
undergo misfolding and eventually form amyloid fibrils (I). The first observation of
amyloid deposits, such as plaques and inclusion bodies, occurred in the 1639 by Nicolaus
Fontanus and since then their structure has been characterised, in some respects, at
atomic level of detail (2) (Fig. [1.1)). Friedrich and Kekul demonstrated that amyloids
were predominantly proteinaceous (3). Moreover, thanks to the developments in light
microscopy, it has been observed that amyloid deposits were red-green birefringent in
presence of the dye Congo red (4)). These findings suggested that amyloids were formed
of highly organized protein subunits and the subsequent identification of amyloid A,
antibody light chains and transthyretin as the major protein component of fibrils in
plaques, has demonstrated that an individual protein can cause an amyloid disease (5} (6,
7). To date, ca. 40 peptides and proteins were found forming amyloid deposits. Most of
them are secreted, and indeed the insoluble deposits are found in the extracellular space.
Just a minor fraction of these proteins are cytosolic and can form intracellular deposits,
so called inclusion bodies (I]). The protein misfolding diseases can affect either kidneys,
liver and heart, but also the brain. When the latter is affected, the pathology arises
in specific areas, such as in the hyppocampus in case of PD, to spread subsequently
to the whole organ (Fig[l.2] A) (8). Among the neurodegenerative diseases, there are
Alzheimer’s and Parkinson’s diseases (AD and PD respectively). To date, PD is one





1. GENERAL INTRODUCTION

of the most significant diseases with 6.9 million affected people in 2015, doubled the
amount since 1990. Considering its growth rate, it can be assumed that in 2040 14.2

million people will be affected by the disease (9)).

1.1.1 Parkinson’s Disease

PD is a systemic neurodegenerative disease medically described for the first time by
James Parkinson in 1817 as ”shaking palsy”. It was only in 1872 that Jean-Martin
Charcot scientifically characterised bradykinesia, slowness of movements, as a separate
cardinal feature of the illness (10). Firstly it was thought to be a motor disorder, how-
ever it is a multifactorial disease affecting many other processes such as the endocrine
signaling, memory, behaviour, gastrointestinal motility and olfactory function, whose
losses are used as a preclinical sign of PD (I1]). Recent studies have suggested that the
non-motor symptoms, especially those associated with the gastrointestinal dysfunction,
may manifest even 20 years earlier than the neurological ones (II). The neurological
symptoms are caused by the loss of dopaminergic neurons, that are located in the sub-
stantia nigra, a part of the midbrain, in which they are easily recognisable. As the
name indicates, these areas are black-coloured due to the pigment neuromelanin that
dopaminergic neurons are expressing. The substantia nigra of PD patients, instead,

loses the black pigmentation due to the neuronal impairment (Fig. [1.2| B).

A hallmark of PD is the accumulation of inclusion bodies, called Lewy bodies (LBs),
constituted by protein aggregates formed by, among others, a-synuclein (a-syn), which
represents the major component (10, [I1). The majority of PD cases are sporadic and
only 15 % of the patients present a positive family history, although in 1996 studies
confirmed that PD also might have hereditary component. To date, we know 28 chro-
mosomal regions that are related to PD, although they show different contributions
(I3)). 18 chromosomal loci were termed PARK in relation to PD and they were num-
bered in chronological order of their identification. At present, there are six confirmed
genes linked to heritable, monogenic PD. Mutations in SNCA (PARK1) and LRRK2
(PARKS) have been correlated with autosomal-dominant PD forms, while mutations
in Parkin (PARK2), PINK1 (PARK6), DJ-1 (PARK7) and ATP13A2 (PARKY9) have

been associated with autosomal-recessive PD (13). SNCA mutantions were the first
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Figure 1.1: History of the structural research on amyloid fibrils since 1639.
Starting from first insights into amyloid deposits towards high resolution fibril structures.
From (2)).

to be correlated with PD and patients presenting mutations in this gene present usu-

ally early-onset PD, which is emerging before the age of 50. Nevertheless, the disease
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PD patient

@ Brainstem Lewy body
® Cortical Lewy body

Figure 1.2: PD staging system and midbrains from a healthy person and a
PD patient. A The Braak staging system of PD for which the initiation sites are in
the olfactory bulb through to the later infiltration of Lewy pathology into cortical regions.
The red shads represents the pathology pattern. Figure from (I2). B Midbrain transvers
sections of a healty person (on the left) and of a PD patient. The black lines indicate
the substantia migra in the two midbrain sections. Modified from http://patologia.
gabeents.com/data/Pathologic/cns4/record0009.html.

progresses rapidly once it has been prognosed.

1.1.2 Aggregates spreading in PD

Historically it was believed that PD was originating in the anterior olfactory nucleus
and it was then spreading in the rest of the organ (Fig A). In 2003 a study has
found damaged neurons in the substantia nigra, but also in the vagal nerves, suggesting
its involvement in the PD (8). Since then we know that PD is not just confined in the
brain, but it is also present in the peripheral nervous system (PNS). To date, many
studies have investigated the role of the vagal nerves in the PD. Among the non-motor
symptoms for the PD, such as constipation, as discussed previously, can be found in PD
patients 20 years earlier than motor symptoms manifest themselves(14). Since then,
several studies have shown that a-syn can spread from the gut to the brain trough the
vagal nerve (5], [16). Moreover, other studies have also reported a lower PD incidence
for patients whose vagal nerves, appendix or tonsils were surgically removed (14). The
origin of PD pathology in the peripheral system has not been identified yet. Studies
have proposed several scenarios, among which there is the involvement of bacteria
resident in the gut that, trough the secretion of short-chain-fatty-acids (SCFAs), would
directly influence the permeability of the blood-brain and the blood-gut barriers. In
this way bacterial metabolites and eventual protein aggregates may reach the central

nervous system (CNS), where they could cause neuroinflammation (I1l) (Fig|l.3).



http://patologia.gabeents.com/data/Pathologic/cns4/record0009.html
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Figure 1.3: Schematic representation of the microbiota-gut-brain axis in PD.

Possible bacterial contribution to the PD development through the permeability alteration
of the blood-gut and blood-brain barriers may allow the gut content to be transmitted to
the brain. Moreover, a-syn may aggregate in the gut and be transported subsequently to
the brain through the vagal nerve. Taken from (II)).

Despite the fact that are numerous open questions about the peripherally cause for
PD, it emerges from all these studies that the spreading of the pathology to the brain

is playing a fundamental role in the development of PD.

1.2 Amyloid fibrils

1.2.1 Amyloid fibril formation

In vivo proteins are generally folding into their native structure, often with the support
of chaperone proteins. As already discussed, under particular conditions proteins can
undergo misfolding and elude the degradation systems, such as autophagy (I)). Proteins
involved in amyloidoses can overcome the degradation systems or simply they can

present an activity impairment due to loss of function mutations. Once proteins are
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unfolded, they can undergo a pathway involving several intermediate structures, such
as on-pathway oligomers, until reaching what is considered the most stable protein
structure, the amyloid fibril. However this is true in case of a sufficiently high protein

concentration, whereas the fibril stability is limited in case of low concentrations (Fig.

13).

Depolymerization Fibril yield

Secondary
nucleation ==

‘_'
Unfoldfd state | Oligomers ‘

S—P—@—l—

IntemzdiateJ c ’ C

Native state
Fragmentation
. J1 . Il -
Nucleation phase Elongation Stationary
phase phase

Figure 1.4: Schematic representation of protein aggregation. A globular protein
is in equilibrium with less-structured or partially folded states and from these states can
undergo aggregation. Metastable and then higher-order on-pathoway oligomers can be
formed, which can recruit other monomers (corresponding at the lag time in a ThT assay,
Section until reaching the mature fibril structure (stationary phase in the ThT
assay). Once the fibril is formed, it can fragment into smaller fibrils, increasing the number
of ends at which other monomers can elongate them. Moreover, a fibril can depolymerize
(Section into monomers or it can cause the formation of new nuclei through secondary
nucleation. Once a sufficient number of aggregates can associate in more stable structure,
several mature fibrils are formed and they can then combine into insoluble aggregates in
vitro or inclusion bodies in vivo. Taken from (I7)

The de novo formation of fibrils has a high energy barrier either in vivo and also in

vitro, but it can be bypassed in the presence of nuclei, defined as the smallest multimer
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able to trigger monomers to aggregate (18). Amyloid fibrils can be fragmented either
by applying a strong mechanical action, such as probe sonication and employing a
stirrer bar, or by the activity of chaperons (19)). Thereby the number of available fibril
ends is strongly increased, which enhances the conversion of monomers into fibrils by
their addition onto the fibril ends, a process called elongation (I8). In the presence
of fibrils, in addition to elongation, also secondary nucleation can occur under some
conditions. The term secondary nucleation only correctly applies to a scenario where
fibrillar and monomeric protein are identical. If, instead, the system contains two
or more different proteins, the process should be referred to as surface nucleation as
it is a heterogeneous nucleation process. In either of these processes, the monomers
bind onto the fibril surface leading to the generation of new nuclei, or off-pathway
oligomers, and ultimately of new amyloid fibrils. Despite the fact that the mechanism
of surface nucleation has been described for crystals already in 1906 (20)), it has only
been applied to amyloid fibrils and systematically investigated in the last 20 years (Fig.
(21, 22, 23], 24, 25, 26, 27).

De novo nucleation

Strong seeding No seeding (& (§S —

Low seeding
~> Surface nucleation
—
S S
(& Elongation
—

&>

Figure 1.5: Schematic representation of protein aggregation processes.

ThT fluorescence

Time

Schematic representation of the nucleation processes. Proteins can aggregate de nmovo em-
ploying a long lag time (red). Fibrils can catalyse monomers nucleation by surface binding
from which a new fibril can arise (green). Monomers can add onto the fibrils ends forming

a longer fibrils (blue).

1.2.2 Aggregate structures and toxicity

Despite that fact that the proteins related to amyloidoses, termed amyloidogenic, differ

in their primary structure, all amyloid fibrils present three common features. One fea-
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ture among all amyloid fibrils is the -sheet content, which is perpendicularly oriented
to the main fibril axis (Il). The second one are their tinctorial properties, which refers
to the finding that particular fluorescent dyes can specifically recognise amyloid fibrils
due to the high content of S-sheet. The main employed dyes are Thioflavin T (ThT)
(Section and Congo red (CR), which are able to bind rather specifically to
amyloid structures. The last fibril feature is represented by its general long and thin
morphology, that has been found to be influenced, to some extent, by the solution con-
dition in which the fibrils are formed (28)). Since the employment of (Cryo-)Electron
micorscopy (Cryo-EM) it is possible to characterize fibril length, usually in the pm
range, their morphology and atomic structure (29} [30)). Fibrils are usually formed by
2-8 protofilaments, each of them present a diamenter of 1-7 nm, and they are assem-
bled into mature fibrils either by twisting around each other with a certain periodic
pitch and a height of 5-14 nm or by a lateral interaction for which the resulting mature
fibrils are wider and shorter than the twisted ones (Section (1L 28, B1). Despite
the fact that insoluble aggregates found in the amyloidoses are constituted of amyloid
fibrils, several studies have shown the importance of oligomers. These are able to seed,
hence recruit monomers, and to cross cell membranes, which has been suggested as the
mechanism of toxicity by leading directly or indirectly to cell damage. In case of a-syn
oligomers, they can, for example, interact with the cell membrane causing an influx of
Ca’* resulting finally to cell death (32} [33). The oligomer features which enable them
to interact with cell membranes are size, usually in sub-um range, and the solvent-
exposed hydrophobic residues on the surface. The structural features of oligomers were
also studied by employing the N-terminal domain of the Escherichia coli (E. coli) pro-
tein HypF (HypF-N) as a model system. This study have shown that the toxic HypF-N
oligomers enrich their core with hydrogen-bonds (H-bonds) resulting in the exposure of
numerous hydrophobic residues that may interact with cell membranes and other pro-
teins (B34). Moreover, due to the intrinsic capability of oligomers to convert monomers
through elongation, faster than the de novo formation of aggregates, they can trigger

subsequently secondary processes for which aggregates can spread from cell to cell (1)).

1.2.3 Amyloid fibril depolymerization

Due to the biological relevance of amyloid fibrils in amyloidoses, they have been the

focus of many studies to understand the origin of their stability and whether it is pos-
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sible to find a therapy against the associated diseases. Despite amyloid fibrils being
considered the most stable protein structures, studies have shown that their stability
is limited at physiological conditions, such as 37 °C and pH 7.4. In fact, it is pos-
sible to trigger their depolymerization through changes in temperature or employing
denaturants, such as urea (35). The latter destabilizes protein structures through the
formation of H-bonds with the polypeptide’s backbone and with the side chain moieties,
as well as weakening the hydrophobic effect (L8] 35, 36). Previous studies reported that
in case of globular proteins, such as insulin, their aggregation can be triggered by a
moderate concentration of denaturants, because the protein unfolds and this leads to
fibril formation (I8). At higher concentrations, instead, the denaturant plays the op-
posite role for fibrils. When the denaturant concentration is high enough, such that
all the protein-protein interactions are destabilized, it induces fibril depolymerization
(18)). Another important factor for the denaturation of fibrils, and proteins in general,
is temperature. In case of amyloid fibrils formed by the N47A mutant of a-spectrin
SH3 domain has been observed a temperature dependence, which had lead to a com-
plete fibrils depolymerization (37). The heat denaturation of amyloid fibrils is widely
accepted and it has been observed in several studies, whereas the cold denaturation is
still controversial. Heat denaturation corresponds to the application of Le Chatellier’s
principle. Any process that is induced by increasing temperature should proceed with
heat absorption, hence the equilibrium is shifted towards the reactants, i.e. the disor-
dering of the considered system (35). By the same argument, a decrease in temperature
should lead to an increasing order of the overall system. The simulated thermostability
of a globular protein, based on previous collected experimental data, has shown that
proteins are most stable between 20 and 40 °C, whereas above and below this range
they become more unstable, which conventially leads to unfolding at both high and
low temperatures (35). Several studies have hypothesised that the cold denaturation
is arising from the destabilization of hydrophobic interactions. These are one of the
main driving forces for the self-assembly of biological structures such as proteins, but
also lipid membranes (38)). However other studies have suggested that the electrostatic
interactions are the main force causing amyloid fibrils to cold-denature (39). Studies
have observed an increase in free energy when non-polar substances were dissolved into
water. The increase in free energy originates from an entropy decrease due to the water

molecules ordering around non-polar molecules (35, [38]).
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Indeed, a theory developed in the early 1990 described a mechanism for which,
whenever a non-polar solute is inserted into water, clathrate cages or ”icebergs” are
formed around the solute due to the inability of the water molucles to engage in H-
bonds with the hydrophobic solute (38)). Several non-polar solutes in water tend to
cluster by the hydrophobic effect in order to minimize the free energy (35, 38). A more
recent theory for amyloid fibrils to cold-denature establishes that there are two factors
playing an important role (40)). The former are attractive forces and the latter are the
number of H-bonds that can be formed with the water molecules. These factors have a
different role in case of large or small hydrophobic species. In the first case, extended
hydrophobic surfaces are present and they induce the formation of a ”liquid-vaporlike”
interface with the water molecules, due to the loss of H-bonds formation in vicinity
with the solute surface, which can therefore be called ”dry” (41)). In the absence
of attractive forces, the average separation of the interface among the hydrophobic
solute with the water molecules results increased, whereas it decreases in presence of
attractions. Despite the attractive forces have a role in protein stability, a study has
demonstrated that their influence is minimal in case of a temperature change (42)).
Both these theories are stating that at low temperature there is a decrease of H-bonds
close to the hydrophobic solute surface and they recognise the hydrophobic interactions
as main liable for the cold denaturation. If this reasoning is then applied to proteins,
one could expect that denaturation, which consists of disruption of a highly organised
structure with buried hydrophobic residues resulting in the exposure of these non-polar
groups to water, should be accompanied also by a significant heat capacity increment
and, therefore, the enthalpy and entropy of protein denaturation should be strongly
dependent on temperature. Indeed, this has been for example shown for serum albumin

(43)) and ferrihemoglobulin (44)).

1.2.4 Techniques to follow fibrils formation and depolymerization

1.2.4.1 Thioflavin T

Thioflavin-T (ThT) has been described for the first time in 1959 by Vassar and Culling
as an amyloid-specific dye, due to its selective localisation at amyloid deposits and the
increased fluorescence intensity when it is bound to amyloid structures (45)). Subsequent

studies have then demonstrated that when ThT is binding to amyloid fibrils it shows a
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shift for the excitation and the emission peaks, from 385 nm to 450 nm and from 445
nm to 482 nm, respectively (45][46] [47). ThT is behaving as a ”molecular rotor” due to
its two aromatic rings, benzothiazole and aniline, connected by a single carbon-carbon
(C-C) bond, around which the rings can rotate to some extent when ThT is free in
solution (Fig. A). Such rotation rapidly quenches the excited states, generated by
photon absorption, causing fluorescence quenching (45, [47)). Upon binding to amyloid
structures, instead, such rotation is inhibited and, in this way, also its twisted internal
charge transfer. This consists of electron transfer upon photo-excitation after which
electrons return to the ground state either through red-shifted emission or by non-
radiative relaxation (47). Due to the inhibition of the aromatic ring rotation, the
relaxation from the radiative excited-state to the ground state leads to enhanced ThT
fluorescence (47). As said, amyloid fibrils are structures enriched in [-sheet content
which are organised in a cross-$ architecture. Due to the ability of ThT to bind amyloid
species constituted by different proteins, it has been proposed that the binding sites
for the dye are indeed the groove formed by the cross-f strands (Fig. B). As
discussed, amyloid fibrils are heterogeneous in morphology, even when considering the
same protein, and it has been observed that ThT can bind to the different morphologies

and it can then fluorescence with a different intensity (Fig. A B).

Figure 1.6: Fluorescent dye Thioflavin T. A Chemical structure of ThT molecule

(top). When ThT is free in solution, its aromatic rings can rotate around the connecting
C-C bond. B ThT bound to an amyloid fibril in a perpendicular manner in respective at

its major axis. Taken from (45)
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1.2.4.2 Intrinsic Fluorescence

An abundant number of proteins present at least one aromatic amino acid, tryptophan
(W), tyrosine (Y) or phenylalanine (F). The contribution of F to the intrinsic fluores-
cence of protein is, however, almost negligible due to its low absorptivity in addition
to a very low fluorescence quantum yield (48, 49). Although Y has a quantum yield
similar to W, the latter is considered the dominant source of UV absorbance at 280
nm and emission at 340 nm in proteins (48). Moreover, a study has reported that a
long exposition to UV-light at 280 nm can induce the formation of di-Y i.e. a cova-
lent linkage between two tyrosines side chain, intra- or inter-molecular, can interfere
with protein aggregation in the case of a-syn (50). The fluorescence of the W residues
present a high sensitivity to the environment, manifesting a solvatochromic peak, for
which depending on the polarity of the local environment the maximum fluorescence is
blue shifted (Fig. B) (49). Indeed, depending on the solvent polarity, the emission
can occur from different excitated states, 'L, or 'L, (Fig. A), but emission from
the latter state is rare (Fig. A). A study has demonstrated the higher sensitivity of
the 'L, state to the solvent polarity than the !L; state (49). Translated to proteins,
and amyloid fibrils, when the W is exposed to the solvent it has the peak of maximum
emission at ca. 340 nm, whereas when it is buried in the structure the maximum emis-
sion is blue shifted to 330 nm (49). Hence it is possible to follow a structural change

in the monitored protein by intrinsic W fluorescence (Fig. [1.7| B).

1.3 « and S -synuclein

1.3.1 Strcture and function

The synuclein family is composed of three proteins, a-, 5- and - synuclein (a-, 5-, -
syn), which are localised in presynaptic neurons encoded by highly homologous genes.
a-syn presents a homology of 78 % with $-syn, whereas it is 60 % homologous with
v-syn (51). a- and B-syn are abundantly expressed in the CNS, but the former can
be found also peripherally, such as in lung, liver, heart and gut tissue (52). a- and
B-syn are characterised by three distinct regions, the N-terminus, the "non-amyloid/
component” (NAC) and the C-terminus region (Fig. A). At the N-terminus region

both proteins contain a series of imperfect KTKEGYV repeats (seven for a-syn and six
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Figure 1.7: Tryptophan fluorescence features. A Electronic absorption transitions
in Y and W. B Blue shift of the emission peak depending on the degree of exposure to
the solution of the W. The emission spectra are those of apoazurin Pfl, ribonuclease T1,

staphylococcal nuclease, and glucagon, for 1 to 4, respectively. Taken from (49)

for -syn) of eleven resides. These sequences form amphipathic a-helical structures
upon lipid binding and they are highly conserved sequences among the two synuclein
proteins (Fig. [1.9|B). The NAC region constitutes the major divergence among a- and
B-syn. The latter presents a deletion of eleven amino acids (Fig. A) which has
been reported being inside the core of a-syn amyloid fibrils (Fig. B) (30). The
C-terminus is highly enriched in negatively charged residues for both proteins, however
B-syn presents a higher content of negative residues (Fig. A). Despite the synuclein
proteins are widely expressed, their exact function is still uncertain. However, studies
have demonstrated their importance, suggesting that both these proteins are involved
in several cellular pathways such as the vesicular trafficking, neurotransmitter release
for which the interaction with membranes is necessary. The synuclein proteins are also
involved in regulating the neuronal apoptotic response and protecting neurons from
several apoptotic stimuli (51)). Due to the functional heterogeneity of these proteins, it

is easy to understand that the disruption of their function can cause severe problems.
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A o-syn MDVFMKGLSK AKEGVVAAAE KTKQGVAEAA GKTKEGVLYV GSKTKEGVVH GVATVA EKTK 60 N-terminal region
B-syn MDVFMKGLSM AKEGVVAAAE KTKQGVTEAA EKTKEGVLYV GSKTREGVVQ GVASVA EKTK 9
S Foaw
a-syn EQVTNVGGAV VTGVTAVAQ K TVEGAGSIAAATGFV 95 )
61 NAC region
B-syn EQASHLGGAV FS- - - - - - - - - - - GAGNIAAATGLV 84

a-syn 96 KKDQLG---KNEEGAPQE GILEDMPVDP DNEAYEMPSE EGYQDYEPEA 140
B-syn 85 KREEFPTDLKPEEVAQ EAAEEPLIEP LMEPEGESYE DPPQEEYQEY EPEA 136

C-terminal region

Figure 1.8: a- and f(-syn sequences and a-syn fibril structure. A Comparison
of a- and f-syn sequences. Both proteins can be divided into three distinct regions, the
N-terminal (green box), NAC region (yellow box) and C-terminal (red box). In blue are
marked the negatively charged amino acids and in red the positively charged ones. The
F94W a-syn used in our studies has been labeled. The imperfect repeats are marked in
yellow. B Cryo-EM structure of a-syn fibrils representing the cross-section along the fibril

axis with the arrangements of two protofilaments (on the left). Taken from (30)

1.3.2 Aggregation features of the synuclein proteins

The synuclein proteins are IDPs (Fig. A), however as said previously, they can
adopt a-helix structure in the N-terminus region upon binding to lipids (Fig. [1.9] B).
Moreover, it has been reported for either of them to be able to form amyloid fibrils
under distinct sets of solution conditions (23, 54). a-syn, due to its NAC domain, is
more aggregation-prone than g-syn. However, even the former can only nucleate de
novo amyloid fibrils when appropriate surfaces are available. Studies reported that
a-syn amyloid fibrils formation can be triggered by lipid membranes or their mimics
such as lipid nanodiscs (Fig. B), however also non-biological surfaces can trigger
its aggregation, such as nano-particles (55], 56, 57). Fundamental factors that influence

both a-syn and S-syn aggregation are salt concentration and pH. The former is very
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Figure 1.9: a-syn as IDP and bound to a membrane. A a-syn is an IDP and here

it is represented a conformation example when it is free in solution. B a-syn monomers
adopt a-helix structure in the N-terminus upon binding to a membrane surface, whereas
the C-terminus is free. Modified picture from (53)).

important to screen the protein charges which are distributed differently in the protein
regions, in fact they have a net positive charge at the N-terminus and a net negative
charge at the C-terminus (Fig. A). Studies have reported the capability of a-syn to
bind Ca?*, which plays either a physiological role in modulating vesicle trafficking (58),
but also a pathological one as the Ca?* can induce a-syn to aggregate. The pH value
plays an essential role in modulating the aggregation processes of a- and -syn. Indeed,
a-syn presents solely primary nucleation as a source of new amyloid fibrils for pH values
higher than 6.0, whereas at lower pH values the aggregation kinetics are dominated by
secondary nucleation, or surface nucleation, when seeds were not added (23)). In the
presence of seeds at low pH values, such as 5.0, both the elongation and secondary
nucleation, occur and their relative contribution depends on seed concentration as well
as pH (Fig. . In fact, a-syn secondary nucleation requires usually a concentration in
the sub-uM range to avoid that the elongation of the added seeds, which would deplete
otherwise the monomers pool, and in this way it ensures that enough monomers are
available for secondary nucleation. §-syn instead has been found to be more difficult to
form fibrils, which is probably due to the eleven-residues deletion in the NAC region.
However, recent studies have highlighted a possible toxic gain-of-function mutations for
this protein, which is a component of vesicular-like lesion in the hippocampus, whose

formation accompanies dementia in PD. Moreover, two mutations have been reported,
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V70M and P123H, and correlated to sporadic and familial dementia with LBs (54)). g-
syn can form fibrils in a pH dependent manner, in fact a mildly acidic pH is necessary
(54)). Nevertheless, several studies reported that S-syn can inhibit a-syn aggregation by
competing for the binding sites on DMPS vesicles and on pre-formed nuclei inhibiting
in this way both primary and secondary nucleation (59). It is emerging also a possible
involvement of S-syn in the PD, but the molecular processes are still unclear. Therefore

it is necessary to shed light on S-syn aggregation and its interplay with a-syn.

1.4 Aim of this theses

a-syn aggregation is one of the major hallmarks of PD. Despite numerous studies have
approached this topic from different angles, there are still many open questions, as so
the fundamental mechanisms and driving forces of a-syn amyloid fibrils formation.

In this thesis the following topics have been investigated.

In Section Calorimetric data and meta-analysis over published data were em-
ployed and combined via simulations of a coarse-grained protein model to delineate the
thermodynamic contributions for amyloid fibril elongation.

In Section a-syn fibril denaturation by high and low temperature has been
investigated. By calorimetry and fluorescence data, we could delineate the temperature
range in which a-syn fibrils are stable.

In Section the secondary nucleation of a-syn has been investigated. It is known
that elongation preserves the fibril properties, whereas this is still unknown for sec-
ondary nucleation. Through the formation of two different a-syn fibril strains it was
possible to investigate the fibrils resulting from secondary nucleation by morphological
and biophysical characterization.

In Section the hypothesis if secondary nucleation, or surface nucleation in this
case, is an heterogeneous nucleation, has been tested employing also amyloid fibrils
formed by [S-syn.

In Section [5.1] we have established a method to investigate the primary nucleation

of a-syn by nano-discs in which the scaffold protein is a-syn itself.
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2.1 Protein production
2.1.1 Cell transformation and gycerol stock preparation

The transformation of the pT7-7 plasmid encoding the codon-optimized a-syn was
carried out in Escherichia coli (E. coli) BL21 (DE3) competent cells by heat shock. 1
pl at 10 ng/ul of the plasmid was added to 50 pl competent cells before incubation for
10 minutes on ice, then 1 minute at 42 °C and again 2 minutes on ice. Afterwards,
500 pl Lysogeny broth (LB) was added to the cells before incubation of the mix for 30
minutes while shaking at 800 revolution per minute (rpm) at 37 °C. The transformed
cells were then plated on Ampicillin (Amp) LB-agar plates to select the transformed
cells which are carrying the ampicillin resistance gene. After incubating the plates at
37 °C for 1-2 days, the colonies were then grown in Amp-LB media over-night (ON)
shaking at 800 rpm at 37 °C. The plasmid was then exatracted from the grown cells
with the NucleoSpin© Plasmid EasyPure (Macherey Nagel). The extracted vector was
then prepared to sequence at the Microsynth Seqlab to confirm a-syn insertion. After
confirming the transformation with the a-syn plasmid, a glycerol stock was prepared
with a fresh E. coli culture of ca. 0.6 optical density (OD). The glycerol stock were
prepared from a 1:1 dilution (500 pl of the culture and 500 ul 50% gycerol) and stored
at -80 °C.

