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Chapter 1
Introduction

1.1 Alpha synuclein and Parkinson’s disease

Alpha-synuclein (aS) is a 140-amino acid, intrinsically disordered protein encoded
by a single gene located on chromosome 4 [1, 2]. It was first described as a neuron-
specific protein whose gene is expressed only in neuronal tissue [3]. Almost 10
years later, aS got attention as a protein linked to familial cases of Parkinson's
disease [4]. Together with Alzheimer’s disease, Parkinson’s disease (PD) is one of
the most common neurodegenerative disorders; it affects more than 1% of the
population older than 65 [5]. Neurodegenerative disorders are usually characterized
by the loss of structure and functionality of neurons [6]. The prevalence of
neurodegenerative diseases is growing with a rapidly aging population. PD
manifests with movement disorders such as resting tremor, muscular rigidity,
bradykinesia, and postural instability. For these symptoms usually the term
Parkinsonism is used. Besides motor symptoms, patients may suffer from cognitive
impairment, depression, olfactory deficits, psychosis, and sleeping problems [7-
10].

The main problem of finding cures for PD is that the symptoms only manifest
when already 80% of dopaminergic neurons in the substantia nigra pars compacta
are lost in the midbrain [11, 12]. Besides the substantia nigra other regions of the
brain such as the basal ganglia, brainstem, autonomic nervous system and cerebral
cortex are affected. Between 10-20% of all PD patients have a hereditary form of
the disease with a reported family disease history [13]. In the last 20 years 5
different missense mutations in addition to gene multiplication of aS have been
linked to PD: A53T [14], A30P [15], E46K [16], H50Q [17, 18] and G51D [19,
20]. On the cellular and tissue levels PD is characterized by the presence of Lewy
bodies (LB) and neurites (LN). These inclusion bodies contain proteins aggregated
into amyloid fibrils. In LB and LN the protein alpha-synuclein (aS) is the main
fibrillar component.
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1.2 Properties of alpha-synuclein

From the soluble cytosolic brain fraction, it was estimated that aS comprises 1% of
the total cellular protein content [21]. Although there are several physiological
roles proposed for oS, including a function in the release and trafficking of
synaptic vesicles, lipid binding, regulation of certain proteins and survival of
neurons, the exact role of aS is still not known. The protein consists of a positively
charged N-terminal region (residues 1-60) containing KTKEGV repeats, a
hydrophobic NAC region (residues 61-95) and a negatively charged C-terminal
region (residues 96-140) (See Figure 1.1). The N-terminal region has an
apolipoprotein lipid-binding motif and this motif can result in the formation of
amphiphilic a-helices that play a role in membrane binding [22, 23]. The NAC
region has been identified to have a role in aggregation and formation of amyloid
fibrils [21]. The occurrence of a 12 amino acid sequence in the NAC region
(between positions 71-82) has been reported to play a role in oligomerization and
formation of amyloid fibrils [24].

| HRLIN | |
‘ N-terminal part NAC-region J_ C-terminal part J

1-60 AA 61-95AA 96-140 AA

Figure 1.1: Schematic representation of alpha-synuclein amino acid sequence together with
familiar point mutations of PD

Aggregation is the key process where the aS protein loses its putative function and
gains toxicity [21-24]. The aggregation of aS starts from intrinsically disordered
monomers, which self-assemble and form dimers and then possibly with the help
of additional factors convert to (on- and off-pathway) oligomers [25-27], which
may assemble into fibrils (Figure 1.2) [28]. The aggregated proteins in the fibrils
have a characteristic B-sheet conformation and are packed perpendicular to the
fiber axis [29]. Although earlier studies assumed fibrils to be toxic, currently it is
suggested that oligomers are the main toxic species involved in the cell death of
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dopaminergic neurons [30-36]. In the research presented in this thesis I will focus
on aS oligomers. Using different methods and analytical techniques I have studied
their interactions with membrane systems and have tried to answer the main
research question: how do the various oligomers bind and permeabilize
membranes. The mechanism of these interactions is still an open question and in
this thesis I will focus on model membranes in order to get mechanistic

§e

fibril

understanding of binding and permeabilization.
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oligomer oxic species?

Figure 1.2: Schematic representation of aggregation process of aS
1.3 Oligomeric alpha-synuclein

The current literature proposes oligomers to be the toxic species involved in the
neuronal cell death in PD [30-33, 35, 36]. In vitro studies showed that it is possible
to make stable and/or toxic oligomers under different conditions incubating aS in:
a) high concentrations (mM range) [37, 38] or with: b) metal ions (Cu®", Fe’*, Fe*",
Ni*", Mg**, Cd*, Zn*", Co**, Ca®") [39-46], ¢) dopamine [32, 47, 48], and d) lipid
peroxidation products (acrolein, 4-oxo-2-nonenal (ONE) and hydroxynonenal
(HNE)) [34, 49, 50]. Together these studies underline the significance of soluble
oS oligomers as the toxic species in PD.

1.4 Formation and characterization of oligomeric alpha-
synuclein

In my thesis I have explored different ways to form and characterize oligomers,
based on approaches already described in the literature.



Chapter 1

1.4.1 High concentration-induced oligomers

Duplications and triplications of SNCA can lead to more severe form of PD [51,
52]. Literature data also suggested that overexpressed wt aS can be toxic [53-55],
in addition to the disease mutants. It was shown in vitro that monomeric aS in
higher concentration (in mM range) could form oligomers [37, 38]. Some of these
oligomeric species are defined to have ~30 monomers, which was characterized by
single molecule photobleaching [56], while some other authors found that
oligomers consist of 20-26 monomers [57], and SAXS data analysis suggested that
oligomers consist of 30 monomers [58].

1.4.2 Metal ion-induced oligomers

Iron deposits have been found in substantia nigra of postmortem PD patients [59],
and increased levels of copper ions have been found in cerebrospinal fluid of PD
patients [60]. /n vivo studies on neuroblastoma cell lines showed that oligomers in
the presence of 100 uM Cu”" decreased cell viability to < 50% [61], while Fe** ions
increased vulnerability of BE-M17 cells [43]. Metal ions can cause oxidative stress
and enhance the fibrillation rate of aS in vitro. It was shown that iron can simulate
aggregation of WT, A30P and AS53T oS mutants [43]. The size of spherical and
annular metal-induced oligomers has been characterized and varies between 0.8
and 4 nm for Cu®*, Fe*" and Ni*" up to 70 and 90 nm for Ca*" induced oligomers
[46]. During fibril formations, 70-90% of Cu®" is incorporated into fibrils via a
defined primary binding site at His-50 on N-terminus [62]. Recently, two more
binding domains for Cu(I)/Ag(I) ions on aS on positions 1-5 and 116-127
associated with methionine were confirmed by CD and NMR spectroscopy [42].

1.4.3 Dopamine-induced oligomers

In PD, oxidation of dopamine is one of the possible causes of cell death. Oxidation
of dopamine gives an excessive production of semiquinones, H,O, and 'HO
radicals. In vivo studies have shown that aS is the negative regulator of dopamine
neurotransmission [63, 64]. Mosharev et al. [65] confirmed that increased levels of
dopamine (and its metabolic products) and Ca*" ions in dopaminergic neurons that
are overexpressing aS are selectively neurotoxic for these neurons. Furthermore,
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dopamine can accelerate oligomerization of aS in intracellular vesicles, but not in
the cytosol, and cause the secretion of oligomers in the extracellular matrix [66].
On the molecular level, dopamine covalently modifies aS in 1:1 ratio through
lysines present in the aS sequence [67, 68]. In the presence of dopamine, aS forms
stable oligomers, which do not fall apart in the presence of SDS and do not convert
into fibrils after 6 days [32]. Electron microscopy studies showed that dopamine-
induced oligomers vary in size and shapes [32]. Other studies on dopamine-
induced oligomers have shown that the oxidation of all four aS methionine
residues is the essential step in the formation of soluble aS SDS resistant soluble
oligomers [47]. Mutation of methionines to alanines resulted in the formation of
non-SDS resistant oligomers [47]. Recently two oligomerization mechanisms
which may occur in dopamine/Cu induced oligomers were proposed: 1) by
noncovalent/reversibly covalent cross-linking or 2) via formation of free radicals
[69].

1.4.4 HNE/ONE-induced oligomers

An increased presence of reactive oxygen species (ROS) in neurons can initiate the
peroxidation of polyunsaturated fatty acids (PUFA). The main degradation
products of lipid peroxidation in the cell are aldehydes (4-hydroxy-2-nonenal
(HNE), 4-oxo-2-nonenal (ONE), acrolein). At physiological conditions, HNE is
present in concentrations of approximately 0.1 pM [70-72]. However, this
concentration can increase during oxidative stress. A 10-200 fold increase of HNE
concentration has been reported to cause inhibition of DNA and protein synthesis
[73]. Close to peroxidated membranes the concentration of lipid peroxidation
products can be enhanced more than 1000 fold. This increase leads to unspecific
cell death and inhibition of catabolic (e.g. mitochondrial respiratory chain
reactions) and anabolic (e.g. DNA or protein synthesis) metabolic reactions in the
cells [74]. It has been shown that the concentration of HNE in isolated microsomal
lipid bilayers can be up to ~5 mM and at such high concentrations HNE targets
membrane proteins [75, 76]. Lipid peroxidation products are known to be efficient
protein modifiers [50, 73, 77]. They can cause oxidative modification of proteins
by reacting with histidine and lysine, which than can further accelerate crosslinking
of aS with other proteins [50, 73]. A recent study [78] on HNE-induced oligomers
has shown that they are toxic to dopaminergic neuronal cells.
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Oligomers produced in the presence of the lipid peroxidation product ONE are
approximately 2000 kDa, 40-80 nm wide and 6-8 nm high and rich in B-sheet
structure [49]. ONE-induced oligomers have been reported to be a highly soluble
and stable species that do not convert into fibrils [34, 49]. HNE-induced oligomers
are reported to be 100200 nm in width and 2—4 nm high [49]. Beside inducing
oligomerization of aS [79], HNE can lead to oligomerization of other proteins such
as light chains of immunoglobulin (Ig) [80] and AP [81]. HNE- and ONE-induced
aS oligomers showed toxicity on SH-SY5Y cells [49]. Liquid chromatography-
tandem MS analysis showed that the primary binding site for these molecules is
position His50 [82].

Over the last 10-15 years, oligomeric species described above have been produced
and characterized in vitro. Their toxicity has been tested on different cell model
systems to shed light on molecular species causing cell death in PD. In these
studies, cellular membranes have been indicated as major sites for oligomer-
induced damage. Our goal here is to better understand which membranes are
targeted by aS oligomers and how these oligomers cause membrane damage.

1.5 Alpha-synuclein membrane interactions

To gain a clearer picture on the interaction between membranes and oS monomers
or oligomers, many studies have made use of in vitro model membrane systems.
Model membranes, such as lipid vesicles, mimic lipid membranes of cells and
organelles. Early studies on the colocalization of aS with synaptic vesicles led to
the suggestion that aS can interact with lipids [21]. Others [83] showed that aS also
binds to model membranes and suggested that aS-membrane interactions have an
important physiological and pathological role.

As mentioned before, the N-terminal part of aS plays a crucial role in membrane
binding [22, 23]. In solution the monomeric intrinsically disordered protein oS has
no secondary structure [84], but upon binding to phospholipid membranes and
detergent micelles the protein adopts an a-helical conformation [22, 37, 85-88].
Circular dichroism (CD) experiments show that the a-helical content upon binding
to membranes increases from 3 to 80% [85]. According to the literature 41% of the
aS protein becomes a-helical when bound to sodium dodecyl sulfate (SDS)
micelles [89], while upon the binding to 1,2-dioleoylphosphatidylglycerol (DOPG):
1,2-dipalmitoylphosphatidylglycerol (DPPG) (DOPG:DPPGQG) vesicles, 61% of the

protein adopts a-helical structure [90]. Additionally, binding of monomers to
6
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membranes has been characterized using various other biophysical techniques such
as fluorescence correlation spectroscopy (FCS) [91-93], fluorescence anisotropy
[88], fluorescence recovery after photobleaching (FRAP) [94] and electron
paramagnetic resonance spectroscopy (EPR) [86]. These and many other studies
showed that the binding of aS to membranes strongly depends on the presence of
negatively charged lipids [84, 85, 91-93, 95, 96]. The amount of protein bound to
lipid membranes depends on the available binding sites and the fraction of
negatively charged lipids in the lipid mixture [91, 95]. There is still a dispute on the
binding of aS to neutral membranes and although some authors claim that there is
no binding [85, 97], other reports do not support these results [91, 98]. It has been
suggested that zwitterionic PE together with negatively charged PS enhances oS
membrane interactions in brain lipid extracts [83]. In model membranes aS shows
a higher affinity for PA and PI than for PS membranes [83, 91, 93, 98].
Oligomer-induced membrane permeabilization. Monomers and oligomers both
show a high affinity for negatively charged membranes. However, monomers and
oligomers differ structurally and only a small fraction of the monomers in the
oligomers adopt an a-helical conformation upon binding to membranes [37].
Moreover while oligomers permeabilize negatively charged membranes at
relatively low concentrations (equivalent monomer concentration) [37, 99-101],
monomer binding leaves the bilayers intact at these concentrations. Although much
is known about the binding of oligomers to negatively charged model membranes
[37, 38, 99, 101-103], still little is known on how oligomers interact with
membranes containing physiologically relevant fractions of negatively charged
lipids.

1.6 Scope of this thesis

There are two hypotheses on how oligomers induce membrane permeabilization:
the amyloid pore and the carpet hypothesis. The first proposes that aS oligomers
can permeabilize membranes and form trans-membrane pores that disturb the Ca**
signaling pathways in the cells [104-106]. Although some groups confirmed the
existence of pore-like structures by AFM [107, 108], it is still not clear if oligomers
form true annular pores in membranes or that the interaction causes defects at the
protein lipid interface or alternatively leads to membrane thinning. The carpet
hypothesis suggests that oligomer-induced membrane damage occurs due to strong

interactions between the oligomer/monomer amyloid protein and the membrane.
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These interactions lead to accelerated fibrillization and the growth of lipid-protein
aggregates on the membrane [109]. Uptake of the lipids from the membrane by the
lipid-protein aggregates causes membrane damage [109, 110].
Our goal here is to gain insights into the details of the mechanism of aS oligomer-
membrane interactions and to answer the following questions:

1. How do different oligomers bind and permeabilize physiologically relevant
lipid membranes?

2. Based on model membrane systems, which cellular membranes are most
likely involved in oligomer-induced leakage?

3. How do oligomers of the different disease-related mutants (E46K, A53T,
A30P, H50Q, G51D) affect membrane integrity in comparison to WT
oligomers?

