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Popular summary in English

Parkinson’s disease (PD) is the second most common neurodegenerative disease, and it
was first described by James Parkinson in 1817. The cardinal symptoms of PD include
movement disorders such as tremor at rest, rigidity, slowness of movement, reduction
in movement amplitude and absence of voluntary movement. PD is characterised by
progressive loss of dopaminergic neurones in the midbrain region called substantia
nigra pars compacta and the presence of intraneuronal inclusions called Lewy bodies
(LBs). An ongoing challenge with detecting and treating PD is that its symptoms
usually do not manifest before ca. 70% of dopaminergic neurons have already been
lost, and there are currently no methods to detect LBs in living patients.

PD belongs to a specific group of diseases termed amyloidoses. Amyloidoses are con-
ditions that are related to the misfolding and aggregation of specific proteins. These
aggregates are well structured, long fibrils, called amyloid fibrils. Some other diseases
included in the group of amyloidoses are Alzheimer’s disease, diabetes type II and
Huntington’s disease.

The amyloid forming protein implicated with PD is «-synuclein (aSyn). The exact
way in which aSyn is involved with PD remains elusive. Mutations and duplications
in the gene for aSyn are known to cause hereditary PD. Moreover, it has been demon-
strated that aSyn fibrils are the main component of LBs, together with various lipid
membrane structures. There are suggestions that the cell death related to PD is due
to the interaction of aSyn and cell membranes. One of the proposed mechanisms is
that the cell membranes get disrupted during the formation of aSyn fibrils through
extraction of lipid molecules from the membrane.

The biological function of aSyn is not well understood either. However, it has been
suggested that it involves an interaction of aSyn with membrane lipids in the synapses
of neurones and that this helps regulate essential aspects of brain function.

In order to gain more insight into how aSyn interacts with lipid membranes, we have
in this thesis performed various experiments on model mixtures of lipids and the
protein. We also followed the formation of amyloid fibrils in the presence of model
membranes, and we investigated the arrangement of aSyn fibrils into clusters that
resemble the fibrillar networks found within LBs and how such clusters interact with

lipids.

We learned that aSyn adsorption onto lipid membranes depends on the amount of
charged lipids in the membranes. We also demonstrated that when aSyn fibrils are
formed in the presence of lipid disc micelles and lipid vesicles, it can lead to revers-
ible modifications in morphologies in the former case and vesicle fusion in the latter
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case. Further on, we found that the presence of vesicles during the fibril formation
did not result in the extraction of lipids from the vesicles nor any lipid incorporation
into fibrils. We also analysed the arrangement of aSyn fibrils that resemble the fib-
rillar network found in LBs and learned that they form so-called mass fractals due to
predominant attractive fibril-fibril interactions.

The use of these simpler model systems allowed us to answer questions that would be
impractical to pursue in an in-vivo context and could help inform research onto the
role of aSyn in health and disease.
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Populirvetenskaplig Sammanfattning

Parkinsons sjukdom (PD) ir den vanligaste neurodegenerativa sjukdomen och be-
skrevs forst av James Parkinson 1817. Symptomen inkluderar storningar i rorelser
sasom vilotremor, stelhet, lingsamma rorelser, instabil hillning och problem med att
initiera rorelser. PD karaketiriseras av en fortskridande degeneration av dopaminerga
nerveeller i substantia nigra pars compacta samt férekomsten av abnorma intraneuro-
nala inklusioner, kinda som Lewykroppar. En av utmaningarna vid behandling och
diagnostisering av PD ir att de karakdiristiska motor symptomen inte uppkommer
forrin ungefir 70% av de dopaminerga nervcellerna har détt. Dessutom saknas fort-
farande metoder for att uppticka Lewykroppar i levande patienter.

PD tillhor en grupp sjukdomar som kallas amyloidoser. Amyloidoser ir tillstind som
orsakas av en abnormal ansamling och aggregering av felveckade proteiner. Dessa pro-
teinaggregat, s kallade amyloider, dr vilstrukturerade och linga fibrer. Exempel pa
amyloida sjukdomar ir bland annat, Alzheimers sjukdom, diabetes typ 2 och Hun-
tingtons sjukdom.

Det amyloida protein som ir associerat med PD kallas alfa-synuclein. Det dr dnnu
okint exakt hur alfa-synuclein orsakar PD men man har visat att det dr en av huvud-
komponenterna i Lewykroppar, tillsammans med olika lipidstrukturer. Dessutom ir
mutationer och duplikationer i genen fér alfa-synuklein kopplade till rftlig PD. En
av de foreslagna mekanismerna for cellddd i PD ir ate alfa-synuklein interagerar med
membranet och att det vid aggregering leder en lipidextraktion med permeabilisering
av membranet som £6ljd.

Alfa-synukleins biologiska roll ir dnnu inte helt klarlagd, det spekuleras dock alfa-
synukleins interaktion med lipidmembran vid synapser i nervceller reglarar viktiga
funktioner i hjirnan.

For att nd insikt i hur alfa-synuklein interagerar med lipider sa har vi i den hir te-
sen utfort en serie experiment pa blandingar mellan alfa-synuklein och olika modell-
membran. Vidare si f6ljde vi bildandet av amyloider da alfa-synuklein fir aggregera
tillsammans med diverse modellvesiklar. Vi studerade dessutom hur alfa-synuklein
formar kluster som liknar de fibernitverk som finns inuti Lewykroppar.

Vi upptickte att adsorptionen av alfa-synuklein till modellmembran beror pa
mingden laddade lipider i dessa membran. Vidare s& demonstrerade vi att alfa-
synukleinsaggregering i nirvaron av lipidmicellsdiskar och lipidvesiklar kan detta le-
da till en reversibel morfologisk forindring i det forsta fallet samt vesikelfusering i
det andra fallet. Dessutom visade vi nirvaron av vesiklar under aggregeringsprocessen
varken ledde till lipidextraktion eller inkorporering av lipider i amyloiderna. Slutli-
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gen sd analyserade vi arrangemang av alfa-synuklein fibrer som liknar de kluster som
forekommer i Lewykroppar och visar att de bildar sa kallade massfraktaler genom
huvudsakligen attraktiva fibrill-fibrill interaktioner.

Genom att anvinda dessa simplare modellsystemen har vi kunnat svara pa frigor som
hade varit opraktiska att stilla i in-vivo system. De resultat vi fatt kan hjilpa till att
informera forskning kring alfa-synukleins roll i hilsa och sjukdom.
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Prologue



The objective of this thesis was to gain insight into the amyloid forming protein, -
synuclein (aSyn) and its interaction with lipid membranes. Both aSyn and lipids are
implicated with Parkinson’s disease (PD), a neurodegenerative disease, characterised
by progressive death of dopamine nerve cells in the Substantia nigra pars compacta and
by the presence of abnormal intraneuronal inclusions called Lewy bodies (LBs). The
main components of LBs are amyloid fibrils formed by aSyn and various lipids.

This thesis, is divided into two parts, associated with different overarching questions.
In Part I (papers I, I and III) we focus on aSyn monomer adsorption onto model lipid
membranes, and whether lipids co-assemble with aSyn in the fibril formation process.
In Part IT (papers IV and V) we address fibril-fibril interactions and investigate fibril
cluster formation in mildly acidic conditions, also in the presence of lipids.

The main findings of this thesis can be summarized as follows:
Part I

* Overarching question: What is the nature of the interaction between mono-
meric aSyn and lipid membranes and does the fibril formation in the presence
of lipid membranes lead to a protein-lipid co-assembly formation and mem-
brane disruption?

Paper I: In this paper we investigated the interaction of aSyn and lipid disc micelles.

* Findings: aSyn monomers adsorb onto lipid disc micelles, which results in
a significant deformation of the disc shape. The deformations are happening
immediately upon the mixing of aSyn monomers and lipid disc micelles. When
fibrils form and consume monomers, deformed micelles recover back to their
initial shape resulting in a co-existence of the deformed and recovered micelles.

* Conclusions: The micelle recovery can be related to the desorption of aSyn
monomers from the disc surface and their incorporation in aSyn fibrils. The
coexistence of both deformed and recovered micelles implies strong positive
cooperativity of aSyn desorption.

Paper II: In this paper we investigated the interaction between aSyn and POPC/POPS
vesicles. We studied how monomeric aSyn adsorbs onto vesicles, when the latter
one contains different amounts of charged lipids, and how does the fibril formation
process influence vesicle integrity.



* Findings: The adsorbed amount of aSyn onto model membranes is increas-
ing with increasing amount of phosphatidylserine (PS). There is vesicle fusion
occurring during aSyn fibril formation.

* Conclusions: The x-helix that forms when aSyn adsorbs onto the vesicles is not
dependent on the amount of charged lipids in the membranes, which implies
that the adsorption is electrostatically driven process. ASyn fibril formation in
the presence of vesicles results in limited vesicle fusion, where on average 3 — 4
initial vesicles fuse together.

Paper I1I: In this paper we investigated the potential impact of POPC/POPS mem-
branes on the shape and cross-sectional size of aSyn fibrils

* Findings: The presence of model membranes has no effect on the cross-section
size and shape, and (3-strand packing in aSyn fibrils. Nor is the bilayer thickness
affected.

* Conclusions: There is no observable incorporation of lipid molecules into the
aSyn fibrils when they are formed in the presence of lipid vesicles. Furthermore,
there is no impact on the area per lipid molecule in the bilayer membrane.

Part I1

* Opverarching question: Is the formation of LBs a consequence of an organised
self-assembly of aSyn fibrils and different lipid components, or is there rather
a precipitation and cluster formation of insoluble fibrils that also trap different
lipid components?

Paper IV: In this paper we investigated clusters formed by colloidally unstable aSyn
fibrils by means of small-angle neutron scattering.

* Findings: We observed a power-law dependence of the scattering intensity on
the scattering vector, / ~ q_d in all 79 samples investigated. The value of the
exponent d = 2.6+ 0.3 was independent of the sample preparation procedures
and the presence of various model membrane of different concentrations.

* Conclusions: The arrangement of colloidally unstable aSyn fibrils can be un-
derstood in terms of fibril clusters that have the properties of mass-fractals. The
experimentally observed power law can be reproduced with a simple model of
rigid-rod clusters, which can be regarded as an extension of the freely-jointed



chain (FJC) model of flexible polymers. The observed cluster arrangement can
be explained by predominately attractive, mainly hydrophobic, interactions
between aSyn fibrils.

Paper V: In this paper we investigated whether sedimenting clusters, formed of col-
loidally unstable aSyn fibrils at pH 5.5, are able to bind or trap lipid vesicles of various
composition, with a possible connection to LB formation.

* Findings: Sedimentation of fibril clusters further slows down fibril fibril form-
ation. Lipid vesicles may co-sediment together with fibrils.

* Conclusions: Lipids co-sediment, but it is difficult to conclude whether the
co-sedimentation of lipids is due to attractive fibril-membrane interactions or
whether lipid vesicles are trapped within fibril clusters.
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The purpose of this chapter is to provide the reader with a rudimentary background
knowledge necessary to understand most the findings presented in this thesis. The
chapter begins with introduction of proteins and the forces that lead to them adopting
functional, folded, forms. It also describes the way protein molecules misfold, which
leads to the formation of protein aggregates, termed amyloid fibrils, that are associated
with certain pathogeneses. Finally, the main players of this thesis, the protein denoted
o-synuclein and models of lipid cell membranes are introduced.