17





2. GENERAL MATERIALS & METHODS

2.1.2 Protein expression and purification

E. coli cells carrying a-syn and (-syn were grown and the protein left to express for
24 h at 37 °C in auto-induction 2YT-medium (16 g/L Trypton, 10 g/L Yeast extract
and 5 g/L NaCl) with 50 mM sodium phosphate pH 7.2 (PB), 2 mM MgCly, 1.8%
glycerol (v/v), 0.05% glucose (w/v), 0.2% lactose (w/v). The cell pellet was washed
with 0.8 % NaCl after being centrifuged at 5000 g for 15 minutes at 4 °C. The cells
were then lysed by heat treatment (at 95 °C for 15 minutes, vortexing every 5 minutes)
with 25 mM Tris-HCI pH 8, 1 mM EDTA subsequently and then by probe sonication
using a VS70/T tip (BANDELIN electronic) at 60% power (15 minutes, 15 seconds
pulses spaced out by 1 minute) on ice. Streptomycin sulphate was added to a final
concentration of 10 mg/ml per litre of initial culture before mixing at 4 °C for 15
minutes and centrifuging the lysed cells and the DNA at 20000 g for 30 minutes at
4 °C. The supernatant was retained and a saturated solution of ammonium sulphate
was added to a final concentration of 1.75 M for a- and 2 M for S-syn. The solutions
were mixed at 4 °C for 15 minutes and the precipitated proteins were collected by
centrifuging at 20000 g for 30 minutes. The protein pellet was re-suspended in 25 mM
Tris-HC1 pH 8, 1 mM EDTA and dialysed at room temperature (at circa 25 °C) for 2
hours and then the protein was filtered (0.42 pm) before loading onto a HiTrap Q HP
anion exchange (AEC) column (GE Healthcare). Before applying the salt concentration
gradient to elute the proteins, the column was washed for 10 minutes with 25 mM Tris-
HCI pH 8, 8 M urea. The gradient was applied in multiple steps, 0-35 % (in 100 ml),
35-45 % (in 50 ml) and 45-90 % (in 50 ml) of 25 mM Tris-HCI pH 8, 800 mM NaCl.
The protein concentration was calculated by absorbance measurement at 276 nm using
a UV-VIS Sprectrophotometer (Jasco V-650) and a molar extinction coefficient of 5600
M em™! was used for a-syn and B-syn, and 10810 M-! cm™ for the F94W a-syn at
280 nm. The protein-containing fractions were combined and the protein precipitated

again with ammonium sulphate as described above and the pellet was stored at -20 °C.
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2.2 Biophysical characterisation

2.2.1 Aggregation kinetics

Prior to each aggregation kinetics assay the protein pellet after the AEC chromatog-
raphy run was resuspended in circa 1 ml of experimental buffer and loaded onto a
Superdex 200 Increase 10/300 GL column (GE Healthcare) equilibrated with the run-
ning buffer. The monomeric fractions were collected in low-bind Eppendorf tubes
(Eppendorf) and the first generation of the fibrils was prepared in 96-well high bind-
ing and clear-bottom plates (Corning n° 3601) in a Fluostar Omega (BMG Labtech)
plate-reader by ThT fluorescence, using 20 uM ThT, (excitation with a 448-10 nm fil-
ter, emission with a 482-10 nm filter, bottom optics) at 37 °C under constant shaking
(700 rpm) and in the presence of a glass bead (¢ 2.85-3.45 mm). The formed fib-
rils were then used to seed (using 2 % seed by mass) fresh monomer solutions in the
corresponding buffers in the absence of ThT under quiescent conditions at 37 °C in a
Thermomixer (Eppendorf, Germany). The elongation and secondary/cross-nucleation
experiments were performed as described above, but in low binding and clear-bottom
half-area 96 well plates (Corning n° 3881). The experiments were performed at 37 °C

under quiescent conditions.

2.2.2 Atomic Force Microscopy

a-syn and S-syn fibrils were diluted in their corresponding buffer or in PBS (10 mM
Phosphate Buffer pH 7.4, 137 mM NaCl, 3 mM KCl), to improve the fibril attachment
on the mica, to a final concentration of 10 uM. 5 ul were added onto freshly cleaved mica
for 5 minutes to avoid the sample drying artefacts, before rinsing gently with distilled
water to remove the excess of buffer salt and drying the mica under a gentle No flow.
AFM images were taken in air using a Nanowizard III atomic force microscope (JPK,
Germany) in tapping mode with a silicon cantilever with silicon tip (OMCL-AC160T'S,
Olympus) with a radius of 7£2 nm and a typical force constant of 26 N/m.

2.2.3 Differential Scanning Calorimetry

The DSC experiments were performed with a Microcal VP-DSC instrument (Malvern,
UK). The buffer used to adjust the concentration of the fibrillar samples had been

degassed. It is easier to degass the pure buffer than the final sample, as protein solutions
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tend to foam under vacuum. Degassing is necessary in order to avoid outgassing of
the solution at elevated temperatures inside the DSC. The fibrils were resuspended in
degassed buffer after having been centrifuged for 30 minutes at 20000 g and at 25 °C.
Up scans were recorded between 20 and 110 °C with either 50 or 100 M fibrils.

2.2.4 Chemical denaturation of a-syn fibrils

Urea stock solution was prepared at 8 M dissolving 12 g (SigmaAldrich) in ca. 20 ml
of 10 times concentrated buffer (PBS or PB) to reach a final volume of 25 ml. 20 and
60 uM a-syn fibrils were probe sonicated with a MS-72 tip (BANDELIN electronic)
before urea denaturation and the samples were left 6 days to reach equilibrium as
assessed by measurements immediately after the samples preparation, one, three and
six days. The fluorescent spectra were fitted using the Im fit.models python library for
a Gaussian curve. The scipy.stats python library has been used for the linear fit for
the 0 M urea samples. Finally, the denaturation curves have been fitted with the linear
polymerization model (Eq. and the fitted parameters error have been calculated

with scipy.optimize.curveyit python library.

2.2.5 Binding affinity measurements

B-syn fibrils were probe sonicated with a MS-72 tip (BANDELIN electronic) just befor-
eimmediatly prior to mixing them with F94W «-syn monomers in order to maximise the
accessible binding sites per fibril by dispersing the clumps. The binding was measured
by a change in the intrinsic tryptophan fluorescence spectrum in a UV-transparent
plate (Corning n° 3679) in the plate reader Infinite M100 (TECAN, Germany) exciting
at 295-5 nm and the spectra were recorded from 305-5 nm to 370-5 nm with 1 nm step
sizeresolution. Before starting the measurement, the plate was left to equilibrate at the
desidered temperature inside the plate reader for 5 minutes. The data has been fitted

with Python Software for the binding function (Eq. (60)).
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3. THERMODYNAMIC STABILITY OF o-SYNUCLEIN AMYLOID
FIBRILS

3.1.1 Abstract

Many proteins have the potential to aggregate into amyloid fibrils, which are asso-
ciated with a wide range of human disorders including Alzheimers and Parkinsons
disease. In contrast to that of folded proteins, the thermodynamic stability of
amyloid fibrils is not well understood: specifically the balance between entropic
and enthalpic terms, including the chain entropy and the hydrophobic effect, are
poorly characterised. Using simulations of a coarse-grained protein model we de-
lineate the enthalpic and entropic contributions dominating amyloid fibril elonga-
tion, predicting a characteristic temperature-dependent enthalpic signature. We
confirm this thermodynamic signature by performing calorimetric experiments
and a meta-analysis over published data. From these results, we can also elu-
cidate the necessary conditions to observe cold denaturation of amyloid fibrils.
Overall, we show that amyloid fibril elongation is associated with a negative
heat capacity, the magnitude of which correlates closely with the hydrophobic
surface area that is buried upon fibril formation, highlighting the importance of
hydrophobicity for fibril stability.

3.1.2 Introduction

The folding of proteins is an essential process for cellular functioning. Protein mis-
folding and aggregation on the other hand can severely deregulate cells. The most
dominant contributions to protein folding include pairwise amino acid interac-
tions, the hydrophobic effect and the configurational entropy; these contributions
can be captured by a range of models describing the process at different tempera-
tures: (57,611 62, [63] 64], 65 66, 67, 68, 69, [70, [71), [72]). The protein folding process
involves several enthalpy-entropy compensating mechanisms. The hydrophobic
effect, the main stabilizing factor in the folded state (73), contains both enthalpic
and entropic components (74}, [75] [76]); this is apparent from the weakening of this
effect at low temperatures (38)). Similarly, the chain configurational entropy and
the pairwise amino acids interaction can lead to enthalpy-entropy compensation;
this is apparent from the heat-induced unfolding of proteins (61, 62, 63, 64 65
60). The accurate description of the hydrophobic effect within several models
for protein folding, using both the enthalpic and entropic terms, has enabled
the reproduction of experimentally observed features, such as cold-, heat-, and
pressure-induced denaturation (68 [77), [78] [79, [80, 81 82, 83, 84, 85)), thereby
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emphasizing also the role of hydrophobicity in the stability of folded proteins
(see Figure (a) for an example of a folded protein with a hydrophobic core).
Thus, the enthalpy-entropy compensation mechanisms in protein folding are well-
understood and important for rationalising the thermodynamic characteristics of
protein folding. Under certain conditions, specific proteins can aggregate into
B-strand-dominated amyloid fibrils. This process is believed to be the underly-
ing cause of many degenerative diseases, such as the A peptide in the case of
Alzheimer’s disease and a-synuclein in the case of Parkinson’s disease (86]). Un-
like protein folding, the fibril formation process is not well-understood in terms
of its thermodynamic characteristics. Recently resolved full length fibril struc-
tures (87, 88) suggest that the cores of disease-associated amyloid fibril structures
are characterised by a higher average hydrophobicity than the overall sequences,
see Figure (¢), indicating that hydrophobicity may play an important role
in the formation of amyloid fibrils. We can observe thermodynamic properties
of amyloid fibrils experimentally at different temperatures, for example by us-
ing Differential Scanning Calorimetry (DSC, (37, [89))) or Isothermal Titration
Calorimetry (ITC) (39, 90, 9I). Under constant pressure, the heat (d@)) added
or removed from the system is equal to its change in enthalpy (dH). ITC experi-
ments show that amyloid fibril growth is generally an exothermic process (90, O1))
with a negative heat capacity (39, OI). However, a few notable exceptions with
positive heat capacity have been reported (39, 01)). Under physiological condi-
tions, amyloid fibrils are often very stable (92), but high free energy barriers
prevent aggregates from forming (93)). In addition to heat denaturation (37, 89,
some fibrils also denature at temperatures near the freezing point (36, 39). In
contrast to protein folding, it is unclear how the these temperature dependent ef-
fects, and how thermodynamic different enthalpic and entropic contributions may
lead to signatures of fibril elongation may be rationalised. In order to elucidate
the molecular origins of the stability of amyloid fibrils and the associated ther-
modynamic signatures, insight from computational models is required. Here, we
use Monte Carlo simulations of a coarse-grained physical protein model situated
on a cubic lattice to study amyloid fibril elongation. Previously, we included the
temperature dependence of the hydrophobic effect in a lattice model to delineate
the enthalpic and entropic contributions of protein folding (67, 68); however, this
classic lattice model is unsuitable to study amyloid fibril formation. We also
developed a different model that includes hydrogen-bond dependent beta-strand
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ahy)

Figure 3.1: Folded and fibrillar states. (a) The native state of human transglutami-
nase (PDB-ID: 2XZZ) (b) a model protein in the native state, (c) disease-related amyloid
B-sheet of the A (1-42) peptide (PDB-ID: 2NAO) (87) and (d) the seed structure of an
amyloid fibril represented in the lattice model used for this work. Side chains of hydropho-
bic residues are coloured in yellow, of polar residues in grey, of positively charged residues in
blue and of negatively charged in red. For S-stranded structures the backbone is coloured
in green. In the folded protein, a hydrophobic core can be observed, where the hydrophobic
residues are shielded from the water by the hydrophilic and charged residues. Similarly,

the core sequence regions of amyloid fibril structures tend to be strongly hydrophobic.

formation (94)) to simulate amyloid fibril formation (94, 95 96, 07, O8). The
coarse-grained lattice model used in this work therefore incorporates elements
of these two previous models: hydrogen-bond dependent beta-strand formation
(94) and the temperature dependence of the hydrophobic effect (68)). It explicitly
captures the dominating enthalpic and entropic components, including: chain en-
tropy, entropy-enthalpy compensation from the hydrophobic effect, and enthalpic
terms from hydrogen bonds and side-chain interactions. Figure (b) shows a
folded protein represented by the model. In this study, we focus on the ther-
modynamic signatures and their temperature dependence associated with the
elongation of a preformed amyloid fibril, as shown in Figure (d). We do not
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consider the kinetic or thermodynamic characteristics of the nucleation processes
and the possible formation of oligomers as intermediate states before the forma-
tion of well-defined fibrils. The focus on the elongation step allows us to simplify
the simulation setup, and to compare our simulations directly with data from mi-
crocalorimetry and equilibrium experiments from the literature and from our own
experiments. We have gathered an extensive collection of thermodynamic data of
peptide assembly and we find that the predictions of our model are corroborated
by the available data. Using this approach, we show that cold denaturation only
occurs when (1) the hydrophobic effect represents a significant component of the
fibril stability, (2) the overall stability of the fibril is sufficiently low and (3) fibril
elongation changes from being an endothermic reaction at lower temperatures to
an exothermic reaction at higher temperatures. Furthermore, we find that the
strength of the temperature effect on the enthalpy of fibril elongation (i.e. the
absolute value of the heat capacity) is directly dependent on the hydrophobicity
of the aggregating region of the fibril. Finally, we show that in addition to the
hydrophobic effect, the backbone entropy has a significant influence on amyloid
fibril stability.

3.1.3 Results and Discussion

In this work, we aim to investigate the effect of interplay between the hydropho-
bic temperature dependence, configurational chain entropy and pairwise enthalpic
interactions between amino acids (including hydrogen bonds) on the thermody-
namic characteristics of amyloid fibril elongation. First, we consider if the addi-
tion of the hydrophobic effect could lead to a destabilisation of an amyloid fibril
at low temperatures and ultimately to cold denaturation. Here, we use a simple
model of a short (seed) fibril that is made up of two layers of peptides with alter-
nating hydrophobic and hydrophilic amino acids (94). The fibril structure has a
hydrophobic core between the two layers, as shown in Figure (d). We sample
this model by considering the process of fibril elongation: two peptides of the fib-
ril are free to restructure in the simulations, while the remaining peptides in the
seed fibril remain structurally fixed (Figure (a)). Finally, we add an explicit
temperature dependence for hydrophobicity (68). In simulations of our model of
peptide aggregation, all fibrils denature into monomers at high temperatures, as
shown in Figures [3.2] and [3.3] consistent with previously our expectations of this
model (94). Experimentally, heat denaturation has also been shown for several

25





3. THERMODYNAMIC STABILITY OF o-SYNUCLEIN AMYLOID
FIBRILS

types of fibrils (39, 89) and is even used for the destruction of contaminating
amyloid fibrils, such as prions, in a clinical context (99).
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Figure 3.2: Temperature dependent states. (a) Top: free energy landscapes, and
bottom: representative snapshots are shown for simulations at three different temperatures
modelled with a strong hydrophobic temperature dependence, a = 60. The snapshots of
the peptides are representative for the low free energy conformations; the circle represents
the exact order parameters for the snapshot in the corresponding free energy landscape.
Within the snapshots the seed fibril is indicated in a lighter shade (see caption Figure
for colour coding). At high temperatures only transient (external) contacts are formed and
the protein molecules that are not part of the seed remain in their monomeric form. At
intermediate temperatures the free peptides adopt a regular, fibrillar structure at the end
of the seed. At low temperatures the heatmap shows that there is not a single distinct
conformation with a low free energy: the simulated free peptides are attached to the seed
fibril, but no hydrophobic core is formed between the peptides. (b) Free energy and (c)
Enthalpy of fibril elongation. The differences between the fully formed fibril (Cey=21)
and the monomeric state (Cext=0) are calculated from the simulation of several different
fibrils.

enthalpic contribution, effectively weakening the fibrils. Dotted lines indicate estimates

The interaction strength of the Leu based fibrils is weaker, leading to a lower

for the hydrophobic contributions showing from left to right Aéhydr and AEhydr; these
estimates are generated using Eqns. [3.8] and [3.9] with corresponding o, AC), = —6 and
with an offset, Ei,y = AH based on simulations with the equivalent peptide for a = 0;
stars indicate the change of an exothermic to an endothermic process, based on the AEhydr
estimate. It is clear that in our model the slope of the enthalpy of fibril elongation as a
function of temperature, is dominated by the temperature dependence of the hydrophobic
effect.
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Cold destabilisation and denaturation

To investigate the effect of the hydrophobic temperature dependence, we vary a
parameter « that sets the strength of the hydrophobic effect, see equation
in the Methods; a similar parameter was used in earlier work to model the cold
denaturation of folded proteins (68)). Destabilisation of the fibril at lower temper-
atures is only observed when a moderately strong temperature dependence of the
hydrophobic effect is included in the model (o = 40 and o = 60). In our simula-
tions with a = 60, we observe heat denaturation, as well as cold-destabilisation
and even cold denaturation of the fibril into a less ordered aggregated (‘amor-
phous’), as well as into the monomeric state (a« = 60, T" ~ 0.25), see Figure
B.3] When we investigated the aggregated and denatured states in more detail
(Figure 3.2 (a)), we found that the denatured state at low temperatures is struc-
turally distinct from the heat denatured state: the low temperature amorphous
structural ensemble displays more residual interactions (left panel Figure (36), as
opposed to the monomeric protein molecules that are found at very high tempera-
tures (39, 89). The more compact configurational ensemble of the cold denatured
state of a fibril shows clear parallels with cold denaturation of monomeric proteins
(68, 100).

Thermodynamic Signature of Cold Denaturation
To shed more light on the nature of the cold denaturation transition, we consider
the free energy difference between the fibrillar and monomeric states. When the
free energy of the monomeric, or denatured state becomes lower than the fib-
rillar state, the fibril will dissolve; this corresponds to a AG > 0 in Figure
(b). When we consider the enthalpic and entropic contributions of fibril stability
separately, in Figure (c) and respectively, it is clear that these individual
contributions are large compared to the overall difference in free energy. Simi-
lar observations on enthalpy-entropy compensation have for example been made
for both the stability of folded proteins (101), and the free energy barriers of
amyloid fibril growth (93)). Moreover, comparing the different contributions to
the free energy of elongation it is clear that the configurational chain and diffu-
sional entropy that is lost upon binding dominates the free energy difference at
high temperatures, causing the heat denaturation of the fibril. This can be most
clearly seen comparing Figure (b) and Figure for a = 0. For cold denat-
uration on the other hand, it is the hydrophobic temperature dependence that

27





3. THERMODYNAMIC STABILITY OF o-SYNUCLEIN AMYLOID
FIBRILS

a=0
1
A —— fibril
g monomer
o’ —— amorphous
\%
0 T T T T T T T
0.20 0.25 0.30 0.35 0.40 0.45 0.50
a=20
1
N
s \
=4
o’
\%
0 T T T T T T T
0.20 0.25 0.30 0.35 0.40 0.45 0.50
a =40
1
A
; N\
s
o’
\%
0 —t—

T T T T T T T
0.20 0.25 0.30 0.35 0.40 0.45 0.50

a =60

< Pstate >
-
|

\

T T T T T T T
0.20 0.25 0.30 0.35 0.40 0.45 0.50

temperature (reduced units)

Figure 3.3: State diagrams for fibril elongation. Here, we explored the effect of the
strength of the hydrophobic temperature dependence, «, on the stability of the aggregates.
Three different states can be discerned: the fully formed fibril (black), denaturation of the
fibril into monomers (cyan) and an amorphous aggregate where the two additional layers
are not fully formed. Only in the models with a hydrophobic temperature dependence,
cold destabilisation (a = 40, 60), or cold denaturation into monomers, may be observed
(o = 60). The dashed lines indicate that the state has not been observed (sampled) in the
simulations at the corresponding temperature. Note that the reduced temperature units
for this model can be interpreted to have a freezing point around T = 0.18, and boiling
point just above T = 0.4.

dominates this transition (cyan curves in Figure (b) and (c)). Note that free
energy and entropy components still contain rather large configurational contri-
butions at these low temperatures; they do not precisely follow the hydrophobic
components. Nevertheless, the enthalpy of fibril growth strongly correlates with
the signature of the hydrophobic effect (A Ejyq,), as seen in Figure (c). The
temperature independent potential (a« = 0) leads to an approximately constant
enthalpy of fibril elongation. Adjusting the strength of the hydrophobic effect
through a change of a leads to a negative slope in the enthalpy as a function

28





3.1 The hydrophobic effect characterises the thermodynamic signature of
amyloid fibril growth

T
%I
o _| I
I3
7
/
o | /
A /
— /
>3 /
0 o S
<
'_
]
o
I
o
N

0.10 .20 .30 40 .50 .6

temperature (reduced units)

Figure 3.4: Entropy difference between the monomeric state and the fully
aggregated state as a function of temperature for different strengths of the
hydrophobic effect. The entropy difference between the monomer and the aggregated
states are represented in[3.2] (b) and (c). One can see that the entropy differences predicted
to be caused by the hydrophobic effect (dotted lines) are not able to explain the full entropy
differences observed in the simulations. The estimates for the entropic contributions due
to the hydrophobic effect are estimated using equation

of temperature, which corresponds to a negative heat capacity of the elongation
reaction, since aAa,:FEel:ACp,el. Hence, the hydrophobic temperature dependence

can directly explain the negative slope of the enthalpy of fibril elongation versus

temperature.

Comparison to Experimental Signatures
In our model, the inclusion of the hydrophobic temperature dependence effectively
yields a negative value for heat capacity of the elongation reaction, where we as-
sume AC, ¢ =~ AC, o as in Ref. (68). A negative value of AC,; is found for most
amyloid fibrils in experimental work (39, 90, [102)), consistent with an increasingly
exothermic signature of fibril elongation as the temperature increases. Interest-
ingly, however, it was reported that the fibril elongation of a-synuclein (39), as
well as glucagon at moderate to high ionic strength (102) has a small positive
heat capacity. To probe the generality of our simulation results, we analysed
isothermal titration calorimetry (ITC) measurements of the enthalpy of fibril
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elongation of several fibrils, both from our own experiments and from published
work (90, 102), as well as calorimetric experiments of the dissolution of GN-
NQQNY crystals that we performed (see Methods). Furthermore, we included
published calorimetric data of L-phenylalanine dissolution (103]) and a van’t Hoff
analysis of di-phenylalanine crystallisation (104) (Figure [3.5/a). We find that in

- AH=0 ® a-synuclein_fm: y=5.04€-03
® Lphenylalanine: y=2.90E-04 ® a-synuclein_mf: y=5.04€-03
® di-phenylalanine: y=8.10E-04 @ B-2-microglobulin: y=7.63€-03
® Glucagon': y=3.22€-03 ® a-lactalbumin: y=7.10E-03 Vo SKTKEGVMHOVATVAE KT KEQWT NG GAVMT o T AVAG KTVEGAG SILARA TG FUKK
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Figure 3.5: Enthalpy of amyloid fibril elongation and peptide and amino acid
crystallisation at different temperatures. The enthalpy of fibril elongation of a-
lactalbumin, a-synuclein, glucagon and S-2-microglobulin (90) (solid lines), as well as the
enthalpies of crystallisation of L-phenylalanine (103), diphenylalanine (104) and of GN-
NQQNY in water (dashed lines) are shown as a function of temperature. The calorimetric
measurements of glucagon® were also taken from the literature (102)). For a-synuclein, ITC
experiments were conducted in two set-ups: the fibrils were titrated into the monomer so-
lution (red symbols) and the monomers were titrated into a fibril solution (grey symbols).
In the case of GNNQQNY, crystals were titrated into water and their heat of dissolution
was measured. Details on the experiments can be found in the SI. (a) Equation was
fitted through each of the curves to estimate the strength of the hydrophobic effect (v) in
%. For Ty a value of 343.15K was used. (b) Relationship between the fitted values
of v and the total hydrophobic surface area of the proteins. We calculated the total hy-
drophobic surface area (Ay) as the sum of the surface areas of all hydrophobic residues in
the peptide as shown above the right panel; for more details see Supplemental Methods.
A strong linear relationship between the hydrophobic surface area and the strength of the
hydrophobic effect (v = aAy) is shown, indicating that the contribution of the hydropho-
bic surface area to the strength of the hydrophobic effect («) is constant with a value of
approximately 1.42 - 1076 —%L__ 170 mM HCI, 1 mM NaySO,4. 210 mM HCIl, 1 mM

K2 A%mol
NapSOy, from (102). 310 mM HCI, 30 mM NaCl.

all cases the heat capacity of amyloid fibril elongation has negative values, see
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Figure (a). In particular, also for glucagon and a-synuclein. In the case of
glucagon, we have performed the experiments under two different sets of solution
conditions. Under the first condition, 10 mM HCI and 1 mM NaySO,, we find
that AC, ¢ (-2.0 kJ/mol) is in excellent agreement with previous reports (102)
(-2.1 kJ/mol). In the second set of solution conditions (10 mM HCI and 30 mM
NaCl), we find overall similar values of the heat of elongation compared to the first
conditions and a slightly smaller, yet still negative, AC,¢; (-1.3 kJ/mol). This is
surprising in the light of previous results that showed a positive value of AC,, . in
the presence of a higher NaCl concentration of 150 mM (102). Note that higher
salt concentrations would in general be expected to reinforce the strength of the
hydrophobic effect. However, at high salt concentrations and elevated temper-
atures, the metastability of monomeric protein solutions can be reduced, which
could result in the formation of aggregates in the protein solution that is used,
affecting the ITC measurements. For a-synuclein we also find a negative AC,
(-3.2 kJ/mol) under very similar solution conditions (PBS buffer) to where it has
previously been reported to have a positive value (39). As these experiments are
very sensitive to the exact state of the monomers and fibrils prior to titration, we
performed the experiment in two different settings 1) by titrating fibrils into a
solution of monomers and 2) by titrating a solution of monomers into seed fibrils,
with consistent results, i.e. a negative AC, ., (Figure a). We also performed
calorimetric experiments on GNNQQNY crystals (105) which have so far not
yet been thermodynamically characterized. We injected crystals into water and
found in all cases endothermic signatures of crystal dissolution, corresponding to
exothermic signatures of crystal growth (Figure a). Therefore, our experi-
mental results, together with the available data in the literature, suggest that for
the large majority of experimentally accessible amyloid fibril systems, a negative
value of AC, ; is observed, in agreement with the predictions of our model.

Minimal Requirements for Cold Denaturation
Our model shows that there are three requirements for cold denaturation to oc-
cur in amyloid systems. (1) The hydrophobic contribution to the fibril stability
must be a substantial fraction of the net free energy of fibril formation. In Fig-
ure (b) it can be observed that only versions of the model with sufficiently
strong hydrophobic temperature dependence (large o) show cold denaturation.
Moreover, in our model, fibrils simulated with moderate o values only destabilise
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at temperatures around or below the freezing point (corresponding to approxi-
mately T = 0.18 in reduced units). These findings are supported by experimental
measurements, showing that the elongation of the fibrils with the strongest hy-
drophobic core become endothermic at the highest temperatures. (2) The overall
stability of the fibril should be low to moderate. This is shown in Figures [3.2
(b), and (b), where only fibrils with a moderate stability show denatura-
tion at low temperatures. Note that a fibril can have low stability due to both
entropic (configurational backbone entropy) and enthalpic (hydrogen-bonding)
terms, see Figures and (8) The enthalpy of the fibril elongation reac-
tion needs to change sign from being exothermic at higher temperatures to en-
dothermic at low temperatures. From Figure [3.2 (b) and (c¢) we can observe that
cold denaturation only occurs when the fibril elongation becomes endothermic
at low temperatures. Note that only at temperatures below the transition from
exothermic to endothermic the fibril fully destabilises. The free energy difference
between the fibrillar state and the denatured states contains large contributions
from the configurational entropy of the polypeptide chain; therefore the exact
transition temperatures for cold denaturation remain difficult to estimate for any
given system without detailed simulations. Many experimental observations can
be explained by these requirements. Firstly, the strict requirements can explain
why only a few proteins show cold denaturation of amyloid fibrils into monomers
above the freezing point (39)), whereas heat denaturation has been observed more
generally (37, 89, [106). More specifically, only a-synuclein has been reported to
display full cold denaturation (39). While all polypeptide systems that we have
investigated display a negative AC, .;, we observe that the fibril growth reaction
of a-synuclein becomes endothermic at the highest temperature (Figure a).
Moreover, for a-synuclein the transition point from an exothermic to endother-
mic reaction occurs around 40°C, while the onset of cold destabilisation is around
20°C, leading to full cold denaturation close to the freezing point (39). This is
precisely as predicted by the simulations of models with a strong hydrophobic
temperature dependence. In this context, it is also important to stress that amy-
loid fibrils of a-synuclein have been found to be among the least stable in a
large set of investigated polypeptides (92)), compatible with requirement two. We
have performed chemical depolymerisation experiments (107) of glucagon and a-
lactalbumin amyloid fibrils (Figure and we find that both types of amyloid
fibrils are significantly more stable than the ones formed by a-synuclein. The
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overall stability of amyloid fibrils corresponds to the net balance between the
stabilising and destabilising factors. It has been proposed that electrostatic in-
teractions are responsible for the cold denaturation of amyloid fibrils (39). Note
that the nature of such destabilisation, over the full temperature range, does not
need to originate from the hydrophobic effect, as shown by the simulations (Fig-
ures and [3.7). Destabilisation of the fibril by charges (108) as a suggested
prerequisite, but not necessarily cause, of cold denaturation of a-synuclein (39)),
is therefore fully compatible with the results presented here.