4. How can we characterize different oligomers?

5. Upon the addition of oligomers, what is happening with the membrane: (1)
membrane permeabilization or (2) lipid rearrangement? Do aS oligomers
induce fusion/clustering of the vesicles? Is this physiologically relevant?
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Chapter 2
aS oligomer binding to bilayers with increasingly complex
lipid compositions

2.1 Abstract

Membranes are considered a major site at which a-synuclein oligomers cause
damage in Parkinson’s disecase. However, not all biological membranes are
damaged by oligomer-membrane interactions. An important parameter defining
whether certain membranes are affected is the binding affinity of the oligomers to
the relevant membrane. In order to explain damage to specific membranes in more
detail we qualitatively investigated how membrane binding of aS oligomers
depends on the lipid composition and overall membrane charge of membranes with
more than two components. Cholesterol does not prevent the binding of oligomers
to membranes but makes them less vulnerable to permeabilization. With
increasingly complex lipid compositions oS oligomer binding decreases. We
conclude that, as observed for 2-component membranes, the membranes with a
more complex lipid composition should contain at least 20% negatively charged
lipids to bind oS oligomers.

2.2 Introduction

Although the exact function of the protein a-synuclein (aS) is still under
investigation, it has become apparent over the years that membrane binding is an
important aspect of aS function. Some early studies on aS from Torpedo
Californica demonstrated aS to be localized in close proximity of the nuclear
membrane [1]. Others studies showed that oS is associated with synaptic
membranes and suggested that a fraction of the cellular aS pool binds to these
membranes [2, 3]. Additionally aS has been found near presynaptic terminals [4]
and is reported to interact with plasma membranes [S] and mitochondrial
membranes [6, 7]. Together these studies indicate that aS likely has a membrane-
associated function.
The ability of aS to bind membranes is thought to contribute to cell death in PD.
Binding of amyloidogenic proteins, such as oS, to membranes can cause
permeabilization of the bilayers, which is toxic for cells [8]. Besides binding to
15
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membranes, aS can self-assembly into oligomers and amyloid fibrils. Oligomeric
aS is thought to be the main toxic species that causes membrane damage in PD.
Mitochondrial membranes have been indicated as the site of aS oligomer-induced
damage [7, 9, 10]. It has also been reported that the plasma membrane can be a
target of aS oligomer-induced permeabilization [11].

The different membrane systems in cells differ in lipid and protein composition.
Additionally, the inner and outer membrane leaflets in cells are asymmetric in lipid
composition. The inner leaflet of the plasma membrane is mainly composed of the
phospholipids PS, PG, PI, PA and PE, while the outer leaflet contains the
zwitterionic phospholipid PC and sphingolipid sphingomyelin [12]. The lipids
found in synaptic vesicle membranes are mainly phospholipids (PC, PE, PS, PI),
sphingolipids (sphingomyelin) and sterols (cholesterol) [12-14]. The weight ratio
between total phospholipid and cholesterol concentration in synaptic vesicles is 1:1
[14]. The mitochondrial membrane is the only membrane that contains cardiolipin
[15]. Cardiolipin is mainly localized in the inner mitochondrial membrane and in
contact sites. Nuclear membranes are rich in PI; the PI content of this membrane
amounts to 15% of the total phospholipids [14]. These differences in lipid
composition of the membranes of cellular compartments most likely influences aS
oligomer localization and thus determines which membranes are damaged by
oligomers.

The first study of aS binding to membranes, done on model membranes more than
15 years ago [16], showed that monomeric aS preferentially binds to negatively
charged membranes. Electrostatic interactions represent the first step in binding of
monomeric aS to membranes [17]. Monomeric aS binds to negatively charged
membranes by folding into an amphipathic alpha-helix. The binding of aS to
negatively charged lipids is mediated by lysines present in the N-terminal part of
the protein [18]. Oligomeric aS species seem to have a similar preference for the
negatively charged bilayers [19-22]. Increasing the fraction of negatively charged
lipids in vesicle membranes encourages the binding of oS monomers [23, 24] and
oligomers [20]. Binding of monomeric and oligomeric aS to charged phospholipids
not only depends on charge but also on other headgroup characteristics (e.g. aS
binds with higher affinity to membranes that contain PS headgroup with
polyunsaturated fatty acyl chain rather than with the oleoyl side chain); it decreases
in the order PA>PI>PS [20, 24-28]. A study with GUVs showed that oligomers
show higher binding affinity to POPC:DOPA and POPC:POPG mixtures than to
POPC:POPS, which suggested a specificity for lipid headgroups in membrane

16



oS oligomer binding to bilayers with increasingly complex lipid compositions

binding [20]. Besides charge density, and possibly headgroup specificity, lipid
packing affects aS binding. Confocal microscopy on negatively charged GUVs
showed that monomeric aS preferentially binds to liquid disordered phases (14)
over liquid ordered (1,) ones [24].

However, model membranes composed of one or two lipid species are not
representative for the complex lipid compositions found in cells. Little is known on
the binding of aS oligomers to natural membranes, and subsequent membrane
permeabilization. In this chapter, I will therefore study the binding of aS oligomers
to GUVs with an increasingly complex lipid composition. The results obtained here
will enable us to choose relevant model systems that mimic membranes found in
cells. These specific membrane compositions would be further used for more
detailed study.

2.3 Materials and Methods

2.3.1 Expression and purification of a-synuclein

Expression and purification of human wild-type (WT) aS and the cysteine (Cys)
mutant aS-A140C was performed as previously described [29]. The protein
concentration was determined by measuring the absorbance on a Shimadzu
spectrophotometer at 276 nm, using molar extinction coefficients of 5600 M"'cm™
for WT and 5745 M em™ for A140C [30, 31].

2.3.2 Labeling of alpha-synuclein

The cysteine mutant aS-A140C was used for labeling the protein with an Alexa
Fluor 488 C5 maleimide dye (A488), which was obtained from Invitrogen
(Carlsbad, California). Prior to labeling a six-fold molar excess of dithiothreitol
(DTT) was added to aS-A140C to reduce disulfide bonds. After 30 minutes of
incubation, DTT was removed using Zeba Spin desalting columns, and a two-fold
excess of A488 was added. After 1 hour incubation, excess of free dye was
removed using two desalting steps. To determine the protein and A488
concentration the absorbance at 276 nm was measured assuming a molar extinction
coefficient of 5745 M cm™ for the protein and at 495 nm using a molar extinction
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coefficient of 72000 M cm™ for the dye. The labeling efficiency was estimated to
be between 90-100 %.

2.3.3 Preparation of labeled aS oligomers

Briefly, oligomers were obtained by incubating oS monomers at high
concentrations (I mM) in the absence of any additional factors [19]. Alexa 488
labeled oligomers with 7.5 % labeling density, achieved by mixing appropriate
quantities of labeled and unlabeled protein, were prepared for membrane binding
studies by confocal microscopy. Oligomers were purified and separated from
monomers using size-exclusion chromatography. To confirm the presence of
oligomers a native PAGE gradient gel was used with a polyacrylamide gradient
between 3 and 16%. Monomers could not be detected in the oligomer preparation.

2.3.4 Qualitative oligomer binding assay

Giant unilamellar vesicles (GUVs) were prepared as previously described by
Angelova [32] and Stockl [33] on indium tin oxide (ITO) covered glass slides. 1%
DOPE-Rhodamine was included in the lipid mixtures to facilitate visualization of
the lipid bilayer. Electroswelling of GUVs was done using a constant frequency of
10 Hz and increasing the voltage from 0.1 to 1.1 V during 48 minutes. This voltage
was held for another 100 min. To separate GUVs from the ITOs slides, a voltage of
1.3 V was applied using frequency of 4 Hz for 30 min. Vesicles were stored at 4°C
and used within one week after preparation.

GUVs were equilibrated with fluorescently-labeled oligomers for 30 minutes
before imaging. In all experiments DOPG vesicles were used as a positive control
for binding of oligomers to membranes. Binding of fluorescently-labeled oS
oligomers to GUV membranes was assessed using the green 488 nm imaging
channel of a confocal Zeiss LSM 510 microscope. Imaging conditions (objective
63X, pixel dwell, pinhole size, image size, digital offset and digital gain) were the
same for both red (543 nm) and green (488 nm) channel. However, the master gain
of the green (488 nm) channel is different and is given for each specific type of
GUVs in Table 2.1.
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Table 2.1: Master gain for the green (488 nm) channel according to the type of membrane that

was imaged
Lipid Master  gain
for the 488 nm
channel

DOPG 1087
DOPG:DPPG 794
DOPG:DPPG:ch 930
DOPG:DPPG:sm:ch 919
DOPA:sm:ch 769
POPG:sm:ch 931
POPS:sm:ch 1087

CL:POPC 794
CL:POPE:POPC 1087
CL:POPE:POPC 1100
CL:soyPI:POPE:POPC 1100

CL:brain PE 1100
POPC:DOPA 1087

POPS:ch 1087

brain PS:brain PE 1087

brain PS:brain PE:ch 1087

2.4 Results

2.4.1 The effect of cholesterol and sphingomyelin on aS oligomer
binding in the presence of negatively charged lipids

aS oligomers are reported to bind to bilayers composed of negatively charged
phospholipids [19]. When fluorescently labeled GUVs composed of the negatively
charged phospholipid DOPG are incubated with labeled oligomers we indeed
observe colocalization of these oligomers with the GUV membrane (Figure 2.1A).
The fluorescence signal from oligomers, visible in the green channel, shows that in
excess of oligomers, not all oligomers are bound to the lipid bilayer. Oligomers are
also found in both the vesicle interior and in the exterior solution. This suggests
that oligomers are, at some point, able to penetrate the bilayer. In DOPG both the
fatty acid chains contain an unsaturation which may render the bilayers particularly
vulnerable to oligomer-induced membrane damage and subsequent diffusion of the
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oligomers through the membrane. Decreasing the amount of unsaturated lipids by
replacing half of the unsaturated lipids with saturated DPPG does not change the
result. Oligomers are able to bind DOPG:DPPG membranes and the presence of
oligomers in the vesicle interior again suggest that they can diffuse over the
DOPG:DPPG membrane (Figure 2.1B). Cholesterol (ch) plays an important role in
maintaining the structural integrity of membranes. When cholesterol was added to
a DOPG:DPPG mixture, oligomers were still able to bind the membrane (Figure
2.1C). The increased structural integrity resulting from the incorporation of
cholesterol has decreased vulnerability of the membrane to oligomer-induced
disruption. Besides phospholipids and sterols, sphingolipids such as sphingomyelin
(sm) are important membrane building blocks. Sphingomyelin has a high phase
transition temperature and interacts with cholesterol. These properties are thought
to be responsible for the formation of more ordered microdomains, also called
rafts, in the membrane. This phase separation in microdomains is not visible in
GUVs composed of a 1:1:1:1 ratio of DOPG:DPPG:ch:sm (Figure 2.1D). The
DOPE-Rhodamine in the bilayer has a preference for disordered phases and the
equal distribution of DOPE-Rhodamine over the vesicle surface suggests that the
membrane does not phase separate on length scales visible with confocal
microscopy. Although the surface charge density of the bilayer has decreased with
the incorporation of sm, this does not appear to interfere with oligomer binding.
The fluorescence signal from the oligomers is found to colocalize with the
membrane fluorescence. As observed for DOPG:DOPC:ch GUVs the vesicle
interior and exterior of the DOPG:DOPC:ch:sm vesicles do not contain equal
amounts of oligomers (Figure 2.1D). The interaction between sm and ch and the
possible formation of small domains has not decreased the structural integrity of
the membrane. Oligomers can bind but cannot pass the DOPG:DOPC:ch:sm
bilayer.
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Figure 2.1: Representative confocal microscopy images of DOPE-Rhodamine labeled GUVs
negatively charged phospholipid(s) (red channel) and oS wt-140C-A488 oligomers (green
channel). A) DOPG, B) DOPG:DPPG (1:1), C), DOPG:DPPG:ch (1:1:1) and D) DOPG:DPPG:ch:sm
(1:1:1:1). Imaging conditions of the red (543 nm) and the green (488 nm) channel were the same for
all the images, except the master gain of the green channel which is given in Table 2.1. Scale bar
corresponds 5 pm.
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2.4.2 The effect of lipid headgroup on oligomer binding

Besides the different lipid species that are present in physiological membranes
there is also a variation in the composition of a single lipid species. The different
headgroups found in phospholipids is an example of this variation. The headgroups
of naturally occurring phospholipids are either negatively charged or zwitterionic.
The phospholipids PS, PG, PA and PI have a negatively charged headgroup and are
common in biological membranes. In order to determine the influence of
negatively-charged lipid headgroups on aS oligomer membrane binding we have
investigated the effect of different negatively charged headgroups in lipid bilayers
containing cholesterol and sphingomyelin (Figure 2.2). We have used three
different lipid compositions: DOPA:ch:sm (1:1:1), POPG:ch:sm (1:1:1) and
POPS:ch:sm (1:1:1). The distribution of DOPE-Rhodamine in the DOPA:ch:sm
(1:1:1) lipid vesicles shows that this membrane phase separates (Figure 2.2A).
When aS oligomers were added in excess to these membranes, oligomers tended to
bind to both the disordered and ordered lipid domains. However, the higher
fluorescence intensity in the green channel indicates more aS oligomers are bound
to the disordered domains which also favor DOPE-Rhodamine localization (Figure
2.2A). POPG:ch:sm membranes do not show signs of phase separation (Figure
2.2B). Moreover, when the oligomers were incubated with POPG:ch:sm GUVs, no
oligomer binding could be observed. Images of DOPE-Rhodamine in POPS:ch:sm
GUVs do not show any phase separation or oligomer binding (Figure 2C). From
this experiment we conclude that the binding of oligomers to membranes that
contain negatively charged lipids, sphingomyelin and cholesterol does not depend
only on the charge of the lipids or the charge density of the membrane. Vesicles
containing DOPA bind oligomers, while no association of oligomers with vesicles
containing POPG or POPS is observed. This may indicate that oligomers
preferentially bind PA. We cannot however exclude that the observed effect is due
to differences in packing of the lipids, since the used hydrophobic tails (fatty acids)
DO versus PO of the phospholipids were different during these experiments.
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Figure 2.2: Representative confocal microscopy images of DOPE-Rhodamine labeled GUVs
that contain sm, ch and negatively charged phospholipids (red channel) and oS wt-140C-A488
oligomers (green channel). The following mixtures were used: A) DOPA:sm:ch, B) POPG:ch:sm
and C) POPS:ch:sm, where the binding was only observed with DOPA:sm:ch. Scale bar indicates 5
pm.