1.1 Protein folding versus amyloid fibril formation

Proteins are macromolecules that are one of the vital building blocks of living
creatures. They are built from monomer units called amino acids. The sequence of
amino acids residues is called primary structure and it is determined by the gene that
is encoding the protein plus splicing events, if any. There are 20 genetically coded
amino acids and each of them consists of a central carbon atom, known as the ot car-
bon, amino and carboxyl groups, a hydrogen atom and a side chain, or so-called R
group. The R group is unique for each amino acid and it determines physical and
chemical properties of the amino acid. The side chains may differ in size, shape,
charge, hydrogen-bonding capacity, hydrophobic character and chemical reactivity.
An illustration of an amino acid is shown in Figure 1.1 a).

When forming protein molecules, amino acids are connected end-to-end by peptide
bonds. The peptide bond is formed between the carboxyl and the amino group of
two amino acids by eliminating water, as illustrated in Figure 1.1 b). The remaining
parts of the amino acids that are connected by the peptide bond are called amino acid
residues, and they are illustrated in Figure 1.1 ¢) .

A protein molecule may fold in a specific way that allows formation of hydrogen bonds
between carbonyl and amine groups!. This fold is described by the so-called secondary
structure. The most common forms of secondary structure are &-helices and (3-sheets.
An o-helix is a right-handed helix, where intramolecular hydrogen bonds are formed
each 3.6 amino acid. A (3-sheet is formed when two or more parallel or antiparallel
polypeptide chains, called 3-strands, are connected by hydrogen bonds. The distance
between adjacent B-strands is 4.8 A,

The way the protein further folds in space is described by the so-called tertiary struc-
ture, and it is determined by the protein primary structure. The protein fold in three
dimensions is typically a spontaneous process during which a protein assumes its nat-
ive, functional structure. The process is governed by hydrophobic interactions, hy-
drogen bonding and van der Waals interactions?. Hydrophobic interactions lead to



a)

b)

c)

Figure 1.1 (a) An illustration of an amino acid. The different chemical elements are shown
in different colour: hydrogen in light grey, nitrogen in blue, carbon in dark grey and oxygen in
red. A functional group is represented as a green circle and chemical bonds are represented as
black lines. (b) The elimination of a water molecule, highlighted with purple rectangle, prior
to connection of two amino acids. (c) Two amino acid residues connected by a peptide bond,
highlighted with purple rectangle.

the burial of hydrophobic residues in the protein interior. Hydrogen bonds and van
der Waals interactions between closely packed residues add to the protein stability by
further lowering its free energy relative to the unfolded state.

It was believed, until the end of the previous century, that a protein needs to be folded
so as to have a specific biological function?®. However, it has been shown that not all
proteins require a specific fold in order to perform their biological functions®. Such
proteins are called intrinsically disordered proteins (IDPs) and suggested biological
roles of IDPs are related to the process of cellular signalling and regulation. Typically,
IDPs fold upon association with a target.

The folded state of a protein is a low free energy state, with a local energy minimum.
However, other structures accessible to a protein molecule have been proposed to
have even lower free energy states>®. During the folding process, the protein may
go through several intermediate conformations. It is possible that these intermedi-
ates have more exposed hydrophobic surface than the final folded state. Such mis-
folded forms may interact with other misfolded proteins and self-assemble into well-
structured protein aggregates. To ensure protein folding to the native form, molecules,
such as chaperones, have a purpose to lower the energy barriers between intermedi-



ate states on the pathway to native folded state, and increase energy barriers between
states that are on pathway to misfolded protein aggregates”. IDPs can also form well-
structured aggregates at certain conditions in order to reduce exposure of hydrophobic
groups to water. These aggregates, which can be regarded as an alternative to folded
state, can have highly ordered structures.
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Figure 1.2 An illustration of a cross-p pattern and its signature on an X-ray diffraction de-
tector. Top left: an illustration of a fibril composed of in-register parallel g-sheets with 3-strands
represented as blue arrows. Top right: the more detailed structure including amino acid residues
of two B-strands. The dashed red lines are illustrating hydrogen bonds formed in between ad-
jacent B-strands. Bottom left: the two reflections on a 2D detector that emerge after scattering
X-rays from an aligned amyloid fibrils. Bottom right: the peak associated with the 4.8 A reflec-
tion obtained from angular averaging of the 2D scattering pattern.

One example of highly ordered aggregates are amyloid fibrils. Amyloid fibrils are
straight, unbranched fibrils approximately 70 nm in diameter, which have a charac-
teristic cross- pattern in their fibril diffraction data®. The cross-f3 pattern is associ-
ated with the presence of 3-sheets that extend parallel to the fibril axis. The pattern
was first discovered by the means of X-ray diffraction when William Astbury analysed
egg-whites in 7935°. The signature of the cross-f3 structure at an X-ray diffraction de-
tector are two reflections, a strong meridional reflection corresponding to the distance
of 4.8 A between adjacent (3-strands, and a more diffuse reflection on the equator,
corresponding to an inter-sheet distance of about 0.7 A. In our solution wide-angle
X-ray scattering (WAXS) experiments, we see the 3-sheet repeats as a peak atg = 1.35
A~1 = 27/(4.8). Tllustrations of a fibril containing in-register parallel B-sheets, the
reflections that are results of the X-ray scattering from amyloid fibrils, as well as an-
gular averaged /D scattering profile are shown in Figure 1.2. We obtained the 1D
scattering profile shown in Figure 1.2 by X-ray scattering from aSyn fibrils.



1.2 Amyloid fibrils and disease pathogeneses

The formation of some specific amyloid fibrils and their deposition 77 vivo are hall-
marks of a diverse group of diseases, referred to as amyloidoses'°. These diseases are
characterised by accumulation of amyloid fibrils, which often leads to progressive cell
death!!. The most common type of amyloidoses include neurodegenerative diseases,
such as Alzheimer’s disease, PD and Huntington’s disease, as well as diabetes type I112.
Each of these diseases is related to misfolding of specific amyloid-forming proteins.

The amyloid fibrils investigated throughout this thesis are related to PD, which is a
neurodegenerative disease clinically described first in 7817 by James Parkinson 3. In
his essay, Parkinson described the syndrome experienced by six patients as:

“Involuntary tremulous motion, with lessened muscular power, in parts not in action and
even when supported; with a propensity to bend the trunk forwards, and to pass from a
walking to a running pace: the senses and intellects being uninjured.”.

PD is characterised by movement disorders such as tremor at rest, rigidity, id est in-
creased resistance to passive limb movements, bradykinesia, hypokinesia and akin-
esia, which refer to slowness of movement, reduction in movement amplitude and
absence of voluntary movement, respectively '4. Apart from these movement disorder
symptoms, patients diagnosed with PD also experience cognitive impairment, auto-
nomic nervous system dysfunction, depression, sleeping disorder and decreased sense
of smell °.

PD is the second most common neurodegenerative disease. Regardless of its high
prevalence, it remains without cure until this day. PD is a disease of ageing and
with the increases in human life spans, it is estimated that the number of people
with PD will double in the period from 2005 to 2030*°. The pathological hallmarks
of PD are progressive loss of dopaminergic neurones in the midbrain region called
Substantia nigra pars compacta and the presence of intraneuronal inclusions, LBs %1,
The progressive loss and dysfunction of dopaminergic neurones in the substantia nigra
pars compacta in PD leads to the dopamine deficiency that causes the overt motor
symptoms of PD 1617,

LBs are spherical inclusions that are also the hallmark of another neurodegenerative
disease, called Dementia with Lewy bodies. They were first discovered in 7912 by
German-American neurologist Friedrich Heinrich Lewy !® and their connection with
PD was found in /979 by Tretiakoft'®. LB are agglomerates that are composed of

filamentous structure formed from aSyn fibrils2%-2!

22-24

, and various cell organelles and

lipid membranes that seem to be trapped therein.



1.3 «-synuclein

The link between aSyn and PD was found in 7997. Firstly, the mutation in the
gene coding for aSyn was associated with familial early-onset PD?5 and secondly,
upon immunohistochemical characterisation of LBs, aSyn was found to be a major
component?®. In the following year, it was shown that aSyn is present in its fibrillar
form in LBs, which explained the nature of the filamentous structures of the LBs2%21.
aSyn is an IDP that alternates between a natively unfolded state in the cytosol of
cells and a membrane-interacting helical state?”"2°. It has been shown that around
15% of the total aSyn content in brain is associated with membranes3°. The distinct
presynaptic localization of aSyn and its interaction with highly curved membranes
and synaptic proteins is indicative of a regulatory function at synapses. These poten-
tial regulatory roles include regulating synaptic activity, dopaminergic metabolism,
synaptic plasticity, neurotransmitter release, learning, maintenance, or trafficking of
synaptic vesicle pools3!.

MDVFMKGLSK AKEGVVAAAE [KTKQGVAEAA GKTKEGVLYV GSKTKEGVVH (50)

GVATVAEKTK EQVI'NVGGAV VTGVITAVAQK TVEGAGSIAA ATGFVKKDQL (100)

GKNEEGAPQE GILEDMPVDP DNEAYEMPSE EGYQDYEPEA (140)

Figure 1.3 The letter coded aSyn sequence, where every letter corresponds to a single amino
acid residue. Hydrophobic residues are shown in purple, the acidic residues are shown in red and
the basic residues are shown in blue. The 7 amino acid repeats, responsible for the formation of
a-helix, are highlighted with black rectangles.

aSyn is a /40 amino acid residues long protein. The protein sequence can be divided
into three parts: N-terminal, non-amyloid-f3 component (NAC) and C-terminal re-
gions. The N-terminal region, residues 7 — 60, contains several positively charged
residues and is responsible for binding to lipid membranes. The NAC region, residues
61— 95, is a hydrophobic region believed to be responsible for the formation of amyl-
oid fibrils3? and sensing of lipid properties?. The C-terminal, residues 96 — 140, is
negatively charged region which is largely unstructured even when the protein is as-
sociated with lipid membranes. Throughout the N-terminal and the NAC regions,
7 amino-acid sequence repeats, containing the KTKEGV motif, are present. These
repeats are responsible for the ability of aSyn to form «-helices34.
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1.4 o-synuclein and lipid membranes

In vivo, aSyn interacts with cellular membranes of neurones and plasma vesicles. The
membrane is a barrier that regulates trafficking of molecules from and to the intercel-
lular environment. It is a dynamic structure, composed of lipids and proteins. Lipids
molecules have diverse functions in the plasma membrane, for example, to act as a bar-
rier, dissolve and organise membrane proteins. The function of membrane-associated
proteins is to serve as transporters of various molecules across the membrane, as well
as sensors between inter and intra-cellular environment. As illustrated in Figure 1.4,
the lipid part of the membrane is composed of two monolayers of lipid molecules,
called leaflets. This bilayer structure arises from the amphiphilic nature of the lipid
molecules with the hydrophobic hydrocarbon chains being shielded from the aqueous
environment, and hydrophilic head groups being exposed to it.

i
A

Figure 1.4 An idealised illustration of a lipid bilayer composed of lipid molecules with two
hydrophobic tails each. In reality, lipid tails are more flexible and disordered. The hydrophobic
tails are shown in red and the hydrophilic head groups are shown in blue. A lipid molecule is
highlighted by the purple rectangle and one bilayer leaflet is highlighted by the green rectangle.