Hydrophobicity Dominates the Thermodynamic Signature of Amyloid
Fibrils
One can wonder to what extent the hydrophobic temperature dependence dom-
inates the observed thermodynamic signature for fibril elongation. Therefore,
the question arises as to whether other non-covalent interactions, such as charge
interactions or hydrogen-bonding, may be responsible for the observation of a
negative AC, ¢ (109) in fibril elongation. Firstly, it should be noted that mostly
for small hydrophobic solutes strong negative heat capacities upon desolvation
have been measured (103, 110) with additional evidence for phenylalanine and
di-phenylalaline presented in Figure (a). On the other hand, electrostatic in-
teractions in solution (I11) and hydrogen-bond forming substances show a weak
temperature dependence for the solvation enthalpy. The temperature dependence
of the hydrophobic effect is much more dramatic. To test whether hydrophobicity
can be the origin of the strong negative AC, ; of fibril growth, we considered the
total hydrophobic surface area per peptide buried upon assembly (amyloid fibril
or crystal growth, see Methods and Supplemental Methods) and associated this
directly with the model for hydrophobic temperature dependence used in our sim-
ulations. Using equation [3.11| we can analyse the differential enthalpy of amyloid
fibril growth and peptide assembly with temperature. By fitting this equation to
the experimental data of the temperature dependence of the enthalpies of assem-
bly, we obtain an estimate of the strength of the hydrophobic effect (7) for each of
the assembling systems, see Figure (a). To determine the relationship between
~ and the buried hydrophobic surface area upon fibril growth, we calculated the
total linear hydrophobic surface area of the peptides in the aggregating regions
(see Supplemental Methods and Table[3.2)). As shown in the figure[3.5] (b), the re-
lationship between v and the aggregating hydrophobic surface area is linear, sug-
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gesting a direct dependence of the enthalpic signature on the hydrophobic surface
area. Using this fit, we obtain a strength of 1.42-107° 1 [‘i e for the hydropho-
bic effect per unit of hydrophobic surface area. Note ‘that the fit through zero

matches the experimental data, as is physically expected. These results strongly
suggest that the general enthalpic signature of peptide assembly is directly associ-
ated with the hydrophobic temperature dependence. This conclusion is also fully
compatible with previous results on the importance of the hydrophobic effect for
the free energy barriers of amyloid fibril elongation (93)), as well as with recent
results from atomistic simulations that show that desolvation is the main driving
force for amyloid fibril formation by the A peptide (112). The importance of the
hydrophobic effect for amyloid fibril stability is also likely to explain the finding
that amyloid fibrils interact with lipids and biological membranes (113, 114}, [1T5]).
However, it is well-known that some amino acid sequences that are not usually
classified as hydrophobic, such as poly-glutamine and GNNQQNY peptides can
show [-strand dominated self-assembly. We show that even for the hydrophilic
GNNQQNY peptide the hydrophobic signature for AC,; holds: as shown in Fig-
ure the value of v for GNNQQNY is small, similar to that of di-phenylalanine,
despite the substantial difference in molecular weight. As for the amyloid fibril
formation by polyglutamine, it has been reported that monomeric polyglutamine
peptides are considerably more compact in water compared to a fully denatured
protein (116), i.e. that water is a bad solvent for polyglutamine. Therefore, the
predictions of our model might have validity even beyond the systems that are

traditionally classified as hydrophobic.

3.1.4 Conclusion

In this work, we use a simple model to interpret experimental observations on the
temperature dependencies of the stability of amyloid fibrils and their enthalpy of
elongation. Crucial to this model is the interplay between the hydrophobic tem-
perature dependence and the flexibility of the peptide chain, the latter capturing
the chain configurational entropy. This allows us to consider various enthalpy-
entropy compensating mechanisms at a wide range of temperatures. In summary,
our model shows that a large hydrophobic component of stability, low to moderate
overall stability and a shift from exothermic to endothermic elongation of amy-
loid fibrils are necessary components to allow cold denaturation. Additionally, a
strong temperature dependence of the enthalpy of fibril elongation is confirmed
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by ITC experiments, both from our own measurements and prior publications.
Finally, the signature of the hydrophobic effect is visible in the negative AC, of
elongation for the large majority of investigated fibril systems. The magnitude of
this negative heat capacity correlates closely with the hydrophobic surface area
that is buried upon fibril formation. Hence, by delineating the necessary com-
ponents for cold denaturation of amyloid fibrils, we can shed light on the crucial
contribution of hydrophobicity to amyloid fibril stability and explain the observed
enthalpic signature of amyloid fibril elongation.

Acknowledgements

SA and JvG thank NWO for funding received under project number 680-91-112.
AKB thanks the EMBO and Magdalene College, Cambridge for funding. HM
thanks the CNRS InFinity program and the Exploratory Research Space of the
RWTH Aachen University for a Theodore von Karman Fellowship. We thank
Alexandra Ziemski for help with the production of a-synuclein.

3.1.5 Competing interests

The authors declare no competing interests.

3.1.6 Materials and Methods

The code of the model and the data and scripts used to generate the figures are

available on GitHub: https://github.com/ibivu/amyloid_hydrophobicity

The Peptide Model
Experimentally, it has been shown that amyloid formation is usually strongly
accelerated in the presence of preformed fibrillar aggregates, or seeds (23). In
this study, we focus on the thermodynamic properties of elongation, or the ad-
dition of a single protein molecule to the end of a ’seed’ fibril. We study this
process using a cubic lattice model, where each amino acid occupies a single
grid site. In this model, inspired by previous work on protein lattice mod-
els (61, 63, 164, 65, 117, [118), each amino acid interacts with the amino acids
directly adjacent to it. If no amino acid is present, the grid site is assumed to be
occupied by the solvent (67). The side chain is modelled by giving each amino
acid an orientation and allowing hydrogen bonds to be formed only when the
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side chains point in the same direction, allowing a reasonable steric approxima-
tion of G-strands (94). For the peptides we used the same sequences as in ref.
(94): TFTEFTFT. To investigate the effect of a lower stability, we replaced the
phenylalanine residues with leucine residues, yielding the sequence TLTLTLT.
The default parameters for the model are comparable to settings that are re-
quired to obtain self-replication in a simpler model (70)). In our simulations, a
seed for the study of the elongation process is represented by a pre-formed fibril
consisting of 8 peptide molecules. This fibril is 'frozen’ during our simulations,
meaning that only moves translating or rotating the entire seed fibril are allowed.
However, all interactions of the fibril with the environment are still present. Two
additional monomeric protein molecules are present in the simulation box, which
are allowed to make regular moves, and can attach and detach from the seed dur-
ing the simulation. This setup allows us to investigate the addition of one layer
(consisting of two molecules) to the pre-formed seed fibril. In the simulations,
we observe four distinct states: monomeric, amorphous, fibrillar and fully aggre-
gated. We define these states based on the total number of external contacts (see
the Supplementary Methods).

Temperature Dependence of the Hydrophobic Effect
The temperature dependent solvation term ®govent(7’) accounts for the tempera-
ture dependence of the hydrophobic effect and is based on our previous work (68]).
Previously, a similar solvation term allowed us to account for the temperature
dependence of the hydrophobic effect in protein folding; the single and two-state
models for the solvation term gave similar results for thermodynamic signatures
of protein folding (68)). Here we use the simplest formulation of the model - with
fewer parameters - that is based on a single-state representation for a side-chain
with the solvent. @y vent(T'), expressed in contributions of single residues, takes

the form:

N
(I)solvent (T) = Z thdr(i) + Eai,sovii,solv (31)

Here N is the total number of residues in the peptide; the term €4, so1v does not
depend on the temperature, whereas the free energy term, Fiyq,(7), does. K sy
indicates whether or not an interaction between the solvent and residue ¢ occurs.
In short, K1y = 1 when the side chain points in the direction of the solvent,
and K o1y = 0 otherwise. We can now incorporate the hydrophobic temperature
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dependence in terms of Fiyq.(7) as:
Fiyar (i) = —aCy(T — Tp)? (3.2)

Where T sets the temperature at which the hydrophobic effect is maximal. «
sets the strength of the hydrophobic effect and C), indicates whether the residue
makes a hydrophobic contact. C}, calculated as hg, K so1v, Where h,, indicates if
the amino acid is hydrophobic (€,, ., > 0). In our potential, the amino acids that
fulfil this condition are a; € {C, F, L,W,V, I, M,Y, A}.

Description of the Peptide Model
A full description of the model is given by the following equation:

H = Ehb + Esteric + Estate + Eaa + (I)solvent (T) (33)

This Hamiltonian, H is given in reduced units (kgT units). The term E,, rep-
resents the sum of the classical pairwise amino acid interactions €,, 4,, that are
used in most coarse-grained simulations. The term FEy;, represents the interac-
tions originating from hydrogen bonds between side chains of two amino acids.
FEgtate represents the energy gained from f-sheet formation. ®goyens(7) is the
interaction of an amino acid with the solvent. The first four terms are kept iden-
tical to the model described by Abeln et al. (94). Note that only ®gpent(T)
depends on the temperature, whereas the other four terms do not. Hence, we
can also describe the Hamiltonian in terms of a temperature-independent and a
temperature-dependent term H = Ej;,; + Psorpent(T)-

Delineation of Enthalpic and Entropic Hydrophobic Contributions

From the hydrophobic free energy contribution, as given by eqn. [3.2) we can
also deduce the enthalpic contribution. Multiplying both sides by f(= %), taking

derivative with respect to f and using that df—ﬁF = (F) we obtain:

(Bnyar (1)) = —aC, (T5 — T?) (3.4)
This equation can be used to estimate the difference in hydrophobic enthalpy
between two states, based on the difference in hydrophobic residues pointing

towards the solvent (see Supplementary Methods). Note that we can now also

compute the entropic contribution using:

—T'Shyar (i) = Fhyar(i) — Enyar(7) (3.5)
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Theoretical Estimates for Hydrophobic Contributions
We also try to derive theoretical estimates the hydrophobic contributions to the
free energy, entropy and enthalpy of fibril elongation. These are calculated for
the different types of fibrils simulated. If we consider only the contributions that
dominate the free energy differences between states in the simulations, the free
energy difference of fibril elongation can be approximated by:

AG = AGhydr + Ac;(int + AC';’chain (36)

We can simplify this further by noting that the interaction energies, including the
backbone hydrogen bonds, do not have a temperature dependence in our model.
Even if we consider more broadly defined states, the enthalpy component remains
approximately constant with respect to temperature for fibril elongation, if we
do not take the hydrophobic temperature dependence into account. Moreover,
the main contribution of the chain free energy is entropic, which turns out to be
strongly temperature dependent in our simulations.

AG = AGhyar + AEiy — TASchain (3.7)

In order to make a theoretical estimate, we can consider the case where the
hydrophobicity dominates the change in free energy upon fibril elongation. Then,
we can calculate an estimate for the free energy change Aé’hydr as:

AGhyar = AGhyar(T) + ABiy (3.8)
We can then estimate the change in enthalpy as:

ABhyar = AByar(T) + AEiy (3.9)
From these estimates we can calculate the entropic contribution as:

—TAShyar = AGhyar(T) — AEhyar (3.10)

Estimate for hydrophobic enthalpy in the model
By combining equations [3.4 and [3.9] we can obtain a relation from which we can
estimate the full enthalpic contribution due to the hydrophobic effect:

<EhydT (z')> =y (T2 = T?) + B (3.11)

38





3.1 The hydrophobic effect characterises the thermodynamic signature of
amyloid fibril growth

where <Ehydr (@)> is an estimate for the hydrophobic enthalpy, ~ is the strength
of the hydrophobic effect, Tj is the optimal temperature for hydrophobic interac-
tions, T is the temperature and Ej,; is the internal energy of the protein. For the
simulation model we have v = aC},. Now by taking AC), = 6 for the difference
in solvent contacts between the fibrillar and monomeric state, and taking FEj,
from the constant term observed in the simulations with o = 0, we can make the
estimates for the hydrophobic contributions described above. Further details on
the simulation model, including descriptions of the different fibrillar states, sam-
pling procedures and the investigation of entropically favourable 8-sheets, can be

found in the supplemental methods.

Estimating the strength of the hydrophobic effect in amyloid fibrils

To determine the temperature dependence of the relationship between the strength
of the hydrophobic effect and the hydrophobicity of a protein, we combined

our peptide model with experimental data from isothermal titration calorimetry

(ITC) and equilibrium experiments of amyloid fibril growth and peptide assem-

bly into crystals. We used a least-squares fit of the temperature dependence of

the enthalpy of assembly to equation [3.11] with 7, = 343.15K. Note that for

a fully atomistic representation we have v = —a Ay, where « is the strength of

the hydrophobic effect per unit of hydrophobic surface area and A is the total

aggregating hydrophobic surface area of the protein. To calculate Ay, we used

N
Ay = hia (3.12)

where h; indicates whether or not the amino acid at position ¢ is hydrophobic
and a; indicates the surface area of the amino acid at position ¢. In this case,

o 1 ifh, e {C,F,L,W,V,I,M,Y, A}
1o otherwise

For the calculation of the change in hydrophobic surface area upon addition to
the fibril end, we only included the contributions of those sequence regions that
are part of the [-sheet core of the amyloid fibril. These regions were determined
using sources from (177, 88| 103], 104, 119, 120}, 121, 122)). For a detailed description
of how these core regions were determined, see the supplemental methods.
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Preparation of (seed) fibrils for experiments

a-synuclein was recombinantly expressed and purified as reported previously (23)).
Solutions of ~200 uM a-synuclein in phosphate buffer saline (PBS) and 0.02%
NaNj3 were prepared and incubated under strong stirring at temperatures be-
tween 30-37°C for several days. An AFM image of the amyloid fibrils obtained
in this manner are shown in Figure a). Bovine a-lactalbumin was purchased
from Sigma and used without further purification. Solutions of 200-350 uM of
a-lactalbumin in 10 mM HCI and 100 mM NaCl were incubated at 37°C un-
der constant stirring for 2-3 days. Human glucagon was a kind gift from Novo
Nordisk. Glucagon was studied under two different sets of solution conditions.
Solutions were prepared at ~700 uM in 10 mM HCI and 1 mM NaySO4 and in-
cubated under stirring at 40°C for 2 days. Alternatively, solutions were prepared
at ~300 M in 10 mM HCI and 30 mM NaCl and incubated under stirring at
40°C for 1 day.

Isothermal Titration Calorimetry (ITC) Experiments of Fibril Elonga-
tion
We performed ITC experiments to directly probe the enthalpy change associated
with the addition of a protein monomer to the end of an amyloid fibril, as a
function of temperature (90, [102)). An ITC experiment of fibril elongation can
be carried out in two distinct ways, by injecting seed fibrils into monomeric pro-
tein solutions, or by injecting monomeric protein into seed fibril suspensions. In
the present study, we have explored both types of experiments. The injection
of monomeric protein into seed fibrils can be carried out repeatedly, whereas a
single injection of seed fibrils into a supersaturated solution of monomers leads
ultimately to a complete conversion of the solution into aggregates. The ITC
experiments of fibril elongation were carried out with VP-ITC and ITC200 in-
struments (Malvern Instruments, UK). In the case of a-synuclein (VP-ITC and
ITC200), both types of experiments (seed fibrils into monomer and monomer into
seed fibrils) were performed, whereas in the case of glucagon (VP-ITC) and bovine
a-lactalbumin (VP-ITC), monomer titrations into fibril suspensions were used. In
most cases, the monomer solutions and the fibril solutions were dialysed overnight
at 4°C against a large volume of the same solution in order to ensure that the
heat released or consumed upon titration only corresponds to the heat of reaction
and not potential heats of dilution of unbalanced salt concentrations. The seed
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fibrils were sonicated with a probe sonicator according to protocols similar to the
ones reported in (123)) in order to maximise the seeding efficiency and accelerate
the reaction. A crucial point in these experiments is that the rate of heat release
or consumption is sufficiently high to produce a clearly visible peak that can be
integrated to yield the total amount of heat exchanged due to fibril elongation.
At higher temperatures, more heat is released (due to the strongly negative heat
capacity of the elongation reaction, see results) and the rate of fibril elongation is
accelerated (93), and both of these factors are beneficial for the signal-to-noise ra-
tio of the experiment. In order to be able to perform reliable measurements at the
lower end of the temperature range investigated, the only possibility to accelerate
the reaction is by increasing the number of growth competent fibril ends. Figure
b) shows an AFM image of sonicated a-synuclein amyloid fibrils. The ITC
experiments of fibril elongation were performed at monomer concentrations be-
tween 100-350 uM (a-lactalbumin), between 70-300 M (glucagon) and between
50-100 uM (a-synuclein). Figure[3.9c) shows an AFM image of a-synuclein amy-
loid fibrils taken out of an ITC calorimeter after an experiment. In each case,
the heat released or consumed upon an injection of monomer or fibrils, AQ, was
determined and divided by the amount of monomer that had reacted in each case.
Figure [3.8| shows raw data from ITC experiments of amyloid fibril elongation for
the proteins a-lactalbumin, a-synuclein and glucagon. Furthermore, we use AE
and C, when we refer to the simulations, since they are carried out at constant
volume, and AH and C}, when we refer to the experiments, since they are carried
out at constant pressure. As described in (68)), these are very similar in our setup.
Finally, we use AF to refer to the free energy defined in the model, and AG when
we refer to free energy sampled by the simulations, as in (68]).

Fibril Stability in the Presence of Denaturants
We have determined the thermodynamic stabilities of amyloid fibrils using de-
polymerisation experiments with a chemical denaturant, as previously described
(92, 107). For a-lactalbumin (Figure a), 200 pl of 377 uM fibrils was mixed
with 1000 gl solution mixture of variable ratios of (1) 10 mM HCI + 100 mM
NaCl and (2) 6M GndSCN + 10 mM HCI + 100 mM NaCl, in order to obtain
a series of increasing denaturant concentration, ranging from 1.2 M to 5 M. The
samples were incubated for 10 days at room temperature and then centrifuged for
1 h at 25°C at 40 krpm. The equilibrium concentration of soluble a-lactalbumin
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in the supernatant was determined using the Bradford test. The use of Bradford
reagent was necessary, as the denaturant GndSCN has a considerable absorbance
at 280 nm and therefore interferes with concentration determination through ab-
sorbance measurements at 280 nm, as well as with measurements of intrinsic
fluorescence (see description for glucagon below). The samples were diluted 1:25
into the Bradford reagent and the values of absorbance at 595 nm were compared
with a standard curve. In the case of glucagon (Figure b), the fibrils were
depolymerised with GndHCI. 60 pl of 240 pM fibril solution (in 10 mM HCI and
30 mM NaCl) was mixed with 140 pl solution mixture of variable ratios of (1) 10
mM HCI + 30 mM NaCl and (2) 5.6 M GndHCI + 10 mM HCI + 30 mM NaCl.
The samples were incubated for two days at room temperature. Then the intrin-
sic fluorescence was measured with a multiwell-platereader, which was equipped
with an excitation filter at 280 nm, and two emission filters at 340 and 380 nm.
The ratio of the fluorescence intensities at 380 nm and 340 nm was normalised for
the initial and final plateau values and plotted as a function of the concentration
of GndHCI. This measurement had been calibrated against the concentration
of soluble peptide, determined by centrifugation and absorbance measurements.
The depolymerisation curves (Figure were fitted with the expression de-
rived from the linear polymerisation model (92, 107). The free energy differences
between the soluble and fibrillar states extracted from the fits are -52.5 kJ/mol
for a-lactalbumin and -58.3 kJ/mol for glucagon. These values are considerably
larger in magnitude than that determined for a-synuclein (-33.0 kJ/mol (92)).

Enthalpy of GNNQQNY crystal growth
GNNQQNY peptide was bought from Bachem (Basel, Switzerland) as TFA salt
and used without further purification. The peptide was dissolved in hot water at a
concentration of 2-3 mM and left to cool down. Crystal formation occurred spon-
taneously after some time, but could be strongly accelerated by probe sonication.
The stock solutions were kept for several days at room temperature. A concen-
trated, super-critical solution of GNNQQNY peptide was found not to remain
metastable for a sufficient amount of time to be used in seeded ITC experiments,
such as the ones described above for amyloid fibrils. Therefore, the experiments
to determine the heat of formation of GNNQQNY crystals as a function of tem-
perature were designed as crystal dissolution experiments, rather than crystal
growth experiments. Before each calorimetry experiments, the suspensions were
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re-sonicated for 2 min to homogenise them. Different dilutions of the freshly son-
icated stock solutions were loaded into the syringe of a VP-ITC and the cell filled
with pure water. Then large injections of up to 100 ul were performed. The injec-
tion of crystals into water always yielded strongly endothermic signatures. It was
noticed that identical injections yielded strongly differing peak integrals. This is
likely due to the sedimentation of the crystals inside the injection syringe, which
leads to the fact that injections of equal volumes do not correspond to equal quan-
tities of injected peptide crystals. Therefore, in order to determine the enthalpy
of crystal dissolution, the total integrated heat of all injections was determined
and this value was correlated with the final peptide concentration in the cell after
the experiment, which was measured by UV absorption measurements at 280 nm
(molar extinction coefficient 1280 M~ em™!). When a suspension of crystals is
injected into water, this corresponds to the injection of the crystals themselves,
plus the injection of monomer at the critical concentration. In order to be able
to determine the net heat of crystal dissolution, the obtained experimental values
need to be corrected for the values of the heat of dilution of the present monomer.
In order to quantify this correction, samples of crystal suspensions were heated
to 60°C for 30 min, which led to the dissolution of the crystals. The resulting
supersaturated solution was loaded into the needle of the ITC calorimeter and the
same pattern of injections was performed as for the crystals. In some cases, the
re-crystallisation started inside the needle, which lead to a drift in the baseline.
However, in all cases, the injection of melted crystals led to an exothermic signal.
After these control experiments, the concentration of the peptide inside the cell
was measured again. It was found that at 20°C, the heat of dilution of monomer
was -187.4 pcal for a final concentration of 273 pM. The critical concentration
of GNNQQNY was found to be ~110 uM at 20°C. Assuming that the heat of
dilution scales linearly with final concentration, we subtracted -13uJ from each
experimental data point at 20°C. Furthermore, it was found that at 30°C, the
heat of dilution of monomer was -213.1 pcal for an injected concentration of 305
uM, which yielded a final concentration of 53 puM. The critical concentration of
GNNQQNY was found to be ~154 uM at 30°. We therefore subtracted -108 uJ
from each experimental data point at 30°C. The measured heats of crystal disso-
lution are then plotted against the concentration in the I'TC cell at the end of the
experiment. A linear fit forced to go through 0/0 yields the molar heat of crystal
dissolution. We find 4.2 cal/mol and 10.3 cal/mol at 20°C and 30°C, respectively,
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yielding a value of 0.61 cal/(mol K) or 2.6 J/(mol K) as value for the molar heat
capacity of crystal dissolution. We fitted Equation through the data points
to estimate v. Note that in this case, we only have data at two temperatures
and therefore we cannot estimate the accuracy of the fit. However, this data and
analysis does provide a good idea about the magnitude of the enthalpy and heat
capacity of GNNQQNY assembly into crystals.

3.1.7 Supplemental Methods

Definition of States
We observe four distinct states, which for the analysis are defined based on the
number of external contacts for the two free peptides; external contacts (Ceyx)
are here defined as the interchain contacts between either the free peptides or the
free peptides and the seed. Note that there are a further 70 external contacts
present in the seed fibril that cannot be changed during the simulations. The
monomeric, fibrillar and amorphous states are then defined as:

monomer = {1 if Coxy = 00 if otherwise (3.13)

1if 11 < Coyy <= 14
amorphous = (3.14)

0 if otherwise

. ]. lf Oext >= 16
fibril = (3.15)
0 if otherwise

1if Coy = 21
fully aggregated = (3.16)
0 if otherwise

Enthalpy Sampling
For the simulation we calculate the enthalpy difference between the ensemble of
the fully aggregated state (A : Cexy = 21) and the monomeric state (M : Ceyy =
0); in the latter case only the seed peptides still make contacts. The enthalpy
difference AFE is then calculated as AE = (E)4 — (E) .
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Hydrogen Bonds

The term describing hydrogen bonds can be written as En, = Y e, - Cij,
where ey, represents the potential energy per hydrogen bond. H;; = 1 indicates
that a hydrogen bond is present, and H;; = 0 indicates that no hydrogen bond
is present. In our model, the water interactions are implicit, so €, indicates
the difference between a hydrogen bond of an amino acid with the solvent and
a hydrogen bond in bulk water. Hydrogen bonds between amino acids and the
solvent are typically stronger than the hydrogen bonds in a bulk solvent. We
investigate the cases ey, € {0.25,0.5,0.75,1.0} with ey, = 0.5 as default.

Entropically Favourable [S-sheets

We also investigated the effect of an entropic bonus for 5-sheets. The high stabil-
ity of S-sheets at elevated temperatures suggests that S-sheets may have a higher
entropy than other secondary structure elements. Moreover, amino acids with a
high propensity for 8 strand formation tend to be S-branched (124), suggesting
that the f-strand states will be entropically more favourable. Core regions of
amyloid forming proteins tend to have a high S-strand forming propensity (125),
to model this propensity we allow an entropic term, Ng, to be set for the S-strand
state modelling degeneracy of the state. This allows us to investigate the effect of
a local entropic ‘bonus’ a residue receives for being in a S-sheet. Unless otherwise
stated N3 = 1, giving no bias.

Sampling Analysis
We used the umbrella sampling method to sample the conformational space (126]).
As order parameter, we used the number of external contacts, Cyy. We use a
quadratic biasing potential to define E

Euupr = H + k(Cext - Cext,0)2 (317)

Where k is the spring constant, H the Hamiltonian defined in eqn. (3.3]) (see
Methods), and Ceto the value towards which the simulation is biased. In our
simulations, k = 2 and Cex o € {0, 5, 10, 15,20, 25}.

Identification of the core regions of the amyloid fibrils
To calculate the change in accessible hydrophobic surface area upon amyloid
fibril elongation, we determined the fibril core-forming regions of each protein.
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PDB structures of the aggregating fibrils were available 8-2-microglobulin (PDB
ID:6GK3 (I7)), a-synuclein (PDB ID:2NOA (88), residues 38-97) and for the
microcrystals formed by the GNNQQNY peptide from Sup35 (PDB ID:20MM
(119)). In the case of glucagon, it has been reported that the fibril is formed by
nearly the entire sequence of 29 amino acids (120). For bovine a-lactalbumin,
no high resolution fibril structure is available to-date. However, a-lactalbumin is
homologous to lysozyme (121)), for which the aggregating region is known from
limited proteolysis experiments (122)). Therefore, we queried both protein se-
quences using PSI-BLAST (accessed 25 January 2019) on the Swissprot database
with default settings for two iterations. We selected the first twelve hits or
the a-lactalbumin query (Uniprot: P00709, QIN2G9, P00712, P00711, P09462,
QITSNG, QITSR4, P00714, P61633, P30201, P61626, P00716) and added the
lysozyme sequence and two hits of the lysozyme query with 70-80 percent se-
quence identity with lysozyme (Uniprot: P04421, P61631, P79811) to ensure that
both proteins were represented in the sequence set. Subsequently, we performed
multiple sequence alignment on these sequences using Clustal Omega with default
settings. The resulting alignment was used to predict the aggregating region of
a-lactalbumin from the known aggregating region of lysozyme. The estimated
aggregating region was TFHTGINY of a-lactalbumin (Uniprot P00711, region
48-122). In order to cover a wider range of total hydrophobic surface area, we
also included thermodynamic data of the self-assembly of a hydrophobic amino
acid phenylalanine,(103) and of a hydrophobic dipeptide diphenylalanine (104]).
The temperature dependent enthalpy of dissolution of solid phenylalanine, the
reverse of the enthalpy of assembly, was measured calorimetrically (103)), whereas
for diphenylalanine, a van’t Hoff analysis of the solubility was performed (104]).
In both cases, the entire hydrophobic surface area was assumed to become buried
upon assembly, given that both components assemble into crystals, rather than
amyloid fibrils.