2.4.3 The effect of Cardiolipin on aS oligomer binding

In eukaryotic cells, mitochondrial membranes, especially the inner mitochondrial
membrane and mitochondrial contact sites, are very rich in cardiolipin, a negatively
charged diphosphatidylglycerol. Cardiolipin represents 20% of the total lipid
composition of the mitochondrial inner membrane, while in mitochondrial contact
sites that percentage is somewhat higher and lies between 20 and 25%. In
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Figure 2.3: Representative confocal microscopy images of DOPE-Rhodamine labeled GUVs
that contain CL (red channel) and oS wt-140C-A488 oligomers (green channel). oS shows higher
affinity to these membranes that contain higher percentage of negatively charged CL: A) CL:POPC
(1:1), B) CL:POPE:POPC (33:25:42), C) CL:POPE:POPC (14:36:50) and D) CL:soy PI:POPE:POPC
(17:17:25:41). Scale bar indicates 5 pm.
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order to test the binding of oligomeric aS to a model system that is closer to the
lipid composition of mitochondrial membranes, GUVs composed of CL and
zwitterionic POPC are tested (Figure 2.3A). Oligomers are observed to bind to
CL:POPC vesicles. The presence of oligomers in the vesicle interior suggest that
they can diffuse through the CL:POPC membrane. CL has apparently made the
membrane more permeable to oligomers, which is in agreement with the literature
[19]. Decreasing the amount of CL in the membrane to 33% and introducing the
unsaturated phosphatidylethanolamine POPE gives similar binding of oligomers as
CL:POPC membranes (Figure 2.3B). When the amount of CL is further decreased
(< 15%) oligomers are not able to bind to the CL:POPE:POPC membranes
anymore (Figure 2.3C). Oligomers are not able to bind to membranes that contain
<20% CL, but they can also not diffuse through this membrane. Here the charge of
CL plays an important role in oligomer binding, since CL caries double negative
charge. Another important negatively charged lipid in the mitochondrial membrane
is PI. However when the negative charge of the membranes is increased by
introducing soy PI, negligible effect on oligomer binding is observed. For lipid
bilayers composed of CL:soy PI:POPE:POPC 17:17:15:41 no colocalization of
oligomers with the vesicle membrane can be seen (Figure 2.3D).

2.4.4 The effect of brain lipids on oligomers binding

In order to further assess the effect of an increase of the complexity of the
membranes, phospholipids derived from brain lipid extract were included in the
lipid mixture. The brain derived extract contains phospholipids consisting of a
certain headgroup and a variety of fatty acid tails. We imaged the binding of
oligomers to membranes that contain at least one type of brain lipids. Vesicles
formed from CL and brain PE in a 4:3 ratio bind oligomers. The presence of almost
60 % of double negatively charged CL made the membrane more vulnerable to
permeabilization by oligomers resulting in the presence of oligomers in the interior
of the vesicles (Figure 2.4A). When we exchanged CL with negatively charged
brain PS and increase the fraction of charged lipids to 90 %, we have observed a
similar effect upon incubation with oligomers (Figure 2.4B). Oligomers tend to
colocalize on the GUVs composed of brain PS:brain PE (9:1) which possibly
results in membrane permeabilization. The plasma membrane is reported to be one
of the possible sites of aS oligomer-induced permeabilization. In order to examine
the binding of aS to a model system mimicking the plasma membrane inner leaflet,
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GUVs composed of brain PS:brain PE:ch were made (Figure 2.4C). Upon the
incubation with oligomers, we observe weak binding to these PS:brain PE:ch
membranes. We also observed that not all brain PS:brain PE:ch bound oligomers;
~50 % of brain PS:brain PE:ch bound oligomers. Based on confocal microscopy
images it is hard to judge if the oligomers are localized on both inner and outer
solution of the membranes. This can be attributed to the complexity of the
membranes. A more quantitative analysis of the permeabilization of these
membranes will be given in Chapter 3.

Figure 2.4: Representative confocal microscopy images of DOPE-Rhodamine labeled GUVs
composed of at least one brain lipid (red channel) and oS wt-140C-A488 oligomers (green
channel). Binding of aS oligomers to A) CL:brain PE (4:3) B) brain PS:brain PE (9:1) and C) brain
PS:brain PE:ch (2:5:3) is depicted. The scale bar indicates 5 pm.
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2.5 Discussion

aS oligomers preferentially bind negatively charged membranes [20, 21, 34-36]. It
has also been reported that, in excess, aS oligomers do not only bind but can also
cause permeabilization of such membranes [19, 36]. When oligomers were
incubated with negatively charged vesicles (DOPG and DOPG:DPPG), we
observed that oligomers can indeed permeabilize these membranes. This
permeabilization is detected by oligomer fluorescence from the vesicle interior.
The permeabilization of DOPG membranes by oligomers agrees with a previously
published report [37]. When cholesterol was added to vesicles that contain
negatively-charged DOPG:DPPG lipids we still observe that the fluorescence
signal from the oligomers is colocalized with the membrane fluorescence. Model
membranes composed of zwitterionic lipids and cholesterol bind aS with less
affinity than membranes that contain only negatively-charged lipids [28]. The
membranes that we have tested and that contain at least 25% DOPG bind
oligomers. Both sphingomyelin and cholesterol are known to stabilize membranes
[38, 39], which agrees with our observation that the oligomers cannot cross
membranes with a more physiological ch and sm content.

To test the effect of the negatively charged phospholipid headgroup (DOPA,
POPS, POPG) on oligomer binding, GUV's were prepared of these phospholipids in
combination with sphingomyelin and cholesterol. In these experiments we
observed that oligomers only bind to DOPA:ch:sm GUVs. Binding of oligomers to
membranes is apparently not only dependent on the bilayer charge. Others
observed that aS monomers have a 60 times higher affinity for PA membranes
compared to PS and PG membranes [27], and this specificity for the PA headgroup
was also suggested for oligomer binding [20]. However, from our results we cannot
conclude which factor plays a more important role in a membrane binding -the
binding to DOPC:ch:sm membranes can either be due to headgroup specificity or
packing of the lipids in the membrane.

Because the mitochondrial inner membrane and the plasma membrane inner leaflet
are proposed sites of oligomer-induced damage [11, 40-42] in PD, we wanted to
further study complex membranes that bind oligomers and mimic the composition
of these membranes in the next chapters. Binding studies have shown that oS
interacts with the mitochondrial inner membrane [15], probably due to the high
content of the negatively charged lipid CL. Under physiological conditions, aS is

mainly localized in mitochondrial inner membrane [6, 43], although some other
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authors claim that aS is present in the outer membrane of mitochondria [9]. We
confirmed the possible binding of aS oligomers to the inner mitochondrial
membrane in a model system consisting of CL:POPE:POPC (33:25:42) (Figure
2.3B). Binding of aS to CL-containing vesicles does not occur only based on
charge. When half or the CL was replaced by the negatively charged phospholipid
PI only a minor fraction of the oligomers was observed to bind to the mitochondrial
model membrane system. Because we observed a clear binding of oligomers to
CL:POPE:POPC (33:25:42) membranes using confocal microscopy, this model
system that mimics the mitochondrial inner membrane was chosen for performing
the further binding and permeabilization studies. This will be described in more
detail in the next chapters of the thesis.

Because aS is an intracellular protein we decided to mimic the inner leaflet of the
plasma membrane and study oligomer binding to GUVs composed of brain
PS:brain PE:ch. This model membrane is chosen because not much data is
available on aS oligomer binding to these membranes made of physiologically
relevant lipids. Moreover most studies on model plasma membranes do not take
into the account the asymmetry between the membranes [16]. Others have shown
that upon internalization, aS colocalizes with the inner leaflet of the plasma
membrane [40]. We show that oligomers bind to brain PS:brain PE:ch membranes.
However in order to confirm if the oligomers are inside the vesicles by
permeabilizing these physiologically relevant membranes a more detailed analysis
will have to be done in the future. A possible experiment for the future could be to
add a membrane-impermeable quencher (DPX) to the solution after the addition
and incubation of fluorescently-labeled oligomers. The quencher molecule should
then effectively quench fluorophores in the exterior solution and on the membrane,
but should leave those on oligomers inside the vesicles unaffected.
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Table 2.2: Summarized data on binding of oligomeric aS to GUVs of different lipid

compositions.

Lipid ratio binding experiments

DOPG 1 + n=14,N=1

DOPG:DPPG 1:1 + n=15N=1
DOPG:DPPG:ch 1:1:1 + n=10,N=1
DOPG:DPPG:sm:ch 1:1:1:1 + n=15N=1

DOPA:sm:ch 1:1:1 + n=13,N=1
POPG:sm:ch 1:1:1 - n=10,N=1
POPS:sm:ch 1:1:1 - n=12,N=1
CL:POPC 1:1 + n=20,N=2
CL:POPE:POPC 33:25:42: + n=30,N=3
CL:POPE:POPC 14:36:50 - n=10,N=1

CL:soyPI:POPE:POPC 17:17:25:41 - n=11,N=1
CL:brain PE 4:3 + n=29,N=4
POPC:DOPA 1:1 + n=100,N=9
POPS:ch 5:1 + n=29,N=3
brain PS:brain PE 9:1 + n=15N=1
brain PS:brain PE:ch 2:5:3 + n=35N=4

binding — binding to oligomers is qualitatively represented as follows:

+ means that oligomers bind to these types of vesicles

— means no binding of oligomers to the vesicles

experiments- number of experiments is performed for the given lipid mixture:
n represents number of imaged vesicles

N represents on how many different days the experiment was repeated
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Chapter 3
Alpha-synuclein oligomers distinctively permeabilize
complex model membranes

3.1 Abstract

Alpha-synuclein oligomers are increasingly considered to be responsible for the
death of dopaminergic neurons in Parkinson’s disease. The toxicity mechanism of
alpha-synuclein oligomers likely involves membrane permeabilization. Even
though it is well established that alpha-synuclein oligomers bind and permeabilize
vesicles composed of negatively charged lipids, little attention has been given to
the interaction of oligomers with bilayers of physiologically relevant lipid
compositions. We investigated the interaction of alpha-synuclein with bilayers
composed of lipid mixtures that mimic those of plasma and mitochondrial
membranes. Here we show that monomeric and oligomeric alpha-synuclein bind to
these membranes. The resulting membrane leakage differs from what is observed
for simple artificial model bilayers. While the addition of oligomers to negatively
charged lipid vesicles displays fast content release in a bulk permeabilization assay,
adding oligomers to vesicles with compositions mimicking mitochondrial
membranes shows a much slower loss of content. Oligomers are not able to induce
leakage in the artificial plasma membranes even after long-term incubation.
Circular dichroism experiments indicate that binding to lipid bilayers initially
induces conformational changes in both oligomeric and monomeric alpha-
synuclein, that show little change upon long-term incubation of oligomers with
membranes. Our results show that the mitochondrial model membranes are more
vulnerable to permeabilization by oligomers than model plasma membranes
reconstituted from brain-derived lipids; this preference may imply that increasingly
complex membrane components, such as those in the plasma membrane mimic
used here, are less vulnerable to damage by oligomers.

*Parts of this chapter are published in: Stefanovic, A. N., Stockl, M. T., Claessens, M. M. A. E. &
Subramaniam, V. (2014) alpha-Synuclein oligomers distinctively permeabilize complex model
membranes, FEBS J. 281, 2838-50. 33
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3.2 Introduction

Parkinson’s disease (PD) is one of the most common human neurodegenerative
diseases, involving the progressive loss of dopaminergic neurons in the substantia
nigra in the midbrain [1]. The appearance of Lewy bodies (LB) is characteristic of
the pathology of PD. The main component of these LBs is the protein alpha-
synuclein (aS), which is present as amyloid fibrils. aS is a 140 amino acid
intrinsically disordered protein of as yet unknown function. In PD, aggregation of
aS causes the protein to lose its putative function and gain toxicity [2-8] (Figure
3.1.A). oS consists of a positively charged N-terminal region (residues 1-60)
containing imperfect KTKEGYV repeats, a hydrophobic NAC region (residues 61-
95) and a negatively charged C-terminal region (residues 96-140). For membrane
binding the N-terminal part of aS plays a key role. Upon binding to phospholipid
membranes the protein adopts an a-helical structure [9]. Interactions of monomeric
aS with lipid vesicles of different compositions and size have been studied [10-15].
Current thinking suggests that intermediate species in the fibril formation pathway
of aS are the toxic species involved in cell death in PD [4, 16-18]. In spite of
structural differences between aS oligomers and monomers, they both show high
affinity for negatively charged membranes. We have previously shown that
oligomer binding induces leakage of artificial negatively charged lipid vesicles.
Although several studies [19-21] have shown that isolated oligomers can decrease
the integrity of simple negatively charged lipid vesicles, little is known on how
these species bind and permeabilize natural membranes. Mitochondrial damage has
been observed in PD and mitochondrial membranes are therefore thought to be a
likely target for oligomer-induced damage [22-24]. Mitochondrial membranes are
enriched in cardiolipin [25], a unique negatively charged diphosphatidylglycerol
lipid (Figure 3.1.B). Monomeric aS shows a high binding affinity to cardiolipin-
containing membranes [26, 27]. Quantitative correlation between oS in
mitochondria and cytosol confirmed that monomeric oS interacts with
mitochondrial membranes [28]. Moreover, it has been reported that aS is present
on mitochondrial membranes in functional dopaminergic neurons of the substantia
nigra [29, 30], where, at physiological concentrations aS is mainly localized at the
mitochondrial inner membrane and only a small fraction is found at the outer
membrane [28, 31] (Figure 3.1.B). However, a contrasting report suggests aS is
localized in the outer mitochondrial membrane [23]. Mitochondria of dopaminergic
neurons in brains of PD patients contain a higher concentration of aS than normal
34
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brains [32]. A recent study has suggested that WT aS is mainly localized in
mitochondria-associated endoplasmic reticulum (ER) membranes and modulates
the morphology of mitochondria [33]. Besides these membranes, the plasma
membrane has been indicated as a site of oligomer-induced damage. Upon
internalization, aS colocalizes with the inner leaflet of the plasma membrane [34,
35]. In a yeast model it was found that aS binds to plasma membranes [36].
Finally, a recent report suggests that aS can interact with lipids in the plasma
membrane increasing the membrane permeability as a potential mechanism of

53

extracellular neurotoxicity [37].
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Figure 3.1: (A) Schematic aggregation pathway of aS and (B) schematic of interaction of aS
monomers and oligomers with membranes.

In the present study, we investigate the binding of specific, well-characterized,
oligomeric aS species to lipid membranes made of physiologically relevant
mitochondrial and plasma membrane lipid mixtures. We show that these oligomers

cause slow permeabilization of mitochondrial inner membrane mimics, whereas
35
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they bind to, but could not induce leakage in, plasma membrane inner leaflet model
systems.

3.3 Materials and methods

3.3.1 Expression and purification of aS

Expression and purification of human wild-type (WT) aS and the cysteine (cys)
mutant aS-A140C, where alanine at position 140 was replaced with a cysteine, was
done as previously described [38]. The protein concentration was determined by
measuring the absorbance on a Shimadzu spectrophotometer at 276 nm, using
molar extinction coefficients of 5600 M'cm™ for wt and 5745 M'em™ for A140C
[39, 40]. The protein was stored at -80°C until further use.