The molecular composition of a plasma membrane can vary from cell to cell and also
between the inner and outer leaflets. The most abundant lipids in the cell membrane
are phospholipids, glycolipids and cholesterol. There are over 1000 different phos-
pholipids in a mammalian cell*>. Typically between 40 and 50 percent of the total
amount of phospholipids in a cell membrane are the zwitterionic phosphatidylcholine
(PC). Phospholipids that are more abundant in the inner leaflet of the membrane
are zwitterionic phosphatidylethanolamine and negatively charged phosphatidylser-
ine (PS)!!. Other component of the outer leaflet are gangliosides3¢, which are a type
of glycolipids, more specifically glycosphingolipids. They are mostly localised in the
brain, where they comprise around 72% of total lipid amount in the neuronal mem-
brane?’.

11



There are many reasons for the extensive studies performed on the interaction of aSyn
and lipid vesicles. z vivo, aSyn is expressed in the brain, which is a lipid-rich envir-
onment, and its biological function is related to traflicking of synaptic vesicles3!:38.

Furthermore, the presence of various lipids has been demonstrated in LBs?224

to-
gether with aSyn fibrils. It has also been suggested that interaction between aSyn and

lipid membranes plays an important role in PD3°.

The extensive studies of aSyn - lipid interactions have resulted in broad knowledge. It
has been demonstrated that when aSyn adsorbs onto a model membrane that contain
anionic lipids, it adopts an -helical structure334°42, Furthermore, the presence of
vesicles during the fibril formation can, under certain conditions, act as an aggrega-

43-46

tion catalyser and the aggregation of aSyn in the presence of a model membrane

47-51 Tt has also been shown

can lead to the formation of protein-lipid co-assemblies
that oligomers have the ability to permeabilise membranes>?, and that two disease
related mutations, A30P and A53T may form oligomers which resemble a class of
pore-forming bacterial toxins>3. Pore formation in model membranes and membrane
thinning due to lipid extraction upon interaction with aSyn have also been demon-
strated #5455, Regardless of the extensive research on the subject, the role of aSyn and

lipids in PD remains elusive.
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The aim of this chapter is to give insight into the sample preparation used during the
experiments summarized in this thesis. It explains the protocol of aSyn expression
and purification and the preparation of vesicles and fibrils.

2.1 «-synculein expression and purification

To produce aSyn, Escherichia coli (E.
coli) cultures were transformed with a
Pet3a plasmid containing a synthetic
gene product with codons optimized y
for E. coli (purchased from Genscript,

Piscataway, New Jersey). aSyn was Sos
later purified using heat treatment, ion o

exchange and gel-filtration chromato-
graphy. As we required pure monomers @
as a starting point for our experiments,

we performed size-exclusion chroma- ,
p Figure 2.1 Dependence of UV absorbance on time.

tography (SEC) on purified protein The monomers are eluting ca. 1000s after the injec-
samples in the experimental buffer us- tion of the protein solution into the column.

ing a 24 mL Superdex75 column (GE
healthcare).

SEC is a technique used to separate particles by their size. A usual SEC instrument
contains a column filled with porous beads, a pump and an absorbance ultraviolet
(UV) detector. The beads in the column contain pores different sizes. As the solu-
tion containing particles of different sizes is pumped through the column, the largest
particles are the first to be eluted, as they will only be accommodated in the largest
pores. In order to obtain protein monomers, fractions eluting at volumes of interest
were collected. The protein concentration was measured using the integrated absorb-
ance at 280 nm of the collected fraction from the SEC chromatogram and the molar
extinction coefficient 5800 M~ /cm™!. The UV absorbance spectrum at the time of
monomer elution (ca. 7000 s) is shown in Figure 2.1. In order to obtain the high
protein concentration necessary for certain experiments, monomers collected from
SEC were lyophilised and resuspended in a smaller volume.

Deuterated aSyn was used in some experiments. An E. coli cell pellet containing
deuterated aSyn was prepared at the Deuteration Laboratory of the Institute Laue
Langevin (ILL) in Grenoble, France and purified as described in“°. The degree of
deuteration was 75%, as determined using mass spectrometry. Deuterated aSyn
monomers were isolated utilising SEC technique, as described above.

14



2.2 Model membrane preparation

The model membranes used in experiments included in this thesis were produced by
either extrusion or sonication. Prior to each preparation procedures, the lipid powder
was weighed and a defined ratio of two lipids was dissolved in a chloroform/methanol
solvent, due to high solubility of lipids in organic solvents. After dissolution, the
solvent was evaporated underneath a stream of N gas, leaving a lipid film. The film
was further dried in a vacuum oven over night. The dry lipid film was dispersed in a
buffer resulting in the formation of large and often multilamellar vesicles. Through the
input of mechanical energy, these vesicles can be fragmented into smaller unilamellar
vesicles (SUVs) and/or lipid disc micelles. Two common fragmentation methods are
extrusion and sonication.

The model membranes used in this thesis were lipid vesicles and lipid disc mi-
celles, composed of various mixtures of two lipids. Most of the time, the two lipids
used were phospholipids, PC and PS, but sometimes PC was used in combination
with gangliosides. The PCs used were /,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), I-palmitoyl-2-oleoyl-glycero-3-phosphocholine and (POPC) and 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC). The PS used were I,2-dimyristoyl-
sn-glycero-3-phospho-L-serine (DMPS), I-palimtoyl-2-oleoyl-sn-glycero-3-phosho-
L-serine (POPS) and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) and the
gangliosides used are GM1 and GM3. The chemical structures of the lipids used
throughout this thesis are summarised in Figure 2.2.

2.3 Fibril formation

Fibrils were stirred, not shaken.

Fibrils were formed from aSyn monomers collected from SEC and incubated at 37°
C in a pure buffer solution or in a vesicle dispersion. As fibril formation is a pH de-
pendent process®, and is significantly slower at pH higher than 5.5, when working
at high pH we accelerated the fibril formation process by agitation during the incub-
ation. The mechanical agitation, which we are inducing by stirring with a magnetic
bar, accelerates the fibril formation by increasing elongation rate due to increased fibril
fragmentation®’.
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Figure 2.2 The chemical structures of lipid molecules investigated throughout this thesis. The
green line marks the border between the hydrophilic head groups and the hydrophobic tails of
the lipid molecules. Positively and negatively charged parts of the molecules are indicated by red
and blue circles, respectively.
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In this chapter, the experimental techniques used in the experiments presented
throughout this thesis are introduced.

3.1 Scattering

In scattering techniques, a sample of interest is irradiated with an incident radiation.
When the incident radiation is passing through the sample, most of it is transmit-
ted, whereas the rest can either be absorbed or scattered. In scattering techniques,
one analyses the amount of the scattered radiation and the angles that the radiation
is scattered at. Scattering techniques are wildly used for the investigation of objects
ranging from 7 nanometre to 20 micrometres. These techniques found applications
in various disciplines, including physics, chemistry, biology, engineering and mater-
ial sciences. They can provide information about particle size, shape and structure, as
well as about interactions between particles in solution. Scattering methods are com-
plementary to imaging, with one advantage being that the structures can be examined
directly in solution.

The scattering techniques are divided according to the type of the incident radiation
to light, neutron or X-ray scattering. The most intuitive form of scattering, that of
the visible light, occurs when there are variations in a refractive index in the medium
illuminated by the visible light. Scattering of neutrons happens due to interaction of
neutrons and atomic nuclei, whereas the scattering of X-rays occurs due to interaction
of X-rays and electrons in atomic orbitals.

A scattering event is characterised by changes in momentum and energy of the incid-
ent radiation. When the energy is conserved, the process is known as elastic scattering,
otherwise, the process is referred to as inelastic scattering. Throughout this book, I
will be talking about elastic scattering.

Incident radiation, which can be regarded as an electromagnetic wave, is described by

a wave vector defined as
-~ 21
/ez' — 751‘) (31)

where A is the wavelength of the radiation propagating in the direction ¢;. After an
elastic scattering event, the wave vector changes the direction of propagation but its

magnitude remains constant. The wave vector of the scattered wave we denote ;.
Figure 3.1 shows an illustration of a scattering experiment.

It is common in practice to use a momentum transfer rather than the scattering angle,
0, to describe scattering event. The momentum transfer, g, or the scattering vector is
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Figure 3.1 A schematicillustration of a scattering experiment. A part of an incident beam, with
the wave vector ;, is being scattered after interacting with a sample. The scattered radiation
with the wave vector, E is detected by a 2D detector. In the top left illustrated is scattering at
angle 0 and the 7 vector, defined as the difference between % and ;.

defined as o

G = ke — ki (3.2)
As can be concluded from a diagram shown in top left corner of Figure 3.1, the mag-
nitude of the scattering vector is

_#0 (3.3)
g =~ sin. .

That the scattering vector includes information about both radiation wavelength and
the scattering angle justifies its utilisation in the practice. The quantities given as a
function of ¢ are in reciprocal space and quantities expressed as a function of 7 are in
real space. The relation between reciprocal and real space, ¢ = 27/d, is an intuitive
way of deducing the length scales, 4, accessible at certain g values.

In the case of elastic scattering, the amplitude, ¥, of the wave scattered from an as-
sembly of /V atoms is given by?>8:

N
W(g) =) be 7, (3.4)
i=1

where 7 is the coordinate of the i atom and ¢ 7 is the phase factor which is a con-
sequence of interference of waves scattered by different NV atoms. &; is the scattering
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length, which measures how strongly an atom interacts with the incident radiation.
In the case of X-rays, the scattering length depends on the number of electrons in the
atom and it is, therefore, increasing with atomic number. In the case of neutrons, the
scattering length is varying randomly through the periodic table of elements and is a
consequence of the interaction between a neutron and the atomic nuclei.

Measured in a scattering experiment is the intensity distribution of scattered radiation
as a function of scattering angle, which is related with the amplitude of the scattering
wave by:

1= ¥(3)°| = Y(§¥*(9), (3.5)

where W*(4) denotes the complex conjugate of the scattering amplitude (W*(g) =
N

> b;é77). As the exponential terms cancel out, it is obvious that the complex con-
i=1

jugation results in loss of information on the phase of the scattered wave. This issue
is known as “the phase problem” the consequence of which is that we cannot do an
inverse Fourier transformation and that « priori knowledge of the sample is necessary

in order to deduce the structure of the scattering objects.

3.1.1 Static Scattering

In static scattering, the measured scattering intensity is averaged over time. From the
static scattering one gets information about shape and size of particles, their internal
structure and interaction between particles.

The quantity that describes a probability that the incident radiation will be scattered
when passing through the medium is the so-called scattering cross-section, o. It is
defined as the number of scattered particles normalised by the incident flux. The nor-
malisation is performed to ensure that the quantity is an intrinsic property, independ-
ent on the incident flux. In the case of the coherent scattering, where waves scattered
from different part of a sample interfere with each other, the scattering cross-section
is given by>?

o = 4zl (3.6)

The form of the cross section we are after in the scattering experiment is the volume
specific differential scattering cross section

dr do

where 7 is the particle density and (2 is a solid angle. The volume specific differen-
tial cross section has unit of inverse length, and it contains information about size,
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shape, internal structure of scattering particles and inter-particle interactions. It is
also known as the absolute scattering intensity. It does not dependent on the exper-
imental setup, such as the particle flux, size of the beam, detector efficiency, nor on
the sample volume. It only depends on the properties of the sample.

The absolute intensity can be expressed as:

dxr(q) 2

— =V, 4p°P(q)S .8
o = PVae Plg)S(g), (3.8)

where ¢ is the particle volume fraction, V) is the particle volume, 4p is the contrast

factor, P(q) is the particle form factor and S(g) is the structure factor.

The contrast factor, p = >_ ;bi/ Vs where the sum is over all atoms in the molecule or
particle (assembly of molecules), is the total scattering length divided by the particle
volume, termed scattering length density (SLD). The contrast factor from equation
3.8, Ap is defined as a difference of particle and solvent SLDs.