3.1.8 Supplementary data

Simulations with model parameters affecting the enthalpic and entropic
contributions to fibril stability
We also investigated how the cold denaturation and destabilisation depend on
the different model parameters. In our model we can adjust the stability of
the fibril by changing the strength of the hydrogen bonds (Figure . The
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stability obtained through H-bonds is purely enthalpic in our model. Similarly,
we can change the entropic contribution to fibril stability by changing the (-
strand propensity (Figure ; this term is purely entropic in our model. The
simulations show that the stability of aggregates at low temperatures depends on
the stability at physiological temperatures, see Figure and (b).

Additional experimental data

Figure 3.8 shows the raw data from some of the I'TC experiments used to produce
the plots in Figure 5 of the main manuscript. The details about the injection
volumes and monomer concentrations can be found in the figure caption. In
order to analyse these data, a baseline was defined and each of the peaks due to
the injection of monomer was integrated numerically. In addition, we have also
acquired atomic force microscopy images (Figure , which illustrated both the
preparation of the seed fibrils of a-synuclein through sonication, which increases
the seeding efficiency (23)), as well as the subsequent growth during the ITC
experiment upon injection of soluble protein.

Fibril stability in the presence of denaturants
Our model predicts that cold denaturation of amyloid fibrils is only observed for
fibrillar systems that are not very highly thermodynamically stable with respect
to the soluble state of the protein. This condition arises from the requirement
that the low temperature-induced weakening of the hydrophobic effect leads to
a sufficient overall loss in stability for the equilibrium concentration of soluble
protein to increase substantially. Published data show that a-synuclein amyloid
fibrils are among the least stable amyloid fibrils characterised to-date, in agree-
ment with the observation that these fibrils are among the few that have been
found to display cold denaturation. We have performed additional experiments
on the thermodynamic stabilities of glucagon and a-lactalbumin amyloid fibrils

under the same conditions under which we have performed the I'TC experiments

(Figure [3.10)).
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Figure 3.6: Varying the enthalpic contribution to fibril stability through hy-
drogen bonds. We explored the stability of the fibrillar state for different values of the
hydrogen bond strength (epp) in the model. For varying values €y, and o = 40 the state
diagram for the fibrillar state (a), the free energy (b), and corresponding entropic (c) and
enthalpic (d) contributions are shown. Increasing the hydrogen bond strength makes the
fibril more stable (b), resulting in a wider temperature range over which the fibrillar state
is stable (a).Dotted lines indicate estimates for the hydrophobic contributions showing
Aéhydr, —TAS’hydr and AEhydr; these estimates are generated using Eqns. 13, 15 and 14
with corresponding «, AC), = —6 and with an offset, Fi,; = AH based on simulations

with the equivalent peptide for a = 0.
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Figure 3.7: Varying the entropic contribution to fibril stability through chain
entropy. We explored the stability of the fibrillar state for different values of the (entropic)
propensity of g-strand state (Ng) in the model. For varying values Ng, and o = 40 the
state diagram for the fibrillar state (a), the free energy (b), and corresponding entropic (c)
and enthalpic (d) contributions are shown. Increasing the S-strand propensity makes the
fibril more stable (b), resulting in a wider temperature range over which the fibrillar state
is stable (a). Dotted lines indicate estimates for the hydrophobic contributions showing
Aéhydr, =T Aghydr and AEhydr; these estimates are generated using Eqns. 13, 15 and 14
with corresponding o, AC), = —6 and with an offset, Ej,y = AH based on simulations
with the equivalent peptide for a = 0.
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Figure 3.8: Representative ITC raw data. Raw data of ITC experiments are shown

for experiments where monomer solutions were titrated into seed fibril suspensions. Exper-

iments were performed with a VP-ITC (a,c) and an ITC200 (c¢) instruments. (a) Injections
of 10, 80, 80, 80ul (40°) and 10, 80, 40, 80ul (50°) of a solution of a-lactalbumin (50 uM
in 10 mM HCI+100mM NaCl) into a suspension of sonicated seed fibrils. b) Injections
of 2 ul of solutions of monomeric a-synuclein at 380 M (50°C), 390 pM (30°C) and 430
#M (40°C) into seed fibril suspensions. c) Injections of 20, 80, 80, 80ul (30 and 47°) of a
solution of glucagon (100 M in 10 mM HCI4+30mM NaCl) into a suspension of sonicated
seed fibrils.

Figure 3.9: AFM images illustrating a-synuclein amyloid fibril elongation.
Atomic force microscopy (AFM) images were taken of seed fibrils before sonication to
shorten the length distribution and enhance the seeding efficiency (a), after 10 s of soni-
cation with a sonication probe (b) and after an ITC experiment (c), where the fibrils (40
uM) had been incubated with a total of 60 uM of monomeric a-synuclein.
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Figure 3.10: Chemical depolymerisation of amyloid fibrils. a) a-lactalbumin amy-
loid fibrils depolymerised with the strong denaturant GndSCN. b) glucagon amyloid fibrils
depolymerised with GndHC1. The values of the free energy difference between the sol-
uble and fibrillar states are -52.5 kJ/mol (a-lactalbumin) and -58.3 kJ/mol (glucagon).
These values should be compared with the one determined for the considerably less stable
a-synuclein amyloid fibrils of -33.0 kJ/mol (92).
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Figure 3.11: Thermodynamics of GNNQQNY crystallisation. a) Raw ITC data of
the injectionof GNNQQNY crystals and monomer into pure water. Experimental details see
Methods section. b) Summary of the calorimetric results of GNNQQNY crystal dissolution.
The data points are corrected for the exothermic heats of dilution of the monomeric content
of each injection. The linear fits to the data sets at the two temperatures are used to
determine the molar enthalpies of crystal dissolution, which corresponds to the negative of
the molar heats of crystal growth.
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. kJ kJ
Proteln Ah Y [KQmol} « [m] Eint [kJ]
GNNQQNY 229  1.02-1073 4.45-107%  -31.232082

L-phenylalanine 218  290-107% 1.33-10°¢ -16.418050
di-phenylalanine 436  8.10-10"* 1.86-1076 -33.447338

Glucagon® 1990 3.22-107% 1.62-107%  -162.668964
Glucagon? 1990 2.10-1072 1.06-107%  -125.478512
Glucagon? 1990 3.50-1073 1.76-107%  -159.018135
a-synuclein 3906 5.04-1073% 1.29-107%  -98.911013

(-2-microglobulin 5131 7.63-10732 1.48-1076  -277.822212
a-lactalbumin 5133 7.10-107% 1.38-107%  -205.792291

Table 3.1: Estimates of o from ITC experiments on four different proteins.
Data from the experiments was fitted to to estimate the value of a.
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FIBRILS

3.2 The temperature and chemical destabilization of a-

synuclein amyloid fibrils

3.2.1 Introduction

Many studies have investigated amyloid fibrils and their stability to find a possible
therapy for neurodegenerative disorders such as AD and PD. The amyloid state
is considered the most stable structure peptides can adopt due to the numerous
H-bonds, van der Waals and hydrophobic interactions (35, 36, B8). Analogous
to protein denaturation, it has been shown that also a-syn amyloid fibrils can
be denatured by high as well as low temperatures (39). It has been suggested
that fibrils are thermodynamically highly stable at a certain temperature range,
usually between 25 and 40 °C, and less stable above and below this range (35, 38]).
The fibrils are constituted by numerous monomers stacked on top of each other
in (-sheets, stabilized by hydrophobic interactions between side chains. It is
plausible then that a weakening of these interactions can lead to fibril depoly-
merization (36). Several studies have discussed and experimentally shown that at
low temperatures proteins behave differently due to a change in the hydrophobic
interactions (Section (35], 38, 42, 127). Indeed, it has been shown that
at low temperatures the conformation of a globular protein expands and looses
its ordered structure due to the weakening of these interactions (128)). The high
content of hydrophobic residues buried in a fibril makes plausible to assume that
it is valid also for fibrils (Section (39). Another important factor that
influences the protein structure are the electrostatic interactions of the charged
amino acids. For example, two negatively charged amino acids in close proximity
will experience a repulsive force between them and will tend to move away from
each other. This allows water molecules to access such sites of electrostatic frus-
tration. In a study of the protein yeast frataxin it has been indeed reported that
elimination of several negative charged amino acids decreased the effect of cold
denaturation (127). Although examples of cold denaturation have been shown,
there are also studies reporting the absence of cold denaturation for a-syn fibrils
(129). Due to the contradictory literature about the cold denaturation of fibrils,
but also of globular proteins (Section , our study aims to shed light on the

conditions in which it occurs.
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3.2.2 Results and Discussion

Heat denaturation of a-syn fibrils
The first part of the study consisted in the investigation of the heat denaturation
of a-syn fibrils by Differential Scanning Calorimetry (DSC). A plausible mecha-
nism for fibril denaturation would be their depolymerization from the ends, as the
energy necessary to remove a monomer from the fibril end should be considerably
smaller than from a central part of the fibrils, or compared to the disassembly
into protofilaments. To enhance the formation of a larger amount of fibril ends
from which the monomers might dissociate, a-syn fibrils were probe sonicated, a
procedure which also reduced high order assembly (”clumping”) of fibrils. When
a temperature scan was performed between 22 and 110 °C (Fig. A, red line)
two clear peaks were obtain from the fitting of the DSC run, at 90 °C and at
97 °C (Fig. A, dotted green and blue lines, respectively). The area of the
measured peaks was integrated and their relative % was considered in order to
compare different experiments (Fig. [3.12| B). The first peak presents a melting
temperature (T,,) of ca. 90 °C and in both the experiments it represents the
major one (Fig. [3.12/ B, green). The second peak shows a T,, of ca. 97 °C and
it is characterized by a smaller area than the one at 90 °C (Fig. [3.12| B, blue).
The presence of a broad peak, which resemble a double peak, may indicate a non-
cooperative system which is typical, instead, for native proteins. In fact, native
proteins exist as structured or completely denatured. In this case, instead, the
DSC run suggests that a-syn fibrils may dissociate with a different mechanism.
Further investigation on the sample after the DSC was necessary to understand
if there were still fibrils or whether they had completely depolymerised. To this
end, a-syn fibrils before and after the DSC scans were investigated using Circular
Dichroism (CD) spectroscopy (Fig. C). The sample before the DSC exper-
iment (Fig. C, light blue line) presents a typical B-sheet spectrum with a
negative minimum at ca. 220 nm and a positive maximum at ca. 202 nm. The
sample acquired after the DSC measurement shows a decrease of absolute inten-
sity of both the negative minimum at 210 nm and the positive maximum at 202
nm (Fig. C, red line). Therefore, the sample after the DSC experiment has
a lower content of 3-sheets, but fibrils are still present, due to the presence of the
typical S-sheet peaks and to the absence of random coil, signature corresponding
to a-syn monomers (Section[1.3.1]), in the CD spectra (Fig. C). Additionally,
Atomic Force Microscopy (AFM) was used to investigate the sample morphology
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Figure 3.12: Heat denaturation experiments of a-syn fibrils by Differential
Scanning Calorimetry. (A) DSC of 50 (lower peak) and 100 puM (higher peak) a-syn
fibrils made in Phosphate buffered saline (PBS, red line). Two peaks were obtained from
the fitting for a non-two-state model, one major peak at 90 °C and a minor peak at 97
°C (dotted green and blue line, respectively). (B) The area of the derived peaks (A)
was integrated and the relative % was considered due to the different fibrils concentration
(green and blue). (C) CD spectra of the PBS a-syn fibrils before (light blue line) and after
(red line) the DSC measurment. (D) AFM images of the same concentration, 30 uM, of
PBS a-syn fibrils before (on the left) and after (on the right) the DSC measurement.

(Fig. [3.12] D). The sample before the DSC run was enriched with short fibrils with
a length shorter than 1 pm, which is expected for probe-sonicated fibrils (Fig.
D, left). Whereas in the sample after the DSC run less fibrils are still visible
compered to the sample before the DSC scan (Fig. [3.12|D, left), probably due to
experimental procedure, and they were shorter than before the temperature scan
(Fig. [3.12| D, right and Fig. [3.13| B). The CD and AFM data suggest that fibrils
might denature by dissociation to protofilaments, because the CD spectra did
not show any trace of random coil and the AFM images suggested the presence
of fibrils-like structures with a height corresponding to protofilaments (Fig. [3.12
C, D). If the fibrils denature to protofilaments, it would be a two-state model
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Figure 3.13: Heat denaturation of a-syn PBS fibrils followed by ThT and AFM.
(A) 50 uM and 100 uM «-syn PBS fibrils were incubated at 95 °C in a thermo-block up
to 20 h. The samples were measured ez situ by ThT fluorescence. (B) AFM image of
the sample after the DSC run (Fig. A) that shows a few mature fibrils and several
protofilaments, characterized by a mean 4 nm height.

for which the sample would consist either in fibrils or protofilaments. As already
said, instead, the DSC run presented two peaks. It may be that the first peak is
the dissociation of monomers from the fibril ends, requiring less energy, and the
second one is instead the breakage of the protofilaments bounds, that would need
more energy to break the bounds. Considering this hypothesis, while the DSC
was cooling down to room temperature, ca. 30 minutes, the remaining nuclei
that might still be present would grow using the recently dissociated monomers
and so, at the CD would not be possible to detect monomers. In order to confirm
this hypothesis, PBS a-syn fibrils were incubated in a thermo-block at ca. 95
°C and aliquots were taken to measure ex situ in a plate reader by ThT (Fig.
A). ThT fluorescence increased for longer incubation at 95 °C, indicating
that more binding sites became available for the fluorescence dye. ThT does not
bind, hence does not fluorescence, to monomers (Section . Taking these
data together with the DSC, CD and AFM data, it is plausible that the fibrils
are denaturating through disassemble of the protofilaments as this would give an
increasing number of exposed binding sites for the ThT (Fig. A, Section
[[.2.4.1). The AFM image for a-syn fibrils after the DSC run (Fig. B) to-
gether with the ThT data suggest that a-syn fibrils can, indeed, be denatured by
high temperatures, above 90 °C (Fig. A) probably through the dissociation
of monomers (the first peak observed by DSC) and by the dissociation of the
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protofilaments (corresponding to the second peak observed by DSC). This was
confirmed by the AFM image after the DSC scan (Fig. A) in which numerous
fibril-like structures are present, but shorter than a mature fibril, corresponding
most likely to protofilaments (Fig. B). It may be that the CD spectra did
not show a random coil signature translating with monomers, as they are IDPs,
because after the DSC run the protofilaments grew by addition of the newly avail-
able monomers. Although, to have a complete fibril disassembly it is probably
necessary to incubate the fibrils longer than 20 h at high temperatures. Hence,
the possible mechanism of a-syn fibril heat denaturation is a first dissociation of
monomers from the extremities which eventually results in fibrils that are short

enough to disassemble into protofilaments.

Chemical denaturation and cold-destabilisation of a-syn fibrils
It has been shown that protein fibrils, like globular proteins, can be denatured
employing chemical denaturants, such as urea, which directly interact with pro-
teins thereby solvating them (35, 92). It was already reported in 1930 that the
denaturation of ovalbumin has a negative temperature coefficient for tempera-
tures lower than 20 °C and a positive one for temperatures higher than 20 °C
(35). This indicates that ovalbumin has a maximal stability at 20 °C. Later on, a
similar behaviour was also observed for S-lactoglobulin, which showed a stability
maximum at 35 °C by chemical denaturation studies with urea (35). It has been
observed for many globular proteins how the differential heat capacity (AC,) is
negative at temperatures in which proteins are most stable, between 20 and 40 °C,
and positive for temperatures lower than 20 °C and higher than 40 °C, suggesting
that at these temperature ranges the proteins are less stable (35 38). There is
a controversy around cold denaturation, especially of amyloid fibrils. One study
reported that a-syn fibrils can monomerise completely when left long enough at
temperatures below 10 °C (39). There are also studies that, instead, could not
observe any appreciable denaturation for a-syn fibrils even after months (129).
In order to shed light on the cold denaturation of a-syn fibrils, urea denaturation
has been combined with the cold denaturation to favour the destabilisation of the
fibrils. Amyloid fibrils are very stable structures and, as normal globular proteins,
they are stabilised by H-bonds and the hydrophobic effect (35, B6). The latter
consist in the burying of hydrophobic moieties inside the protein structure and
exposing the hydrophilic residues to the solvent. It has been proposed that the
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Figure 3.14: Fluorescence spectra of the equilibration of F94W a-syn PBS
fibrils during chemical denaturation. 20 uM (A, B) and 60 uM (C, D) F94W a-syn
PBS fibrils were denatured with urea in PBS- (A, C) and PB- (B, D). The fluorescence
spectra were measured immediately after sample preparation (A-D, left) and after 6 days

equilibrium incubation at room temperature (ca. 25-27 °C).

99





3. THERMODYNAMIC STABILITY OF o-SYNUCLEIN AMYLOID
FIBRILS

cold denaturation of a-syn fibrils arises from electrostatic interactions (Section
(39). Other studies have proposed that the driving force is instead the weakening
of hydrophobic interactions (35, B38). Protein folding at temperatures at which
the proteins are most stable (20-40 °C) is an entropically driven process, whereas
the entropy results decreased at low temperatures (35 38). Because entropy is
the stabilising effect for hydrophobic interactions, for a decrease in entropy it can
be assumed that also the hydrophobic interactions are decreasing, thereby leading
to cold denaturation of proteins (35, 38, 127) and fibrils (39) (Section [1.2.3). In
order to be able to measure the fibril denaturation, a W residue was substituted
at position 94 of a-syn to detect its intrinsic fluorescence (Fig. A). Position
94 was chosen because a bulky aromatic side chain, F, is normally present at this
position and furthermore because position 94 appears to be close to the fibril
core (Fig. [1.8 B) (30), making the W a good probe for detecting whether it is
incorporated into a fibril or not (Fig. [1.7] B). Next we tested whether the elec-
trostatic effects played a role in cold denaturation. a-syn fibrils were prepared
in PBS and to investigate the electrostatic contribution to fibril stability, the
denaturation curves were prepared either in PBS-urea or in PB-urea, the same
buffer composition but in the absence of salt. The chemical denaturation with
urea was measured by intrinsic tryptophan fluorescence of FO94W a-syn fibrils.
Fluorescence spectra at different urea concentrations were acquired immediately
after the samples were prepared (Fig. A and C) and after 6 days of incuba-
tion, at which time the samples have reached equilibrium (Fig. [3.14| B and D). A
different fibril stability is already visible from the spectra among the fibrils dena-
tured in PBS- and PB-urea. Henceforth, the samples at 6 days equilibration at
room temperature are referred to as 0 days at 4 °C. When fibrils are formed in the
presence of salt, they become unstable once they are transferred into a solution
with drastically reduced or complete absence of salt. The presence of salt in the
solution dictates a certain structural rearrangement of fibrils due to the screened
charges, called polymorphism (Section . When the conditions in which the
fibrils are formed change, such as salt concentration, a decrease in fibril stability
may occur (Section [1.2.3)). In fact, a-syn fibrils denatured in PB-urea (Fig. [3.14
A-D, right) were less stable compared with the fibrils denatured in PBS-urea
(Fig. A-D, left). Moreover, a clear difference between the samples prepared
with 20 M and 60 pM fibril concentration in the same buffer was observed (Fig.
and . In either case, PBS- and PB-urea, fibrils denatured employing 20
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uM appeared less stable than the ones using 60 M fibril concentration, due to

the concentration-dependent depolymerization into monomers (130). To improve

the signal-to-noise ratio, the fluorescence spectra of the denatured samples were

fitted with a Gaussian function, from which the fluorescence intensity (FI) at
330 nm and 340 nm were analysed (Section [1.2.4.2)). The 330 nm represents the
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Figure 3.15: Denaturation curves for F94W «-syn PBS fibrils in PBS-urea.
20 uM (A, C) and 60 uM (B, D) F94W a-syn PBS fibrils were denatured in PBS-urea
and the ratio of the fluorescence intensity at either 340 and 330 nm (A, B) or at 350
and 320 nm (C, D) was normalised between 0 and 1, which correlates to the monomer
amount (Section . If the ratio is close to 0, the sample is constituted approximatly
completely by fibrils, whereas a ratio close to 1 indicates that the fibrils are depolymerazed
to monomers. The denaturation curves were then fitted with the equation to obtain
the AGY.

maximum emission peak of the W residue when it is incorporated into the fibril

core, whereas when it is free in solution as monomer, the maximum is red-shifted
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to 340 nm (Fig. B). By plotting the ratio 340/330 nm versus the urea con-
centration, it is possible therefore to obtain denaturation curves, for which a high
ratio represents a major fibrils denaturation into monomers (Fig. and
A and B). Due to the difference at 350 nm and 320 nm among the spectra with
different urea concentrations, also the ratio of these values has been employed to
assess an eventual more significant difference among the samples (Fig. and
C and D). The samples in PB-urea present a slightly higher destabilization
when the ratio 340/330 nm is considered (Fig. [3.16|). The possible difference
among the ratio 340/330 nm and 350/320 nm may arise from a different excita-
tion of the 'L, or 'L, states translating with a blue- or red-shift of the emission
spectra (Fig. A and B) (49). However, all the samples, in PBS- and PB-
urea, show a clear destabilization effect when incubated at 4 °C, that increases
for longer incubation, especially for the fibrils denatured in PB-urea and with a
lower concentration (Fig. A). Considering the FI at 0 M urea concentra-
tion from the denaturation curves (Fig. and A and B) it is possible to
recognise the solely temperature effect on a-syn fibrils due to the absence of the
destabilizing urea effect. A trend in the denaturation is visible (Fig. A), for
which the sample at 20 uM in PB-urea resulted the less stable, while the sample
at 60 uM in PBS-urea was the most stable one. The FI of the ratio 340/330
nm was fitted using a linear function (See caption for R? values) and the
relative slope values obtained from the fit show, indeed, that the most unstable
sample was 20 xM in PB-urea (Fig. [3.17B). As already discussed (Section[1.2.3),
the electrostatic interactions contribute to the cold-denature of fibrils. Indeed,
this effect results stronger for a lower concentration of fibrils, whereas it results
less dramatic for higher concentrations. In fact, it is possible to observe a minor
difference in cold denaturation for 60 M fibrils in PBS- or PB-urea than 20 pM.
The latter shows a 340/330 nm ratio of ca. 0.4, hence, the sample is almost half
depolymerized. The denaturation of fibrils at lower concentrations in the absence
of salt confirms the role of electrostatic charges to destabilize the fibrils, whereas
the lower destabilization effect for higher fibril concentration demonstrates that
it is not the main force carrying the cold denaturation.

The normalised ratio 340/330 nm and 350/320 nm curves (Fig. and (3.16])
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Figure 3.16: Denaturation curves for F94W a-syn PBS fibrils in PB-urea. 20
uM (A, C) and 60 uM (B, D) F94W a-syn PBS fibrils were denatured in PB-urea and the
ratio of the fluorescence intensity at either 340 and 330 nm (A, B) or at 350 and 320 nm
(C, D) was normalised between 0 and 1, which correlates to the monomer amount (Section
. If the ratio is close to 0, the sample is constituted approximately completely by
fibrils, whereas a ratio close to 1 indicates that the fibrils are depolymerazed to monomers.
The denaturation curves were then fitted with the equation to obtain the AGP.

were fitted using the function (L107):

_(AG%4m AGO+m [D])t

2[Mlre T[D])Jrl—\/él[M]Te*(? +1
2[M]? (e S
T

y = (3.18)

where y is the normalised FI ratio 340/330 nm or 350/320 nm, [M]r is the total
protein concentration, AG? is the free energy change, R is the gas constant, T
is the temperature, m is the cooperativity coefficient and [D] is the denaturant

63





3. THERMODYNAMIC STABILITY OF o-SYNUCLEIN AMYLOID
FIBRILS

A 6 Normalized FI 340/330 nm at 0 M urea BO.S
= ® 20 pM PBS-urea ® 20 pM PBS-urea
€ 0.5/ @ 60uMPBS-urea 0.41 @ 60 uMPBS-urea 0366
2 ® 20 pM PB-urea ® 20 pM PB-urea -
® 047 @ 60uMPB-urea ® 60 uM PB-urea
S v 0.31,
m 0.3 8- :
-I; 0.2 n 0-2'0004
gl) 0.002
= 0.14 ' l
£ 0.1 o000 —
S 0.0 \)
2 of® o 0%
—-0.1+° ‘ ‘ ‘ ‘ ‘ 0.0 - o
0 5 10 15 20 35 20UM _ 6OUM  20uM 60 LM
Time (d) S-urea PB-urea

Figure 3.17: Cold denaturation of a-syn fibrils at 0 M urea concentration. (A)
Normalized fluorescence intensity of the 340/330 nm ratio at 0 M urea concentration (Fig.
A and B) fitted for a linear function in order to see the destabilization occurred
depending on the incubation at 4 °C. The R? of the linear fit for 20 and 60 xM in PBS-
urea and 20 and 60 pM in PB-urea are 0.22, 0.37, 0.74 and 0.70, respectively. (B) Slope
values obtained from the linear fit (A). 20 (light orange) and 60 uM (dark orange) in
PBS-urea present the values 0.003 and -0.0005, respectively, and 20 (light green) and 60
uM (dark green) in PB-urea have 0.366 and 0.006, respectively. The zoom shows better
the comparison among the more stable samples.

concentration. The AG? obtained from the fitting of the time course at 4 °C has
been considered as apparent (AG ) due to the probable lack of equilibrium of

app
the system when the samples has been measured, except for the first and last

measurment. Plotting the AG? ~ calculated from the fitting (Eq. D versus

app
the incubation time at 4 °C it is possible to recognise a similar trend for all the

samples. AGg,pp tends to increase for longer incubation at 4 °C either considering

the ratio 340/330 nm and 350/320 nm (Fig. A and B, respectively). It may

be that the difference in AGSPP is due to the ez situ measurement. Nevertheless,

the obtained AG values, considered in equilibrium after the equilibration at room
temperature, for the 0 days at 4 °C samples are between -40 and -35 kJ /mol, which
are comparable to the literature value, -30.8 kJ/mol (I31). From the AG,,, plot
it appears that the system has reached equilibrium already after 14 days at 4
°C and the AGgpp at 28 days is between -30 and -25 kJ/mol for both FI ratios
considered (Fig. [3.18)). The ratio 340/330 nm shows a different final AG among
the samples due to the different stability depending on protein concentration
and solution conditions, evident also from the denaturation curves (Fig. and

3.16]) and the solely cold denaturation at 0 M urea (Fig. [3.17)). For this reason the
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ratio 340/330 nm may constitute a better analysis for the fibrils depolymerization.
The equation that links free energy with entropy, enthalpy and temperature is

the free energy equation:

AG = AH — TAS (3.19)

where AG is the free energy change, AH is the enthalpy change, AS is the entropy
change and T is temperature. Considering the equation [3.19|and the assumption
that the incubation at low temperatures decrease AS of the system, it is plau-
sible that the observed cold denaturation (Fig. is caused by a decrease in
hydrophobic interactions (Section [3.1). The AG (Fig. increases because
it is becoming more influenced by the AH rather than the product -TAS. In
fact, along with the incubation time at 4 °C, the system reaches an equilibrium
through a first microscopically decrease of AS due to the water molecules order-
ing, that influences subsequently the overall system. These data shed light on
the mechanism for a-syn fibrils to denature by high and low temperatures. In
both cases, the hydrophobic interactions play a fundamental role, although in a
different manner.