3.3.2 Labeling of aS

The cys mutant aS-A140C was used for labeling the protein with an Alexa Fluor
488 C5 maleimide dye (A488) (Invitrogen, Carlsbad, CA, USA). Prior to labeling,
a six-fold molar excess of dithiothreitol (DTT) was added to aS-A140C to reduce
disulfide bonds. After 30 minutes of incubation, DTT was removed using Zeba
Spin desalting columns (Pierce, Rockford, IL, USA), and a two-fold excess of
A488 was added. After 1 hour incubation, excess of free dye was removed using
two desalting steps. The labeling efficiency was estimated to be between 90-100%
from absorption spectra. To determine the protein and A488 concentration the
absorbance at 276 nm was measured using a molar extinction coefficient of 5745
M™' em™ for the protein and at 495 nm using a molar extinction coefficient of
72000 M cm™ for the dye.

3.3.3 Preparation of unlabeled and labeled aS oligomers

Briefly, oligomers were obtained by incubating aS at high concentrations in the
absence of additional factors [19]. Alexa 488 labeled oligomers with 7.5 % labeling
density, achieved by mixing appropriate quantities of labeled protein (aS-A140C)
with unlabeled protein (WT), were prepared for membrane binding studies by
confocal microscopy. Oligomers were purified and separated from monomers using
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size-exclusion chromatography on a Superdex™ 200 10/300 GL column (GE
Healthcare Bio-Sciences AB, Uppsala, Sweden). Separation of oligomers from
monomers is based on size, where larger particles (oligomers) elute first. To
confirm the presence of oligomers a native PAGE gradient gel was used [19] with a
polyacrylamide gradient between 3 and 16%. We have previously demonstrated
that oligomers prepared in this manner are composed of ~ 30 monomers, and are
stable [40]. Monomers could not be detected in the oligomer preparation (data not
shown).

3.3.4 LUVs preparation and calcein release assay

All lipids were purchased from Avanti Polar Lipids (Alabaster, AL, USA). In the
experiments the following lipids were used: 1-Palmitoyl-2-
oleoylphosphatidylcholine (POPC), 1,2-dioleoylphosphatidylglycerol (DOPG), 1-
Palmitoyl-2-oleoylphosphatidylethanolamine  (POPE), 1'3"-bis[1,2-dioleoyl-sn-
glycero-3-phospho]-sn-glycerol (18:1 Cardiolipin, CL), porcine brain L-a-
phosphatidylserine (Brain PS), porcine brain L-a-phosphatidylethanolamine (Brain
PE) and cholesterol (ch).
To mimic the lipid composition of neuronal plasma membranes we used mixtures
of brain PS:brain PE:cholesterol in a molar ratio of 2:5:3, which corresponds to
20% of negatively charged lipids. However, no elaborative data of brain lipid
composition are available. The neuronal membrane has approximately 10%
negatively charged lipids, mainly PS, while the main components of these
membranes are neutral PC and PE phospholipids [41]. However, this estimation of
the lipid composition does not take into account asymmetry between the inner and
outer leaflets of the membrane [42]. Because aS is an intracellular protein, we
chose to the mimic the inner leaflet of the plasma membrane, which is enriched in
PS. aS has also been implicated in interactions with mitochondrial membranes.
Literature data suggests that aS preferentially binds to the mitochondrial inner
membrane [25]. To mimic the mitochondrial inner membrane we used a lipid
composition that contains CL:POPE:POPC in a molar ratio 4:3:5 [25].
Specific lipid compositions were prepared by mixing 650 pM of lipids in
chloroform. The solvent was removed by drying under nitrogen flow. The resulting
lipid films were then hydrated for 1 hour using 50 mM calcein, 10 mM HEPES (4-
(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid), 60 mM NaCl to obtain an
osmolality (Cryoscopic osmometer, Gonotec, Berlin, Germany) of 320 mOsm/kg.
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The sample was then subjected to 5 freeze-thaw cycles using liquid nitrogen and a
water bath. The temperature of the water bath was kept above the transition
temperature of the lipid mixture. The solution was subsequently extruded 11 times
through 100 nm pore size filters (Whatman, Maidstone, UK) and finally
unencapsulated calcein was removed using PD-10 columns filled with Sephadex
G-100 (GE Healthcare Bio-Sciences AB, Uppsala, Sweden).

Long-term calcein release kinetics of the model membranes was followed on a
Varian Cary Eclipse fluorometer (Varian Inc., Palo Alto, CA, USA). We used lipid
concentrations of 40 uM. The emission intensity was recorded at 515 nm for
excitation at 495 nm. TritonX (0.5%) was added to completely lyse the vesicles.
All the data points were normalized using the intensity after TritonX treatment as
100 % leakage.

3.3.5 Semi-quantitative oS monomer and oligomer binding assay

Giant unilamellar vesicles (GUVs) were prepared in sucrose solution as previously
described by Angelova [43]. The sucrose concentration was equiosmolar to the
10mM HEPES, 150mM NaCl solution in which the proteins were dissolved. 1%
DOPE-Rhodamine was included in the previously mentioned lipid mixtures to
facilitate visualization of the lipid membrane.

GUVs mimicking natural lipid compositions were equilibrated with fluorescently
labeled oligomers for 30 minutes before imaging. DOPG vesicles were used as a
positive control for binding of monomers and oligomers to membranes.

We used the ImageJ (NIH, Bethesda, MD, USA) script plot profile to extract semi-
quantitative fluorescence values reporting on the binding of monomers and
oligomers to membranes. The amount of aS bound to GUV membranes was
estimated from the peak values of the Alexa 488 intensity profiles and averaged for
at least 15 vesicles on five random cross sections using the same imaging settings
(master gain, digital offset and laser power).

3.3.6 SUVs preparation and binding of aS oligomers to SUVs

Lipid mixtures that contain 3.8 mM of lipids in chloroform were prepared. After
removing traces of chloroform a thin lipid film was dissolved in 10 mM K-
phosphate buffer. SUVs were prepared from this solution by sonicating for half an

hour using a tip sonicator (Labsonic, Branson Ultrasonics, Danbury, CT, USA) at
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maximum amplitude on ice. Binding-induced conformational changes of
oligomeric and monomeric alpha-synuclein were investigated using CD
spectroscopy [44]. Both protein and lipids samples were prepared in 10 mM K-
phosphate buffer. Spectra were recorded from 190 to 260 nm with a step size of 0.2
nm in 1 mm quartz cuvettes. Monomer and oligomer concentrations were 16 uM
and 10 uM of equivalent monomer concentration respectively, keeping the lipid to
protein ratio 260:1 for oligomer binding to SUVs and 170:1 for monomers binding
to SUVs. A lipid concentration of 2.72 mM gave us the above-mentioned lipid to
protein ratio. These ratios were chosen to obtain complete binding of the protein
[42, 45]. Mean residue ellipticities (MRE, deg dmol” ¢cm?) were calculated using
Equation 1, where ¢ is the protein concentration, / is the pathlength cuvette and
M resiaues 1S the number of residues (amino acids).

recorded value — buffer value

MRE =
><10><C(M)

(1

I(Cm) X nresidum
In principle the MRE at any wavelength is a combination of a-helical structure, -
sheet and random coil content of the sample [46]. The o-helical content was
estimated by measuring the CD signal at 222 nm; at this wavelength the
contribution of random coil structure is relatively small [47].
At 222 nm the a-helical content was obtained using Equations 2-4:
Yhelicity = G2 =0 109 ()

helix — coil
where 0« and 0,5 could be calculated:
6., =640—45x.9 (3)

2.5

Bpie = —40000 % (1 - —j +100x 9 4)
n

®,, is the measured mean residue ellipticity at 222 nm, Op.x and 0., are mean
residue ellipticities at 222 nm of idealized a-helix and random coil proteins, n=140
amino acids, and 9 is temperature in °C.
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3.4 Results

3.4.1 Binding of aS monomers to bilayers that mimic lipid composition
of natural membranes

Electrostatic interactions play a key role in binding of monomers to negatively
charged membranes. Membrane binding of monomers is mainly associated with
positive charges on the N-terminal part of the protein [15]. Upon binding to
negatively charged lipid bilayers, monomers adopt an amphipathic a-helical
structure. Fluorescently labeled monomers colocalize with the control DOPG
vesicles (Figure 3.2.A) and with GUVs composed of both the plasma and
mitochondrial membrane mimicking lipid mixtures (Figure 3.2.B and 3.2.C).
Analysis of the Alexa 488-fluorescence intensity at GUV membranes showed that
the highest amount of monomers was bound at DOPG membranes (Figure 3.2.D).
Surprisingly not all brain PS:brain PE:ch vesicles bound monomers, with ~ 50% of
the vesicles not showing any colocalization of labeled monomers and GUVs. It
should be noted that in Figure 3.2.D only vesicles that bind aS were taken into

account.
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Figure 3.2: Representative confocal microscopy images of DOPE-Rhodamine labeled GUVs
(red channel) and oS wt-140C-A488 monomers (green channel). Binding of aS monomers to A)
DOPG, B) CL:POPE:POPC (4:3:5), C) Brain PS:brain PE:cholesterol (2:5:3) membranes is depicted.
D) Quantitative analysis of fluorescently labeled aS bound to vesicles (n = 15). The error bars
represent standard deviation. The scale bars indicate 5 um.
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CD spectroscopy was used to assess whether binding of monomers to vesicles of
all lipid compositions resulted in conformational changes in the protein. Monomers
in solution showed CD spectra typical for an intrinsically disordered protein with a
negative peak at 198 nm. As previously reported, a-synuclein monomers form an
a-helix upon binding to SUVs [42, 45]. Upon binding membranes mimicking
plasma or mitochondrial lipid compositions, monomers adopt an a-helical structure
that is characterized by two negative bands at 208 and 222 nm in the CD spectrum.
The a-helical content of the protein upon binding was estimated from the MRE at
222 nm as explained in the Materials and Methods section below. Binding of
monomers to control DOPG vesicles resulted in an a-helical content of 65.141.2
%. Monomers binding to CL:POPE:POPC membranes or membranes composed of
brain PS:brain PE:cholesterol adopted a comparable amount of a-helix (59.0+0.4
% and 61.1+£0.3 % respectively) (Figure 3.3).
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Figure 3.3: Circular dichroism measurements of conformational changes of aS monomers (- - -)
upon binding to membranes. A) Binding of oS to DOPG (- - —), CL:POPE:POPC (--+) and brain
PS:brain PE:ch (— —) vesicles showed increase of a-helical content. There is no change in a-helical
content of aS monomers bound to brain PS:brain PE:ch vesicles with time when comparing CD
spectra 10 minutes (——)after binding or after 20h of incubation (—). B) Percentage of a-helix formed
for oS monomers bound to vesicles with the lipid compositions tested above. Data are the average of
3 different measurements. Error bars represent standard deviations.
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The similarity of the CD spectra suggests that aS monomers were fully bound and
in a predominantly a-helical conformation at saturating lipid concentrations for all
types of natural membranes tested. There were no changes in a-helical content of
aS monomers bound to brain PS:brain PE:ch vesicles when comparing CD spectra
immediately after binding or after 20h of incubation (Figure 3.3.A). CD data
points below 205 nm were not taken into account because of the high noise, likely
due to a presence of some other organic compounds in the lipid mixtures of brain
lipids.

3.4.2 Do aS oligomers bind to bilayers mimicking the lipid composition
of natural membranes and does this binding result in conformational
changes?

We have previously shown that aS oligomers can bind to lipid membranes
composed of negatively charged lipids such as DOPG or POPG [48]. The binding
of fluorescently labeled oligomers to GUVs with a lipid composition mimicking
either negatively charged, neuronal or mitochondrial membranes was studied using

confocal microscopy.
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Figure 3.4: Representative confocal microscopy images of DOPE-Rhodamine labeled GUVs
(red channel) and aS wt-140C-A488 oligomers (green channel). Binding of aS oligomers to A)
DOPG, B) CL:POPE:POPC, C) brain PS:brain PE:ch vesicles is depicted. D) Quantitative analysis of
fluorescently labeled oligomers bound to vesicles (n = 15). The error bars represent standard

deviation. The scale bars indicate 5 um.
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We observed that oligomers bind to bilayers mimicking the lipid composition of
both the plasma membrane inner leaflet and the mitochondrial inner membrane
(Figure 3.4.B and 3.4.C). Semi-quantitative comparison of oligomer membrane
binding was done in the same manner as for monomers. Oligomers showed
comparable binding to DOPG, CL:POPE:POPC and brain PS:brain PE:ch GUVs
(Figure 3.4.D). As for monomer binding, we also observed that not all brain
PS:brain PE:ch membranes bound oligomers.

We further investigated if the membrane binding caused conformational changes in
the oligomers similar to those observed for monomeric aS using CD spectroscopy.
In solution, oligomers showed some -sheet conformation (Figure 3.5). Binding of
oligomers to vesicles resulted in a small change in protein conformation for both
lipid mixtures. Oligomers showed an increase in a-helical content upon addition of
SUVs. The a-helical content of the oligomers was comparable for all lipid
membranes studied, and did not change in time. Oligomers bound to brain PS:brain
PE:cholesterol membranes showed similar CD spectra immediately after the
addition of protein to membranes and after 20h of incubation (Figure 3.5).
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Figure 3.5: Circular dichroism measurements of conformational changes of aS oligomers upon
binding to membranes. Oligomers partially adopted a-helical structure upon addition of SUVs. No
difference in changes of protein conformation was observed after 20h for aS oligomers binding to
brain PS:brain PE:ch vesicles. Legend: aS oligomers (- - -), DOPG (— - —), CL:POPE:POPC (---+) and
brain PS:brain PE:ch after 10 minutes (— —) and 20 h of incubation (—).

We investigated the membrane disrupting properties of oligomers by studying the
kinetics of membrane permeabilization using a dye release assay.
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3.4.3 Kinetics of membrane permeabilization (Dye release assay)

Oligomers have been shown to disrupt membranes composed of negatively charged
lipid vesicles [19]. After the addition of oligomers to a solution of calcein-filled
DOPG LUVs a rapid release of encapsulated dye was observed (Figure 3.6.A). We
have previously shown that monomers and fibrils also could cause membrane
permeabilization of negatively charged PG vesicles, but that much higher
concentrations of the protein are necessary to get comparable leakage [19].
Comparing the oligomer-induced leakage kinetics of the dye from DOPG LUVs
with dye encapsulated in vesicles of lipid bilayers that mimic physiologically
relevant membrane compositions revealed large differences. Although oligomer
binding was observed after 30 minutes of incubation, little oligomer-induced
vesicle leakage of membranes that mimic natural membranes was observed at these
timescales. For LUVs composed of a mixture of CL:POPE:POPC a slow dye
leakage was observed which was still increasing after 18h (Figure 3.6.B). For
these LUVs the oligomer-induced leakage was concentration dependent; higher
oligomer concentrations showed more leakage. In contrast, even after 18 hour
incubation, oligomer concentrations as high as 4 pM did not result in more than 2%
membrane leakage for bilayers composed of brain PS:brain PE:cholesterol (Figure
3.6.0).
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Figure 3.6: Dye release kinetics from vesicles of different lipid composition after addition of aS
oligomers. A) with DOPG vesicles 1 uM oligomers showed almost complete leakage and fast
kinetics which reached a plateau after 12 minutes. B) CL:POPE:POPC vesicles did not result in
comparable leakage after 18 hours even with 4 pM oligomer concentration. C) Oligomers did not
induce appreciable leakage in brain PS:brain PE:ch model membranes even on a long time scale.
Legend: 4 uM oligomers (———), 1 uM oligomers (---), 0.5 uM oligomers (—-—) and lipids
alone (-++).