The form factor, P(g), provides an information about structure and size of scattering
particles. It is given by a Fourier transform of the SLD difference

Plg) = J Ap(g)e P gy, (3.9)
v

where integration is performed over the entire particle volume, V), and 0 is an angle
between 4 and 7.

The last term in equation 3.8 is the structure factor. It provides information about the
relative positions of particles and hence on the interactions between particles. It can
be expressed as a Fourier transform of the radial distribution function, g(7), which for
spherical particles can be written as

N, [* sin(qr)
S(g) = 4L r)— 1) dr .
)= 1 +4n |16t = 17 (.10)

where N, is the number of particles and V'is the total volume of the sample. The radial
distribution function gives the probability of finding the centre of another particle at
a distance 7 from an arbitrarily selected particle>®.

3.1.2 Data modelling

Modelling of scattering data normally implies testing different model structures, such
as spheres, cylinders, shells (vesicles), etc, and finding the model parameters that best
agree with the experimental data.
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One such model is the Debye model, which is a good approximation of the scattering
of a flexible polymer coil in solution®®. The Debye form factor is given by

Plq) = 2(e ™+ qR, — 1)/(qR,)?, (3.11)

where R, is the radius of gyration of the polymer. The Debye function is a good
approximation of the scattering of monomeric aSyn. In Figure 3.2a shown is the
Debye function with R, = 4 nm, which corresponds to the radius of gyration of aSyn
monomer.

In the limit of ¢ < 1/ Ry, scattering intensity can be approximated as>°:
I(q) = Ipe (TR, (3.12)

The equation 3.12 is known as the Guinier equation and it provides an estimate of
the radius of gyration by applying an exponential fit to the data in the low-g regime.

Modelling data in the so-called Porod region, id est ¢ > 1/r, where r is the size of a
scattering object, yields information on structural dimensionality, which is the fractal
dimension of the scattering object, usually referred to as 4.

The combination of Guiner and Porod models, known as the Unified
Exponential/Power-law or Beaucage model, was derived by Gregory Beaucage
in 1995¢! and corrected in 1996%2. The Beaucage model is useful for modelling
mass fractals, which are fractal objects with 5/3 < 4 < 3. The scattering intensity,
in such case, can be expressed as

3d
[(q) _ Ge*(qug)ﬁ 4 ;(67421%>> , (3.13)

/2
. . . . _ Gd 6d4° dy s

where G is the Guinier scaling factor, C = R ((2+d)(2+2d)) I'(5) is the Porod

4R

61/2

tion which provides smooth transitions between Guinier and Porod regions®3. In this

scaling factor with r(% ) being the gamma function, and e;j‘( ) is an error func-
thesis, the Beaucage model has been found useful when fitting modelled fibril clusters
that were used to analyse experimentally observed arrangement of aSyn fibrils, as dis-
cussed in 3.1.3. In Figure 3.2b, shown is the Beaucage model for G = 1.6 x 1¢”,
d = 2.3 and R, = 300 nm.

For various shapes, such as cylinders, elliptical cylinders, core-shell cylinders, lamellar
object, etc. one can find calculated analytical models of form factors. One then
compares scattering data with analytical form factors for various parameters included
in the analytical expressions. By finding the parameters that best agree with the data,
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Figure 3.2 a) The Debye function with R, = 4 nm represented with solid red line. b) The
Beaucage model with G = 1.6 x 107, Ry = 300 nm and 4 = 2.3 represented with solid red
line. The dashed blue line represents the power law dependence of the scattering profile, with
a power value equal to 2.3. ¢) The analytical form of a cylinder form factor with the radius of
5.2nm and the cylinder length of 4000 nm, corresponding to aSyn fibril dimensions, represented
with solid red line. The dashed blue line represents the power law dependence of the scattering
profile, with a power value equal to 7. d) The analytical form factor of core-multi-shell model
particles composed of three shells, modelling the scattering response of e.g. spherical bilayer
vesicles.

one learns about the sample properties. Analytical expressions for the form factor
models derived for various shapes can be found in®°.

A form factor contains the complete information of the size and shape of the particle.
When samples are dilute, so that the interactions can be neglected, the structure factor,
S(gq), in Equation 3.8 is equal to one, and one can obtain the experimental form factor
from the absolute intensity.

Some of the form factor models used throughout this thesis were that of a cylinder
and a core-multi-shell sphere. The cylinder form factor, with a cross-sectional radius
of 5.2 nm was used to model the scattering of aSyn fibrils. The core-multi-shell form
factor, with 3 shells, was used to model the bilayer scattering, where the innermost
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and the outermost shells represent the inner and the outer head group layers, and the
middle shell represents the acyl chain layer.

The analytical expression for the form factor of a cylinder with radius R and length L
is given by®°

/2 in) sin(gLcos
Pc(q):J (2]1(qR5 o) sin(gLcosoc) /2

2
nod 14
qksin  (qLcosx)/2 ) SO (3.14)

0

where /;(x) is the first order Bessel function. A signature of the long cylinder form
factor for ¢ > 1/R, is a power law dependence of the scattering intensity on the
g-vector, with a power equal to —1, 7 ~ ¢~ ..

The form factor of a core-shell sphere with 3 shells, is given by ®°

4 2
Plg) = fw(plvuez)m,m £ (0 pr ) VIR) Al R») (315)
=2

where Fq, R;) = 3(sin(q, R;) — qRicos(q, R;))/qR; is the form factor amplitude of a
sphere with radius R;, M = p; V(R;) + Zf:z VIR;)(p; — pi—1) is the total scattering
length of the core-shell particle, V(R;) = 47zR’/3 is the volume of the sphere with
radius R;, and p; is the scattering length density of the i-th shell .

Figure 3.2 shows the cylinder and the core-multi-shell sphere form factors calculated
using the analytical equations 3.14 and 3.15, respectively. The form factor parameters
correspond to the ones used to describe the experimental data in Paper III, excluding
the polydispersity. The polydispersity is included in the modelling of the scattering
data to account for a co-existence of particles with different size and shape, which
often occurs in practice.

3.1.3 Modelling of fibril clusters and the Debye scattering equation

In this work we have developed a method to model the scattering of fibril clusters.
In our model of fibril clusters, individual fibrils were modelled as infinitesimally thin
rods, represented by straight strings of 700 distinct monomers, regarded as point scat-
terers, separated by a distance of 7 nm. The clusters were constructed by stepwise
addition of fibrils of random orientation. The fibrils were connected with each other,

with fibril # /N connected to fibril # (/N — 1) and fibril # (N + 1).

The developed method includes the possibility to tune the density of the modelled

clusters by alternating the way that fibrils within the clusters are connected. The
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most dense clusters were created by connecting each fibril to the previous one at the
monomer # 50, id est, at the position of the middle monomer. The cluster with low-
est density were created when fibrils were connected end-to-end. The cluster having
density in between the limits were created by each fibril being connected to the pre-
vious one at randomly chosen connection points. An example of such cluster (fibrils
connected at randomly chosen positions) is shown in Figure 3.3.

200

-200 -200
y (nm) x (nm)

Figure 3.3 An example of a modelled fibril cluster with 400 fibrils, each containing 700
monomers at a 7 nm separation. Fibrils are connected at randomly chosen positions.

The scattering intensity of the modelled cluster was calculated by employing the
Debye scattering equation (DSE)%4.
intensity from isotropic samples and the intensity calculated by DSE is spherically

averaged. If we assume that the adsorption of incident radiation is negligible, the

DSE is used for the calculation of scattering

scattering length is a real number and 4* = &. The scattering intensity, given by
equation 3.5, becomes

N N N N
I=3 3 bibe TV =% % pipye 5 (3.16)
i=1 j=I i=1 j=I

where 0 is the angle between 4 and 7; — 7; = ;. Spherical averaging of the equation
3.16 gives

NN sz'n(qr,'j)
i=1 j=1I g

Equation 3.17 is the DSE.
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3.1.4 Contrast matching neutron scattering

Neutrons interact with the atomic nuclei via strong nuclear interactions. The interac-
tion, id est, the neutron scattering length, depends on the properties of the nuclei. As
the properties of the hydrogen nucleus and the nucleus of its isotope deuterium differ
due to the presence of a neutron in the latter, there is a big difference in scattering

lengths of hydrogen (b7 = —3.739 fm) and deuterium (bp = 6.67 fm).

This difference is utilised in a technique known as contract matching. Contrast
matching is a convenient technique when the system investigated is composed of two
or more distinct particles. By varying the ratio of H>O and DO in the solvent, one
can match the SLD of the solvent to the SLD of one of the particles. The analysis of
the scattering pattern provides information about the particle that has the SLD dif-
ferent from that of the solvent, whereas there is no scattering which is a consequence
of interaction between neutrons and the matchout particle.

The bi-component systems studied throughout this thesis are composed of protein
and lipid membranes. To more easily extract useful information about the system
from scattering experiments, contrast matching experiments were performed. Using
partially deuterated proteins (degree of deuteration 75%) and protonated lipids sus-
pended in DO buffer, the SLDs of the solvent and the protein were matched and the
observed scattering was solely due to the interaction between neutrons and the lipid
molecules. These experiments provide information about the morphology of the lipid
components in the system. In Figure 3.4, an illustration of contrast matching when
the sample is composed of protein and lipid vesicles is shown. The middle part of the
Figure illustrates the previously mentioned contrast matching experiments discussed
in this thesis and Papers I and II.

Figure 3.4 An example of contrast matching where the difference in colour symbolises a dif-
ference in SLD. Left: protein (yellow) and vesicles (red) are suspended in a solvent (blue) not
matching any of the particles. Middle: contrast matching of the protein molecules using a
solvent with the same SLD as protein (yellow). Right: contrast matching of the lipid vesicles by
using a solvent with the same SLD as lipid (red).
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3.1.5 Dynamic light scattering

In dynamic scattering experiments, one uses coherent incident radiation. For that
reason, in dynamic light scattering (DLS) methods one typically uses a laser beam as
its incident radiation. As particles in solution change their position due to Brownian
motion, the phase of the scattered waves is also changed. The resulting interference of
the scattered waves provides a specific pattern at the detector, a so - called “speckle®
pattern. These random fluctuations of the scattered intensity can be used to determ-
ine the diffusion coefficient of the particles in the solution, which at low enough
concentrations provides information about the effective size of the particles.

The outcome of a DLS experiment is the intensity correlation function, which com-
pares the intensity at time zero to the one after a delay time T, at the same detector
point. The intensity correlation function is defined as>®

L 3.00G,7)
€@0 =g

The quantity of interest in a DLS experiment is a so-called field correlation function,

(3.18)

£'(4, 7). Tt is related to the intensity correlation function via the Siegert relation >

gz(% T) =1+ ng(é’) T)Z) (319)

where B is an instrument constant. In turn, g/(7, T) is related to the diffusion coeffi-
cient D through>®

&G0 =27 (3.20)

At high enough dilution, where interparticle interactions can be neglected, the dif-
fusion coefhicient is related to the hydrodynamic radius, Rp, of the particles via the
Stokes-Einstein equation

KT

- 21
SRy’ (3.21)

where kg = 1.38 x 10723 JK~! is the Boltzmann constant, 7 is the temperature and
1 is the solvent viscosity.