AG,pp from FI 340/330 B AGgpp from FI 350/320
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Figure 3.18: Free energy of a-syn fibrils denatured in PBS- and PB- urea. The
calculated AGgpp from the denaturation curves (Fig. and ) show an increasing
trend for longer incubation at 4 °C, either for the ratio 340/330 nm (A) and 350/320 nm

(B). The error bars represent the standard deviation errors on the fitted parameters from

the equation
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3.2.3 Conclusions

Despite amyloid fibrils are very stable structures, they can be denatured not only
by high but also low temperatures. There are controversial studies in literature
about the cold denaturation of fibrils and its driving force. Here we have con-
firmed the hypothesis that the cold denaturation of amyloid fibrils is driven by
the hydrophobic interactions (35, B38) (Section [3.1)). By the chemical denatura-
tion curve with urea, it has been possible to observe a significant destabilization
of the fibrils with the increasing incubation time at 4 °C. In fact, it has been
observed that the samples in equilibrium at room temperature were completely
depolymerized to monomers at ca. 3 M urea, while after 28 days at 4 °C already
at 2 M urea the sample resulted completely monomerised (Fig. and .
At low temperatures there is a decrease of hydrophobic interactions which lead
to fibrils denaturation (Section [1.2.3). Here it has been demonstrated that the
other important stabilizaing denature for amyloid fibrils, electrostatic interac-
tions, does not play a fundamental role, confirming that the major driving force

are hydrophobic interactions.
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4.1.1 Abstract

a-synuclein (a-syn) is a natively unfolded protein predominantly localized in
the presynaptic terminals of neurons. It has been shown that a-syn fibrils are
the major component of abnormal neuronal aggregates known as Lewy bodies,
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4. THE SURFACE NUCLEATION OF o-SYNUCLEIN

the characteristic hallmark of Parkinson’s disease. Amyloid fibrils arise through
primary nucleation from monomers, which in the case of a-syn is accelerated
by suitable surfaces with an affinity for the protein, followed by the elongation
of the nuclei by monomer addition. Secondary nucleation, on the other hand,
involves the binding of monomers onto the surface of the pre-existing fibrils,
leading to the formation of new fibrils. While it is well-established that the
newly added monomer in the process of fibril elongation adopts the conformation
of the monomers in the seed, often called templating, it is still unclear under
which conditions fibrils formed through secondary nucleation of monomers on the
surface of fibrils copy the structure of the parent. Here we show by biochemical
and microscopical methods that the secondary nucleation of a-syn, induced by
mildly acidic pH, leads to fibrils that structurally resemble more closely those
formed de movo under the same conditions, rather than the seeds if these are
formed at another solution condition. This result has important implications for
the mechanistic understanding of the secondary nucleation of amyloid fibrils and
its role in the propagation of aggregate pathology in protein misfolding diseases.

4.1.2 Introduction

The formation of ordered fibrillar aggregates of proteins, amyloid fibrils, is the
hallmark of a range of human disorders, many of which are neurodegenerative
in nature, such as the prion diseases (132), Alzheimer’s (AD) and Parkinson’s
disease (PD) (133). One of the defining features of neurodegenerative disorders
is their progressive nature, which manifests itself through the spreading of the
disease pathology through the central nervous system (CNS) of the affected in-
dividual (134). Amyloid fibrils grow through the addition of protein monomers
to the fibril ends, a process which keeps the number of fibrils constant but in-
creases their total mass. However, a key question in the context of the spreading
of disease pathology is by which molecular mechanism amyloid fibrils proliferate,
i.e. increase in number. An increase in the number of fibrils can occur through
de novo (primary) nucleation, a process which is, by definition, independent of
the quantity of already existing aggregates. However, the presence of fibrils en-
ables additional pathways for the formation of more fibrils in what is known as
secondary pathways, either through fragmentation (I35] [I36]) or through surface-
catalysed secondary nucleation (25)). In particular the latter process has received

increased attention in recent years, because its rate can be significant even in
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the absence of mechanical shear forces, which strongly favour fragmentation (26)).
Shear forces are likely to be very weak in a physiological context, but some molec-
ular chaperones have been proposed to be able to fragment amyloid fibrils (19]).
Secondary nucleation, the nucleation of new assemblies facilitated by the pres-
ence of assemblies of the same kind of monomers, has long been known to play
an important role in industrial crystallisation processes (20, [137). It was also
identified to play a key role in the highly cooperative polymerisation dynamics
of sickle haemoglobin (138) and it was subsequently proposed that secondary nu-
cleation could be responsible for the proliferation of protein aggregates in prion
and other neurodegenerative diseases (139). Indeed, in the last decade, increas-
ing evidence has emerged that secondary nucleation plays an important role in
the aggregation kinetics of a range of amyloid proteins, such as TAPP (211, 140),
insulin (141)), the amyloid 5 peptide (26]) and a-synuclein (23, 24]). Despite its
potentially crucial role in disease progression, much remains to be elucidated
about the secondary nucleation of amyloid fibrils (25). Recent results show that,
in the case of the amyloid S peptide, primary and secondary nucleation have
distinct thermodynamic profiles (27)), due to the fact that secondary nucleation
involves the binding of protein molecules onto the surface of fibrils (70)). It is not
known, however, whether the actual nucleation reaction on the fibril surface is
distinct from the equivalent process in solution or on other types of surfaces. In
particular, it is also not known whether structural features of the parent fibril
are transmitted onto the fibril generated through secondary nucleation. In the
case of secondary nucleation in crystals, addressing a related question has allowed
substantial progress in the mechanistic understanding (142] 143). In particular,
it was found that different types of secondary nucleation processes exist for crys-
tals, some of which propagate structural information, in particular chirality, of
the parent crystal (144], [145). Secondary nucleation processes in crystals can be
divided into those whereby small pieces of the parent crystal break off and those
whereby the secondary nuclei form independently in proximity or in contact with
the parent crystal (146). Such a detailed mechanistic understanding has not yet
been achieved for the secondary nucleation of amyloid fibrils. In this study we
address this question for the specific case of amyloid fibrils formed by the pro-
tein a-syn (a-syn), which are the main components of Lewy bodies and Lewy
neurites, the pathological intracellular deposits found in the CNS of PD patients
(147). It has been shown that a-syn can form different amyloid fibril structures,

69





4. THE SURFACE NUCLEATION OF o-SYNUCLEIN

depending on the solution conditions under which the protein is allowed to as-
semble (28| 29)). Differently assembled structures adopted by the same protein
with the same sequence are known as fibril strains. This phenomenon has first
been discovered for the mammalian prion protein, where the difficulty of creating
infectious prions de novo from recombinant protein has long been known (I148]).
On the other hand, if recombinant prion protein is seeded with ex vivo infectious
material, infectivity can be maintained over many generations of repeated dilu-
tion and seeding (149)). The propagation of information is usually explained in
terms of amyloid fibril elongation, the addition of monomeric protein molecules
onto fibril ends, whereby the fibril end acts as a template and imposes its own
structure onto the added molecule. This was found to hold even under condi-
tions where the protein forms a different fibril structure de novo (I50)). The
existence of amyloid fibril strains has importance beyond the case of mammalian
prions. It has been shown that the structures of fibrils extracted from patients
with different AD phenotype differ (I51, 152)). There is evidence that a simi-
lar polymorphism exists also in the case of different synucleinopathies (I53), i.e.
neurodegenerative diseases characterised by the common feature of formation of
deposits of a-synuclein amyloid fibrils. Furthermore, it has been shown that the
inocculation of mice with different a-syn fibril strains generated in witro led to
different disease phenotype and propagation pathways (I54). One interpretation
of these biological findings is that whichever mechanism is at the origin of fibril
amplification and propagation in wvivo is able to maintain structural information
of the fibrils. Here we show that under conditions where secondary nucleation of
a-syn is observed, the structural information of seed fibrils formed under different
conditions is only preserved at high seed concentration, i.e. where elongation of
the initially added seeds dominates the generation of fibril mass. At low seed
concentrations, where most of the fibrils form through secondary nucleation, the
end product of the reaction closely resembles the fibrils that form de novo under
these solution conditions. This result establishes that secondary nucleation is
clearly distinct from classical seeding and has implications for the interpretation
of biological and clinical data on the propagation of fibril strains.
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4.1.3 Results

Solution conditions determine the structure and proteolytic susceptibil-
ity of a-syn fibrils
We started by generating a-syn amyloid fibrils under three different solution
conditions, at neutral pH at low and high ionic strength (I) and mildly acidic
pH at low I, according to published protocols (24, 28| 154). These reactions
were carried out in polystyrene plates that trigger heterogeneous primary nucle-
ation in order to obtain seed fibrils within a reasonable time frame (24)). It was
demonstrated previously that at neutral pH, a-syn can adopt either a twisted
fibril structure (twists) at higher I (50 mM Tris-HCI pH 7.5, 150 mM KCI, 0.02
% NaN3) or a ribbon-like fibril structure (ribbons) at very low I and in ab-
sence of salt (5 mM Tris-HCI pH 7.5, 0.02 % NaN3). We followed the de novo
formation of fibrils under these two sets of solution conditions by Thioflavin-T
(ThT) fluorescence and found very distinct assembly kinetics and ThT fluores-
cence intensities. Indeed, the formation of the twists is complete already after
approximately 20 h, whereas formation of the ribbons needs approximately 80
h before the plateau is reached (Fig. A). This difference in kinetics can be
explained through the unfavourable electrostatic interactions between individual
a-synuclein molecules, which are negatively charged at neutral pH. A higher I
leads to more effective screening of this repulsion (23) and hence to accelerated
aggregation. There is also approximately an order of magnitude less ThT fluo-
rescence emitted by the sample with the ribbon fibrils, suggesting a difference in
binding affinity, stoichiometry and/or fluorescence quantum yield of the bound
ThT between the different types of fibrils made at pH 7.5. We also made fibrils in
10 mM MES buffer at pH 5.5, where a-synuclein is closer to its isoelectric point
and where aggregation is therefore very rapid even at low I (Fig. A). We
have shown previously that under these conditions, the mechanism of amyloid
fibril formation of a-synuclein is qualitatively different compared to neutral pH,
due to the contribution of secondary nucleation at this mildly acidic pH (23], 24]).
The contribution of secondary nucleation to the aggregation kinetics manifests
itself through the very rapid completion of the reaction after only approximately
5 hours. The subsequent decrease in fluorescence intensity in the sample at acidic
pH could be caused by the very pronounced higher order assembly of the fibrils
at this pH (23)), a process which can be expected to influence the accessibility of
the fibril surface for ThT as well as the fluorescence quantum yield of the bound
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dye. We imaged the samples after the plateau phase was reached by atomic force
microscopy (AFM, Fig. C-E) and cryo-electron microscopy (cryo-EM, Fig.
4.1) F-H) and found the previously reported twisted and ribbon-like morphology
for the fibrils formed at neutral pH. The twists present a height of ca. 8 nm
(Fig. C) with a repetitive height variation due to the twist of ca. 4 nm and a
twist pitch of ca. 200 nm. The ribbons, instead, present a height of ca. 5+2 nm
and no twist (Fig. |4.1| D) and the fibrils made at pH 5.5, which we call needles,
are twisted, but with a shorter node-to-node distance (ca. 100 nm) than those
made at neutral pH. We also performed proteinase K (pK) digestion and found
that both fibril types made at neutral pH showed a very similar susceptibility to
proteolytic degradation (Fig. G and H). In contrast, the fibrils formed at pH
5.5 show a much greater degree of degradation, as after 5 min of incubation with
pK, the fibrils are fully digested. In these experiments, we took great care to
eliminate any potential direct influence of the difference in formation conditions
on the efficiency of the enzyme (see Methods section for details), by performing
all digestions under the same conditions, regardless of the conditions under which
the respective fibrils had been made. We therefore also checked whether the di-
gestion buffer at neutral pH led to a dissolution of the fibrils made at mildly acidic
pH. We found that the fibrils remained intact even after incubation for several
days in the digestion buffer (see Supplementary Fig. and we therefore con-
clude that the fibrils made at pH 5.5 possess a much higher intrinsic proteolytic
susceptibility than those prepared at neutral pH.

Fibril elongation preserves the structural information of a-syn fibril strains

We performed seeded experiments under conditions where fibril elongation dom-
inates the aggregation process in PEGylated plates to minimize heterogeneous
primary nucleation at the plate surface. As mentioned above, a-syn amyloid
fibril formation does not feature secondary nucleation at neutral pH and un-
der quiescent conditions, fragmentation can also be neglected (23). Therefore, in
seeded experiments at pH values above 6, fibril elongation will be the only process
with an appreciable rate. However, even under conditions where secondary nu-
cleation is observed, i.e. pH below 6, the reaction can be strongly biased towards
elongation by adding a high proportion of seed fibrils. Fibril elongation has the
highest rate constant of all relevant processes under all conditions, and therefore
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Figure 4.1: Formation and microscopic characterization of three a-syn fibril
strains. (A) De novo aggregation kinetics of 100 pM a-syn monomer in polystyrene
plates at pH 7.5 and high I (blue), pH 7.5 and low I (red) at pH 5.5 and low I (green).
(B) The same aggregation kinetics as in (A), but with a zoom into the lower fluorescence
values. AFM (C- E) and cryo-EM (F- H) images of the twists, ribbons and low pH fibrils
("needles”), respectively, with AFM height profiles of the different fibril types. (I) SDS-
PAGE gel of the proteinase K digestion of the twists (dark cyan), ribbons (red) and low
pH fibrils (green). (J) Quantification of the digested bands from the SDS-PAGE gel shown
in (I).

it is always possible to seed an aggregation reaction strongly enough such that
fibril elongation is the dominant process. We performed seeded experiments at
various concentrations of twists (Fig. A) and ribbons (Fig. B), at pH
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values above (6.5) and below (5.5) the threshold for secondary nucleation (~ pH
5.8 (23) and see Supplementary Fig. A). We find that the two types of fibrils
act as efficient seeds under all conditions, and most of the curves show the typical
concave shape of a reaction dominated by fibril elongation (23]). Only the reac-
tions seeded with ribbons at pH 5.5 do not display the typical single exponential
behaviour, however, the absence of a lag time suggests that even these reactions
are dominated by elongation. The main result of these experiments is that under
both sets of solution conditions, the fibrils at the end of the experiment, when the
ThT fluorescence has reached a plateau value, have a very similar susceptibility
to pK digestion (Fig. 2E-H) and appearance by AFM imaging (Fig. C-D) as
the parent fibrils. This is in particular also true under the more acidic pH condi-
tions (pH 5.5), where fibrils formed de novo have a much higher susceptibility to
pK digestion than the twists and ribbons (Fig. [-J). Therefore, these results
show that under conditions where the overall aggregation process is dominated
by fibril growth, the structural properties of the seed fibrils are transmitted onto
the newly added monomers. This finding is in agreement with previous reports
that show that the so-called templating effect in fibril elongation is able to over-
come the structural preferences induced by the solution conditions (I50). The
reactive flux of monomers is determined by the overall lowest free energy bar-
rier, corresponding to the addition onto the end of the templating seed. This
process can lead to the adoption of a fibril structure which is not necessarily the

thermodynamically most stable state under a given set of solution conditions.
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Figure 4.2: The structural characteristics of fibril elongation. Seeded Kinetics of
50 4 M a-syn monomers in 10 mM MES pH 6.5 and 10 mM MES pH 5.5 with 0%, 5%
and 10% twists (pH 7.5 high I, A) and ribbons (pH 7.5 low I, B). AFM images of the
aggregated solutions in 10 mM MES pH 6.5 seeded with 8% twists (C) or 8 % ribbons
(D). SDS-PAGE gels of the proteinase K digestion at 0 and 5 minutes of the fibrils from
experiments at pH 5.5 or 6.5 seeded with 10 % twists (E) or ribbons (G). Quantification of
the digested bands for the fibrils formed in the presence of the twists (F) and the ribbons

(H) in comparison with the respective parent fibrils.
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Secondary nuclei are structurally determined by solution conditions rather

than the strain of a-syn seed fibrils

Having established that fibril elongation preserves the fibril structure, we next
probed whether this was also the case under conditions where most of the fibril
mass stems from the growth of secondary nuclei, i.e. weakly seeded aggregation
experiments at mildly acidic pH (5.5). We find that seeded experiments with
both twists (pH 7.5 and high I) and ribbons (pH 7.5 and low I) show clear sig-
natures of a process dominated by secondary nucleation (i.e. sigmoidal traces
with sharp transition), at low seed concentrations (Fig. . The time at which
half of the monomers have converted to fibrils, t-half, is estimated as ca. 8 h for
50puM monomers with 1% seed formed at pH 5.5 low I (24) whereas the same
amount of seeds formed at pH 7.5 high I or pH 7.5 low I we find t-half values
of ca. 30 and 60 h, respectively. Interestingly, the seed concentration at which
sigmoidal behaviour is observed (Fig. A, B) differs between twists and rib-
bons. While experiments seeded with twists only show sigmoidal behaviour when
the seed concentration is below 0.8% by mass, such behaviour is observed with
the ribbons for all employed seed concentrations (up to 4%). This finding can be
explained either by a difference in length distribution of the twists and ribbons,
as suggested by cryo-EM (Fig. 1 F-H) leading to a difference in relative contri-
bution of fibril elongation and secondary nucleation, or by an intrinsic difference
in the ratio between the rate constants of fibril growth and surface nucleation.
We then proceeded to investigate the fibrils formed under these weakly seeded
conditions, by AFM and cryo EM imaging as well as by pK digestion. We in-
vestigated in particular the end product of the reaction seeded with 0.4 % twists
(pH 7.5 high I) and with 1.2 % ribbons (pH 7.5 low I), both of which showed a
clear signature of secondary nucleation. AFM (Fig. C-D, left) and cryo EM
(Fig. C-D, right) revealed in all cases fibrils more similar to those formed de
novo at pH 5.5 than any of the parent seeds, in particular also in the reactions
seeded with ribbons. Furthermore, we performed pK digestions of these samples
(Fig. [1.3/E and F), as well as of samples without the fluorescent dye ThT that
had been otherwise prepared identically to the ones which were used to follow
the aggregation kinetics (Fig. A and B). The rationale behind this control
is that ThT, which binds to the surfaces of fibrils, possibly might influence the
structural characteristics of the nuclei that form on the surface. Our results show
that the presence of ThT does not modify the overall fibril morphology of the
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end product (as judged by AFM imaging, see supplementary Fig. and the
resistance to enzymatic digestion of the resulting nucleated fibrils (Fig. 1.3 E-F).
As additional controls, we performed pK digestion on monomer incubated with-
out seeds (and which did not aggregate under these conditions) and on fibrils
formed de novo at pH 5.5. We find in all cases that the end products of seeded
reactions at pH 5.5 low I resemble much more the de novo formed fibrils, rather
than the parent seeds formed at pH 7.5. In particular, the pK experiments reveal
a digestibility of the end products of reaction conditions with seeds formed at pH
7.5 which is almost as high as that of the de novo formed fibrils. The latter, in
turn appear as completely digested as the intrinsically disordered monomer (Fig.
4.3| E-F). While most of the fibrils at the end of the weakly seeded aggregation
reaction stem from secondary nucleation, as in the un-seeded reaction at pH 5.5,
the growth of the initially added seeds made under other conditions may lead to
a potentially non-negligible contribution of the initial seeds to the final mixture
of fibrils. We therefore also performed experiments in which fibrils are trapped
inside a filter membrane in a multiwell plate (24), incubated for a certain pe-
riod of time with a solution of monomer under conditions that are conducive to
secondary nucleation, followed by pushing the solution out of the membrane by
applying a vacuum. The evolution of fibril mass is then followed over time (Fig.
A) by ThT fluorescence. We observed a sigmoidal aggregation curve for the
filtrate, indicative of a weakly seeded aggregation reaction, suggesting that some
of the secondary nuclei/oligomers have detached during the incubation period in
the filter and after the mixture has been washed through the filter grow to fibrils
that act as seeds. Indeed, in analogy to the secondary nucleation in crystals,
the detachment of the product of secondary nucleation and its evolution into an
independent aggregate is a defining feature of the overall process of secondary
nucleation and underlines the autocatalytic amplification of fibril mass. We also
performed cryo EM images of the reaction mixture where ~2.8 ug fibrils had
been trapped in the membrane and incubated with 50 pM monomer (Fig. |4.4| B)
and we found that the fibrils do not resemble the ribbons which acted as parent
seeds, but rather the fibrils formed de novo at acidic pH.

4.1.4 Discussion

Our results, summarised in Fig. [4.5] therefore unambiguously establish that a
fundamental difference exists between fibril elongation and secondary nucleation.
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Figure 4.3: The structural characteristics of secondary nucleation. Weakly seeded
aggregation kinetics of 50 p M a-syn monomers at mildly acidic pH with different concen-
trations of twists (formed at pH 7.5 high I, A) and ribbons (formed at pH 7.5 low I, B).
(C, D) AFM (left) and cryo EM (right) images of aggregated solutions at the end of the
reaction seeded with 0.4 % twists (C) and with 1.2 % ribbons (D). (E, F) SDS-PAGE gels
of the pK digested twists (E) and ribbons (F) seeded reactions, as well as of monomer and
fibrils formed de novo at acidic pH as controls. (G, H) Quantification of the bands of the
gels shown in E and F.

In the former the templating effect of the seed fibril dominates over the solution
conditions, this situation is reversed in the latter process. Therefore, first and
foremost, our study provides additional strong evidence that the amplification of
a-synuclein amyloid fibrils at mildly acidic pH stems from the nucleation of new
fibrils, rather than from fragmentation of existing ones (24). The dominance of
the solution conditions over the seed structure in secondary nucleation can be un-
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Figure 4.4: Trap and seed experiments. (A) Secondary nucleation kinetics followed
by ThT seeded with 3 p M ribbons and 15 pM (dark blue) or 50 uM (dark cyan) monomer
added. (B) Cryo EM of the fibrils resulting from the weakly (with ribbons) seeded exper-

iment at 50 4 M monomer shown in (A).

derstood as follows. In general, the high efficiency of seeding can be explained by
the much lower free energy barrier of fibril growth compared to nucleation (26, 27]).
Therefore, even if the template does not correspond to the most stable structure
under a given set of conditions, the free energy barrier of monomer addition to this
template is still lower than that of the de novo nucleation of fibrils. However, the
difference in free energy barrier between the nucleation of different fibril strains
is likely to be smaller than between any given nucleation process and elongation.
Therefore, the solution conditions are able to exert a stronger influence in the case
of nucleation, and are apparently even able to overcome any potential templating
effect that the underlying seed fibril might exert in the process of secondary nu-
cleation. We can at present not exclude that some nuclei form that are imprinted
with the structural information of the parents, but that convert later due to their
being unstable under the solution conditions of secondary nucleation. However,
we would like to emphasize that the formation of very similar types of fibrils under
mildly acidic solution condition, both by primary and secondary nucleation does
not necessarily imply that these are the most stable fibrils under these conditions,
but only that they present the lowest free energy barrier for nucleation. Similar
effects to the ones described in this study have been reported for a fragment of the
mammalian prion protein (I55)) and the amyloid g-peptide (Af) (156). However,
even though the amyloid fibril formation of the prion fragment appears to feature
surface-catalysed secondary nucleation (I55), the same has not yet been estab-
lished for the full length mammalian prion protein. For Af, it was shown that
Ap (1-40) and Ap (1-42) interact at the level of primary nucleation, but that
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Figure 4.5: Summary of the results of this study. (A) Formation of amyloid fibrils
de novo under different solution conditions (blue and green boxes) can lead to different
fibril structures. (B) Fibril elongation is able to propagate the structural characteristics
of the seed, even under conditions where a different type of fibril would form de novo. (C)
Secondary nucleation is not able to propagate the structural characteristics of the seed
under conditions where a different type of fibril forms de novo. The fibrils formed through
secondary nucleation resemble those formed de novo. Therefore secondary nucleation is

only autocatalytic for fibrils formed under these conditions.

fibrils of A3 (1-40) are very inefficient in nucleating AS (1-42) fibrils and wice
versa (I57). Here, the difference in fibril structure was found not to propagate
through surface nucleation in cross-seeding experiments (I56). However, in this
case two different sequences are considered and the lack of structural propagation
is probably due to the inability of the AS (1-42) to adopt the fibril fold of AS
(1-40). Indeed, it has been shown that these two sequences adopt quite distinct
fibril folds (158, [159)). The current work is to our knowledge the first study ad-
dressing the ability of surface-catalysed secondary nucleation to propagate the
structural information of a-syn parent seeds when these do not represent the
most favourable (either kinetically or thermodynamically) form under the solu-
tion conditions of the seeding experiment. For a-syn, our findings are interesting
in the light of previous studies that showed that a-syn is highly metastable in its
disordered monomeric form, even inside live cells (160, [161)). Suitable interfaces,

80





4.1 The structure of a-synuclein secondary nuclei is dominated by the
solution conditions rather than the seed fibril strain

such as polymer-water (57), air-water (162) or lipid-water (50), are required to
enable the heterogeneous primary nucleation of a-syn amyloid fibrils. The strong
pH-dependence of its secondary nucleation could solely stem from a change in
the charge of the fibril surface and monomers, induced by lowering the pH, which
renders the fibril surface more conducive for catalysing the nucleation reaction.
This hypothesis is supported by recent results that show that truncation of the
acidic C-terminus of a-syn leads to a strong up-shift of the pH range within which
secondary nucleation is observed (163)). Secondary nucleation has received much
attention in recent years due to its suspected role in the spreading of amyloid
pathology (25 [139) as well as in the generation of toxic oligomers (26]). Indeed,
Parkinson’s disease is a particularly striking example of the importance of ag-
gregate spreading, as it has been hypothesized that a-syn aggregate pathology
might originate from the digestive tract and then spread towards the central
nervous system (8, [164). Moreover, this hypothesis has been then supported
by experiments, whereby model animals were injected into the gut with either
PD brain lysate or various pure monomeric and aggregated forms of a-syn, and
where subsequently a-syn reached the brain, supposedly via the vagal nerve (15]).
Our results indicate that secondary nucleation on fibril surfaces is not able to
faithfully propagate structural (strain) information of seeds, if the structure of
the seeds represents one of the less stable polymorphs under the solution condi-
tions of the seeding reaction. Given the clinical and biological observations on
differences in fibril strain compositions between patients (I51], 152)), as well as
the differences in propagation and disease phenotype when animal models are
inoculated with different types of aggregates (154)), it is therefore possible that
fibril elongation and fragmentation, processes that are able to preserve the fib-
ril strain (149) (Fig. [4.2)), play important roles in aggregate proliferation in vivo
even if the seeds move to a compartment in which their strain is not the most sta-
ble one. The current experiments can not yet answer whether strain information
is propagated by secondary nucleation on seeds having a more stable structure
under the solution condition of the reaction. On the other hand, it is increasingly
recognised that secondary nucleation plays an important role in the generation
of oligomeric species of amyloid proteins (206) and that in general such oligomers
are more cytotoxic than the final fibrillar states (165). Therefore, it is possible
that the phenomena of aggregate spreading and generation of toxicity are decou-
pled, in the sense that only a small fraction of the cytotoxic oligomers generated
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through secondary nucleation is able to evolve into fully formed fibrils and hence
propagate the pathology.

4.1.5 Conclusions

In conclusion, our study establishes that the surface-catalysed secondary nucle-
ation of a-syn does not propagate the structural characteristics of the seed fibrils
when these are moved to solution conditions that (kinetically or thermodynam-
ically) favour the nucleation of a different fibril strain. Under such conditions,
nucleation of a-syn monomer on the fibril surface is more reminiscent of hetero-

geneous primary nucleation on foreign surfaces.
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4.1.6 Experimental methods

Expression and purification of a-syn
The human codon-optimized wild type a-syn was expressed in FEscherichia coli
BL21 (DE3) using a synthetic gene with E. coli optimized codons cloned into
the pT'7-7 vector. a-syn was expressed for 24 h at 37°C in auto-induction 2YT-
medium (16 g/L Trypton, 10 g/L Yeast extract and 5 g/L NaCl) with 50 mM
sodium phosphate pH 7.2 (PB), 2 mM MgCly, 1.8% glycerol (v/v), 0.05% glucose
(w/v), 0.2% lactose (w/v). The cell pellet was washed in a saline solution (0.8
% NaCl) after being centrifuged at 5000 g for 15 minutes at 4 °C. Cell lysis was
carried out by heat treatment (at 95 °C for 15 minutes) with 25 mM Tris-HC] pH
8, 1 mM EDTA and by sonication using a VS70/T tip with a Bandelin Sonopuls
sonicator (BANDELIN electronic) at 60% power (15 minutes, 15 seconds pulses
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spaced out by 1 minute) on ice. Streptomycin sulphate was added to a final
concentration of 10 mg/ml per litre of initial culture and the mixture was stirred
at 4°C for 15 minutes before centrifuging the lysed cells and the DNA at 20000
g for 30 minutes at 4°C. The supernatant was retained and ammonium sulphate
was added to a final concentration of 1.75 M and stirred at 4°C for 15 minutes.
The precipitated a-syn was collected by centrifuging at 20000 g for 30 minutes.
The protein pellet was re-suspended in 25 mM Tris-HCI pH 8, 1 mM EDTA and
dialysed at room temperature (at circa 25°C) for 2 hours and then the protein
was filtered (0.42 pm) before loading onto a HiTrap Q HP anion exchange (AEC)
column (GE Healthcare). Before applying the salt concentration gradient in order
to elute a-syn, the column was washed for 10 minutes in 25 mM Tris-HCI pH 8,
8 M urea. The gradient was run in two steps, 0-35 % (in 100 ml), 35-45 % (in
50 ml) and 45-90 % (in 50 ml) of 25 mM Tris-HCI pH 8, 800 mM NaCl. The
protein concentration was calculated by absorbance measurement at 276 nm using
a Jasco V-650 UV-VIS Sprectrophotometer and a molar extinction coefficient of
5600 M! cm™. The protein-containing fractions were were combined and the
protein precipitated again with ammonium sulphate as described above and the
pellet stored at -20 °C.