To obtain a better understanding of the observed slow release kinetics, we used the
diffusion equation assuming steady state release to fit the data. In the absence of
oligomers the change in concentration, ¢, of dye in the vesicles was assumed to

follow the expression ¢ =c(0)(1-e™™) where the rate constant k = P. x% , Vs

the volume of the vesicle, P the membrane permeability for calcein and A the area

over which diffusion takes place. To fit the data in presence of oligomers, we
expect the rate constant to change or more exponents to be required to better

describe the dye release kinetics.
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Table 3.1: Fitting parameters for oligomer-induced calcein leakage from CL:POPE:POPC

vesicles » .

Concentration 4 B C k; k; ks

uM h' h' h'

4 6.4+0.17  7.840.13 86 10.87+0.59 0.47+0.02  0.004
3 6.33+0.14 7.39+0.12 86 10.15+0.47 0.45+0.02  0.004
2 5.840.1 7.5+£0.08 855  12.59+0.47 0.47+0.012 0.004
1 2.87+0.06 4.79+0.07 92 10.58+0.48 0.34+0.01  0.002
0.5 2.69+0.04 2.69+0.07 94.03 13.88+0.47 0.31+0.01  0.001
0.25 2.52+0.04 1.31+0.03 964  13.28+0.4  0.37£0.03  <0.001

* Fits were determined using y = Ax(l —e'k‘”)+ B><(1 —e'kzX’)Jr Cx(l —e’k3x')+y0 , A and B,

preexponential factors associated with oligomer-induced leakage, k; and k,, rate constant of
oligomer-induced leakage; C, preexponental factor of bare membrane leakage, k3, rate constant bare

vesicle leakage, y,, the offset.

® We present calcein release kinetics measured for 6 different oligomer concentrations: 4 pM, 3 uM, 2
uM, 1 uM, 0.5 uM 0.25 uM. At least three exponentials were necessary for adequate fits of our data.
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When oligomers were added, fast leakage was observed for DOPG LUVs. This is
not the case for membranes composed of CL:POPE:POPC. Oligomer-induced
leakage from these vesicles required a fit with at least three exponentials. One of
these exponents is comparable for all oligomer concentrations (the exponent
associated with amplitude C in Table 3.1). This amplitude (C) decreases with
increasing oligomer concentration and was attributed to the calcein permeability of
the bare bilayer. With increasing oligomer concentration a decreasing fraction of
vesicles is not affected by oligomers and show leakage comparable to bare
membranes. From the slow exponent attributed to the bare membrane, the calcein
permeability P, of the CL:POPE:POPC membrane was calculated to be ~107" cm/s.
The amplitudes of the other two exponents increase with increasing oligomer
concentration indicating that these contributions result from the presence of
oligomers. Both oligomer-related rate constants were observed to increase with
increasing oligomer concentration (Table 3.1).

3.5 Discussion

It is well established that binding of aS to lipid bilayers is accompanied by an
increase in a-helical content [42]. The binding of aS to lipid bilayers strongly
depends on the presence of negatively charged lipids [10, 15, 27, 42, 49, 50].
However although most reports suggest that neutral membranes do not bind oS [42,
51], others claim differently [10, 52]. The amount of aS bound to lipid bilayers is
proportional to the number of available binding sites and therefore to the fraction
of negatively charged lipids in the bilayer [10, 15]. Earlier studies with brain
derived lipids showed no binding of aS to lipid bilayers that contained only 10-
15% of PS lipids indicating that the 20% used in our experiments is close to the
minimal amount required for aS binding [42]. Variations in composition of the
brain PS:brain PE:ch GUVs may explain why monomers did not bind to all brain
PS:brain PE:ch GUVs. This variation in composition is possibly caused by the
presence of brain PS in the lipid mixture. It has been claimed that brain PS can
interfere with the electroformation of GUVs resulting in variation in lipid
composition of the resulting vesicles [53].
In the presence of excess vesicles of all lipid compositions (DOPG or natural
lipids), aS showed comparable results in CD binding studies. The maximal o-
helical content of the protein did not depend on the negatively charged lipid
species. Interactions of CL containing vesicles with aS monomers have been
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characterized by "F-NMR [27]. It was proposed that the positively charged N-
terminal region is involved in binding via interaction between positively charged
lysines and negatively charged CL [27]. The protein binds to lipid surfaces through
an amphipathic ahelix adopted by 100 amino acid residues on the N-terminal part
of the protein, while the acidic C-terminal tail of the protein remains in solution
[54]. According to the literature, aS monomers adopt 41% o-helix in the presence
of 1 mM of SDS [55], while upon the binding to DPPC:DPPG vesicles 61% of the
protein adopted a-helical conformation [56], which is comparable to our
observations.

Similar to aS monomers, oligomers were found to bind lipid bilayers of all
compositions studied. However, compared to observations on aS monomers, the
helical content observed in the presence of oligomers was much lower [19]. It is
possible that only the monomers in the oligomer facing the bilayer bind the
membrane and adopt an a-helical conformation. Alternatively, the interactions
between oS monomers in the oligomer may be too strong to permit further
conformational changes upon lipid binding.

Oligomers interacting with simple negatively charged lipid bilayers composed of
e.g. DOPG or POPG immediately permeabilize these lipid membranes [21]. Fast
content release was also observed for vesicles containing POPC:DOPA lipids [19,
48].The binding of oligomers to lipid bilayers has been reported to not always
result in membrane permeabilization [19, 21]. Even 30 minutes after addition of the
oligomers POPG:POPC bilayers remained intact [48, 57]. For the two component
lipid mixture CL:POPC (1:3), a lipid composition that comes close to that of
mitochondrial membranes, no leakage was observed at short time scales [19]. Here
we show that interaction of oligomers with bilayers does not necessarily result in a
fast loss of membrane integrity. Membranes with a lipid composition
(CL:POPE:POPC (4:3:5)) similar to that reported earlier [19] show some dye
release over 18 hours (Figure 3.6.B). However, even on these long time scales
oligomer binding did not result in permeabilization of the plasma membrane
mimicking lipid bilayers (brain PS:brain PE:cholesterol) (Figure 3.6.C). To
describe the oligomer-induced calcein release kinetics from CL:POPE:POPC
vesicles at least three exponentials, and therefore at least three rate constants, were
necessary. The presence of more than one rate constant suggests that
subpopulations of vesicles are differently affected by the addition of oligomers.
The value of one of the rate constants (k3 in Table 3.1) describing the calcein flux
as a function of oligomer concentration is comparable to that observed for lipid
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bilayers in the absence of oligomers [58, 59]. This suggests that a fraction of the
vesicles is not affected by the oligomers. Oligomers either did not bind or did not
affect the calcein permeability of this fraction. As expected, the fraction of
unaffected vesicles becomes smaller with increasing oligomer concentration. The
amplitude of the other two exponents increases with the oligomer concentration.
The dye release kinetics described by these two exponents is therefore attributed to
the presence of oligomers in or on the lipid bilayer. Surprisingly both rate constants
are observed to increase with increasing oligomer concentrations (See Table 3.1).
The oligomer-dependent exponents are expected to contain contributions of both
the lipid bilayer and the oligomers. Because the leakage is much faster in the
presence of oligomers we assume that the contribution of oligomers is very large
compared to the contribution of the bare bilayer. As indicated in the Results section
the value of £ does not only depend on the permeability coefficient P but also on
the volume of the vesicle and the area over which diffusion takes place. With
increasing oligomer concentrations, the area covered by oligomers is expected to
become larger. In contrast to our observation this increase in oligomer area should
give rise to an increase in the rate constants contributed to oligomers. The observed
decrease in the rate constants may result from an increase in vesicle volume, i.e. by
incorporation of oligomers in the lipid bilayer. Dynamic light scattering
experiments indicate that CL:POPE:POPC LUVs indeed become larger upon
incubation with oligomers supporting the hypothesis that the decrease in rate
constants corresponding to oligomer-induced leakage results from a volume
increase. The observed change in CL:POPE:POPC vesicles diameter of
approximately 30 nm corresponds to the expected volume change resulting from
oligomer incorporation (Figure 3.7). The decrease in leakage observed for
brainPS:brainPE:ch bilayers in the presence of oligomers possibly results from the
binding of oligomers and blocking of the membrane surface. The permeability of
the oligomer-covered surface is low compared to the permeability of the bare
membrane surface.
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Figure 3.7: Typical DLS graph for CL:POPE:POPC LUVs before and after addition of
oligomers. Parameters from DLS measurements are described as volume of particles (%) as a
function of size (nm) (F (size,nm)=volume of vesicles,%) for vesicles alone (CL:POPE:POPC (-)) and
vesicles + oligomers (---). Changes in diameter between membranes (144.1+£6.0) and membranes after
addition of oligomers (177.8+15.1) are ~ 30 nm for CL:POPE:POPC membranes. Peak width changes
were ~ 12 nm; peak width of vesicles alone is 50.2+6.5 nm and peak width after 18h of incubation
with oligomers is 62.6+4.5 nm.

Recent data on more physiologically relevant Brain Total Lipid Extract membranes
(BTLEM) have shown that aS causes bilayer defects [60]. We speculate that the
brain PS: brain PE:ch model system we use may show lipid rearrangement similar
to that proposed for BTLEM membranes. Cholesterol in complex model brain
PS:brain PE:ch membranes can have an additional stabilizing effect on these
membranes [19, 48, 52, 61] making them less vulnerable to oligomer-induced
leakage. In our experimental system, the inclusion of cholesterol at a constant
charge density does not appear to have any appreciable effect on the extent
permeabilization (Figure 3.8). However it has been suggested that the amount of
the cholesterol in the plasma membrane is important for the formation of amyloid
channels [62, 63].

For the amyloid-forming protein Islet Amyloid Polypeptide, slow dye release from
POPG:POPC vesicles was concluded to be caused by the formation of fibrils [64].
The experiments presented here were performed with stable oligomers [40]. We
thus do not expect that conformational changes and further aggregation play a role
in long-term leakage kinetics. Alternatively any conformational changes in the
oligomer may be beyond our detection limit because they involve only a few
proteins.
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Figure 3.8: Oligomer-induced leakage kinetics from vesicles of different lipid composition:
DOPG:DOPC (1:2, black circles), DOPG:DOPC (1:4, grey triangles), DOPG:DOPC:cholesterol
(2:5:3, blue pentagons) and DOPG:DOPC:cholesterol (4:3:5, red circles). Oligomers at 1 pM
(equivalent monomer) concentration were incubated with the lipid membranes for 18 h. Oligomer-
induced leakage was < 5%, which is comparable to the data observed with our plasma inner leaflet
membrane mimics.

The reported membrane leakage data suggest that complex lipid membranes are
less prone to oligomer-induced damage. The complexity of model plasma
membranes lies in the composition of the membranes itself, consisting largely of
combinations of long and polyunsaturated lipids in the brain lipid extracts used.
The results of the present study show that mitochondrial model membranes are
more prone to oligomer-induced damage at longer timescales while the more
complex plasma membrane model systems do not show a concentration dependent
permeabilization on the same time scale. Other in vitro studies have suggested that
the mitochondria specific lipid CL is essential for aS mitochondrial membrane
interactions [27]. A recent study [64] confirmed a common mechanism of damage
of mitochondrial membranes by amyloid induced species via direct interactions of
these species with membrane phospholipids. Their proposed mechanism agrees
very well with our data on mitochondrial model membranes, which is mediated by
increased affinity of these species for CL.
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Chapter 4
Characterization of oligomers formed from disease-related
alpha-synuclein amino acid mutations

4.1 Abstract

Single amino acid mutations in the alpha-synuclein (aS) protein are related to early
onset Parkinson’s disease. In addition to the well-known A30P, A53T, and E46K
mutants, recently two new familial disease-related aS mutations, H50Q (where
Histidine 50 is replaced by Glutamine) and G51D (where Glycine 51 is replaced by
Aspartic Acid) were discovered. How these mutations affect the putative
physiological function of aS and the disease pathology is still unknown. Here we
show that like WT aS, H50Q and G51D bind to negatively-charged membranes,
form soluble partially-folded oligomers with an aggregation number of ~30
monomers, and can aggregate into amyloid fibrils. However, although the binding
affinity of the monomeric protein and the aggregation number of the oligomers
formed under our specific protocol are comparable for WT, H50Q and G51D,
G51D oligomers cannot disrupt negatively-charged and physiologically-relevant
model membranes. Replacement of the membrane immersed glycine by a
negatively charged aspartic acid at position 51 prevents membrane destabilization
whereas a mutation in the solvent exposed part of the membrane bound alpha helix
such as found H50Q has little effect on the bilayer disrupting properties of
oligomers.

*Parts of this chapter represent content of a manuscript in preparation: Stefanovic, A. N., Lindhoud
S., Semerdzhiev S.A., Claessens, M. M. A. E., & Subramaniam, V. Characterization of oligomers
formed from disease-related alpha-synuclein amino acid mutations
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4.2 Introduction

Alpha-synuclein is an intrinsically disordered protein involved in PD [1, 2]. 10-
20% of all Parkinson’s disease patients have a hereditary form of the disease.
Disease-related mutations include gene duplications, triplications and point
mutations in the SNCA (synuclein, alpha (non A4 component of amyloid
precursor) gene encoding for aS. In the last 20 years 5 different SNCA point
mutations that results in an amino acid mutations in aS and that are associated with
PD have been identified: A30P [3], E46K [4], H50Q [5, 6], G51D [7, 8] and AS3T
[9]. The two recently-discovered mutations, HS0Q and G51D result in early onset
PD and rapid progression of the disease [5-8]. The pathology observed in patients
with the G51D mutation is characterized by an early disease onset, moderate
response to treatment with levodopa, rapid progression, loss of autonomy and
frequent psychiatric symptoms [8]. The clinical pathology of the HS0Q mutation is
similar to the disease pathology of the E46K and A53T mutation [5].