DLS invokes g = 10~ I A=1 and hence collective dynamics on length scale of 700 nm

3.2 Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) is a powerful spectroscopic technique that utilises
radio frequency irradiation. NMR spectroscopy detects signals from individual nuclei
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that posses a non-zero spin and, hence, a magnetic moment. The technique provides
information about the atomic composition of molecules, chemical environment of a
each nucleus and how nuclei are related to each other in space.

In a typical NMR experiment, a sample is placed in a strong magnetic field, By. This
results in non-zero magnetization of the sample, caused by preffered alignment of the
nuclei magnetic moments in the direction of the magnetic field. By convention, the
direction of the magnetic field is along the z-axis of a laboratory coordinate system.
The magnetic field exerts a torque onto the nuclei magnetic moments, making them
precess around the magnetic field direction. The frequency of precession is called the
Larmor frequency w, equal to w = —yBy, where 7y is the gyromagnetic ratio and
By is the magnitude of the external magnetic field®>. A short radio-frequency (RF)
pulse, with a frequency near the Larmor frequency, is applied perpendicular to the
By direction. ‘The applied RF pulse flips the nuclei magnetic moments, resulting in
the emergence of a component of the magnetization vector in the x — y plane. This
precessing magnetization vector in the x — y plane induces a current which is what is
recorded as a time domain signal called the free induction decay (FID).
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Figure 3.5 (a) CH;3 decane peaks used for the construction of a calibration curve. (b) The
calibration curve.

Being a spectroscopy technique where energy is adsorbed from the RF radiation, the
signal intensity (adsorbed amount) is proportional to the concentration. NMR was
used in this thesis to quantify the lipid concentration of the samples. In order to
determine concentration by means of NMR, one needs to calibrate against a known
standard. The standard can be either internal or external. Using an internal standard
involves addition of a known amount of a certain substance to the samples whose con-
centration one wants to determine. An external standard of a known concentration
is used for construction of a calibration curve that is further used for the concen-
tration determination. In this thesis, a decane solution in a mixture of deuterated
chloroform and deuterated methanol (standing in 3/ volume ratio) was used as an
external standard. In Figure 3.5a the CHj3 peaks coming from a decane solutions at 5
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different concentrations are shown. The calibration curve, shown in Figure 3.5b, was
constructed by integrated the areas of all 5 CH3 peaks.

3.3 Cryogenic transmission electron microscopy

Cryogenic transmission electron microscopy (cryo - TEM) is an imaging technique
that allows nanometre resolution. This high resolution is possible due to the use of
an electron beam, with wavelengths smaller than a nanometre, rather than the visible
light, which allows resolution of only a couple of hundreds of nanometres.

In TEM, the sample is illuminated by the electron stream, and the transmitted elec-
trons are focused by a magnetic lens onto a detector®®. The specific feature of the
cryo - TEM technique is that it provides us with a snapshot of a dynamic system.
This is achieved by freezing the sample to cryogenic temperatures, usually lower than
140 K. This freezing at low temperature is sufficiently fast to prevent formation of ice
crystals®’.

3.4 Circular dichroism spectroscopy

Circular dichroism (CD) is a spectro-
scopic technique used for investigation
of the protein secondary and tertiary

a-helix
B-sheet
random coil

structure. It is a type of adsorption spec- oy
troscopy where a sample is illuminated o
by a circularly polarised light, right or

CD signal (a.u.)

left polarisations. In CD spectroscopy,
the difference in adsorption of the left

and the right polarised components is ,
. 200 250

measured®®. In order to have a differ- om)

ence in the adsorption of the left and the

right polarisation, the sample must con- . .
g P . ] p Figure 3.6 Anillustration of CD spectra when pro-

tain chiral-molecules, id esz, molecules +tein has a-helica (black), p-sheet (red) and random

whose mirror image is not identical to coil (blue) conformation.

the molecule itself. Amino acids are one

example of the chiral molecules.

The CD signal in a far-UV range (250 — 185 nm) depends on the protein secondary
structure and specific secondary structure motifs have different signals. Figure 3.6
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shows an illustration of the CD signals coming from proteins if having an o-helical,
[3-sheet or a random coil structure.

When adsorbed onto a lipid membrane, aSyn adopts an &-helical conformation and
CD spectra were therefore used as an indicator of aSyn adsorption onto lipid mem-
branes.

30



o-synuclein: amyloid fibrils
and interactions with lipid
membranes

"The cleverest of all, in my opinion, is the man who calls himself a fool at least once a

month.”
-Fyodor Mikhailovich Dostoevsky
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In this chapter we are discussing the results summarised in the 5 papers included in
this thesis. The discussion can be divided in 2 parts. In section 4.1 we are looking
at interaction between model lipid membranes and aSyn. We are investigating the
monomer adsorption onto model lipid membranes and the fibril formation in the
presence of lipid membranes. We study these interactions in simplified systems in
order to gain insight into the nature of both the biological function of aSyn and a
possible mechanism of cell death in PD, that is proposed to be membrane disruption
during aSyn fibril formation (Paper I and II). We are also discussing the possible co—
assembly formation when the fibrils are being formed in the presence of membranes
(Paper III). Section 4.2 contains analyses of aSyn fibril arrangements that resemble
the ones found in LBs, which are also included in Papers IV and V.

Before starting a discussion of the results, I would like to bring to the reader’s attention
that different solution conditions were used in different experiments. The solution
conditions, such as pH, are important due to the polarised charge distribution of aSyn
molecules, which has the consequence that aSyn behaves differently when the solution
pH is altered. For example, the process of aSyn aggregation at pH < 6 is dominated
by secondary nucleation, whereas at pH > 6 the fibril formation process is dominated
by elongation>®7°. At pH 5.5, aSyn fibrils aggregate further into dense, sedimenting,
clusters, whereas at pH 6 and higher, aSyn fibrils form a sample-spanning network”?.
The interaction with lipids has also been shown to be pH dependent 4467273, For
example, the presence of vesicles containing gangliosides has been shown to accel-
erate fibril formation at pH 5.5%¢ and to inhibit it at 7.573. In Papers I, IV and V
experiments were performed at pH 5.5, whereas in Papers II and III experiments were

performed at pH 6.0, 6.5, 7.0 and 7.4.

4.1 Part I: aSyn-membrane interactions and co—assembly
formation

Despite more than 30 years of research, the normal physiological functions of «-
synuclein remain obscure. However, some of the suggested roles are listed as follows.
It has been reported that at the presynaptic terminal aSyn interacts with numerous
proteins such as: Rab3, Synaptobrevin-2, Synapsin III, Vesicular-monoamine trans-
porter 2 (VMAT?2) and tyrosine hydroxylase”’%7>. Interactions with these proteins
are strongly suggesting a role at synapses. aSyn can induce membrane curvature”®”7,
bind fatty acids”®, and bears similarities with class A2 apolipoproteins, which sug-
gests a role in lipid metabolism. It has also been reported to influence phospholipid
79
n

composition’? and organise membrane components®. aSyn has further been demon-

strated to bind and regulate the activity of the dopamine transporter DAT 8! and to
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decrease dopamine synthesis”%7>. These findings taken together could suggest that
the dopaminergic system has a higher need for aSyn but also an increased susceptib-
ility to aSyn dysfunction. In pre—synaptic terminals aSyn facilitates the formation of
the soluble N—ethylmaleimidesensitive factor attachment protein receptor (SNARE)
complex, a protein complex that mediates membrane fusion between synaptic vesicles
and the synaptic terminal membrane38. The fusion of synaptic vesicles at the mem-
brane leads to neurotransmitter release into the synaptic cleft, meaning that aSyn
might be essential for normal neuronal signalling.

The formation of co—assemblies containing aSyn and lipids has been previously ob-
served in numerous studies where it has been established that lipids present during

47-51  However, it is

the fibril formation may be taken up in the fibrillar aggregates
still not known at which stage of the process the co—aggregates are forming, what is
the location of lipids in those co—aggregates and whether the association of lipids and
fibrils is internal, with lipids being incorporated in the fibril structure on a molecular

lever, or external, where bilayers or monolayers are adsorbed onto the fibril surface.

It has been proposed that the basis of the cell death in amyloidosis is a disruption of
cell membranes through interactions between amyloid proteins and membrane lip-
ids11-39-82:83 The membrane disruption and dysfunction of cell organelles, in partic-
ular mitochondria®4, lysosomes®> and Golgi apparatus®®, have been reported in PD
patients. Experiments both 77 vivo®7-#® and in vitro®>°° demonstrated the disruption
of neuronal cell membranes as a consequence of interaction with aSyn oligomers.
There have also been numerous experiments that looked into disruption of model
membranes upon interaction with aSyn 47495455 Different mechanisms of mem-
brane disruption have been proposed. One of the proposed mechanisms is the pore

formation and membrane thinning due to lipid extraction %7455,

4.1.1 POPC/POPS vesicles with adsorbed aSyn are stable structures and
the adsorbed amount depends on the membrane charge

As it has been suggested that the biological function of aSyn involves interaction of
aSyn monomers and synaptic vesicles, we investigated the adsorption of monomeric
aSyn onto lipid vesicles. The vesicles were composed of the combination of two unsat-
urated phospholipids, POPC and POPS. Interaction of monomeric aSyn and model
lipid membranes was investigated by means of CD spectroscopy, DLS and small-
angle X-ray scattering (SAXS). The experiments were performed using samples in
20 mM phosphate buffer at pH 7.0. The results discussed in this section are also
presented in Paper II.

When aSyn monomers are added to a vesicle dispersion, adsorption is immediate.
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Figure 4.1 (a) CD pattern for different L/P ratios when vesicles are composed of 30% PS at
asyn concentration of 7 xM. (b) Value of the CD signal at 222 nm vs. /P ratio when vesicles were
composed of 30 % (black) and 50 % (red) PS. (c) Comparison between CD profile for L/P=100 (red
squares) and linear combination, CD;¢ (blue squares) of CD profiles at /P = 0 (CDyp) and at L/P
= 1300 (CDy300) , given with equation CD;¢c = 0.74 CDg + 0.26 CD;30p.

Upon the adsorption, aSyn assumes an &—helical confirmation33. In Figure 4.1a we
are showing CD spectra of aSyn in the absence and presence of vesicles containing
30% of PS lipids. The characteristic CD spectra of an a—helix has a minimum at
A = 222 nm, as is illustrated in Figure 3.6. It is then evident that by increasing lipid
concentration the amount of «-helices formed is also increasing. The increase of the
amount of helices formed with increasing lipid concentration can be attributed to the
larger lipid area accessible to aSyn to bind to.

In order to follow the amount of formed o—helices we analysed the CD signal at
222 nm (Figure 4.1b) for samples of vesicles containing 30 % and 50 % of charged,
PS, lipids. In both cases, saturation level, which is determined by the highest possible
amount of «-helices formed, is the same. However, when vesicles are containing more
charged lipids, the saturation is reached at lower lipid to protein ratios. This can be
attributed to stronger Columb attraction between positively charged aSyn monomers
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Figure 4.2 (a) Hydrodynamic radius of vesicles in the absence (filled symbols) and presence
(open symbols) for L/P = 2.5 (red) and L/P = 25 (black). All experiments were performed at pH 7.0.
(b) Scattering profiles of aSyn monomers at 140 M protein concentration (black open squares),
pure vesicle dispersion at 42 mM lipid concentration (blue open squares) and sample containing
vesicles and aSyn at L/P = 300 (red open squares) at pH 7.0. The solid lines are representing models
fitted to the data. Debye model (black line) was used to model monomer scattering. The best
agreement with the data were for 7(0) = 0.02 cm~’ and R, = 4 nm. Guinier fit provided the
best agreement with the data for 7(0) = 0.9 cm~' in the case of vesicles (blue line), and for
1(0) = 1.1 cm~! in the case of sample containing protein and vesicles (red line).

and negative charges present on the vesicle surface, which further implies that the
adsorption is driven by electrostatic interactions.