Preparation of a-syn polymorphic fibrils

The a-syn protein pellet from the AEC chromatography run was resuspended in
circa 1 ml of experimental buffer (5mM Tris-HCI pH 7.5, 0.02 % NaN3; 50 mM
Tris-HC1 pH 7.5, 150 mM KCI, 0.02 % NaN3 or 10 mM MES pH 5.5) and loaded
onto a Superdex 200 Increase 10/300 GL column (GE Healthcare) equilibrated
with the respective buffer. The monomeric fractions were collected in low-bind
Eppendorf tubes (Eppendorf, Germany) and the first generation of the fibrils was
prepared in 96-well high binding plates (Corning 3601) in a Fluorostar Omega
(BMG Labtech, Offenburg, Germany) plate-reader following the ThT fluorescence
(excitation with a 448-10 nm filter, emission with a 482-10 nm filter, bottom
optics) at 37°C under constant shaking (700 rpm) and in the presence of a glass
bead (@ 2.85-3.45 mm). The formed fibrils were then used to seed (using 2
% seed by mass) fresh monomer solutions in the corresponding buffers in the
absence of ThT under quiescent conditions at 37°C in a Thermomixer (Eppendorf,
Germany).
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Determination of the concentration of a-syn fibrils
In order to quantitatively compare the different a-syn fibril morphologies and
their seeding efficiencies, it was necessary to determine the fibril mass concen-
tration at the plateau of the reaction. The fibrils were centrifuged in a bench
top centrifuge 5415R (Eppendorf, Germany) at 16000 g and 25°C for 30 minutes.
The pelleted fibrils were resuspended in 8 M Urea and were then mixed 4:1 with
sample buffer (5X) and analyzed by electrophoresis using a 15% SDS-PAGE gel,
where the supernatant of the pelleted fibrils as well as a-syn monomers were in-
cluded as quantification standard. Furthermore, the protein concentration in the
supernatant after the centrifugation of the fibrils was measured by UV absorbance

in order to quantify the monomers in equilibrium with the fibrils.

ThT kinetic assay
For the kinetic experiments probing secondary nucleation, a-syn monomers were
freshly purified by SEC in the appropriate buffer (10 mM MES buffer pH 5.5, 0.02
% NaNj) just prior its use for the kinetic measurements. This measure avoids
the presence of pre-formed aggregates that could alter the results. The protein
aliquots were kept on ice for up to several hours, until use. The secondary nucle-
ation kinetics were followed by ThT fluorescence, with filter and optics settings
as described above, but in low binding and clear-bottom half-area 96 well plates
(Corning n° 3881). The experiments were performed at 37°C under quiescent

conditions.

Trap and seed experiments
In order to remove the contribution of the seed fibrils to the final population
of fibrils stemming from secondary nucleation, we also performed trap and seed
experiments. After saturating the membrane of the AcroPrep 96 well filter plate
(Pall Life Sciences, Ann Arbor, MI) with ca. 20 uM a-syn monomer solution,
~2.8 ug fibrils were trapped in the membrane by vacuum filtration of a fibril
suspension using a MultiScreenHTS (Millipore) manifold for 2 s/pulse until the
liquid had been drawn off. The trapped fibrils were washed with the buffer used
for secondary nucleation experiments (10 mM MES pH 5.5, 0.02 % NaN3) before
incubation with 50 uM a-syn monomers under the same buffer conditions. The
plate was incubated at 37°C in the plate reader for 2 h. After the incubation was
finished, the flow through was collected into a standard 96-well non-binding plate
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(Corning 3881) and 20 uM ThT was added before sealing the plate and record-
ing the time course of the fluorescence intensity in a Fluorostar Omega (BMG
Labtech, Offenburg, Germany) plate reader at 37°C under quiescent condition,
with filter and optics settings as stated above.

Proteolytic digestion
In order to be able to directly compare the sensitivity of the a-syn fibrils made
under different conditions towards protelytic digestion with proteinase K (pK),
all fibrils were digested under the same buffer conditions. The activity of pK
strongly depends on the solution pH (I66), and probably also to some extent
on the ionic strength. The latter effect could be direct, through a modification
of intrinsic enzyme activity, or indirect, through a change in accessibility of the
cleavage sites due to higher order association of the fibrils, a process that is itself
strongly influenced by the solution ionic strength (23)). Therefore, the fibrils
were pelleted, the supernatant removed and the fibril pellet was resuspended in
the digestion buffer (50 mM Tris-HCI pH 7.5, 0.02 % NaN3) and sonicated in
a bath for 5 min (Bandelin Sonorex, RK100H). The mix was prepared with a
final fibril concentration of 0.34 mg/ml and 0.020 mg/ml of pK with a molar
ratio enzyme: protein of 1:17 (w/w). The samples were incubated at 37°C in a
Thermomixer (Eppendorf, Germany) and then mixed 4:1 with the sample buffer
(5X) for SDS-PAGE and heated for 5 minutes to 95°C in a Thermo-block (Techne
Ori-Block) in order to dissolve the digested fibrils. The samples were loaded onto
a 15% SDS-PAGE gel (Bio-rad, USA) and separated by electrophoresis using 1x
Tris Glycine SDS (TGS) as running buffer (Bio-rad, USA). The bands of the gel
were quantified with the Fiji software package (ImageJ, USA). The integrated
intensities of each band were expressed relative to the monomeric band for time

zero, i.e. the dissolved, undigested fibrils.

Atomic Force Microscopy
a-syn fibrils were diluted in their corresponding buffer or in PBS (10 mM Phos-
phate Buffer pH 7.4, 137 mM NaCl, 3 mM KCl), to improve the fibril attachment
on the mica, to a final concentration of 10 uM. Five yl were added onto freshly
cleaved mica for 5 minutes before rinsing gently with distilled water to remove
the excess of salt and they were dried under a gentle Ny flow. AFM images were
taken in air using a Nanowizard III atomic force microscope (JPK, Germany) in
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tapping mode in air with a silicon cantilever with silicon tip (OMCL-AC160TS,
Olympus) with a radius of 742 nm and a typical force constant of 26 N/m or
with a super sharp silicon tip (SSS-NCH-10, Nanosensors) with a radius of 2 nm
and a typical force constant of 42 N/m.

Cryo-electron Microscopy
a-syn fibrils formed de novo or in the light seeding experiments were diluted in
their corresponding buffer to a final concentration of 20 uM and sonicated in a
ultrasonic bath for 1 minute just before blotting of the carbon grids. The soni-
cation homogenizes the suspension and disperses the bigger fibril assemblies that
form especially at mildly acidic pH conditions (23]). The samples were prepared
as thin liquid films, < 300 nm in thickness, on lacey carbon filmed copper grids
and plunged into liquid ethane at -184°C using a Leica EM GP (Leica, Germany).
The images were taken with a JEM 2200FS (Jeol, Japan) microscope equipped
with an in-column energy filter (Omega filter), which allows zero loss imaging.
The acceleration voltage was 200kV and zero-loss images were recorded with a
digital TVIPS F416 camera using Serial EM under low dose conditions with a
30 eV energy selecting slit in place. The images were acquired using different
magnification objectives from 12k to 80k. The images were scaled using the Fiji

software package.

4.1.7 Supplementary data

Quantification of the degree of conversion of a-syn into fibrils
After preparation and centrifugation of the a-syn fibrils (see description above),
the supernatant was collected in order to determine the concentration of free
monomer. The concentration of a-syn monomers was measured by applying the
supernatant of fibrils formed in the presence and in the absence of ThT (See
Fig. A, B of the main paper) into a 15% SDS-PAGE gel (Fig. A), in
parallel with a known concentration of a-syn monomers for subsequent semi-
quantitative analysis. The band at 15 kDa of the samples was analysed, and
its intensity was integrated with the help of the Fiji software (ImagelJ, USA)
and then the integrated intensities were normalised with respect to those of the
monomer standards (Fig. B). The concentration of the monomers left in the
supernatant of the fibrils prepared in the presence or absence of ThT was found
to be comparable, suggesting that the dye does not significantly influence the
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Figure 4.6: Quantification of the free monomer concentration after the de novo
formation of different a-syn fibrils. (A) 15% SDS-PAGE gel of the supernatant at
the end of the de novo formation of a-syn fibrils in 10 mM MES pH 5.5, and of the twists
and the ribbons (See Fig. A and B of the main paper). (B) Quantification of the free
monomer concentration from SDS-PAGE gels of the fibrils formed in MES pH 5.5, and of
twists and ribbons made in the presence or in the absence of the fluorescent reporter dye
ThT (see 1 A and B of the main paper, total concentration of a-syn in the samples
was 100 pM).

equilibrium of de novo fibril formation.

The free monomer concentration was also quantified at the end of the sec-
ondary nucleation reactions (Fig. [4.7). This quantification enabled us to estab-
lish a more reliable ratio a-syn : pK in the subsequent digestion experiments.
Moreover, it confirmed that most of the monomers were used to form new fib-
rils despite the fact that only a low percentage of seed fibrils was used in these
experiments, suggesting that the large majority of the newly formed fibril mass
was the result of secondary nucleation, rather than mere elongation of the seeds.

In addition to SDS-PAGE gel-based analysis, we also used UV-Vis absorption
spectroscopy to quantify the monomer concentration. For the monomer quan-
tification by UV absorption, it is necessary to determine the contribution of the
ThT to the absorbance at 275 nm. For this purpose, a calibration curve of the
ThT in 10 mM MES pH 5.5 was prepared (Fig. , whereby the absorption at
275 nm is plotted against the absorption at 412 nm, the absorption maximum of
ThT, and the slope was found to be 0.161. This curve allows to determine the
contribution of the ThT at 275 nm based on its absorbance at 412 nm and hence
to isolate the contribution to the absorbance stemming from the protein (163).

Aggregation kinetics of a-syn at different pH values

a-syn aggregation is strongly dependent on the pH value of the solution (23)).
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Figure 4.7: Quantification of the concentration of free monomer after secondary
nucleation kinetics. (A) SDS-PAGE gel of the supernatant of the end products of the
aggregation assays seeded with 0.4 % and 0.8 % twists and 1.2 % and 2% ribbons (see Fig.
A in the main paper). (B) Quantification of the free monomer concentration in the
supernatant of the SDS-PAGE gel shown in A. (C) Calibration curve used to calculate the
absorbance contribution of the ThT at 275 nm. (D) Quantification by UV-Vis spectroscopy
of the free monomers (blue) and free ThT molecules (orange) in the supernatant at the end

of aggregation reactions seeded with twists and ribbons which were formed in the presence
of ThT.
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Figure 4.8: pH dependence of seeded a-syn aggregation. (A) Weakly seeded a-syn
aggregation experiments display a strong pH dependence, with only reactions at pH values
below pH 6 displaying the typical convex shape indicative of the presence of secondary
pathways. (B) Seeded experiments at pH 6.5 display the typical concave shape indicative

of a reaction strongly dominated by fibril elongation.

While for pH values above approximately pH 6, no evidence for secondary nu-
cleation has been found, the latter process does contribute to the aggregation at
slightly more acidic pH values. This qualitative change in behaviour can be clearly
seen in Fig. A, where a decrease in pH in increments of 0.2 pH units, starting
from pH 6, leads to an ever shorter lag time. At pH 6, no convex behaviour is
observed, suggesting the complete absence of any process that increases the num-
ber of growing fibrils (23). When monomeric a-syn is seeded with either twists
or ribbons in 10 mM MES pH 6.5, above the threshold pH value below which
secondary nucleation is detectable, fibril elongation is the only molecular process
that contributes to the aggregation process (Fig. B). Seeding under these
conditions leads to the formation of mature fibrils with the same characteristics
as the parent seeds (Fig. in the main manuscript).

Thioflavin-T does not influence the morphology of the secondary nucle-
ated fibrils
We also investigated whether the presence of ThT during the fibril formation had
any visible effect on the morphology of the fibrils formed through secondary nu-
cleation. It has been reported that very high concentrations of ThT can alter the
polymorphism of a-synuclein fibrils (I67). The ThT concentrations used in this
previous study are more than one order of magnitude higher than those usually
used for amyloid detection. However, as both ThT binding and secondary nucle-

89





4. THE SURFACE NUCLEATION OF o-SYNUCLEIN

8
8 —
- £6
Eo €
= 24
54 )
k2 I
I, 2
0 —twists +ThT 0 == ribbons +ThT
0 100 200 300
0 230 ff: 5?0 ) 750 Offset (nm)
D Offset (um H
8
8
-6
B €
ES £
= £ 4
54 5
2 g,
= 2
0 e ribbons -ThT
w— twists -ThT
0 0 200 400

0 100

300 Offset (nm)

200
Offset (nm)

Figure 4.9: AFM images and height profiles of the fibrils formed trough sec-
ondary nucleation. AFM images of the samples seeded with twists in the presence of
ThT (A) and in its absence (C) with height profiles along the fibril axes (B and D, re-
spectively). AFM images of the samples seeded with ribbons in the presence of ThT (E)
and in its absence (G) with height profiles along the fibril axes (F and H, respectively).

ation occur at the surface of the fibril and it has not yet been established whether
or not the ThT and the monomeric protein occupy different binding sites, we im-
aged the end products of low seed reaction in the presence and absence of ThT.
We found that, as judged by AFM imaging, the morphology of the secondary
nucleated fibrils formed in the presence of 20 uM ThT did not appreciably differ
from those formed in the absence of ThT, independently of whether they were
seeded with twists or ribbons (Fig. [£.9).

Proteolytic digestion of a-syn fibrils
As discussed in the main manuscript, we found that the fibrils formed de novo,
under pH conditions where secondary nucleation contributes significantly to the
aggregation process displayed a markedly greater susceptibility to digestion by pK
compared to the twists and ribbons formed at neutral pH. In order to ensure that
this difference in behaviour is due to intrinsic differences in fibril structure, rather
than a dissolution of the low pH fibrils in the proteolysis buffer, we tested the
stability of these fibrils in proteolysis buffer. We measured the ThT fluorescence
intensity of the MES pH 5.5 fibrils and monomers in this buffer, before performing
a pH jump to pH 7.4, as in the digestion buffer. We found that the fluorescence
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Figure 4.10: Stability of the MES fibrils in the digestion buffer. AFM images
of MES pH 5.5 fibrils, after 5 min of ultrasonic bath, in MES pH 5.5 buffer (A) and in
the digestion buffer (DB) after 5 min (B). (C) ThT fluorescence of the MES fibrils and

monomers in their buffer (blue) and in the DB after 5 minutes (orange) and 6 days (green).
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intensity of the fibrils after 5 minutes of incubation at pH 7.4 (corresponding to
the time scale involved in the pK digestion experiments) was slightly decreased,
but nevertheless still 1-2 orders of magnitude more intense then for pure monomer
(Fig. [4.10] C). The same holds even after incubation for 6 days. Moreover, AFM
images taken after 5 min of incubation in the proteolysis buffer still was found to
contain fibrils (Fig. 4.10| B), which show no significant difference to those directly
imaged from the buffer in which they were formed (Fig. A). Taken together,
these findings rule out the possibility that the low resistance of the MES pH 5.5
fibrils towards digestion by pK is due to a dissociation of the fibrils caused by the
change in pH value from 5.5 to 7.4.
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4.2 [-synuclein amyloid fibrils induce a-synuclein cross-

nucleation

4.2.1 Introduction

PD is a neurodegenerative disease characterised by the loss of function of dopamin-
ergic neuronal cells in the substatia nigra (8) (Fig. B). The cause for the cell
impairment is the formation of LBs, insoluble aggregates formed by several pro-
teins, but the major component are a-syn aggregates (10, [I1)). a-syn belongs to
a family of presynaptic proteins, including S-syn and y-syn. The synucleins are
IDPs and have a highly conserved N-terminus, in which imperfect repeat motifs
KTKEGV are present, seven for a- and y-syn and six for S-syn (Fig. A).
The repeats enable the synuclein’s binding to cell membranes through the for-
mation of an a-helix (Fig. [I.9). The NAC domain is the sequence that differs
most strongly between (-syn and the other synucleins, due to a 11 amino acid
deletion between residue 73 and 84 (Fig. A). The C-termini of - and ~-syn
differ from a-syn’s by the presence of more or fewer negatively charged amino
acids, respectively. Due to the differences between their sequences, the synuclein
proteins show a fundamental diversity in their aggregation propensity. a-syn is
the most prone to form mature amyloid fibrils under several solution conditions
and within an accessible experimental time frame (4-5 days), y-syn seems to have
similar features (168)). 8-syn, instead, has been shown to be less prone to aggre-
gate and, moreover, can inhibit a-syn aggregation by competing for the binding
sites on the a-syn fibril surface (59)). Here, we have addressed the question: can
a-syn monomers be seeded by fibrils made from one of its homologous proteins?
[B-syn has been chosen for this study due to its higher difference from a-syn in
the NAC domain, which is buried in the fibril core, and in the C-terminus that is
probably mediating the binding of the monomers onto the surface of the fibrils.
This study sought to elucidate the understanding of the surface nucleation, i.e.
the surface nucleation of one amyloid protein by an amyloid fibril composed of a
different protein. This process is a fundamental aspect of the cross-talk between
several amyloid proteins, such as AfS and tau or tau and a-syn, a phenomenon
that is thought to be happening in vivo as well (169, [170]).
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4.2.2 Results and Discussion

B-syn can form mature fibrils

[-syn has a higher resistance to aggregate than a-syn. Nevertheless, it is possible
to induce its fibril formation using more extreme conditions compared to a-syn.
The latter can form amyloid fibrils even at a near neutral pH, such as pH 7.5,
especially in the presence of salt (23). In case of a pH value between pH 5.0
and 5.8, a-syn aggregation is catalysed by secondary nucleation (Section |1.3.2])
(23). B-syn, instead, requires a pH value close to its isolectric point, ca. 4.42, to
neutralize the protein’s repulsive charges. At pH 5.5 it was not possible to form
fibrils in a High Binding Plate with shaking at 37 °C in the absence of seeds (Fig.
A red). However, 5 % a-syn seeds were sufficient to trigger its aggregation
under the same experimental conditions, even if not very efficiently, showing a lag
time of ca. 125 h (Fig. A, dark green). Using a lower pH value, 5.0, it was
possible to form (§-syn aggregates in the absence of a-syn seeds (Fig. B, red),
whereas seeding with 5 % a-syn fibrils decreased the lag time markedly to ca. 2.5
h (Fig. m B, dark green), compared with the same experiment at pH 5.5 (Fig.
A, dark green). The unseeded [-syn fibrils exhibit a very organised structure
with repetitive twists of ca. 60 nm pitch and 9 nm height (Fig. C). These
data suggest, indeed, that [-syn needs a more acidic pH value, or a-syn seeds
and also shaking, which probably amplifies fibrils through fragmentation. It has
been already shown for several non-aggregation prone proteins that is possible to
enhance nucleation by changing the solution conditions (54)).

Fibril elongation is a sequence-specific process

Despite a-syn and [-syn are showing a sequence identity of 61.5 % and a sim-
ilarity of ca. 70 %, the fibrils made from these proteins cannot cross-elongate,
i.e. they grow by addition of the homologous protein, even when a high seed
concentration is used. In fact, 20 % seeds of either a-syn and [-syn showed no
sign of growth by the analogue (Fig. A and B). When the monomers add
onto a fibril end, elongating it, they adopt the same structure as the underlying
fibril (I71). This suggests that a prerequisite to be able to elongate a fibril is
to have a very similar, if not identical, sequence such that adoption of the same
structure would be allowed. Hence, the lack of cross-elongation between a- and
B-syn is not surprising when considering the deletion of 11 amino acids in the
NAC domain, that is buried in the fibril core (30).

95





4. THE SURFACE NUCLEATION OF o-SYNUCLEIN

A 3 10000 ® PBsyn 5% asyn seeds B :’ . gzz:s%asynseeds
E ® Psyn E @ 5% asyn seeds : A
B 8000 QGOOOO .
z ’ £
e
£ 6000 £a0000{ M gl
g 4000 § :i “..‘Uum
[ © 200001 . oo
% 2000 ? s &
g I gt
o o
3 0 3 01
[V [V
0 50 100 150 200 0 10 20 30 40
Time (h) Time (h)

© ~ ©o
Height (nm)

Figure 4.11: Fibril formation of S-syn, de movo and seeded by a-syn. (A)
Aggregation kinetics of 100 uM [-syn monomers in polystyrene plates in 10 mM MES
pH 5.5 unseeded (red) and seeded with 5 % «-syn fibrils (dark green).(B) Aggregation of
B-syn in 10 mM NaAc pH 5.0 in absence (red) and in presence of 5% a-syn seeds (dark
green). As control also just 5% a-syn seeds were followed in the plate reader (light green).
(C) AFM image of S-syn fibrils formed in absence of a-syn seeds in 10 mM NaAc pH 5.0
(right) with the relative cross section along the major axis of the fibril (left).

B-syn can induce surface nucleation of a-syn
The inability of cross-elongation between a- and [-syn can be used to study the
so called surface nucleation, i.e the formation of new fibrils due to the monomers
binding onto the fibril surface. In a classical secondary nucleation study, using
the same protein as seeds and monomers, there is always the contribution of
elongation of the initial seeds to the overall kinetics, due to the thermodynam-
ically favourable and kinetically faster addition of the monomers onto the fibril
ends rather than the formation of secondary nuclei (172), [173). Therefore, using a
system such as §-syn, that is unable to elongate, eliminates the depletion of the
monomers pool available for the surface nucleation. In this way, it is possible to
perform a better-defined study of the surface-catalysis. The surface nucleation
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Figure 4.12: Experiments of elongation and cross-elongation of a-syn and (-
syn. Aggregation kinetics of 50 uM a-syn (red) and S-syn (green) monomers in 10 mM
MES pH 5.5 at 37 °C in non-binding plates in the presence of increasing concentrations
of a-syn and S-syn fibrils (A and B respectively). To exclude eventual false positives, by
increase of ThT fluorescence, the same amount of either a-syn (A blue) and S-syn fibrils

(B blues) have been also monitored in the same plate.

has been investigated at pH 5.0, that, as explained above, is more suitable for
p-syn fibril formation and enhances also a-syn secondary nucleation (Fig. [4.13
A, C). B-syn does not seem to have the capability to surface nucleate on a-syn
in quiescent conditions with up to 5 % seeds, whereas there is a clear signature
of surface nucleation for a-syn monomers on [-syn fibrils when they are seeded
with as little as 0.5 % fibrils, although with a higher efficiency for 5 % seeds (Fig.
C, blue shades). The need for a high amount of -syn fibrils to seed more
efficiently might indicate a low binding affinity of a-syn monomers. From AFM
images a-syn fibrils formed from 5 % [-syn seeds present a regular winding (Fig.
4.13| B), and (-syn fibrils nucleated by its own fibrils present regular twists (Fig.
4.13| D). Nevertheless, due to the limitations of the AFM, further morphological
analysis would be necessary in order to compare morphologically a-syn fibrils
secondary nucleated from S-syn seeds.

Towards the determination of the binding thermodynamics of a-syn
monomers on S-syn fibrils
The prerequisite for cross-nucleation is the ability of the monomers to bind onto
the fibril surface. It has been shown that in case of A342 this binding is charac-
terised by a weak affinity, in the uM range (27). Moreover, the binding affinity
of AB peptide for the fibril surface decreases with increasing temperature, which
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Figure 4.13: Experiments of secondary and cross- nucleation of a- and S-syn.
Aggregation kinetics of 50 uM a-syn (blue) and S-syn (red) monomers in 10 mM NaAc pH
5.0 and in the presence of increasing concentrations of a-syn fibrils (A) or in the presence
of B-syn fibrils formed de novo (C). AFM images of a-syn seeded with 5 % S-syn (B) and
B-syn seeded with 5 % S-syn fibrils (D) in 10 mM NaAc pH 5.0.

leads to a slower overall kinetics of the secondary nucleation (27). In order to
measure the binding of a-syn monomers onto §-syn fibrils, intrinsic tryptophan
fluorescence measurements with F94W a-syn was employed. The F94W a-syn
monomer concentration was kept constant at 15 uM while the S-syn fibril con-
centration was increased in a range between 0 and 70 uM, after being probe
sonicated to disperse the fibrils and increase the available surface area per fibril
(Fig. A-C). The samples were incubated 5 minutes at the experimental tem-
perature in the plate reader with increasing concentration of S-syn fibrils. The
monomer binding to the fibrils results in similar fluorescence signature either at
32 and at 42 °C at pH 5.0, showing a shift of 10 nm, from 340 nm to 330 nm,
of the peak of maximal W emission (Fig. A blue and red respectively). In
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Figure 4.14: Experiments of surface binding of F94W a-syn monomers onto
B-syn fibrils. Binding of F94W a-syn Monomers onto f-syn fibrils in 10 mM NaAc pH
5.0 at 32 °C and 42 °C (A, blue and red respectively) measured by the shift of the intrinsic
tryptophan fluorescence emission maximum upon increasing concentration of fibrils. The
binding curves were performed in triplicates, keeping constant the a-syn monomer concen-
tration at 15 pM and increasing the S-syn fibril concentration from 0 and 70 pM. After
measuring the monomer binding at pH 5.0, the pH was increased to 7.5 by adding 5 ul
of the buffer stock solution (B). In either case, at 32 °C and 42 °C (B, left and right
respectively), the emission maximum is at ca. 340 nm at all the different concentrations
of fibrils, suggesting that monomers are unbound at this pH (Section [[.2.4.2). (C) Kq4
obtained by the binding curve at pH 5.0 fitted for the 32 °C and 42 °C (C, blue and red
respectively). (D) Aggregation kinetics of surface-nucleation of a- and -syn monomers
onto a- and S-syn fibrils in 10 mM NaAc pH 5.0 at 50 °C. A zoom of the y-axis is also

shown.

both cases, the interaction was quenched by changing the pH to 7.5, leading to a
clear fluorescence emission peak at ca. 340 nm, suggesting that the W is solvent
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exposed in all the samples (Fig. B, blue and red), characteristic for unfolded
monomers (Section [1.2.4.2). The data were fitted for the following equation:

Bmax [L]

- R (4.1)

Y

where B4, is the maximum specific binding, [L] is the ligand concentration,
K, is the equilibrium binding constant and b is an offset correction factor (60)).
From the fitted (Eq. data at pH 5.0 (Fig. A) it has been possible to
obtain an approximate Ky of ca. 50 uM at both 32 and 42 °C (Fig. C,
blue and red respectively). The binding data present a signal-to-noise ratio not
negligible, for which it is possible to conclude that monomers are binding onto the
fibrils, confirmed by the lack of maximal emission peak at pH 7.5 (Fig. 4.14] B),
and that the monomer binding seems to be temperature independent (Fig. 4.14
C). To investigate further, the kinetics of the surface nucleation was performed
at 50 °C (Fig. [4.14] D). The aggregation at 50 °C was faster for a-syn seeded
with its own fibrils, and also by (-syn, when compared to the same amount of
seeds (in %) at 37 °C (Fig. 4.13| B). Due to the possible lack of a significant
difference in the temperature effect for the monomer binding (Fig. A-C) it
may be that the quickening surface nucleation at an higher temperature is arising
from the elongation of the newly formed nuclei. In fact, previous studies have
reported the elongation rate k, increases at higher temperatures (27, [172)). In
order to, at best, be able to define the sign of the temperature dependence of
the monomers binding affinity, the thermodynamic signature of this process has
also been investigated by isothermal titration calorimetry (ITC) experiments and
compared with the elongation. The thermodynamic signature for the elongation
of a-syn fibrils has been already investigated (Section , and it does show a
clear negative heat capacity for temperatures higher than ca. 25 °C, hence it is
an exothermic process with a higher magnitude for higher temperatures (it has
been measured up to 50 °C, Section . a-syn monomers were injected at 40
°C into buffer (Fig. A, orange) and into a suspension of f-syn fibrils (Fig.
A, blue) with several small injections. The ITC measurement was performed
under conditions comparable to the affinity experiment by intrinsic fluorescence
with the respect to the concentrations of a-syn monomers and S-syn seeds, i.e.
approximately 15 M and 5 uM as final concentrations, respectively. The rough
K, estimated from the change in intrinsic fluorescence was ca. 50 uM (Fig. |4.14
A-C). Considering the K, obtained by intrinsic W fluorescence, it may be that
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Figure 4.15: ITC experiments of surface binding of a-syn monomers onto S-syn
fibrils at 40 °C. (A) Raw data of the differential heating rate of a-syn monomers injected
into buffer (orange) or into S-syn fibrils (blue) in 10 mM NaAc pH 5.0 at 40 °C. (B) The
area of the peaks (A) was integrated and averaged over the number of injections of the

monomers into fibrils (blue) and into buffer (orange).

the differential heating rate is low, due to the g-syn seeds concentration, which
is below the K. For this reason, the integrated area of the measured peaks
was averaged (Fig. [4.15| B). Nevertheless, it is clear that the monomers injected
into fibrils produced a mean enthalpy of -7 kcal/mol, which is -6 kcal/mol after

subtraction of the control measurement.