All disease-related amino acid mutations are located in the N-terminal, membrane
binding part of aS. These mutations therefore directly affect aS conformation and
membrane binding. As observed for WT and other disease mutants, G51D and
H50Q adopt an a-helical conformation upon binding negatively charged
membranes or SDS micelles [6, 8]. The affinity for membranes differs between the
WT protein and the known aS point mutants; A53T and E46K exhibit a higher
binding affinity to negatively charged vesicles than A30P [10]. Not only membrane
binding but also aggregation into amyloid fibrils is affected by the exchange of an
amino acid. It was reported that A53T and E46K aggregate faster than WT, while
A30P showed a slower aggregation rate [10, 11]. In comparison to WT the two
newly discovered mutations H50Q and G51D have been reported to show
respectively faster and slower kinetics of fibril formation [6, 8, 12-14]. Although
membrane binding is an important aspect of the putative aS function and
fibrillization plays a role in the disease, monomers and fibrils are generally not
thought to be responsible for a cell death in PD. Studies done in animals, cell
systems and model membranes have identified soluble aS oligomers as the
potentially toxic species of PD [15-20]. To be able to relate possible toxicity to
oligomer structure aS oligomers have been characterized using various biophysical
and biochemical techniques including circular dichroism [21, 22], single molecule
photobleaching [23], small angle x-ray scattering (SAXS) [1, 24-26], atomic force

microscopy (AFM) [27], NMR spectroscopy [28], confocal microscopy [29] and
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electron microscopy [30]. These techniques have shown a variety of shapes and
sizes, determined the molecular weight of the oligomers [31, 32] and established
the aggregation number, or the number of monomers per oligomer [23, 24, 32].
Here we quantify the membrane binding affinity of the G51D and H50Q mutants,
study their aggregation into amyloid fibrils and characterize the number of
monomers per oligomer and the membrane disrupting properties of oligomers from
all aS disease mutants. SAXS studies show that all the oligomers (WT and disease-
related mutants) are composed of a similar number of monomers. Compared to the
other disease mutants, no differences in G51D membrane binding, fibril formation
and oligomer structure were observed. However, G51D oligomers were not able to
permeabilize membranes. We relate the inability of the G51D oligomers to
permeabilize negatively charged DOPG and mitochondrial membrane mimics to
the position of the amino acid mutation and its role in membrane binding.

4.3 Material and methods

4.3.1 Preparation of oligomeric alpha-synuclein

The expression and purification of human wild-type (WT) and disease-related aS
mutants were performed as previously described [21]. Oligomers from WT and
disease-related mutants were prepared as described in the literature [21]. The
protein concentration was determined by measuring the absorbance on a Shimadzu
spectrophotometer at 276 nm, using a molar extinction coefficient of 5600 M'cm™
"[33]. Oligomers were purified and separated from monomers using size-exclusion
chromatography on a SuperdexTM 200 10/300 GL column (GE Healthcare Bio-
Sciences AB, Uppsala, Sweden) using 10 mM Tris, 150 mM NacCl, 0.01% NaNj; as
an elution buffer. Separation of oligomers from monomers is based on size, where
larger particles (oligomers) elute first. Based on size-exclusion elution profiles
oligomer fractions were collected and concentrated up to ~ 100 uM equivalent
monomer concentration for SAXS measurements and ~ up to 50 uM equivalent
monomer concentration for membrane leakage experiments.
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4.3.2 SUVs preparation and binding of oS monomers to SUVs

Preparation of SUVs to study membrane binding of monomers using CD was done
using the procedure described in Chapter 3 with slight modifications. To test the
binding affinities of aS for DOPG and CL:POPE:POPC membranes, monomeric
WT, G51D and H50Q oS at a concentration of 4 uM was titrated with an SUV
solution. Lipid concentrations in the SUV solutions for the titration were between
0.004 and 1.2 mM. The following equation was applied to calculate the binding
parameters [34]:

R=R, +(Ri—R, (=K, +J(K} +4CK))/2C)) (1)

where R is the measured signal at a given lipid concentration, C is the total lipid

concentration, K, is the dissociation equilibrium constant. R, and R, are the final

and initial signals, respectively. To obtain the K, values all the data are

normalized.
4.3.4 LUV preparation and calcein release assay

LUVs of DOPG and CL:POPE:POPC for calcein release assays were prepared as
described in Chapter 3 of this thesis. A detailed protocol for the calcein release
assay is given in Chapter 3.

4.3.5 Small-Angle X-ray Scattering

SAXS measurements on aS oligomers were performed in triplicate, except for
G51D oligomers, on samples containing a ~100 puM equivalent monomer
concentration of aS dissolved in 10 mM Tris, 150 mM NacCl, 0.01% NaN; buffer
using the SAXS/WAXS setup in BM26 - DUBBLE - Dutch-Belgian Beamline,
ESRF, Grenoble, France. Approximately 100 pL of a sample was placed into 1.5
mm glass capillaries and 2D-images were collected using two Pilatus photon
counting detectors. The sample-to-detector distance was 6.6 m. The wavelength for
the incident X-ray was 0.1 nm and beam size 2.5x4.5 mm”and the energy of the X-
rays was 12 eV, resulting in a q-range of ~0.03-1.5 nm™ . For data reduction, buffer
(background) scattering values were subtracted from the protein solution scattering
values and standards were used to convert the scattering values to values on an

absolute scale.
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First we determined the radius of gyration, R, and 1(0), using both Guinier’s law:

I(q) =1 (O)exp(—qug2 / 3) and the Pair-Distance Distribution Function P(r):
D max
1(0)=4r I P(r)dr . Guinier plots provide information about the average size of the
0

particles in the solution. For spherical particles Guinier plots, where (In(I/(g)) is
plotted as a function of ¢°, give a linear dependency for gR <1.3. gR;<1.3. From
the slope of this curve R; was determined and /(0) was obtained by extrapolation
tog=0.

An alternative way to determine R is to use the P(r)function. P(r) within a

protein is defined as the probable frequency of vector with interatomic distance
(r). It is sensitive to the changes in symmetry and structural domains. To obtain

maximum linear dimension D

max >

using P(r) function, it has to be assumed that

P(r)=0 at r=0. D,, depends on the quality of the scattering data and in theory

max

the minimum ¢ should satisfy the following relations for 4 : ¢,, < zD,, and
G Gua 227/ D, [35]. For data processing and determination of P(r) we have
used the GNOM (ATSAS) indirect Fourier transform program [36]. From P(r)
plots R, and /(0) values can be obtained. A comparison of R, values using both

methods is presented in Table 4.2.
The aggregation numbers of the oligomers can be determined indirectly by an
equation that describes the scattering of the particles in a solution:

](q) = anAprel..mlzP(q)S(Q) (2)

where #n is the number of scattering particles per unit volume, » is the volume of
the particle, and Ap,,; ., = Ppuice — Psonen 18 the €xcess scattering length density or
contrast, P(q) is the form factor of the particle and is related to the particle’s

shape, S(gq) is the structure factor that defines inter-particle interactions in the

solution.
When the SAXS intensities are extrapolated to ¢ =0, then 1(0) is given by [37]:
](0) = anAprel.sal2 (3)
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In our case Ap,is01 Was calculated to be 0.0002864 nm™ using contrast calculator in
SAXS utilities program (extension of Matlab) [38], using p,,,... = 1.37 g/cm’ as

average protein density as was experimentally determined by [39, 40].
1(0) and the volume V' can be calculated using the Re determined via the Guinier

approximation or P(r) analysis.

For calculating M (molecular weight) of the particles/proteins following equation
was applied [35]:

1(0) = N(ApV)' = cAp™*M, /N, 4)
where N, is Avogadro’s number and ¢ is the protein or particle concentration.
The aggregation number N is extracted by dividing the M  estimated from

equation 3 by the molecular weight of the oS monomer.
To visualize if disordered regions are present in the oligomer the obtained data is
presented in a Kratky plot: I(q)q®> versus q. Rising Kratky plots are a

characteristic of disordered regions [41].
4.3.6 Kinetics of aggregation

Solutions containing 100 uM oS monomers of the different disease mutants in 10
mM Tris-HCI, 100 mM NaCl, pH 7.4 were incubated at 37°C under constant
shaking in a Tecan SAFIRE II plate reader. Protein aggregation into amyloid fibrils
was followed in a Thioflavin T (ThT) fluorescence assay. For this purpose 5 uM
ThT was used. Changes in ThT fluorescence were followed using an excitation
wavelength of 446 nm and bandwidth 10 nm and the emission intensity at 485 nm
was recorded with emission bandwidth of 10 nm as a function of time. Aggregation
lag times were determined as previously described in [42].

4.3.7 Atomic force microscopy (AFM)

To visualize the amyloid fibrils, samples were prepared for AFM imaging. Samples
of aggregated protein (after ThT assay) were placed on the mica substrate using the
procedure described in [43]. The dried samples were visualized by AFM using
tapping mode. During these experiments an NSC 36 tip B was used, with a force
constant of 1.75N/m (NanoAndMore GmbH, Wetzlar, Germany). All images
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obtained during these experiments are 4 x 4 um in size, 512 pixels with a z-range
of 20 nm.

4.4 Results

4.4.1 Binding of oS monomers to SUVs

To determine the membrane binding affinities of WT, H50Q and G51D aS to
SUVs composed of DOPG and CL:POPE:POPC we titrated oS monomers with
different SUVs concentrations. Conformational changes of WT, G51D and H50Q
aS monomers upon binding to the membranes were followed by recording CD
spectra between 190 and 260 nm. To follow a-helix formation and hence
membrane binding, the mean residue ellipticities at 222 nm (MRE) are presented as
a function of the lipid concentration in Figure 4.1A and 4.1B. The binding
affinities were determined from the changes in MRE at 222 nm as a function of
lipid concentration (Figure 4.1). As described in the Material and Methods
section, a simple binding model was used to calculate the equilibrium dissociation
constant g, from the titration of aS monomers with DOPG (Figure 4.1A) and

CL:POPE:POPC (Figure 4.1B).

Table 4.1: Binding constants, K 4 » of aS monomers to SUVs

Lipid WT H50Q G51D
K, ®M) K, @M K, (uM)
DOPG 54438 24+6 32423

CL:POPE:POPC  199+79 860+391 368+71
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Figure 4.1: Titration of aS monomers by SUVs consisting of: A) DOPG and B)
CL:POPE:POPC (4:3:5). Conformational changes of WT, H50Q and G51D aS were followed by
CD spectroscopy. The membrane bound a-helical conformation is characterized by a negative peak at
222 nm in the CD spectrum. The binding affinity was determined from the changes in mean residue

ellipticity (MRE) at 222 nm as a function of the lipid concentration. For determination of K, the

data were normalized to 1. Experiments were performed at 25 °C for 4 uM protein in 10 mM K-
phosphate buffer, pH 7.4.

The dissociation constants obtained by fitting the titration curves for lipid mixtures
and WT, G51D and H50Q aS are given in Table 4.1. For all three aS species the
K, values were of the same order of magnitude but the affinity for DOPG
membranes was an order of magnitude higher than the affinity for the
CL:POPE:POPC mitochondrial membrane mimics. The observed higher affinity
for DOPG membranes is in agreement with previous studies on membrane binding
of WT and the A30P, A53T, and E46K amino acid mutations in aS [22, 44, 45].
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4.4.2 Aggregation studies

To further characterize the disease-related oS mutants the aggregation of 100 uM
monomers into amyloid fibrils was studied in 10 mM Tris-HCI buffer at 100 mM
NaCl, pH 7.4.

A

Normalized ThT

0 20 40 60 80 100 120
time, h

Figure 4.2: Aggregation of disease-related oS mutants. Fibril formation was followed using a
classical ThT assay (A) and the presence of fibrils at the ThT plateau is confirmed using AFM (B).
Each curve in A) represents an average of 6 different samples. The ThT intensity was normalized to
the maximal ThT fluorescence for each sample.

At these buffer conditions the aggregation lag times of most disease mutants were
comparable to the lag time observed for WT protein, only A30P behaved
significantly different (Figure 4.2A). With 58 + 4 hours the aggregation lag time of
A30P was more than two-fold longer than for the other proteins. The fibrils that
were obtained with the different disease mutants were visualized using AFM. This
analysis confirmed that all disease mutants are able to form amyloid fibrils. The
morphologies of the amyloid fibrils formed by WT and the disease-related mutants
are qualitatively comparable (Figure 4.2B).

4.4.3 Calcein release assay

The toxicity of aS aggregation in PD has been related to oligomeric species that
bind and permeabilize membranes. We performed a calcein release assay to test the
ability of oligomers of disease-related oS mutants to permeabilize negatively
charged membranes and mitochondrial membrane mimics. LUVs were filled with
calcein at a self-quenching concentration and upon incubation with oligomers an
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increase of emission intensity results from dye dilution due to membrane
permeabilization. When oligomers were added, they induced fast calcein leakage
from DOPG LUVs which was not observed for LUVs in which the mitochondrial
membrane composition was mimicked. In Figure 4.3 the normalized leakage (%)
measured 30 minutes after incubation with the respective oligomeric species is
represented as a function of oligomer concentration (monomer equivalent). Except
for oligomers composed of G51D, all oligomers tested were able to induce almost
complete permeabilization of negatively charged DOPG membranes at the highest
concentrations tested. The disease-related oligomers are slightly more efficient
than WT oligomers in permeabilizing membranes; lower concentrations are
required for comparable leakage (Figure .4.3A).

Oligomer induced calcein leakage from LUVs composed of a lipid mixture that
mimics the mitochondrial membrane composition, CL:POPE:POPC, was very
slow. Dye leakage reached a plateau approximately 18 hours after oligomer
addition, which is presented in more detail for WT oligomers in Chapter 4.3.
G51D, and E46K oligomers were not able to induce leakage from the
CL:POPE:POPC LUVs (Figure 4.3B). Even for the A53T and A30P oligomers
that were most efficient in permeabilizing LUVs of this membrane composition,
the maximum leakage only reached 30 %.
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Figure 4.3: Calcein release from DOPG (A) and CL:POPE:POPC (B) LUVs as a function of the
concentration of oligomeric WT (black circles) and disease-related ¢S mutants: A30P (red),
E46K (blue), A53T (light green), H50Q (dark green) and G51D (light purple circles). The oligomer
concentration is given in equivalent monomer concentration.