It is also possible to reproduce the full CD spectrum by a linear combination of the
spectra at L/P=0 (only random coil) and at the plateau at high L/P (only &-helix). In
Figure 4.1c we show as an example curve of L/P=100 which is in very good agreement
with the linear combination of 26 % of «-helices and 76 % of random coils. That it is
possible to reproduce curve linear combination of random coils and «-helices formed
after saturation point means that there is no difference in o-helices formed at L/P
ratios before and above saturation point.

By means of DLS we can estimate the hydrodynamic radius of vesicles alone and
vesicles with adsorbed protein. The data are shown in Figure 4.2a where we see that
the adsorbed layer is ca. 2 nm thick. We can also conclude from this figure that in
the time period of 6 h, there are no further changes in the hydrodynamic radius of
vesicles coated with adsorbed protein.

We performed SAXS experiments on aSyn monomers, a pure vesicle dispersion and
a sample containing vesicles and protein. In Figure 4.2b we are showing data for L/P
= 300. According to the data shown in Figure 4.1b, we expect ca. 60% of aSyn
molecules to be bound to vesicles at this condition. In Figure 4.2b, we are including
the Debye model with Ry = 4 nm that was used to fit the monomer scattering, and
Guinier models with 7,(0) = 0.9cm ™! and Ry =~ 20nmand 1,,(0) = 1.1 cm ! and
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Ry = 20 nm used to model the scattering of the protein-free sample (subscript ») and
the sample containing protein and vesicles (subscript vp), respectively. The difference
in intensities at ¢ = 0is 41(0) = 1,,(0) — 1,(0) = 0.2 cm . We attribute this
excess scattering to the scattering of adsorbed aSyn monomers. We further conclude
that the adsorption of monomers has no observable effect on the vesicle form factor.
This implies that there is no observable deformation of the lipid vesicle, which is
supporting the idea of the vesicle stability.

Summary and conclusion

When aSyn monomers are mixed with POPC/POPS vesicles, aSyn adsorbs immedi-
ately onto the vesicle surface and adopts an o-helical conformation. The maximum
amount of o-helices is the same when vesicles contain 30 and 50 percent of charged,
POPS, lipids. The adsorbed aSyn layer is approximately 2 nm thick and the vesicles
coated with aSyn are stable structures.

4.1.2 Reversible lipid disc micelle deformation

2000m -~ |

(a) (b)

Figure 4.3 (a) The pure lipid disc micelle dispersion. (b) Micelles after addition of aSyn. White
arrows indicate elongated structures and yellow arrows indicate elongated structures whose
normal is not perpendicular to the plane of view.

We investigated how the fibril formation affects the integrity of lipid disc micelles by
means of cryo—TEM and SANS. The experiments were performed under conditions
where the kinetics of fibril formation is sufficiently fast to happen in an experimentally
accessible time frame. These conditions include slightly acidic pH of 5.5, a temperat-
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Figure 4.4 (a) Scattering profile of the pure lipid disc micelle dispersion (black open squares)
and the disc model that best fits the data (solid red line). As an inset we are showing an illustration
of a lipid disc micelle with R = 47 nm and # = 3.7 nm. With red colour we are illustrating lipid
chain region and with blue filled circles we are illustrating lipid head groups. (b) Scattering profile
of pure disc dispersion (filled black squares), the scattering profile of discs in the first 15 minutes
after addition of aSyn (open red squares) and the parallelepiped model used to fit the data (solid
red line). The best model was obtained for length of shorter edge « = 13 nm and length of
longer edge & = 550 nm, as illustrated in the inset.

ure of 37°C and the addition of pre—formed aSyn fibrils, so called—seeds. At pH 5.5,
secondary nucleation, id est nucleation of formation of new fibrils on the surface of
already formed fibrils, is a dominant process >, hence the addition of seeds accelerates
the fibril formation. The data presented in this section are also given in Paper II.

In Figure 4.3 we show cryo-TEM images of pure disc micelle dispersion and disc
that had just been mixed with aSyn. Prior to the addition of aSyn, disc micelles
were almost circular, as is shown in Figure 4.3a. However, as shown in Figure 4.3b,
addition of aSyn results in the remodelling of the disc micelles, which is concluded
from the drastic changes in the disc morphology where originally circular lipid disc
micelle assume highly elongated shape.

The SANS data are telling the same story. In Figure 4.4a we show the scattering
pattern of the disc micelle dispersion. The data were successfully fitted with a disc
model with length # = 3.7 nm, corresponding to the bilayer thickness, and radius
R = 47+ 14 nm, as is shown in inset of Figure 4.4a. The comparison of the scattering
profile of the pure disc dispersion and the scattering profile of discs 75 min after
incubation with aSyn is shown in Figure 4.4b. The difference in the profiles is evident
in the low g-region, where the power law dependence of 7(g) ~ q_2 , which fitted the
data for disc micelles alone, is changed to I(g) ~ ¢ /. The I(g) ~ ¢! is a scattering
signature of elongated structures, which is in agreement with what is seen in Figure
4.3b. The scattering profile obtained during the first 75 minutes of incubation was
fitted with a parallelepiped model that in Figure 4.4b is shown as a red solid line.
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An illustration of the parallelepiped is shown as an inset in the same figure. The
best agreement with the data was obtained for a very long parallelepiped with height
t = 3.7 nm, width 2 = 13 nm and length 4 = 550 nm.

Initially, disc micelles are circular objects composed of 2 regions: the flat part and the
curved rim. Due to the significant difference between these two parts, disc micelles
are often composed of two different molecules, one preferring the flat and the other
preferring the curved part. We believe that in the case of DMPC/DMPS lipids, it is
the charged, DMPS, lipid molecules that prefer to be located in the curved region due
to the electrostatic contribution to the monolayer spontaneous curvature®!. However,
there is an excess of DMPS lipids, which means that they also populate the flat part of
lipid disc micelles. As the curved are increases and the flat area decreases upon aSyn

adsorption, we conclude that aSyn has a preference to adsorb at the highly curved
rim.
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Figure 4.5 (a) Time resolved SANS profiles, (4) vs. g, plotted for a total time period of ca. 22
h. with a time resolution of 7 h. (b) Scattering profiles obtained at different time points (open
squares) were modelled as a superposition (solid lines) of scattering profile obtained during the
first 15 minutes after mixing and the pure disc dispersion. (c) The fraction of recovered circular
micelles versus time.

The time evolution of scattering profile is shown Figure 4.5a. The recovery to almost
initial shape is evident ca. 8 h of the incubation of aSyn and lipid disc micelles. Inter-
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(a) (b)

Figure 4.6 Cryo-TEM images taken: (a) 3 h after mixing, (b) 7 h after mixing and (c) 21 h after
mixing. White arrows indicate elongated structures, yellow arrows indicate structures whose
normal is not perpendicular to the plane of view, pink arrows indicate partially recovered struc-
tures, red arrows indicate recovered structures and black arrows indicate aSyn fibrils.

estingly, a linear combination of pure disc micelle scattering, 7, and micelle scattering
15 after mixing, which is approximated with parallelepiped scattering, Lyars is provid-
ing a good agreement with the data obtained after 30 min of incubation and at the
later time points. Some selected results of these analyses are shown in Figure 4.5b.
The solid lines in the Figure are calculated via the equation /(g) = &+ (1 — o)L,
where o is the fraction of circular disc micelles and (7 — ) is the fraction of elongated
micelles. In Figure 4.5¢c we have plotted the obtained « values as a function of time.
As can be seen, « reaches a steady state value of 0.7 after ca. 8 h, which means that 70
% of the micelles recover to their original circular shape and 30 % remain elongated.

The co—existence of recovered and remodelled micelles, which can be concluded from
the SANS analyses, was also confirmed by cryo—TEM imaging. In Figure 4.6 we
display images taken at different time points of incubation of aSyn and disc micelles.
It is evident from the figure that elongated and circular discs co—exist during the fibril
formation.

The recovery can be explained by desorption of aSyn monomers from the disc surface
and incorporation in the newly formed fibrils. The co—existence of elongated and
circular discs indicates a non-or-all type of behaviour and is consistent with recent
findings of highly cooperative adsorption 2.

Summary and conclusions

The conclusions from this work can be summarised in a cartoon presented in Figure
4.7. 'There we illustrate fast adsorption of aSyn monomers onto the lipid disc mi-
celles during which aSyn assumes o-helical conformation. Upon the adsorption, disc
micelles undergo through morphological changes from almost circular to the highly
elongated structures, which can be modelled as long parallelepipeds. The process of
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Figure 4.7 A schematic illustration of the main findings. Top: circular lipid disc micelles (blue)
are incubated with aSyn monomers (red). Bottom left: adsorption of aSyn monomers onto
disc micelles is a fast process that results in a formation of elongated structures that can be
approximated with parallelepipeds. Bottom right: aSyn desorption is a cooperative and slow
process that results in a recovery of discs to their original shape.

monomer desorption and their incorporation into the fibrils is a cooperative process,
which is more slow than the monomer adsorption. After all the monomers have been
desorbed from the surface of one disc, it recovers to its initial circular shape.

4.1.3  Fibril formation from the membrane’s perspective: vesicle fusion

As membrane disruption has been proposed to be one of the mechanisms of cell death
in PD, we looked at the end state of fibril formation when fibrils are formed in the
presence of lipid vesicles. Lipid vesicles were composed of a combination of two
phospholipids, zwitterionic POPC and anionic POPS, standing in POPC/POPS =
7/3 molar ratio and the samples were prepared at pH = 6.0, 6.5, 7.0 and 7.4 at L/P =
7.5. We performed cryo - TEM experiments and contrast matching SANS scattering
experiments using deuterated aSyn and protonated lipids in DO, which resulted in
contrast matching of the protein. Both experiments are indicative of vesicle fusion.
The data discussed in this section are also presented in Paper II.

From the analyses of the cryo - TEM data presented in Figure 4.8 we conclude that
the fibril formation in the presence of POPC/POPS vesicles results in an increase in
the vesicles size of ca. 3 fold. The SANS data shown in Figure 4.9 are confirming
the increase in the vesicle size observed by cryo - TEM, through the increment of the
scattering intensity for ¢ < 0.006 A~!. However, we are unable to make conclusions
about how much exactly has the size increased as we are lacking the Guinier regime
in the SANS data coming from samples containing vesicles in the presence of fibrils.