4.2.3 Conclusions

a-syn and (-syn are homologous proteins of the same family involved in vesicle
transport in presynaptic neurons, although their exact functions remain unclear.
Eventhough these synuclein proteins have a high sequence homology, they have
different aggregation propensities. a-syn has a high tendency to aggregate, with-
out a strict pH range requirement, but it still requires a surface, either homoge-
neous, such as its own seeds, or heterogeneous, such as polystyrene nanoparticles
or lipid bilayers, to form fibrils (55, 56, 57). S-syn, instead, requires more ex-
treme conditions to form amyloid fibrils. It requires a solution condition with a
pH value close to its isoelectric point, in order to neutralize the repulsive electro-
static interactions. This is also true for a-syn, but it is more evident for S-syn,
possibly due to a larger number of negative amino acids in the C-terminus. As a
matter of fact, S-syn could form amyloid fibrils de novo at pH 5.0, but already

101





4. THE SURFACE NUCLEATION OF o-SYNUCLEIN

at pH 5.5 no fibril formation was observed unless the solution was seeded with
a-syn fibrils under shaking conditions (Fig. [4.11| B, A respectively). It has al-
ready been suggested that fibril elongation is sequence dependent, to the extent
that one mutation might be enough to affect it, and indeed, the cross-elongation
between the two synuclein proteins was not possible (Fig. . In the case of
the a-syn familial mutants, it has been shown that they were able to preserve the
capacity to incorporate onto the wild-type a-syn fibrils (174). S-syn differs from
a-syn mainly for a deletion of 11 amino acids in the NAC domain and, moreover,
it presents a more negative C-terminus. Taken all these works in consideration,
[B-syn monomers can not add onto a-syn fibril ends, and vice versa, most likely
because they differ in the NAC domain, that is a determinant of the fibril struc-
ture (Fig. |1.8/ B). Despite the fact that synuclein proteins can not cross-elongate,
neither a-syn onto [-syn nor wvice versa, the formation of a-syn fibrils can be
surface nucleated by [-syn fibrils, but not the other way around under quiescent
conditions (Fig. . A summary for the elongation and surface nucleation is
shown in Fig. [4.16| Finally the surface binding was investigated using the F94W
a-syn monomers, and the binding onto (-syn fibrils was monitored by follow-
ing the shift in the emission maximum at two different temperatures. The Ky
obtained from the fits of the binding curves at 32 and 42 °C do not differ sig-
nificantly, suggesting temperature independence for the binding (Fig. A-C).
Surface nucleation kinetics measured at 50 °C, resulted in a ten times shortening
of the lag time from ca. 100 h to ca. 10 h (Fig. |4.14| D). Finally, the thermody-
namic signature of the surface nucleation was investigated by I'TC and compared
with the elongation of a-syn fibrils. The measurement was performed at 40 °C
injecting a-syn monomers into a fibril solution and it showed a clear negative
sign, suggesting surface binding to be an exothermic process (Fig. 4.15)) as it has
been observed also for the elongation at a similar temperature (Section [3.1]). In
summary, it appears that both the elongation and the surface binding of a-syn
are exothermic processes at high temperatures. Nevertheless, further studies are
required to obtain a more complete picture of the surface nucleation that may be
a key step in the spreading of aggregates in vivo.
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Figure 4.16: Summary of the surface nucleation results for a- and S-syn. (A)
The de nowvo fibril formation of S-syn (red) can occur just at pH 5.0 solely in shaking
conditions at pH 5.0 (yellow box) and not at pH 5.5 (green box). (B) a-syn (blue) and
B-syn (red) monomers at pH 5.5 (green box) can elongate just their own fibrils (up left and
right, respectively) and they are not able to cross-elongate the opposite fibrils (down left
and right, respectively). (C) At pH 5.0 a-syn can surface nucleate from its own fibrils (up
left) and S-syn fibrils (down left). S-syn can nucleate just on its own fibrils in quiescent
conditions (up right) and on a-syn fibrils just in shaking conditions (down right).
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5.1.1 Abstract

Aggregation of the protein a-Synuclein (aSyn) is of great interest due to its
involvement in the pathology of Parkinson’s disease. However, under in vitro
conditions aSyn is very soluble and kinetically stable for extended time periods.
As a result, most aSyn aggregation assays rely on conditions that artificially in-
duce or enhance aggregation, often by introducing rather non-native conditions.
It has been shown that aSyn interacts with membranes and conditions have been
identified in which membranes can promote as well as inhibit aSyn aggrega-
tion. It has also been shown that aSyn has the intrinsic capability to assemble
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lipid-protein-particles, in a similar way as apolipoproteins can form lipid-bilayer
nanodiscs. Here we show that these aSyn-lipid particles (aSyn-LiPs) can also
effectively induce, accelerate or inhibit aSyn aggregation, depending on the ap-
plied conditions. aSyn-LiPs therefore provide a general platform and additional
tool, complementary to other setups, to study various aspects of aSyn amyloid
fibril formation.

5.1.2 Introduction

The aggregation of the protein a-Synuclein (aSyn) into amyloid fibrils is associ-
ated with the pathology of Parkinson’s disease (88, 147, [175] 176], 177, 178). No-
tably, purified aSyn on its own is kinetically stable in its intrinsically dis-ordered,
monomeric form, even at high concentrations and/or temperatures. Therefore,
to study the process of aSyn amyloid fibril formation, experimental conditions
are typically chosen under which aggregation is promoted. One frequently ap-
plied aSyn aggregation assay setup uses for example a glass bead inside the
sample solution in combination with agitation of the sample (179 [180) resulting
in strongly enhanced aggregation. Factors which may promote aSyn aggregation
in this ‘glass-bead assay’ (GB-assay) include (i) frequent scission of fibrils, con-
stantly increasing the number of fibril ends available for elongation (I8I), and
(ii) increased detachment of aSyn aggregates from the air-water-interface, where
fibril nuclei preferentially form (162} [182). GB-assays have been used/optimized
by numerous groups and in many cases lead to improved reproducibility in the
aggregation behavior, rendering them useful for the characterization of factors
that for example interfere with aSyn aggregation (50], 179, [183] 184] [185). On
the other hand, the intrinsic properties of the GB-assay can mask key processes
of amyloid fibril formation. For example, the highly-induced fragmentation rate
renders it difficult to detect other secondary processes, such as secondary nucle-
ation on the fibril surface (23| 24). Furthermore, the primary nucleation at the
air-water interface impairs the quantification of the effects of other surfaces, such
as liposomes (56) or nanoparticles (57) on the nucleation rate. While its native
function is not yet fully understood, aSyn is known to interact with membranes
and a physiological role of aSyn in membrane-associated processes has been pro-
posed (186, 187, 188, 189). It has also been shown that the presence of lipids
can modulate aSyn aggregation behavior (190, 191). Using small unilamellar
vesicles (SUVs) formed with anionic lipids, conditions have been identified that
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can enhance aSyn aggregation, providing a useful alternative to GB-assays (56]).
We have recently shown that similar results can be obtained using lipid-bilayer
nanodiscs formed with anionic lipids and the membrane scaffold protein MSP1D1
(55). While both membrane mimetics can modulate aSyn aggregation in a sim-
ilar manner, it appears that the presence of nanodiscs leads to the formation of
fibrils with a morphology very similar to the ones formed in the absence of lipids
(55), i.e. mature fibrils with diameters in the range of 8-10 nm. SUV-induced ag-
gregation, on the other hand, leads to morphologically distinct short fibrils (56),
which have been shown to convert into mature fibrils after heating to above 50
°C (192). The application of nanodiscs and SUVs may therefore provide com-
plementary information useful to disentangle the different processes involved in
lipid-induced aSyn aggregation.

5.1.3 Material and methods

aSyn and N-terminally acetylated aSyn expression and purification
aSyn in the pT7-7 vector was expressed in F. coli BL21 DE3. For acetylated
aSyn, the N-terminal acetylation enzyme NatB from Schizosaccharomyces pombe
was coexpressed in a second vector, pNatB (193)). Expression was conducted
in 50 mM phosphate-buffered 2YT-medium (pH 7.2) with 0.4% glycerol and 2
mM MgCl2, protein production was induced at OD 1-1.2 with 1 mM IPTG and
ran for 4 h at 37 °C. Purification of acetylated and non-acetylated a-syn was
carried out as previously described®, some changes to the protocol have been
made. A cell pellet of 11 culture was dissolved in 20 ml of 50 mM Tris-HCI1 pH
8, 150 mM NaCl, 5 mM EDTA containing a protease inhibitor tablet (cOmplete
Mini, Roche) and cells were lysed by sonication with a MS72 tip connected to a
Bandelin Sonopuls sonicator (30% Amplitude, 1.5 s ON, 3.5 s OFF, 5 min) on
ice. Cell debris was pelleted at 15,000 g for 20 min at 4 °C. The supernatant was
boiled at 95 °C for 15 min to precipitate unwanted proteins which were pelleted
at 15,000 g for 20 min and 4 °C. After that, the supernatant was sterile-filtered
and aSyn was precipitated by gradually adding 4 M ammonium sulfate solution
until a concentration of 1.75 M was reached. «aSyn was pelleted at 15,000 g
for 20 min at 4 °C, the pellet was then dissolved in 10 ml of 50 mM Tris-HCI
pH 8 and dialysed against 1.8 1 of 50 mM Tris-HCI pH 8 overnight at 4 °C.
Subsequently, aSyn was loaded onto a 5 ml HiTrap Q HP anion exchange column
(GE Healthcare). Impurities were eluted by washing the column with 8 M Urea,
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5 mM Dithiothreitol in 50 mM Tris-HCI pH 8, 100 mM NaCl for 30 min. aSyn
eluted at around 250-300 mM NaCl in a 20-column volume gradient from 100
to 500 mM NaCl in 50 mM Tris—HCI pH 8. aSyn was then again precipitated
with ammonium sulfate as described above, dissolved in an appropriate volume
of 25 mM potassium phosphate buffer pH 7.4 and dialysed extensively against
1.8 1 of the same buffer overnight at 4 °C. aSyn concentration was determined by

measuring UV absorption at 275 nm and using an extinction coefficient of 5600

M1 em™ 1

aSyn-LiP assembly

aSyn-LiPs were assembled according to established protocols (194). In short,
POPG or POPC lipids (Avanti) were suspended in lipid resuspension buffer (20
mM Tris-HC1 pH 7.5, 100 mM NaCl, 60 mM Na-cholate, 5 mM EDTA) to a final
concentration of 26 mM. Monomeric aSyn and lipids were mixed at a molar ratio
of 1:40. 20% w /v of previously washed Biobeads SM-2 (Biorad) were added and
the mixture was incubated at room temperature overnight. The Biobeads were
removed by centrifugation and once again 20% w/v were added for an additional
4 h. Finally, aSyn-LiPs were purified by SEC on a HiLoad 16/600 Superdex 200
pg column or analyzed using a 10/300 Superdex 200 column (GE Healthcare)
equilibrated with 20 mM sodium phosphate pH 7.4. NaCl concentrations of 50
mM (low salt), 150 mM (medium salt) or 300 mM (high salt) were used at a
flow rate of 1 ml min~1 on an AKTA Pure FPLC (GE Healthcare). aSyn-LiPs
were concentrated to the desired molarity using a Vivaspin concentrator with a
10 kDa MWCO. Where provided aSyn-LiP concentrations are calculated based
on the aSyn absorbance measurements and the assumption of 8 aSyn molecules
per aSyn-LiP.

MSP1D1-nanodiscs preparation
Expression and purification of MSP1D1 as well as nanodisc as-sembly was carried
out as reported before (55)). 100% POPG lipids and MSP1D1 after proteolytic
cleavage of the Histidine tag were used for all MSP1D1 nanodiscs used in this
study.
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Thioflavin T (ThT) fluorescence aggregation assays

Influence of aSyn-LiPs on lipid-independent aSyn fibril formation (GB-
asssay)
In order to study the influence of aSyn-LiPs on aSyn fibril formation, experimen-
tal conditions were chosen such that aSyn fibril formation occurs spontaneously
by interface-driven nucleation and amplifies through fibril fragmentation. 25 uM
of acetylated aSyn were mixed with aSyn-LiPs at molar ratios of 8:1 (3.125 uM
aSyn-LiPs), 16:1, 64:1, and 128:1 in 20 mM potassium phosphate buffer pH 7.4
with 50 mM KCl, 0.05% NaN3 and 10 uM Thioflavin T (ThT). Duplicates of
80 ul each were pipetted into half area 96-well plates with non-binding surface
(Corning No. 3881, black, clear bottom) containing a glass bead (2.85-3.45 mm
diameter, Carl Roth) for mixing and incubated at 37 °C for 5 days. Thioflavin T
fluorescence was excited at 445 nm and measured at 485 nm every 20 min with
15 s of orbital shaking at 180 rpm prior to the measurement in a plate reader
(Tecan Spark 10 M). Note that in order to provide a most accurate comparison
between MSP1D1 ND and aSyn-LiPs, both were prepared in parallel under iden-
tical conditions, including assembly and SEC purification at NaCl concentrations
of 150 mM (medium salt).

Nucleation-sensitive assays
We have previously reported that the presence of nanodiscs can accelerate nucle-
ation of aSyn amyloid fibrils under conditions that minimize the intrinsic nucle-
ation rate (55)). A similar setup, i.e. quiescent conditions and protein-repellent
plate surfaces, was used to determine possible effects of aSyn-LiPs on the nucle-
ation rate of aSyn. 25 uM (final concentration) of acetylated aSyn was mixed
with aSyn-LiPs at molar ratios of 4:1, 8:1, 16:1, 32:1, 64:1, 128:1, 256:1, 512:1,
and 1024:1. Assays were performed in 20 mM sodium phosphate buffer pH 7.4
with 50 mM NaCl, 0.05% NaN3 and 10 gM Thioflavin T (ThT). Multiples of 30
pl were pipetted into 384-well plates with non-binding surfaces (Greiner 71900,
black, non-binding). The samples were incubated at 37 °C in a plate reader
(Tecan Spark 10 M or Tecan infinite M1000PRO) for up to 17 days during which
aggregation was monitored by exciting ThT fluorescence at 445 nm and measur-

ing emission at 485 nm every 20 min.
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Microfluidics measurements
A Fluidity One instrument (Fluidic Analytics Ltd., Cambridge, U.K.) was used
for microfluidic diffusional sizing measurements (195) with post separation label-
ing (196) using injection moulded disposable plastic chips. Triplicate measure-
ments for each condition were performed and average hydrodynamic radii with
standard deviation error margins are plotted. aSyn-LiPs concentrations were in

the range of 1 M.

Dynamic light scattering (DLS)

DLS was performed on a submicron particle sizer, Nicomp 380 (Particle Sizing
Systems Nicomp, Santa Barbara, CA). Data were analyzed with the Nicomp
algorithm using the volume-weighted Nicomp distribution analysis. Additional
data analysis is shown in supplementary Fig. [5.2l POPG «aSyn-LiPs prepared
under low salt conditions, directly after SEC elution were measured. Note that
analysis shown in (Fig. e) identifies also a species of particle sizes > 500 nm
with a (volume) contribution of 0.03% that is not visible in the graph.

Fourier transform infrared spectroscopy (FITR)

Infrared spectroscopy using the Direct Detect® system (EMD Millipore) was
used to quantitatively determine the concentration of protein and lipids in the
LiPs. The instrument uses a calibration via a BSA standard (Sigma) to quantify
the protein abundance at multiple wavenumbers, including 1650 cm~1. POPG
lipid signal was calibrated manually using several dilutions of POPG in Na-cholate
buffer. Signal from the C-H symmetric stretching vibrational populations between
2870 and 2840 cm ~! was used to quantify lipid signals (see supplementary Fig.
S1 for data and more information).

Electron microscopy (EM)
Samples at different time points were used for EM studies. Freshly prepared
aSyn-LiPs (concentrated to 150 uM «aSyn) were flash frozen in liquid nitrogen
after SEC elution (used for Fig. . In addition, samples after the ThT quies-
cent aggregation assays (Fig. were collected from the respective assay wells
(used for Fig. . All samples were kept at the used phosphate buffer, re-
ducing possible preparation artifacts but leading to larger background staining
artifacts. Negative stained samples were prepared on plasma-cleaned formvar-
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carbon-coated copper grids with a 2% uranyl acetate stain solution. Electron
microscopy images were taken on a CM20 microscope operated at 200 kV.

Circular dichroism (CD)

The secondary structure of aSyn-LiP assemblies was determined using a J-815
spectropolarimeter (JASCO, Tokyo, Japan). Samples of aSyn-LiP assemblies
were prepared in (4 mM NaPi pH 7.4; 10 mM NaCl) with the working concen-
tration of LiPs at 4 yM. For CD measurements, samples at 200 ul were loaded
into a 1 mm path length quartz cuvette and spectra were recorded from 195 to
260 nm, using a scanning speed of 50 nm/min and a bandwidth of 2 nm, at 20
°C. The final spectrum of each sample was averaged based on 10 accumulations.
The signal of the buffer was subtracted manually.

Native polyacrylamide gel electrophoresis (PAGE)

For gel casting 16%, 8%, and 4% acrylamide/bisacrylamide solutions (37.5:1,
Carl Roth) were prepared in 250 mM Tris-HC1 pH 7.4. Tetramethylethylendi-
amin (TEMED) and ammonium persulfate were added to a final concentration
of 0.05% each. Afterwards, gels were immediately cast by layering the solu-
tions over each other between two glass plates for polymerization with 16% acry-
lamide/bisacrylamide at the bottom ( 1.5 cm), 8% in the middle ( 4 c¢cm), and
4% on top ( 1.5 em). Samples were prepared by adding non-denaturing loading
buffer (final concentrations 75 mM Tris-HC1 pH 7.4, 10% glycerol, 0.02% bro-
mophenol blue (w/v)). NativeMark™ Unstained Protein Marker (ThermoFisher
Scientific) was loaded as a reference. The samples were separated by applying
25 mA per gel. Afterwards, gels were fixed in 10% ethanol, 3% phosphoric acid
(v/v) for 15 min at room temperature and stained with colloidal Coomassie for
at least one hour at room temperature (prepared from 0.02% Coomassie Brilliant
Blue G-250 (w/v), 5% aluminium sulfate octadecahydrate (w/v), 3% phosphoric
acid (v/v), and 10% ethanol (v/v)). Images were acquired using the ChemiDoc
MP™ Imaging System (Bio-Rad).

Atomic force microscopy (AFM)
Samples were taken at the end of aggregation experiments, before or after cen-
trifugation at 16,000 g for 30 min. The pelleted fibrils were resuspended in the
same volume of PBS (10 mM Phosphate Buffer pH 7.4, 137 mM NaCl, 3 mM
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KCl, 0.02% NaN3). Samples were diluted in PBS to a final concentration of 10
uM and applied onto freshly cleaved mica for 5 min. Excess salt was removed by
gently rinsing sample with water and dried with a slow flow of N2. AFM images
were taken in air, using a Nanowizard III atomic force microscope (JPK). Imag-
ing was performed using tapping mode with a silicon cantilever with silicon tip
(OMCL-AC160TS, Olympus) with a tip radius of 7 & 2 nm and a force constant
of 26 N/m.

5.1.4 Results and discussion

Preparation and initial characterization of aSyn-LiPs
Following previously described methods (194), we assembled stable nanoscale
lipid particles using anionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1/-rac-glycerol)
lipids (POPG) and aSyn as scaffold protein. «Syn has been shown to be N-
terminally acetylated in cellular environments and its acetylation is thought to act
as an important mode of regulation of protein-membrane association (197, [198)).
Therefore, in addition to non-acetylated aSyn, which was used in the initial
studies of in vitro lipid particle formation (194, [199)), we also tested lipid particle
formation using acetylated aSyn. The resulting aSyn lipoparticles (aSyn-LiPs)
were characterized using size-exclusion chromatography (Fig. [5.1). The aSyn-
LiP preparations with the two different aSyn variants show very similar SEC
profiles (Fig. a) confirming that acetylated aSyn can also form aSyn-LiPs.
Since this variant is physiological more relevant, in particular in the context of
lipid interactions, only acetylated aSyn was used for the fol-lowing experiments.
In general, both SEC profiles are in line with previous results in which aSyn-LiPs
elute close to the void volume of the used Superdex 200 columns (194] 199). In
order to investigate the influence of storage capabilities conditions on aSyn-LiPs,
we performed SEC experiments after storage at 4 °C for one day, one week, as
well as after flash freezing with liquid nitrogen and storage at —20 °C. The simi-
larity of the resulting SEC pro-files (Fig. b) suggests that aSyn-LiPs can be
stored for several days at 4 °C or can be frozen for storage, largely facilitating
their handling and usage for various assays. Notably, aSyn is known to interact
with negatively charged membrane surfaces (161} 200} 201, 202} 203]). This inter-
action is not driven by the net negative global charge, but rather by the partial
positive charge in the N-terminal part of the protein. Therefore, when assem-
bling aSyn-LiPs using anionic lipids it is unlikely that aSyn will only stabilize
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the hydrophobic edges of the lipid bilayer in the same manner as the membrane
scaffold protein in the nanodisc system, but may also bind to the membrane
surface (and/or partially insert at various positions in the bilayer). In order to
decrease the electrostatic contributions of a potential aSyn membrane surface
interaction, we increased the ionic strength of the buffer by changing the NaCl
concentration from 50 mM (low salt) to 300 mM (high salt). SEC analysis of
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Figure 5.1: Preparation and characterization of aSyn-LiPs. a-d) SEC analysis of
different aSyn-LiP preparations. a) aSyn-LiPs formed with acetylated (black) and non-
acetylated (orange) aSyn (preparative scale). b) Analytical SEC of acetylated aSyn-LiPs
after storage for one day at 4 °C (purple) or one week at 4 °C (dark blue) or after flash
freezing with liquid nitrogen and storage at —20 °C (light blue). ¢) aSyn-LiP preparation
in low-salt conditions (grey). Same sample but after incubating and running in high-salt
buffer (red) as well as aSyn-LiPs directly assembled in high-salt buffer (blue). d) aSyn-LiPs
assembled in high-salt conditions with 2-fold more lipids per aSyn (i.e. molar ratio 1:80
- aSyn:POPG). e) Histogram of aSyn-LiP particle sizes as determined via dynamic light
scattering (DLS). f) Measured hydrodynamic radii of indicated samples using a microfluidic
setup (see text for more details). g) Possible model of aSyn-LiPs assembled with anionic
lipids and either low-salt (left) or high-salt (right) conditions. Note that aSyn orientation
at membrane edges is unknown.

aSyn-LiPs, initially prepared using low-salt buffer and then incubated in high-
salt buffer, shows that high-salt concentration results in dissociation of aSyn
monomers from aSyn-LiPs (Fig. ¢, red). When reinjecting high-salt washed
aSyn-LiPs, no further aSyn monomers are detached, sug-gesting that the remain-
ing particles are stabilized predominantly by hydrophobic interactions (data not
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shown). When aSyn-LiPs are di-rectly prepared in high-salt conditions using the
previously reported aSyn-to-lipid molar ratio of 1:40 during aSyn-LiPs assembly,
a high fraction of monomeric aSyn is again visible in the SEC profile (Fig. c,
orange). Interestingly washing with 300 mM NaCl or full preparation in 300 mM
NaCl leads to a comparable amount of aSyn monomers present in the sample.
This suggests that, when using anionic lipids, the used protein-to-lipid ratio may
not be optimal to effectively form disc-shaped particles in which the amphipathic
properties of aSyn-helices are exploited to stabilize the hydrophobic membrane
edges. While at a molar ratio of 1:40 (aSyn:lipid) nearly all aSyn is incorporated
into aSyn-LiPs at low-salt conditions (Fig. ¢, black), only about half of the
total aSyn is incorporated when electrostatic interactions are weakened at the
same protein:lipid ratio (Fig. ¢, orange, red). We therefore also tested high
salt aSyn-LiP formation at ratios with 2-fold increased ex-cess of lipids, i.e. a pro-
tein:lipid molar ratio of 1:80. The resulting SEC profile (Fig. d, green) shows
a considerably decreased fraction of monomeric alSyn as compared to high salt
prepared aSyn-LiPs at pro-tein:lipid molar ratios of 1:40 (Fig. ¢, orange).
This data is in line with the picture that under conditions which lower mem-
brane surface attachment (e.g. high salt or possibly also usage of neutral lipids),
aSyn-LiPs are formed with roughly 2-fold less aSyn molecules per LiP. To exper-
imentally determine the protein-to-lipid ratio, we carried out quantitative Fourier
Transform Infrared (FTIR) spectroscopy (see methods and supplementary Fig.
S1 for more details). The data show a protein-to-lipid ratio of 1:35 for a'Syn-LiPs
prepared at low-salt conditions. This value is very well in line with the previously
estimated ratio of 1:40 (194)). When using aSyn-LiPs prepared under high-salt
conditions, the ratio changes considerably to 1:105 consistent with the picture
that the low-salt aSyn-LiPs carry a substantial amount of aSyn attached to the
lipid surface via electrostatic interactions. Ac-cording to the FTIR data about
2/3 of the protein may be in such a conformation in the low-salt aSyn-LiPs. We
further characterized the hydrodynamic radius of the resulting particles using
Dynamic Light Scattering (DLS). While the resulting overall size distribution is
in line with the expected aSyn-LiPs properties, i.e. rather heterogenous particles
with diameters from 10 to 44 nm (Fig. e), the sample heterogeneity renders
accurate particle sizing via DLS, in particular when applying polydisperse data
analysis, rather unreliable (see Fig. for more details). This complicates detec-
tion of presumably small variations of particle sizes due to changing conditions
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as e.g. induced by attachment of monomers to preformed aSyn-LiPs. However,
the DLS data are consistent with the particles sizes also seen in negative stained
electron microscopy (EM) of the same samples (vide infra). To more reliably de-
tect smaller changes on the particle sizes, we used microfluidic diffusional sizing
as an emerging alternative to DLS (195]), which is particularly well suited for par-
ticles in the size range of aSyn-LiPs. The principle of this type of measurement
is that the diffusion of proteins and protein complexes in a laminar flow regime
within a microfluidic channel is quantified. At the entrance of the channel, one
half is filled with water and the other half with protein solution. Laminar flow
ensures that no turbulent mixing occurs and the two fluid streams stably flow in
parallel. The amount of protein that diffuses across the channel perpendicular
to the flow direction is quantified by measuring the concentrations at the two
symmetric channel outlets. Large particles, such as aSyn-LiPs, require a com-
paratively slow flow rate, in order to provide enough time for a significant amount
of diffusion to occur. Protein quantification is based on a latent fluorophore (196))
which reacts with the protein molecules after they have left the main channel,
and which renders the proteins fluorescent. Regularly-prepared (low salt + flash
frozen) aSyn-LiPs display a hydrodynamic radius of 16.9 £ 0.6 nm (Fig. f).
When measuring high-salt-washed aSyn-LiPs after SEC separation of monomeric
aSyn, a hydro-dynamic radius of 13.8 £+ 0.4 nm is obtained, which most likely
reflects the actual size of aSyn-LiPs without membrane surface-attached aSyn.
Consistently, a comparable hydrodynamic radius of 12.7 4 0.2 nm is detected for
aSyn-LiPs assembled with a protein:lipid molar ratio of 1:80 in high-salt condi-
tions. Note that the used SEC column (Superdex 200) displays a rather limited
separation efficiency in this size regime, explaining why no size difference was de-
tected in the respective SEC profiles. We additionally tested whether monomeric
aSyn, which shows a hydrodynamic radius of 2.9 + 0.1 nm, attaches to high-salt-
washed aSyn-LiPs (in low-salt conditions). Indeed, the addition of 16-fold molar
excess of monomeric aSyn (16 aSyn monomers added per LiP) significantly in-
creased the hydrodynamic radius of the particles to 22.1 & 1.8 nm. Note that the
microfluidic measurement yields the average hydrodynamic radius of all particles
in the sample. The presence of larger amounts of free monomeric a.Syn molecules
would therefore lead to an apparent decrease in measured hydrodynamic radius
of the sample. The measured value of 22.1 nm consequently suggests that a
large fraction of the added aSyn monomers attaches to the aSyn-LiPs. Since the

115





5. THE NUCLEATION OF «o-SYNUCLEIN

size of the “16-fold loaded” aSyn-LiPs is considerably larger than the size of the
aSyn-LiPs formed at low ionic strength, the microfluidic diffusional sizing data
also suggest that low salt aSyn-LiPs still have unoccupied binding sites for aSyn
on the membrane surface. In general, aSyn-LiPs which have not been in contact
with a high ionic-strength solution are well-suited for further usage in different
assays (vide infra), however one should keep in mind that these (low salt) aSyn-
LiPs are formed with a higher number of aSyn per particle compared to those
formed in, or washed with, higher ionic-strength buffer. While it is not fully clear
where these additional aSyn molecules are located, binding to the lipid bilayer
surface, i.e. interaction with the negatively-charged lipid head groups, would be
one simple explanation consistent with the data obtained in this study. It should
be highlighted that this also suggests that the estimation of the aSyn-LiP con-
centration based on measurements of the aSyn absorbance will be altered due
to the different amounts of aSyn per particle at different ionic strengths. It is
important to take this aspect into consideration, in particular for quantitative
measurements of aggregation kinetics.