4.4.4 Aggregation number

Although the membrane binding affinity and aggregation kinetics of G51D, H50Q
and WT oS monomers are comparable, the ability of their oligomers to
permeabilize membranes differs. With similar binding affinity of the monomers the
different permeabilization propensity of the oligomers may result from differences
in oligomer structure. The aggregation number and overall fold of the oligomers
were therefore characterized by SAXS. Figure 4.4 shows the scattering curves for
the 6 different oligomers. The scattering curves look very similar in shape. From
these scattering curves the aggregation numbers of the oligomers were estimated

using the following procedure: First the R and 7(0) were determined using the

Guinier approximation and Pair Distance Distribution Function (PDDF or P(r))
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(Figure 4.5). To calculate the aggregation number, the molecular weight (A ) of

protein oligomers has to be determined [46, 47]. We have used equations 3 and 4 to
determine the aggregation numbers. The values determined, from the Guinier
approximation and PDDF, for the aggregation numbers of the different oligomers
can be found in Figure 4.5B and Table 4.2.
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Figure 4.4: Experimentally obtained small-angle X-ray scattering curves of aS oligomers.
Representative scattered intensity profiles for: WT (A), A30P (B), E46K (C), H50Q (D), G51D (E)
and AS53T (F). Intensity of the buffer was subtracted from the intensity of the samples.
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As we can observe in Figure 4.5B the aggregation number (number of monomers
per oligomer, N0 ) estimated for the oligomers of each disease-related mutant
was approximately 30 which agrees well with previously published data from our
group on WT oligomers and dopamine-induced oligomers using a single molecule
photobleaching approach [23, 48].
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Figure 4.5: Guinier plots (A) and calculation of number of monomers in the oligomers (B). In
(A) averaged Guinier plot is presented for all oligomers following the approximation ng <1.3.

Legend for Guinier plot in (A): WT (black squares) and aS disease mutants oligomers A30P (dark
cyan), E46K (blue), H50Q (red), G51D (purple) and A53T (orange squares).

In Table 4.2 one can see that the R, values obtained from the Guinier plots are
consistently lower than the R, values obtained from the PDDF. An explanation for
this difference is that the P(r) function uses the whole data range for
determination of R, while only data from the low ¢ -values are used to determine

R, from the Guinier plot [49]. However, much fewer assumptions about unknown
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or not directly determined parameters are required to obtain R, from the Guinier

approximation. In the discussion we will therefore concentrate on the aggregation
number obtained from the Guinier plots.

Table 4.2: Summary of the parameters obtained from SAXS data by analysis of the Guinier

plot and PDDF
oligomers Guinier plot Pair-distance Distribution
Function

Rg, nm 1(0)’ cm’ Notan Rga nm 1(0)’ em’’ N/ tor
WT 8.78+0.27 0.703%0.06 2745 8.24+0.08 0.619+0.04 38+1
A30P 8.3+0.01  0.346+0.04 3043 7.91+0.05 0.327+0.03 3345
E46K 8.87+0.35 0.658+0.29 26+7 8.18+0.05 0.584+0.24 37+13
HS50Q 9.13+0.24  0.629+0.09 24+4 8.09+0.08 0.525+0.06 41+8
G51D* 7.92 0.201 31 8.29 0.208 24
AS3T 8.81+0.39 0.662+0.15 29+6 8.37+0.06 0.61+0.11 3545

*] measurement

We further analyzed the data by plotting ¢*/(¢) versus ¢ in Kratky plots. These

Kratky plots are used to monitor the degree of the compactness of a protein in
order to evaluate the extent of folding of proteins. Globular molecules follow
Porod’s law resulting in a bell-shaped curve whereas extended molecules, such
asunfolded peptides, have a plateau or increase at higher g-ranges [50]. The Kratky
plots presented in Figure 4.6 show part of a bell shaped curve and increase of ¢’/
with increasing ¢ which indicates that oligomers composed of WT and disease-
related oS mutants are composed of partially folded proteins.
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Figure 4.6: Kratky plots for oligomers composed of WT (A) and disease-related oS mutants:
A30P (B), E46K (C), H50Q (D), G51D (E) and A53T (G). The shape of the spectra indicates that

all oS oligomers are partially folded.
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4.5 Discussion

The H50Q and G51D disease mutants have been reported to adopt an a-helical
conformation when binding membranes [6, 8]. Here we have determined the
binding affinities of monomeric WT, G51D and H50Q to vesicles composed of
negatively charged DOPG and a phospholipid composition mimicking the
mitochondrial membrane. Our CD data show that WT, G51D and H50Q have
comparable binding affinities to negatively charged DOPG membranes, while
small differences between the mutants were visible on CL:POPE:POPC vesicles. In
that case, an approximately 4 times higher binding affinity was observed for WT
compared to H50Q. The membrane composition had a large effect on the observed
K,; aS has an order of magnitude higher affinity for DOPG than for

CL:POPE:POPC membranes. It is known that a single amino-acid substitution can
cause changes in binding affinity, with A30P monomers demonstrating a lower
binding affinity than E46K, A53T and WT [10]. Whether and how aS point
mutations affect membrane binding most likely depends on the position of the
amino-acid substitution. However, although in G51D a membrane immersed
residue is replaced with a acidic amino acid, this change has only a small effect on
K, . The lack of a profound effect of the G51D point mutation on LUV binding

may result from its proximity to the postulated break in the membrane bound o-
helix [51]. The replacement of H by Q in the H50Q mutation involves only a small
change in the polarity of a solvent-exposed residue and has probably therefore little
effect on membrane binding.

Under the conditions studied here, all the disease mutants form amyloid fibrils and
only for A30P the aggregation lag time was significantly increased compared to
WT and the other disease mutants (see Figure 4.2A). The shape of the aggregation
profiles looks similar for all the mutants, suggesting that the fibril growth
mechanism is comparable (Figure 4.2A). The morphologies of the fibrils in
solution after a ThT aggregation experiment were studied by AFM, which
confirmed that all mutants form qualitatively similar fibrils. Although it was
previously reported that HS0Q aggregated faster and G51D slower than WT [6, 8,
12, 13], we did not observe any difference in aggregation kinetics between these
disease mutants and WT aS. This difference could be caused by the experimental
conditions used; both the buffer and aS concentrations used in our experiments
were different from the published reports. Whereas we studied the aggregation of
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100 uM oS monomers in 10 mM Tris, 100 mM NaCl, pH 7.4 Ghosh et al. [6] used
3 times higher H50Q concentration in 20 mM Glycine-NaOH buffer, and reported
a difference in aggregation kinetics between H50Q and WT. The slower
aggregation kinetics of G51D compared to WT [8] was observed in 20 mM Tris,
150 mM KCI, pH 7.5 uM which is similar to our aggregation conditions.

Current studies suggest that oligomers are the toxic species involved in PD [27,
52]. Oligomers are thought to disrupt the integrity of cellular membranes. Here we
tested if oligomers of the different aS disease mutants differ in their ability to
induce membrane permeabilization. Our results showed a large difference in the
permeabilization of DOPG membranes by G51D oligomers compared to the other
oligomers. G51D oligomers could not induce more than 20% permeabilization of
DOPG membranes. Oligomers of the newly discovered H50Q mutant showed
similar permeabilization of DOPG vesicles as WT oligomers. However oligomers
of both newly discovered mutants are less prone to induce permeabilization of
mitochondrial model membranes than WT, where G51D oligomers showed almost
no permeabilization (Figure 4.3).

WT, G51D and H51Q monomers do not differ much in membrane affinity (Figure
4.1). The differences in aS oligomers ability to permeabilize membranes may
therefore be related to differences in oligomer structure. SAXS has proven to be a
very useful technique to obtain more detailed insights on the structure and size of
protein oligomers [25, 32].

However, the size and aggregation number of the 6 different aS oligomers studied
are very similar. Moreover the Kratky plots show all oligomers are partially folded
structures (Figure 4.6) that contain approximately 30 monomers (Figure 4.5B).
CD measurements confirm the partially folded nature of the oligomer and show
that oligomers contain B-sheets [21, 53]. The partially folded nature of the
oligomer is also in good agreement with tryptophan quenching experiments which
suggest that residues 4-90 make up the core of the aggregate while the C-terminus
remains solvent exposed [54]. The similarities in aggregation number and structure
observed by SAXS can however not exclude that differences exist. With SAXS an
average size of the species in solution is probed and it is very difficult to
distinguish between 2 or 3 different species. The mean aggregation number of this
WT oligomer is comparable to the values found with SAXS [32] and single
molecule photobleaching experiments [23]. Assuming that the aggregation number
is correct, the difference in permeabilization cannot be attributed to the oligomer
aggregation number and overall structure.
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Although the binding affinity of WT and G51D monomers are comparable the
exchange of a small neutral amino acid G with polar negatively charged D resulted
in lower oligomer-induced permeabilization of DOPG membranes. The
comparable binding affinity indicates that the G51D substitution does not result in
large changes in the membrane binding a-helical structure of the monomer
However with this substitution an acidic amino acid (D) would become exposed to
a lipophilic environment [51]. Although oS oligomers bind membranes, the
partially folded structure of the oligomer may prevent binding of the complete o-
helix. When fewer residues per monomer are available, the relative contribution of
position 51 may become more important. The oligomer may either not bind
membranes or the G51D substitution may make it more difficult to distort the lipid
bilayer because fewer amino acid residues are immersed in the bilayer.
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Chapter 5
Are alpha-synuclein oligomers toxic species?

5.1 Introduction

In protein aggregation diseases, including Parkinson’s disease, oligomeric protein
aggregates have been suggested to play a pivotal role in cytotoxicity. However
different oligomeric species may exist and the toxicity of these species probably
relates to their structure or structural plasticity [1]. In Parkinson’s disease,
oligomers of the membrane binding and amyloid forming protein a-synuclein (aS)
are thought to be responsible for cell death. aS oligomers were observed in vitro
upon aggregation of recombinant aS [2] and were later found in vivo in
postmortem brain of patients with PD [3]. In post mortem tissue of patients
suffering from familial PD the subcellular localization of oligomers was
comparable to that observed in patients with sporadic PD [4]. Moreover the
intracellular location of aS oligomers was confirmed in both cultured cell lines [4-
6] and neurons [7].

The toxicity aS oligomers may be related to a specific oligomer species [8, 9] and
probably depends on the levels of aS oligomers [6, 7]. High oligomer levels have
been associated with disease, but the toxic mechanism responsible for cell death is
still under debate [3, 10]. There is evidence that accumulation of aS oligomers
within endoplasmic reticulum causes oxidative stress eventually leading to
neurodegeneration [11]. Different types of oligomers have been observed and they
possibly each contribute differently to toxicity in PD. Annular oligomers have been
associated with the formation of membrane pores [8, 12], protofibrillar oligomers
possibly promote cell death by entering from the extracellular matrix to
intracellular spaces where they seed aggregation of the intracellular aS pool [8],
and globular oligomers may be involved in the impairment of synaptic functions
[13].

Although there are a lot of toxicity studies done with aS oligomers the toxic
mechanism is still not understood at a molecular scale. Here we report on the
toxicity of well-characterized oS oligomers prepared at either elevated oS
concentrations (A-oligomers) [14], in the presence of dopamine (DA-oligomers)
[15], or in the presence of HNE (HNE-oligomers) [16] in a cell model system.
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Although all these oligomer species are able to disrupt the integrity of model
membranes our data shows that extracellular addition of both A- and DA-
oligomers is not toxic and does not cause cell death. Externally added HNE-
oligomers show a concentration-dependent reduction in cell viability, but
comparable effects are observed when cells are exposed to monomers obtained
from the HNE-oligomer preparation. The toxicity of the externally added
oligomers tested here seems to depend on the availability and toxicity of additional
compounds rather than on the oligomers themselves. Although externally added aS
oligomers tested here were not toxic, we cannot draw any conclusions about the
toxicity of oligomers produced intracellularly during aggregation of aS.

5.2 Materials and Methods

5.2.1 Expression of aS and preparation of oligomers

The expression of oS monomers is briefly described in Chapter 3 of this thesis and
in more detail by [14]. Oligomers are prepared in the way mentioned in Chapter 3
for oligomers prepared at high protein concentrations (A-oligomers) [14] and for
oligomers prepared in the presence Here we also prepared oligomers in the
presence of dopamine (DA-oligomers) [15] and in the presence of HNE (4-
hydroxy-2-nonenal; Cayman Chemicals, Ann Arbor, MI, USA) [17]. HNE is a
lipid degradation product and effective protein modifier [18]. HNE is one of the
most common aldehydes in the brain and has been shown to induce formation of
oligomers [16]. The monomers that were used as control in the cell viability assays
were obtained from the monomer fraction after oligomer purification by size
exclusion chromatography.

5.2.2 Assay conditions

One 96-well plate was used for two assays: imaging (Labelling of SH-SYS5Y cells)
and cell viability (Cell viability in SH-SY5Y cells). Half of the plate is used for the
first assay in order to observes changes in morphology upon incubation with
oligomers and the other half of the 96-well plate is used for CTB (Cell titer blue)
metabolic activity assay.
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5.2.3 Labeling of SH-SYSY cells

To observe if the oligomers can cause changes in cell morphology, SH-SYSY cells
were fixed and labeled using a previously described imunostaining protocol [19].
To fix cells, 4% paraformaldehyde (100 pL) was added to each cell-containing well
of the 96-well plate and incubated for 20 minutes. After washing with PBS, Triton
X (0.1%) was added to permeabilize cells and ensure free access of antibody. In the
next step, to prevent non-specific antibody binding, blocking buffer (0.1% TritonX,
PBS, 5% fetal bovine serum) was added followed by incubation of 1 hour. As a
primary antibody Monoclonal Anti-a-Tubulin antibody produced in mice (Sigma
Aldrich, St. Louis, MO) was used. Before and after the addition of a secondary
antibody (Alexa Fluor® 488 Goat Anti-Mouse IgG (H+L) Antibody; Invitrogen,
Carlsbad, CA, USA) cells were washed with PBS. To be able to visualize the
nucleus, cells were labeled with Hoechst dye. For imaging, an EVOS® FL Cell
Imaging fluorescence microscope (Life Technologies, Carlsbad, CA, USA) was
used at magnification of 20X.

5.2.4 Cell viability in SH-SYSY cells

The Cell Titer-Blue (CTB, Promega, cat. G8080) assay is routinely used to test
cellular toxicity of amyloid proteins [20, 21]. For toxicity studies of A-, DA- and
HNE-oligomers, SH-SY5Y cells were cultured in Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 10 vol% fetal calf serum (FCS; Invitrogen,
Carlsbad, CA, USA) and penicillin:streptomycin 1:100 in a 5% CO, humidified
incubator at 37°C. Cells were used at a maximum total passage number of 20. A
detailed protocol for testing cell viability in SH-SYSY cells can be found in [20].
The cells were seeded in 96-well plates in 100 pL. medium at a density of ~30,000
cells per well. After ~2 hours of incubation, the old medium was replaced with a
fresh medium that did not contain FCS. After 48 h in medium without FCS, cells
were incubated with A-, DA- and HNE-oligomers for another 24 hours. The
viability of cells in medium without FCS and staurosporine were used as negative
and positive controls respectively. Additionally monomers from each oligomer
preparation were used as a control to see if the reduced cell viability results from
the presence of oligomers or from residues of additional factors (DA or HNE) used
in the oligomer preparation protocol. For the CTB assay 10 ul of the redox dye
resazurin (prepared in PBS) was added to each well and the incubation was
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continued for 3 hours. After 3 hours the conversion of resazurin by cells into the
fluorescent resorufin was measured on a Perkin Elmer Wallac plate reader
(Waltham, MA, USA) using an excitation wavelength of 560 nm and an emission
wavelength of 590 nm. For each added component at least 6 wells were used and
the experiment was repeated 3 times. Data are presented in histograms as mean
values + standard deviation. Cell viability is expressed as % of formed resorufin
compared to the control (66vol% FCS depleted medium and 33vol% buffer), which
represents 100%.