However, the conclusion that can be drawn from the SANS data are that the bilayer
concentration remains constant, which is concluded from the overlap of scattering
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Figure 4.8 pH=6.0: Cryo TEM image of pure vesicles dispersion at ¢; = 2.1 mM (a) and vesicles
in the presence of fibrils at L/P=7.5 (b). The scale bar corresponds to 100 nm. Size distribution of
vesicle diameter obtained from cryo-TEM images, in the case of pure vesicle dispersion (c) and
vesicles in the presence of fibrils (d). The red line is the fit by log-normal distribution.
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Figure 4.9 Comparison of scattering profiles of pure vesicle dispersion (black squares) and
vesicles in the presence of fibrils (red squares) at pH 6.0, measured at 20° C.

patterns at high ¢. The conserved concentration of the bilayer implies that there is

no observable extraction of lipids from the membrane, which is one of the proposed

mechanisms for membrane disruption.
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Summary and conclusion
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Figure 4.10 A schematic illustration of the fusion of POPC/POPS vesicles during aSyn fibril

formation. The vesicles coated with aSyn monomers are stable structures. However, fibril form-
ation can be induced by addition of seeds. Some time during the fibril formation, some of the

vesicles fuse together.
The observed scenario of the vesicle fusion is schematically illustrated in Figure 4.10
As was seen in section 4.1.1, vesicles with adsorbed aSyn monomers at pH 7.0 are

1.1,
stable structures. However, when the fibril formation is induced by addition of pre-

formed fibrils, some of the vesicles undergo a fusion event
How, when and why fusion events occur we are unable to tell based on the current
data. However, the vesicles observed at the later stage, id est, after the fibril formation
took place, appear to be stable, which means that the fusion events are already finished.
The fact that we only see increase for ca. factor of 3 and that we roughly reproduce
the vesicle size increase at 4 pHs investigated (the rest of the data shown in Paper
I1), indicates that fusion events are not taking place in the presence of mature fibrils,
but rather at early stages of the fibril formation. What we presume is that the vesicle
fusion happens during the desorption of monomers from the vesicle surface and their

incorporation inside fibrils.

4.1.4 Fibril formation from the protein’s perspective: no observable co—
assembly formation on the molecular length scale

Amyloid fibrils are long, unbranched structures with radius between 5 and 74 nm??
They are characterised by so—called cross—f3 structure, which involves 3—sheets that
run parallel to the fibril axis and (3-strands perpendicular to the axis. The B—sheets
are intermolecular and each monomer is composed of several (3-strands. The pro-
tein monomers are folded in 2D and then stacked in the third dimension, the fibril

direction.
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Figure 4.11 A PDB structure (6A6B) of aSyn fibrils obtained from cryo-EM analysis, reported
in94. The PDB structure includes only residues comprising fibril core (V37-Q99). The two proto-
filaments are shown in different colours.

aSyn fibril structure has been investigated by solid—state NMR (ss=NMR)?>?¢ and
cryo—TEM?%97:98  Al| of the structural models that reproduce the data show that
aSyn fibrils are composed of two intertwined protofilaments. Each protofilament is
forming one 3—sheet. It has also been shown that it is not the entire aSyn molecule
that assumes ordered structure and composes fibril core, but rather only the middle
62 residues (from 377 to 99”)%4, An X—ray scattering study performed by Pogostin
et al. showed that the radius of aSyn fibrils equals to 5.2 nm and that the higher
order arrangements of fibrils is pH dependent”!. In Figure 4.11 we are showing PDB
structure of aSyn fibrils taken from%4. The PDB structure shows only 62 residues that
are comprising the fibril core.

The data discussed in this section are also presented in Paper III. In this work, we
have investigated aSyn fibrils formed in the presence and absence of lipid membranes
by means of X-ray scattering. X-ray scattering experiments yield information about
both the cross—section dimension and the 3—strand repeat distance. The cross—section
dimension follows from the small-angle regime, whereas the 3—strand repeat distance
follows from the wide—angle regime. In order to address possible co—assembly forma-
tion, we investigated fibril cross—section dimension and cross—[3 structure when fibrils
were formed in the presence of model membranes. The model membranes were ves-
icles composed of POPC and POPS lipids, standing in molar ratio POPC/POPS =
7/3. Experiments were performed at pH 6.0, 6.5 and 7.0 at a protein concentration
of 280uM and varying lipid concentrations (the rest of the data is presented in Paper
1I1).

In Figure 4.12 we show the scattering profile of POPC/POPS vesicles. As the average
SLD of these vesicles is almost equal to that of water, the contribution to scattering
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Figure 4.12 Scattering profiles of fibrils formed in the absence of vesicles at a protein concen-
tration of 280 M at pH 6.0 (empty black squares), pure vesicles dispersion at pH 6.6 and at 2.1
mM lipid concentration (empty blue squares) and fibrils formed in the presence of vesicles at
pH 6.0 and L/P=7.5 (empty red squares) . The solid black line is the simulated scattering pattern
based on the cylinder model, the solid blue line is the simulated scattering pattern based on the
core—multi-shell model and solid red line is the best fit with the linear combination of the cylin-
der and core-multi-shell models. As an inset, the wide—angle diffraction pattern with a peak at
q = 1.3 A= is shown in the case of fibrils formed in the absence of lipids (black symbols) and
fibrils formed in the presence of lipids (red symbols).

at low g is negligible. The only contribution to the scattering profile is a broad max-
imum around ¢ = 0.15 A1, reporting on the SLD profile across the bilayer. As
the contribution to the scattering profile is from the bilayer, we modelled the ves-
icle scattering profile with a core—shell model (Eq: 3.15), composed of 3 shells: two
outer shells representing the head group layers and the inner shell representing the
acyl chain layer. The fit is shown as blue line in Figure 4.12.

Using the advantage that POPC/POPS vesicles are well matched in water when scat-
tering with X-rays, we compared scattering profiles of fibrils formed in the absence
and presence of lipid vesicles, as shown in Figure 4.12. Fibrils formed in the absence
of lipid vesicles were successfully fitted with the cylinder model (Eq. 3.14) with ra-
dius equal to 5.2 nm, in agreement with what has previously been reported in”?. The
scattering pattern of fibrils formed in the presence of vesicles can be compared to that
of the fibril formed in the pure buffer, apart from the additional broad hump around
q = 0.15A71. Asis seen in the scattering pattern of the vesicle dispersion, the hump
is a consequence of the lipid bilayer scattering.

The fitting of scattering profile of fibrils formed in the presence of lipids was success-
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fully performed with a linear combination of the cylinder model describing the fibrils
formed in the pure buffer and the core multi—shell model describing the lipid bilayer.
The model parameters correspond to ones used to model pure fibril and bilayer scatter-
ing. That the data were fitted with the linear combination of cylinder and core—shell
sphere implies that the cylinder cross—section and the bilayer dimensions are the same
as in the pure fibril and pure vesicle samples.

In the inset of Figure 4.12 we show the peak at ¢ = 1.3 A~/ which is a signature of
the cross-f3 structure. The peak is present both in fibrils formed in the absence and
the presence of vesicles, which implies that the (3-strand distance is unaffected by the
presence of lipids during fibril formation.

Summary and conclusions

Comparing SAXS patterns of aSyn fibrils formed in absence and presence of
POPC/POPS lipid vesicles does not reveal any difference in the fibril cross—section
size and shape. This further suggests that the presence of lipids during fibril forma-
tion does not lead to any significant unfolding or change in the packing of the protein
molecules in the fibrils. By comparing wide—angle patterns, we conclude that the 3—
strand repeat distance, 43 = 4.7 A, is unaffected by the presence of lipids during the
fibril formation. Both small and wide-angle data indicate that there is no observable
mixing of lipid and protein on the molecular length scale. We also conclude that there
is no impact on the are per lipid molecule in the bilayer membrane.
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4.2 Part II: Arrangements of colloidally unstable aSyn fibrils

The role of LBs in PD is not fully understood. Moreover, it has been proposed that LB
formation is not the cause of the disease, but rather a way to deposit damaged cellular
components and misfolded fibrils*®1%°. Nevertheless, it is crucial to understand LB
structure and pathways to LB formation, as it is well known that these inclusions are
present in brains of PD patients.

First ultrastructural characterisation of LBs was done by Duffy and Tennyson in 7965
using phase contrast and electron microscopy'°!. They studied /02 LBs and found
that they differ in morphology. The “simple LBs”, as they call them, are composed of
a dense core and less dense zone, whereas more complex LBs are multilamellar and
have outer zones of different densities. Both dense core and outer zone are composed
of filaments, which are radially oriented in the outer zone and more densely packed
in the dense core. The nature of these filaments remained a mystery for more than 30
years after the first characterisation of LBs. It was finally determined in 1998 that the
aggregated form of aSyn composes the filamentous structure in LBs2%?!. Apart from

22-24,101,102

aSy, LBs contain various lipids and cell organelles , that seem to be trapped

into clusters formed by aSyn fibrils.

4.2.1 Colloidally unstable aSyn fibrils are arranged into mass fractal
clusters

We have investigated the behaviour of aSyn fibrils formed at pH 5.5, close to their
isoelectric point (pI ~ 4.86%193). At these conditions, the fibrils are not sufficiently
charged to be colloidally stable and they aggregate further into dense clusters. We
investigated these clusters by means of the SANS technique. We performed SANS
measurements on /9 samples that are for simplicity numerically labelled and described
in the Table 4.1. There is a small difference in the sample preparation. Fibrils were
formed by incubating monomers obtained from SEC in a pure 70 mM MES buf-
fer (samples 7, 5 and 8) or in the presence of lipid vesicles (remaining 76 samples).
Samples /-4 were prepared using deuterated protein and sample 5-19 using proton-
ated protein. 2 min centrifugation at 6720 rcf was performed on samples /-4 and 15
min centrifugation at /5615 was performed 5 times on samples 8-79. The centrifu-
gations resulted in the formation of a dense pellet. After each centrifugation step, the
supernatant was separated from the pellet. The removal of the supernatant was done
in order to minimise the impact on the scattering profile from lipid molecules that
were not part of the aggregates and hence did not sediment during the centrifuga-
tions. Samples 5-7 were dialysed against 700 % DO buffer overnight with the aid of
a dialysis membrane having M,, cut of 3500 kDa. The data presented in this section
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are found in Paper IV.

In Figure 4.13 we show scattering profiles of all 79 samples. The results are strikingly
similar for all the samples investigated, regardless of sample preparation. All scattering
profiles are showing a simple power-law behaviour, 7(g) ~ g~%, where d can be con-
sidered as a fractal dimension of the clusters. The variation of the fractal dimensions
of all 79 samples is shown as an inset in Figure 4.13. The mean value of the fractal
dimension occurring in all 79 samples equals to 2.6 £ 0.3. The fractal dimension
in this range is indicative of mass fractals. Data shown in Figure 4.13 were recorded
using rotating sample cells to prevent macroscopic sedimentation.
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Figure 4.13 The scattering profiles of 79 samples presented on the absolute scale, normalised
by protein volume fraction. The samples containing lipids are represented with open symbols.
Samples -4 are shown in cyan, samples 5-7 are shown in blue and samples 8-79 are shown in
purple. Samples containing protein alone are represented with filled symbols. For comparison,
as ared line is shown a power law dependence of the scattering intensity on g-vector, with power
value equal to 2.6 4 0.3.