5.1.5 aSyn-LiPs in aggregation assays

Using a similar setup as reported for MSP1D1-derived nanodiscs (NDs) (55)), we
explored the influence of aSyn-LiPs on aSyn amyloid-fibril formation. Initially
we used a conventional GB-assay that reports on the effect of aSyn-LiPs on the
lipid- independent aSyn aggregation pathway. To directly compare the results of
aSyn-LiPs to the previously characterized effects of NDs (55]) we prepared NDs
and aSyn-LiPs in parallel and performed a GB-assay simultaneously for both
systems on the same 96-well plate (Fig. |5.2]). Depending on the ratio of added
aSyn monomers to either aSyn-LiPs or to NDs, both lipid systems can either
inhibit aggregation or accelerate aggregation (Fig. a,b). Interestingly while
a ratio of 16 added aSyn monomers per ND leads to an aggregation-accelerating
behaviors (Fig. a, 16:1), the same ratio is in the inhibiting regime in the case
of aSyn-LiPs (Fig. b, 16:1). This is well in line with the increased size of the
aSyn-LiPs as compared to MSP1D1 NDs as well as the aSyn lipid-binding modes
identified in our previous study (55). In general, anionic lipids in liposomes or
in nanodiscs are capable of inducing primary nucleation of aSyn (55, 56). To
investigate whether anionic lipids in aSyn-LiPs also show nucleation-inducing
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Figure 5.2: aSyn-LiPs in direct comparison to classical MSP-derived nanodiscs
as tool in aggregation assays. aSyn-LiPs in direct comparison to classical MSP-derived
nanodiscs as a tool in aggregation assays. Comparison between MSP1D1 NDs (a) and
aSyn-LiPs (b) in a GB-aggregation assay. «Syn aggregation kinetics, as measured by
increase in ThT fluorescence, in the absence of NDs/LiPs (grey) and in the presence of
indicated ratios of monomeric aSyn per NDs (a) or per aSyn-LiP (b) are shown. Note
that monomeric aSyn concentration is kept constant and aSyn-LiP particle concentration
was estimated assuming an average of 8 aSyn proteins per LiP as reported before (194]).
Duplicate measurements are shown with same color. Both the ND and the aSyn-LiP
system are able to inhibit as well as to accelerate aSyn aggregation as compared to aSyn
in the absence.

properties, we investigated aSyn-LiPs with 100% POPG lipids via negative stain
electron microscopy (EM). Surprisingly, the aSyn-LiPs already show directly after
their SEC elution, in addition to the expected disc-like particles a), the oc-
currence of thin fibrillar structures b). While the amount of fibrils is difficult
to quantify via EM, the polydisperse DLS data analysis (Fig. e) reports a frac-
tion of (only) 0.03% very large particles (; 500 nm, 0.03% volume weighted, 16%
intensity weighted, also see supplementary information Fig. . Since the SEC
elution peak itself appears directly after the void volume of the used column, the
respective samples were flash frozen in liquid nitrogen directly after SEC elution,
and EM data was directly re-corded after a short thawing step, it is likely that the
fibrilar strucutures already formed during aSyn-LiP assembly, which is a rather
slow process, e.g. due to the prolonged incubation with Biobeads for detergent
removal. To investigate whether the fibrillar strcutures are induced by the anionic
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Figure 5.3: aSyn-LiPs properties after SEC elution. a) EM image of POPG aSyn-
LiPs. b) Different region of the same sample as in (a) showing occurrence of thin fibrillar
structures. ¢) EM image of POPC «aSyn-LiPs, no fibrillar structure was detected in this or
any other region of the sample as well as in repetition experiments. d) CD spectra of the
POPC (red) and POPG (blue) aSyn-LiPs (same condition as used for the respective EM
images). e,f) Zoom into selected regions in POPG aSyn-LiPs showing possible connections
between aSyn-LiPs and fibrils.

lipids or are just an artifact of the aSyn-LiP assembly process itself, we also pre-
pared aSyn-LiPs containing 100% 1-palmitoyl-2-oleoyl-glycero-3-phophocholoine
(POPC) lipids. The POPC aSyn-LiPs were prepared in parallel to POPG aSyn-
LiPs. EM data recorded after SEC elution (supplementary information do
not show any fibrillar structures for POPC aSyn-LiPs in two different samples
and over 20 different scan regions ¢ provides one example). We also charac-
terized the respective POPG and POPC aSyn-LiPs via circular dichroism (CD)
spectroscopy d). The resulting CD spectra of the two samples are very simi-
lar and in line with the expected secondary structure, i.e. an amphipathic a-helix
for first approx. 100 residues and random coil conformations for the remaining
C-terminal residues, as seen in NMR spectra of comparable aSyn-LiPs (194)).
Note that the remaining small deviation between the two CD spectra would also
be in line with a very small population of S-sheet rich fibrils in the POPG aSyn-
LiPs sample. Overall, our data suggest that POPG aSyn-LiPs after SEC elution
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already contain a small fraction of fibrillar structures, which were induced by
the presence of anionic lipids. Having a closer look at the fibrillar structures in
the EM images shows that to some extend the fibrils co-localize with aSyn-LiPs
(5.3 e,f). In general, it cannot be fully excluded at this point that aSyn-LiPs
and fibrils cluster during the drying process on the EM grid. However, such a
clustering should in principle result in aSyn-LiPs appearing at random positions
on the fibrils. While such connections are also observed, a rather large fraction
of fibrils appear to ‘grow out’ of the LiPs. Such defined start/end points may
indeed suggest that the EM images captured early stages of lipid induced aSyn
aggregation. Interestingly, it has been shown that aSyn can also reshape lipid
vesicles into lipid nanotubes consisting of either a monolayer of lipids (micellar
tubes) or of a lipid bilayer in a cylindrical arrangement (204). The observed fib-
rillar structures also share some similarities with these micellar lipid tubes. While
it is difficult to distinguish small protein fibrils from lipid tubes in the negative
stained EM images, amyloid-fibril-specific ThT fluorescence increase can be used
to distinguish between the two species, once sufficient fibrils are formed. In order
to test whether nucleation-inducing properties of POPG aSyn-LiPs can be mon-
itored via ThT aggregation assays, we performed additional ThT assays under
conditions that do not promote the formation of detectable quantities of amyloid
fibrils in the absence of LiPs. Such a setup is provided by using quiescent assay
conditions (no glass bleads, no shaking) (56). The absence of a glass bead facili-
tates usage of smaller sample volumes. We therefore carried out the assay using
a volume of 30 ul per well in a 384-well plate format. In general, we observed
that this assay has limitations in reproducibility and shows variations in the ThT
profiles of wells with the same conditions in particular in respect to total ThT
fluorescence intensity. In general, reproducibility in aSyn aggregation assays is a
well-known challenge (I80). It is therefore not unexpected that the rather slow
kinetics observed in the aSyn-LiP nucleation assay also propagates detectable
differences in wells replicating the same conditions. However, the assay format
also facilitates usage of a higher number of replications for each condition. We
therefore carried out 5 replications for each condition and the resulting ThT pro-
files show a clear trend, despite their intrinsic variation. Our data show that (i)
aSyn does not aggregate in the absence of aSyn-LiPs (Fig. a), (ii) aSyn-
LiPs on their own do not form ThT-detectable amyloid fibrils (Fig. b), (iii)
aSyn-LiPs can induce amyloid fibril formation at specific ratios of aSyn to aSyn-
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Figure 5.4: aSyn-LiPs can induce primary nucleation. a-d) ThT aggregation

assays under quiescent conditions. Under these conditions neither aggregation of aSyn
in the absence of aSyn-LiPs (a) nor of aSyn-LiPs on their own (b) is observed. Each
plot contains data of five replications of the indicated condition. ¢) Variation of aSyn-LiP
level in the presence of constant monomeric aSyn starting concentrations. In addition to
concentration of monomeric aSyn, also the concentration of aSyn in LiPs is provided for
each plot. Numbers in parentheses refer to estimated excess of monomeric aSyn over aSyn-
LiP particles (assuming an average composition of 8 aSyn per LiP (194). In addition, the
respective molar ratios of lipids to added monomeric aSyn are given. d) All conditions as
shown in (c) but using POPC aSyn-LiPs (all 45 curves are shown in one plot).

LiPs (Fig. ¢), and (iv) aSyn-LiPs formed with neutral POPC lipids do not
induce aggregation at any of the tested aSyn to aSyn-LiPs ratios (Fig. d).
Note that aSyn-LiPs showing fibrillar structures were used as starting material
for the aggregation assays (Fig. b,c). In case the fibrillar structures represent
protein fibrils and not lipid tubes, it would be likely that the fibrils can act as
seeds in the aggregation assay. The shape of the resulting kinetic profile however
still shows a long lag phase, indicative of primary nucleation events, in all con-
ditions resulting in ThT-detectable fibrils. The time frame of the corresponding
lag phase is also considerably larger than the sample preparation time before the
assays, suggesting that a potential seeding effect originating from the pre-existing
fibrillar structures is rather small. Considering that all negative controls consis-
tently do not show any Th'T increase, it can be stated that aSyn-LiPs containing
anionic lipids induce primary nucleation. Interestingly, ThT assays carried out
using SUV preparations with comparable lipid composition show induction of
primary nucleation at comparable lipid: aSyn (monomer) ratios (56). However,
SUVs did not induce detectable aggregation at the used NaCl concentration of
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Figure 5.5: Sample properties at the end of the aggregation assays. AFM images
of aSyn fibrils grown in the presence of POPG aSyn-LiPs, before centrifugation (a) and
after removal of the supernatant (b). ¢ + d) EM image of aSyn fibrils grown in the
presence of POPG aSyn-LiPs before centrifugation (condition 64x in Fig. c). e) EM
image of aSyn fibrillar structures grown in the presence of POPG aSyn-LiPs that did not
lead to sizable ThT signal increase (condition 4x in Fig. c). f 4+ g) AFM and EM
image of POPG aSyn-LiPs control samples at the end of the aggregation assays (without
addition of excess of monomeric aSyn, Fig. b). d) Native PAGE of monomeric aSyn
as well as aSyn-LiPs in indicated conditions (washed refers to high-salt washed; frozen =
non-washed, flash frozen and stored at -20 °C; regular = non-washed, non-frozen; 1:80 =
preparation with high salt and adapted molar ratio of aSyn to lipids of 1:80). Note that
amount of monomers added in aggregation assays is identical to amount loaded in the free
aSyn control (first lane).

50 mM, even at higher aSyn concentration (56]). This observation suggests that
aSyn-LiPs show similar properties as SUV and may be even more potent in in-
ducing primary nucleation than SUVs. However, a more thorough mechanistic
analysis beyond the scope of this work will be required to quantify the kinetic rate
constants as well as the molecular determinants of aSyn-LiPs-modulated aSyn
aggregation. While the contributions of potential nucleation events prior to the
start of the assay may or may not complicate data analysis, our data demonstrate
that aSyn-LiPs provide an interesting tool in the investigation of lipid-induced
aSyn aggregation. To obtain insights into the sample properties at the end points
of the aggregation assays, we recorded AFM and EM images of selected samples.
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Our data show that extended fibrils with a morphology com-parable to aSyn
fibrils obtained in regular GB-assays have been formed in the presence of aSyn-
LiPs (Fig. a-d). Note that the samples were obtained in conditions in which
the aSyn-LiPs induced fibril formation (Fig. ¢, 128x for AFM, 64x for EM).
aSyn fibrils grown in the presence of SUVs show a clearly distinct morphology
when the plateau of ThT fluorescence is reached, since their growth is strongly
affected due to the SUV lipids (56). These SUV-induced fibrils appear to be
kinetically trapped, as it was recently found that an in-crease in temperature is
able to induce their conversion into mature fibrils (192). Interestingly, when di-
rectly imaging the sample containing aSyn fibrils that were induced by aSyn-LiPs
after the aggregation assay, a number of particles consistent in size and overall
appearance with aSyn-LiPs are found (Fig. |5.5|a). After centrifugation and re-
moval of the supernatant the occurrence of these particles in the AFM image is
largely reduced (Fig. b). While other contributions, such as drying-induced
assemblies of monomeric aSyn cannot be fully excluded, this observation is in line
with the presence of soluble aSyn-LiPs after the aggregation assay. EM images
also show disc-like particles attached to mature fibrils (Fig. |5.5| ¢). This could
either be residual fibril aSyn-LiPs complexes as observed at the beginning of the
aggregation assays e,f) or again drying-induced clustering of mature fibrils
and soluble aSyn-LiPs or amorphous aggregates. In any case, most fibrils are
free of disc-like particles and show characteristic features (branching and twists)
of mature aSyn amyloid fibrils (Fig. ¢,d). Surprisingly, EM images of aSyn
monomers incubated with the highest amount of POPG aSyn-LiPs (Fig. c,
x) also show clear fibrillar structures (Fig. e), despite showing no increase in
ThT signal (Fig. ¢, X). As compared to the EM data of the other conditions,
this sample displays larger heterogeneity (areas with and areas without fibrillar
structures, not shown). In addition, the EM image suggests that the fibrillar
structures are surrounded by a rather large number of heterogenous particles,
possibly LiPs (Fig. [5.5/e). It is at this point not clear whether the total amount
of fibrils in this sample is too low to induce a detectable ThT signal increase, or
whether the fibrillar structures are lipid (bilayer) tubes, or whether a different
fibril morphology and/or lipid coating weakens ThT interactions. The AFM and
EM images of the aSyn-LiPs control sample at the end of the aggregation assays
(i.e. aSyn-LiPs without addition of aSyn monomers) still show particles most
likely reflecting intact aSyn-LiPs (Fig. f,g) and low amounts of short fibrillar
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structures as already present at the beginning of the assay (Fig. |5.3). To detect
remaining monomeric aSyn as well as intact aSyn-LiPs, we additionally carried
out a native PAGE analysis of selected samples after the aggregation assays. The
resulting gel shows clear bands for the monomeric aSyn reference as well as for
freshly prepared aSyn-LiPs (Fig. h). The latter appears between the molec-
ular weight markers for 480-720 kDa. A comparable band is also observed for
frozen aSyn-LiPs. Notably, also weak bands at this position are observed after
the aggregation assay, supporting the view that a fraction of aSyn-LiPs are still
intact at the end points of the aggregation assay. A rough estimation based on
the band intensity and the loaded aSyn-LiPs amount, however suggests that the
fraction of intact aSyn-LiPs is rather low (< 10%). Interestingly, the amount of
monomeric aSyn loaded onto the gel for the reference sample (first lane) reflects
the amount added at the beginning of the respective aggregation assay. Since
no or only very weak bands are observed for monomeric aSyn after the aggre-
gation assay, our data show that most monomeric aSyn molecules have either
been incorporated into aSyn-LiPs and/or have formed larger aggregates. The
rather weak bands for aSyn-LiPs are in favor for the latter, suggesting that aSyn

aggregation was very effective in the presence of aSyn-LiPs.

5.1.6 Conclusions

Overall, we have shown that aSyn-LiPs can be used to induce, accelerate or in-
hibit a'Syn amyloid fibril formation. While our results are well consistent with
a planar lipid bilayer stabilized by surrounding aSyn molecules with an approx.
4-to-8-fold increased surface area as com-pared to MSP1D1 nanodiscs, it should
be pointed out that we cannot exclude different molecular arrangements of aSyn
and lipids. In addition, we have shown that usage of anionic lipids in combi-
nation with low ionic strength of the sample buffer leads to aSyn-LiPs formed
with a higher number of aSyn molecules per LiP. Since about half of the aSyn
proteins can be detached from these aSyn-LiPs by increasing the ionic strength
of the buffer while the other half remains attached to LiPs, we attribute this
observation to the contribution of an electrostatically driven binding of aSyn to
the negatively charged membrane surface. The presence of aSyn-LiPs in the used
aggregation assays evidently induces distinguishable modulations of the aggrega-
tion behavior. Our EM data show connections between short fibrillar structures
and aSyn-LiPs that could reflect on early lipid induced nucleation events. How-
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ever, more thorough investigations will be needed to understand the formation
and role of these fibril-LiP complexes and whether they play a role in the amyloid
fibril formation process. While very consistently only the presence of aSyn-LiPs
with anionic lipids led to ThT detectable aSyn fibrils in quiescence aggregation
assays, we also observed limitations in well-to-well reproducibility. In general,
reproducibility is a common problem in aSyn aggregation assays and it is at this
point not clear whether aSyn-LiPs are prone to induce variations in the aggrega-
tion assays or whether assay conditions can be further optimized to increase re-
producibility. Nevertheless, our data clearly demonstrate that aSyn-LiPs display
useful features including (i) a very strong capability to induce primary nucleation,
(ii) the possibility to store frozen aSyn-LiP stock solutions, simplifying handling
and minimizing artifacts by batch-to-batch variations, and (iii) a not detectable
influence on the morphology of fibrils that have formed and grown in the pres-
ence aSyn-LiPs. We therefore anticipate that aSyn-LiPs offer an attractive tool,
complimentary to other setups, to study various processes of aSyn amyloid fibril

formation.
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5.1.7 Supplementary data
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Figure 5.6: FTIR data of aSyn-LiPs after SEC. Spectral regions used for quan-
tification of lipid (a) and protein (b) amounts. Baseline adjusted spectra of aSyn-LiPs
prepared in low- (black) or high-salt (red) conditions are shown. While protein quantifica-
tion is done automatically (using multiple spectral regions), lipid quantification requires a
lipid-specific calibration curve, which we recorded using different concentrations of POPG
in constant concentration of Na-cholate (c). Final lipid quantification was carried out after

subtracting the respective buffer background spectra in triplicate experiments.
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Figure 5.7: DLS data of POPG aSyn-LiPs after SEC. Histograms are based on the
identical measurement as shown in Fig. e, but using different fitting algorithms. a)
Result of intensity-weighted gaussian fit, assuming a monodisperse particle distribution.
The average particle size obtained with this method is similar to the one obtained using
microfluidic sizing, which also reports on the average value of all particles (Fig. f).
b) Results of intensity weighted polydispersive fit using the instruments internal, so called
Nicomp, algorithm. The histogram again shows heterogenous particle distribution in the
range of 10-50 nm. In addition a fraction of large particles (> 500 nm) with an overall
intensity contribution of 16 is detected. Since the DLS measurements were recorded on the
same sample, which also shows fibrillar structures in EM images (Fig. b,e,f), it can be
assumed that these structures contribute to the large particles sizes in the DLS histogram.
Note that the intensity-weighted distribution is shown, which, due to the large intensity
dependence of the DLS signal, translates to a population of below 0.1 fibrillar structures

(volume weighted).
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Figure 5.8: Preparative SEC data of freshly prepared aSyn-LiPs. Preparative
SEC data of freshly prepared aSyn-LiPs assembled with POPC (red) or POPG (blue)
lipids. Both preparations were carried out in parallel and under identical (low salt) con-
ditions. In line with results of high-salt treatment of POPG «aSyn-LiPs (Fig. c), the
usage of the neutral POPC lipids also results in larger fraction of monomeric aSyn not
attached to the LiPs at the used protein-to-lipid ratio of 1:40.
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(General Discussion

Amyloid fibrils are very stable due to the formation of numerous H-bonds and
hydrophobic interactions (36). However they are most stable at temperatures
between 25 and 40 °C, below and above this range a-syn amyloid fibrils, analo-
gous to globular proteins (35, 38|, 127)), can undergo denaturation (36} [39). Fibril
denaturation by high temperatures is well established in the scientific community.
The measured enthalpy of heat denaturation is positive, and considering the free
energy equation (Eq. , the product of temperature and entropy must be
large enough to result in a negative free energy to allow spontaneous fibril for-
mation. Cold denaturation of fibrils is, instead, less understood and established.
In fact, a study reports cold denaturation of a-syn fibrils (39)) i.e. when they are
incubated at low temperatures for a sufficient time, the fibrils undergo complete
depolymerisation into monomers. However, another study could not observe cold
denaturation of a-syn fibrils even after months of incubation at 4 °C (129). In
this thesis I have shown that a-syn fibrils can be denatured by high temperatures,
above 90 °C, but also by low temperatures, at 4 °C (Section [3.2)). It has been
proven that the cold denaturation of amyloid fibrils, including a-syn, is driven
by the temperature dependence of the hydrophobic effect (Fig. (35, 138). We
observed that chemical denaturant destabilised a-syn fibrils sufficiently at 4 °C
to cause complete fibril dissociation at lower urea concentrations than at room
temperature (Fig. [3.18). Once the fibrils are formed in the presence of salt, they
become unstable when moved to a desalted solution. In fact, the denaturation of
the PBS a-syn fibrils was more evident when the PB-urea was used (Fig. [3.15]
and . The reason for the reduced stability at lower salt concentration
is the electrostatic repulsion of the monomeric building blocks of the fibril at
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neutral pH where they carry a net negative charge. Taking these results together
we conclude that, indeed, it is possible to observe cold denaturation of a-syn fib-
rils, but it is important to remark that the fibril stability depends on the solution
conditions in which they are formed, as well as in which the stability is evaluated.

Fibril stability is also important for the study of secondary nucleation of a-
syn (Section [4.1)). Secondary nucleation was discovered for crystals in 1906 (20),
but only in the last 15 years it has been realized that amyloid fibrils can display
also secondary nucleation (21], 22 23] 24, 25, 26, 27). This process consists in
the formation of new nuclei from monomers bound onto the fibril’s surface (24)).
An important feature of amyloid fibrils is their morphology (Fig. , because
it has been observed that it can define their toxicity (28, 154). Moreover, in
the last years it has been proposed that, in general, surface nucleation could be
important for the spreading of disease pathology in vivo (32, 33 52). In fact,
aggregated a-syn could also arise in the gut and then it may spread through the
vagus nerve into the brain (I1], 15). The first question on the surface nucleation
addressed in this thesis was: Is it able to propagate the fibril strain similar to
what is known about fibril elongation? Towards this aim, studies of secondary
nucleation of a-syn were carried out as described in (Section . By definition,
secondary nucleation is homogeneous in the sense that new fibrils are formed from
the same protein as the original fibril and would result in the same structure as
the original fibrils. After establishing a set-up of experiments to distinguish fibril
strains (Fig. , including aggregation kinetics, AFM, Cryo-EM and proteolytic
digestion, the validity of the secondary nucleation concept for a-syn fibrils was
tested. It has already been shown that, when a monomer adds onto the fibril
end it adopts the same structure as the underlying fibril. For this reason, the
set-up of experiments has been tested using the end product of a-syn elongation
of high seed concentration as positive controls. The experiments confirmed that
our set-up indeed captures the conservation of the seed fibril stain by elongation
(Fig. 4.2)). The nuclei that were formed by secondary nucleation, on the other
hand, did not preserve the features of the parent used to seed them (Fig. and
4.4). From this study emerged the idea that probably the secondary nucleated
fibrils were structurally determined by the solution conditions at which the reac-
tion took place. It may be that the nuclei arising from nucleation on the surface
of parent fibrils resemble the parental structure. However, once the newly formed
fibrils are detached from the surface of the seeds, hence they are free in solution,
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they might undergo a structural rearrangement that is dictated by the solution
conditions. From these results we propose that the secondary nucleation of a-syn
amyloid fibrils is a heterogeneous nucleation process. In this case we used fibrils
and monomers of the same protein. The next question to be addressed was what
happened when seeds and monomers are not from the same protein. To answer
this question, S-syn fibrils were used. This protein belongs to the synuclein fam-
ily, like a-syn (511, 52). The substantial difference between the synuclein proteins
is a deletion of 11 amino acids in the NAC domain of -syn, that is buried in
the amyloid fibril core (Fig. A) (30, 59). Even though S-syn is not prone
to aggregate under normal conditions, such as physiological pH, it can still form
amyloid fibrils at pH 5.0 due to the screening of repulsive charges (Fig. [4.11]).
When (-syn fibrils were used to seed a-syn, and wvice versa, there was a lack of
cross-elongation. The reason is likely to be the degree of sequence identity. It is
plausible that in order for a monomer to adopt the conformation of a fibril end,
it needs to have the same, or a very similar, sequence as the prior monomer on
the fibril end. Already a single mutation might change the structure and, in this
case, (-syn has only a 61.5 % identity for a-syn (51)). The sequence difference
is, instead, not a problem for the surface nucleation. a-syn monomers could nu-
cleate on [-syn fibrils under quiescent conditions, but not vice versa (Fig. |4.16]).
a-syn could only nucleate S-syn under shaking conditions, probably due to fibril
fragmentation (Fig. [4.16). These data confirm that the surface nucleation is a
particular case of heterogeneous nucleation which requires a biopolymer surface,
such as amyloid fibrils, to enhance the formation of new nuclei. In a secondary
nucleation assay, seeds are added to monomers which firstly are consumed by
the seeds though elongation and over time secondary nucleation leads to the for-
mation of new fibrils, which are detectable in a ThT assay trough an increase in
aggregation rate. The lack of cross-elongation between - and §-syn, instead, can
be used to study the surface nucleation due to the inhibited growth of the initially
added seeds. Intrinsic fluorescence has been used to investigate the binding of
a-syn monomers on (-syn fibrils at two different temperatures (Section .
Within the large experimental uncertainty, no significant difference in affinity at
the two temperatures (32 and 42 °C) was found (Fig. |4.14)). Hence, the faster
surface nucleation kinetics observed at 50 °C (Fig. 4.14]| D) is possibly explained
by the faster elongation rates of the newly formed nuclei. This hypothesis is
supported by previous studies reporting a direct and positive relation between
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temperature and fibril elongation rate (27, [I72)). These data suggest that sec-
ondary nucleation of a-syn amyloid fibrils is probably a heterogeneous nucleation
process that requires a surface to nucleate, hence the term secondary nucleation,
as it indicates an homologus system, has to be changed to surface nucleation. It
may be that the surface nucleation requires a biopolymer surface, such as g-syn
fibrils. Hence, surface nucleation is similar to de novo nucleation as they both
require a surface, however they differ kinetically and for the thermodynamic sig-
nature, as it has been described for A (27). Indeed, a-syn can aggregate with
lipid surfaces such as nanodiscs (55]) and vesicles (56). Lipid-bilayer nanodiscs
have been used to study a-syn aggregation due to their resemblance with bio-
logical membranes. Because of the amphipatic nature of a-syn, it can stabilise
the lipid nanodiscs. The characterization of their effect on a-syn aggregation has
been studied (Section . Depending on the ratio of free a-syn and aSyn-lipid
particles (aSyn-LiPs), the latter can either inhibit or accelerate a-syn aggrega-
tion. More importantly, it has been observed that employment of a-syn-LiPs
does not alter the morphology of the newly formed fibrils as they resemble the
ones formed in the absence of these assemblies. As discussed above (Section [4.1)),
the fibril morphology is a very important feature that has to be considered. In
fact, several fibril strain have been found in wvivo and studies have reported a
different toxicity depending on their structure (28). Other systems using lipid
assemblies, like unilamellar vesicles, were influencing the fibril morphology of the
fibrils (192)). Hence, the a-syn-LiPs may be a very useful tool to characterise the
lipid-induced aggregation of a-syn. In conclusion, this PhD thesis shed light on
the surface nucleation of a-syn fibrils and their stability. It has demonstrated
that a-syn fibrils can denature at low temperatures due to the weakening of the
hydrophobic effect. Moreover, it has demonstrated that the surface nucleation
of a-syn is a heterogeneous nucleation process and the presence of other pro-
tein fibrils can trigger it. Lastly, it was demonstrated that the investigation of
a-syn aggregation induced by lipid surfaces can be studied efficiently employing
a-syn-LiPs. Further studies will address the thermodynamic signature for the
monomers binding on the fibrils and their binding affinity at different tempera-
tures to confirm their temperature independence. Moreover, future studies will
explore the amino acid sequence dependence for all the aggregation processes, i.e.

de novo nucleation, elongation and surface nucleation.
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