Three characteristic regimes are expected in the scattering profile of mass—fractal
clusters of hard rods if a wide enough g-range is covered in experiments!®. The
so-called Guinier regime is present at low g-values, id est for g < 1/R,. At interme-
diate g-values, for 7/ R, <g<1 /&, where & is the cluster mesh-size, the scattering
intensity takes a power law dependence on the scattering vector, /(g) ~ ¢~“. Finally,
for ¢ > 1/&, scattering intensity is the form factor of a rod, 7(g) ~ ¢~ 7. In our
data, we do not observe a Guinier regime, which implies that the clusters are too big
for the investigated g-range. We also do not observe /(¢) ~ g/, which implies that
the cluster mesh-size is too small, approximately of the same order as the fibril dia-
meter. For finite diameter rods there is in addition the Porod region at high g4 with
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Table 4.1  Summary of 79 samples investigated by SANS. The table shows the protein and lipid
concentration, lipid composition in the model membranes and the deuteration level of the buffer
used in the scattering experiment.

o Lipid o
Sample Protein isotope and . . .. .
number concentration Buffer composition Lipid composition protein .
molar ratio
1 d-aSyn, 110 xM 100 % H,O — —
2 d-aSyn, 110 M 100 % H,O DOPC/DOPS 1
3 d-aSyn, 110 M 100 % H,O DOPC/GM1 1
4 d-aSyn, 110 M 100 % H,O DOPC/GM3 1
5 h-aSyn, 140 M 100 % DO — —
6 h-aSyn, 140 M 100 % D,O DOPC/DOPS 0.4
7 h-aSyn, 140 xM 100 % D,O DOPC/GM1 0.4
8 h-aSyn, 140 xM 100 % DO — -
9 d-aSyn, 110 M 100 % H,O DMPC/DMPS 1
10 h-aSyn, 140 xM 100 % D,O DMPC/DMPS 5
11 h-aSyn, 140 xM 100 % D,O DMPC/DMPS 15
12 h-aSyn, 140 M 100 % D,O POPC/POPS 1
13 h—aSyn, 140 zM 100 % D,O POPC/POPS 2
14 h-aSyn, 140 xM 100 % D,O POPC/POPS 5
15 d-aSyn, 110 M 100 % H,O POPC/GM1 1
16 h-aSyn, 140 M 100 % D,O POPC/GM1 2
17 h—aSyn, 140 xM 100 % D,O POPC/GMI1 5
18 h-aSyn, 140 #M 100 % D,O POPC/GM3 1
19 h-aSyn, 140 xM 100 % D,O POPC/GM3 2

With the goal to better understand the fibril cluster organisation, we have construc-
ted models of fibril clusters, as described in section 3.1.3. In order to investigate
different cluster arrangements, we modelled clusters where each fibril is connected to
the previous one at a random monomer position and clusters where each fibril was
connected with its middle monomer to a randomly chosen monomer of the previous
fibril. We have also compared our models with a well-known model of freely—jointed
chain (FJC), where each fibril is connected end—to—end. The scattering of the FJC
corresponds to the scattering of a polymer chain, and as such is well described by the
Debye model given by Eq. 3.11. Comparisons between different calculated cluster
form factors is shown in Figure 4.14.

All three regimes expected for the scattering of a mass fractal are evident in Figure
4.14. By using the Beaucage model (Eq. 3.13) to fit the mass clusters where fibrils
were connected at random or middle positions, and the Debye model (Eq. 3.11) to fit
FJC clusters, we were able to deduce the fractal dimension and the radius of gyration of
these model clusters. In the case of randomly connected fibrils, the Beaucage model
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Figure 4.14 Comparisons between different calculated cluster form factors: (i) FJC model (blue
open squares), (i) random connection points (black open squares), and (iii) each fibril having one
connection point at the middle monomer (red open squares). The blue solid line in (i) correspond
to a model calculation using the Debye function (Eq. 3.11). The black and the red solid lines
correspond to model calculations using the Beaucage model (Eq. 3.13). R, decreases and 4
increases from (i) to (iii).

gives R, = 300 nm and 4 = 2.3. For clusters where fibrils are connected in the
middle, the best fit with the Beaucage model gives R, = 220 nm and 4 = 2.5. The
Guinier scaling factor was the same in both cases and equal to G = (N]%Nmm)2 =
1.6 10?, where Npp and N,y are total number of fibrils and monomers in the clusters,
respectively. Fitting FJC clusters with the Debye model gives R, = 808 nm. From the
analysis shown in Figure 4.14 it is obvious that by lowering the average “step—length”,
which in our case is the average separation between the two monomer positions within
a fibril that are shared with other fibrils, we are producing more densely packed clusters
described by higher 4 and lower R, values.

Summary and conclusions

aSyn fibrils formed at pH 5.5 aggregate further into dense fibril clusters that are prone
to sedimentation. This fibrillar arrangement is different from one that aSyn fibrils as-
sume at higher pH71. As the fibril clusters formed at pH 5.5 resemble the fibrillar
network seen in LBs, we analysed these cluster in more detail. The observed arrange-
ment can be explained by the presence of attractive interaction. The origin of these
attractive interactions is most likely hydrophobic, as the presence of extended hydro-

phobic cores has been reported in aSyn fibrils?497-105-106,

We learned that the clusters are arranged in mass fractals with fractal dimension of
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d = 2.6 £ 0.3 and that the fractal dimension is independent on differences in the
sample preparation. We also constructed a simple model of rigid-rod clusters to fur-
ther confirm the conclusion observed experimentally. The model, that can be regarded
as the extension of FJC model of flexible polymers, was able to reproduce the fractal
dimension observed experimentally.

4.2.2 Sedimentation of the fibril clusters influences the rate of fibril form-
ation

As discussed above, aSyn fibrils are not colloidally stable at pH 5.5, but aggregate
further into dense clusters that are prone to sedimentation. This has consequences for
fibril formation. At pH 5.5 secondary nucleation of fibrils is rapid and the domin-
ant nucleation mechanism?°. If samples are not stirred or rotated, formed fibrils are
sedimenting out of solution, reducing the available surface for the secondary nucle-
ation. This results in a significant reduction of the fibril formation rate, possibly even
a temporary termination. Thus, working at this pH requires well defined and strict
experimental protocols.

In Figure 4.15 we are demonstrating the influence of stirring during the fibril forma-
tion process on the amount of formed fibrils. In Figure 4.15a, we are showing photo-
graphs of samples containing aSyn fibrils and POPC/POPS vesicles. The samples are
milky and sedimenting and the amount of fibrils is significantly higher when stirring
was employed. In Figure 4.15b we show a dense pellet that is formed after centrifu-
gation of the samples.

We also performed SAXS experiments on the supernatants removed above the pellets
formed during centrifugation when the fibril formation was performed under quies-
cent and stirring conditions. The results shown in Figure 4.15¢ imply that there is pro-
tein present in the supernatant when there was no stirring applied. In the case where
the stirring was applied during the fibril formation, the supernatant is empty, which
means that most of aSyn monomers are incorporated in the fibrils. The SAXS data
from the supernatant removed from sample prepared under quiescent conditions was
fitted using the Debye form factor (Eq. 3.11) with R, = 3.5 nm and /(0) = 0.076
cm ™. The 7(0) = 0.076 cm™! corresponds to the scattering of aSyn monomers at
350 uM, which is higher than (280 M) the initial concentration of aSyn monomers
used in this experiment. This further implies that the supernatant contains particles
with higher molecular weight, dimer, trimer, etc.
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Figure 4.15 (a) The photographs taken of samples after the incubation period, when fibrils
were formed under quiescent conditions (left) and under stirring (right). The protein fibrils were
produced by incubating 280xM of aSyn monomers and vesicles composed of POPC/POPS lip-
ids, at lipid to protein ratio L/P=2.5. (b) The pellet formed during centrifugation when stirring
was introduced during fibril formation. (c) Scattering profiles of supernatants removed when
fibrils were formed under quiescent conditions (open red squares) and under stirring (open black
squares). Protein concentration equals to 280 x and L/P=2.5. Scattering profile of supernatant
removed from samples formed under quiescent conditions was fitted with Debye function with
1(0) = 0.76 cm? and R, = 3.5 nm.

Summary and conclusions

aSyn fibrils formed at pH 5.5 arrange into sedimenting fibril clusters. When stir-
ring is introduced during fibril formation, aggregation kinetics is significantly faster
compared to one occurring under quiescent conditions. We explain this observation
by loss of catalytic surface for the new fibrils to form. As the secondary nucleation
process is a dominant process at this pH ¢, the precipitation of fibrils has a big effect
on the kinetics of fibril formation.
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4.2.3 Lipids co-sediment with fibril clusters

22-24 101,

As LB are agglomerates, composed of various lipids and membrane organelles
102 seemingly trapped in the cluster of aSyn fibrils, it is highly likely that aSyn fibrils
trap other LB components while collapsing. As a way to address this possibility, we
made use of the sedimentation of aSyn clusters, invoking also centrifugation, and

investigated whether lipid vesicles are co-sedimenting with fibrils.
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Figure 4.16 Fractions of lipids sedimenting relative to the initial lipid amount for different lipid
systems. Pink colour is representing DMPC/DMPS lipids, green colour is representing POPC/POPS
lipids, blue colour is representing POPC/GM1 lipids and purple colour is representing POPC/GM3
lipids. ASyn concentration was equal to 280xM and lipid to protein ratio was equal to 2.5. (a)
Fibrils were formed under quiescent conditions. (b) Fibrils were formed under stirring.

In Figure 4.16 we show results of the NMR experiments performed in order to meas-
ure lipid concentration in supernatants. As can be seen, lipids sediment together with
aSyn fibrils. However, the amount of sedimenting lipids is not reproducible.

We were also looking into ratio of charged/neutral lipids that are sedimenting and
found that the percentage of gangliosides sedimenting is higher than the percentage
of POPC lipids when vesicles were composed of 90 % POPC lipids and 710 % gan-
gliosides. We found that ca. 35 % of total POPC lipids is sedimenting, and 60 % of
total gangliosides. The observed selectivity implies existence of attractive interactions
between membranes and fibrils.

Summary and conclusions

When aSyn fibrils are formed in the presence of lipid membranes at pH 5.5, the
sedimentation of dense fibril clusters also results in the sedimentation of lipids. How-
ever, we are not able to say whether the co-sedimentation is due to attractive fibril-
membrane interactions or if the membranes are trapped in the sedimenting network
of aSyn fibrils, or if it is interplay between the two.
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Epilogue
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In this thesis we have studied the interactions between model lipid membranes and
monomers and fibrils of the protein &-Synuclein (aSyn), that is associated with Par-
kinson’s disease. The main results have been summarised and discussed above. Obvi-
ously, much more work is needed in order to fully understand these very important
systems. Below I suggest some further work that possibly can build on the results,
conclusions and ideas of this work.

1. As our studies presented in Paper II and III are limited to a particular lipid
system, it would be useful to extended the studies to other lipid systems in
order to address the question of generality or possible selectivity. The additional
experiments that could be performed are quantitative analyses of monomer
adsorption and vesicle stability, as well as the investigation of the possible effect
that presence of lipids during fibril formation has on the fibril structure.

2. We observed fusion of lipid vesicles at the course of fibril formation. However,
we are unable to say when, how and why fusion events occur. In order to
answer these questions, we need to perform time resolved experiments using
different techniques. Some of the techniques that could be used to gain insight
in the fusion events are time resolved contrast matching SANS experiments,
where we would match the protein and follow changes in vesicle scattering
profile, similar to what we did with disc micelles in Paper I. One may also
consider time resolved NMR, for example 31D or ’"H NMR relaxation, which
can provide information on the vesicle size. Also time resolved diffusion NMR
could be useful to follow possible changes in vesicle size and/or interactions
with fibrils. Furthermore, time resolved imaging techniques, for example cryo

— TEM, could also be used.

3. In Papers IV and V we made a first attempt to address the formation of Lewy
bodies from the point of view of attractive aSyn fibril-fibril interactions. Is a
mildly acidic pH involved, or are there other factors in vivo that can induce ef-
fectively attractive interactions? For example, by altering the molecular packing
in the aSyn fibrils, making them increasingly hydrophobic. Thus, it could be
important to investigate in more detail the aSyn fibril structure under different
conditions.
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Part I

Overarching question: What is the nature of the interaction between monomeric
aSyn and lipid membranes and does the fibril formation in the presence of lipid mem-
branes lead to a protein-lipid co-assembly formation and membrane disruption?

An illustration of a vesicle (blue) covered with aSyn monomers (red) that assume an o«-helical
conformation upon the adsorption on the vesicle surface.
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