5.3 Results and discussion

To observe if the presence of oligomers results in large scale reorganization in cell
morphology, a subset of the 96-well plate is used for morphological imaging by
staining for tubulin and counterstaining the cell nuclei. SH-SY5Y cell nuclei were
labeled with Hoechst (blue nucleus labeling) and tubulin was visualized using
antibody staining with an anti-tubulin primary antibody, and a secondary antibody
labeled with Alexa Fluor® 488 (Figure 5.1). Our microscopy data shows no
difference in cell morphology between the wells in which 12 uM DA-oligomers or
monomers were present compared to wells in which cells were only exposed to the
medium without FCS. The metabolic activity assay shows that higher
concentrations of oligomers are toxic to cells. In the presence of 100 uM dopamine
the morphology of the fixed cells is comparable to that of the controls, but the
wells seem to contain much more cell debris (Figure 5.1D). This cell debris
probably results from cell death. The fixation protocol involves several washing
steps; detached dying cells are therefore not easily visualized.

82



Are alpha-synuclein oligomers toxic species?

Figure 5.1: Representative fluorescence microscopy images of SH-5YSY cells incubated with 12
M DA-oligomers (A), 12 pM monomers (B), 66vol% FCS depleted medium+33vol% buffer
without additives (C) and in the presence 100 pM dopamine (D). In the presence of dopamine (D)
we have observed presence of cell debris, pointed with white arrows. The scale bar represents 20 pum.
The blue channel depicts Hoechst nuclear labeling and the green channel visualizes tubulin using a
primary anti-tubulin antibody, and an Alexa488 labeled secondary antibody (Alexa Fluor® 488 Goat
Anti-Mouse IgG (H+L) Antibody).

To be able to determine if the oligomers are toxic to the cells, we therefore tested
the viability of the cells using a more sensitive CTB assay after exposure to a
concentration series of the different oligomeric species described in this thesis.
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Although several groups have reported that aS oligomers can be toxic to cells [8,
17, 22], our data does not agree with this.

To test the sensitivity of the CTB assay to the metabolic activity of SH-SY5Y
neuroblastoma cells, the cells were incubated with the protein kinase C inhibitor
staurosporine. Compared to the control, the presence of staurosporine resulted in a
more than 20 fold decrease of the metabolic activity (Figure 5.2A). This result
shows that the CTB assay works in our hands. If oligomers are toxic to cells, we
would expect that the metabolic activity assay would show a decrease in viability
as oligomer concentration is increased. However A-oligomers in concentrations as
high as 5 uM did not have any effect on the measured metabolic activity. To test if
the oligomer toxicity in the literature reported resulted from the presence of
monomers in the oligomer preparation, the cells were also incubated with
monomeric protein. As observed for A-oligomers, the presence of oS monomers
did not significantly affect the metabolic activity.

For cells incubated with oligomers prepared in the presence of dopamine, similar
results were obtained. DA-oligomers in concentrations as high as 7 uM (equivalent
monomer concentration) did not significantly impair the cell viability as monitored
in the CTB assay. Dopamine has been reported to stabilize aS oligomers and
prevent the formation of fibrils by covalent or non-covalent coupling to aS. The
presence of dopamine in the DA-oligomers or the monomers purified from the DA-
oligomer preparation did not affect the metabolic activity of SH-SYS5Y cells.
Dopamine itself was however toxic. When different concentrations of dopamine
were added to the cells in a 96-well plate, a concentration dependent reduction in
cell viability was observed (Figure 5.2B). In the presence of 20 uM dopamine the
metabolic activity dropped as much as 40%, while for 7 uM dopamine a 20%
reduction was observed (Figure 5.2B). The literature reports a 1:1 binding ratio of
oS and dopamine [15]. If there were an equilibrium between unbound dopamine
and dopamine bound to aS, 7 uM oligomers would be expected to result in some
decrease in cell viability. The absence of DA-oligomer toxicity probably means
that the exchange of dopamine is very slow or that it is covalently coupled to aS.
The low concentration of dopamine that may persist in a solution is apparently not
enough to lead to cell death.
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Figure 5.2: Here we show that A-oligomers (A) and DA-oligomers (B) are not toxic when
incubated with SH-5YSY cells. Dopamine itself in the same concentration showed reduced cell
viability. Stauros = staurosporine. Medium = control (66vol% FCS depleted medium and 33vol%
buffer). Error bars represent standard deviation. Cell viability is calculated using cell viability of the
control (66vol% FCS depleted medium and 33vol% buffer) as a 100%.

We showed (Figure 5.2A and 5.2B) that, although A- and DA- oligomers can
permeabilize negatively charged vesicles and bilayers mimicking the mitochondrial
inner membrane [23], both oligomer types are not toxic when added extracellularly
to SH-SYS5Y cells. For HNE oligomers we did observe toxicity for the oligomer
concentrations tested (Figure 5.3A). After exposure to 2.5 uM HNE-oligomers the
metabolic activity dropped to 20% of the control and exposure to 5 uM HNE-
oligomers resulted in a decrease to only 2% of the control value. We can however
not exclusively attribute the observed toxicity to the HNE-oligomers. The addition
of monomers purified from the HNE-oligomer preparation in concentrations of 1-5
uM also reduced cell viability considerably. It can therefore not be excluded that

the toxicity results from the presence of protein-associated HNE or unbound HNE
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in a solution. HNE is highly toxic, and concentrations as low as 0.5 uM HNE result
in a 20 times reduced metabolic activity. The presence of unbound HNE in the
solution of both monomers and oligomers could thus explain the reduced cell
viability. HNE covalently modifies and alters the protein function [17, 24] by
binding to lysine, histidine and cysteine residues of the proteins [25]. Binding to aS
and covalent protein modification occurs via His50 [26]. The toxicity of HNE-
oligomers was reported by Néasstrom et al [17] but in their experiments a much
lower oligomer concentration (0.05 uM) was observed to be toxic. This observed
difference in toxicity may be the result of a different assay used for measuring the
cell viability. The same authors showed that oligomers that do not incorporate
HNE do not result in a reduced cell viability [17]. The reduction in cell viability
may therefore be an effect of released or free HNE as suggested by the toxicity of
the monomers and of free HNE shown here (Figure 5.3).
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Figure 5.3: HNE oligomers and monomers in higher concentration show toxicity, while HNE is
toxic even in 10X lower concentration (0.5 pM). Stauros = staurosporine. Medium = control
(66vol% FCS depleted medium and 33vol% buffer). Error bars represent standard deviation. Cell
viability is calculated using cell viability of the control (66vol% FCS depleted medium and 33vol%
buffer) as a 100%.

Summarizing, here we have tested three different protocols and shown that the
toxicity of oligomers depends primarily on the availability and toxicity of
additional compounds (DA and HNE) in the oligomers. We are not in a position to
unequivocally attribute cell toxicity to the oligomers themselves when added
extracellularly.
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In the literature there are conflicting reports about the toxicity of oligomers. Many
oligomeric species have proven to be cytotoxic to CNS derived cells in culture [4,
8, 27]. Some other authors have reported that HNE oligomers are not taken up by
the cell and therefore not cytotoxic [28]. Others have shown that HNE oligomers
are taken up and already toxic at concentrations of 50 nM [17]. Treatment of cells
with dopamine in concentrations >100 uM has been shown to lead to the
accumulation of oligomers and cell death [29]. aS oligomers formed by the
addition of dopamine are promoted in cultured cells and they have been reported to
be alternatively toxic [30] or non-toxic [31, 32]. Although aS is a cytosolic protein
the toxicity assay performed here and many assays reported in the literature refer to
extracellularly added oligomers [8, 33]. Uptake of oligomers from the extracellular
space [7] can happen across the membranes and cell-to-cell transfer has also been
observed [34-36]. Although our data on model systems [23] shows that oligomers
cannot permeabilize plasma model membranes, some authors [37] suggest that
oligomers can be taken up via receptor-mediated endocytosis. This means that
oligomers may not directly permeabilize plasma membranes, but rather cause
damage when internalized. The absence of a toxic effect of oligomers in our
experiments can possibly be explained by the fact that aS is an intracellular
protein. The intracellular structures that are vulnerable to oligomer-induced
damage and accessible when oligomers appear intracellularly may simply not be
available to extracellularly added oligomers.

Although oligomers may be excreted by cells or become available in the
extracellular fluid when cells die, the extracellular addition of oligomers may not
be the best test to determine if oligomers are toxic. We also cannot exclude that if
our oligomers would be incubated with the cells differently, e.g. injected
intracellularly or expressed by the cells, they could be toxic.
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Chapter 6

Alpha-synuclein amyloid multimers act as multivalent
nanoparticles to cause hemifusion in negatively charged
bilayers

6.1 Abstract

Alpha-synuclein (aS) is a brain specific membrane binding protein whose putative
function has been associated with synaptic processes and other membrane
trafficking pathways. In Parkinson’s disease, aggregation of aS, and specifically
the formation of aS amyloid oligomers has been associated with cell death. The
toxicity mechanism of these oligomeric species is not fully understood but has been
suggested to result from membrane interactions causing membrane thinning or
permeabilization by pore formation. Here we show that amyloid oligomers are
reminiscent of multivalent nanoparticles, and that the multivalent membrane
binding sites on the oligomer result in clustering of vesicles and spontaneous
hemifusion of negatively charged model membranes. Binding of oligomers to
multiple vesicles caused exchange of lipids present in the outer membrane leaflets.
However, no full fusion or vesicle content mixing was observed. To get insight into
the number of oligomers required for hemifusion, the binding affinity of the
oligomers to the membranes was determined. Oligomers were shown to be very
efficient in inducing lipid exchange, with only a few (<10) oligomers/vesicle
required to complete hemifusion. The observed uncontrolled and efficient
hemifusion of vesicles sheds a new light on the possible toxicity of oligomers in
Parkinson’s disease. Our results suggest that the presence of multivalent oligomers
may directly interfere with the well-controlled membrane fusion machinery of the
cell.

*Parts of this chapter represent content of a manuscript submitted for publication: Stefanovic, A. N.,
Claessens, M. M. A. E., Blum, C., & Subramaniam, V. Alpha-synuclein amyloid oligomers act as
multivalent nanoparticles to cause hemifusion in negatively charged vesicles
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6.2 Introduction

Alpha-synuclein (aS) is a brain specific protein found in presynaptic terminals
where it colocalizes with synaptic vesicles [1]. This colocalization resulted in the
hypothesis that aS interacts with membranes. The affinity of aS for phospholipid
bilayers has been confirmed; aS directly binds to negatively charged vesicles [2-4].
Upon binding, part of the initially intrinsically disordered protein adopts an
amphipathic helical structure that orients parallel to the membrane surface [5]. The
membrane-bound protein consists of two helical fragments separated by a non-
helical membrane immersed region and a flexible solution-exposed C-terminal
fragment [6, 7]. Although the exact function of aS is still unclear, membrane
binding is thought to be critical for its physiological function [8]. Membrane bound
aS has been suggested to play a role in vesicle trafficking [9], synaptic vesicle
fusion [10] and in the regulation of the mitochondrial fusion/fission machinery [8].
The mechanism by which aS affects these membrane remodeling processes is still
under debate. Binding of aS might affect fusion and fission by directly changing
the physical properties of membranes. Observed oS binding-induced changes in
membrane properties include the adoption of a fusion prone positive mean
curvature and a negative Gaussian curvature in PS/PC membranes [11] and the
annealing of raft-like membrane structures involved in membrane fusion [12].
Besides affecting membrane properties, the binding of the two helical domains of
aS to opposing membranes has been suggested to result in the close contact
required for membrane fusion [13]. An alternative hypothesis is that aS does not
directly affect fusion and fission but is part of the SNARE complex fusion
machinery and promotes SNARE-mediated fusion [14].

Not only the putative function of aS, but also its role in Parkinson’s disease (PD)
pathology has been associated with the ability to bind membranes. In PD, aS
aggregates and forms cross-f-sheet rich amyloid fibrils. The toxicity of this
aggregation process probably does not involve fibrils; instead intermediate
oligomeric structures are thought to be responsible [15-17]. These oligomers are
small, multivalent, biological nanoparticles, and their toxicity mechanism has been
described to be markedly similar to the mechanisms proposed for inorganic
nanoparticles [18, 19].

It has been reported that inorganic nanoparticles can induce disruption of supported
lipid bilayers by the formation of holes, membrane thinning, and/or membrane

erosion [20]. Similar observations have been made for aS oligomers: aS oligomer
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binding results in permeabilization of highly charged model lipid bilayers [21-23]
by a mechanism that has been proposed to either involve membrane thinning [24]
or the formation of membrane spanning pores [25]. Whether disruption of
membrane integrity is indeed the major damaging process in vivo remains to be
elucidated. In yeast cells, aS overexpression, and the tendency of the protein to
misfold and oligomerize, were shown to interfere with transport pathways by
accumulating vesicles into massive intracellular clusters [26]. In PC12 and
chromaffin cells, overexpression of aS inhibited transmitter release in a late step
after docking but before fusion [27]. These results suggest that in vivo aggregation
into multimers and oligomers directly interferes with the cell’s fusion machinery.
Here we will address the hypothesis that aggregation of multiple aS molecules
results in the formation of particles with multivalent membrane binding sites. We
show that these multivalent binding sites are able to connect opposing membranes
and result in the formation of hemifusion contacts. We speculate that the toxicity of
oligomers may originate from their vesicle clustering and hemifusion docking
activity and that this effect might not be limited to the aS oligomers studied here,
but may be generic for small, membrane-binding nanoparticles.

6.3 Material and Methods

6.3.1 Expression and purification of aS

Expression and purification of human wild-type (WT) aS and A140C aS was done
as previously described [28]. Concentration of aS was determined by measuring
the absorbance on a Shimadzu spectrophotometer at 276 nm using molar extinction
coefficients of 5600 M'cm™ [29, 30] for WT and 5745 M"'cm™ for A140C and aS
was stored at -80°C until further use.

6.3.2 Labeling of aS-A140C

The cysteine mutant aS-A140C was used for labeling the protein with an Alexa
Fluor 488 C5 maleimide dye (A488). Prior to labeling, a six-fold molar excess of
dithiothreitol (DTT) was added to aS-A140C to reduce disulfide bonds. After 30
minutes of incubation, DTT was removed using Zeba Spin desalting columns, and
a two-fold excess of A488 was added. After 1 hour incubation, excess of free dye
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was removed using two desalting steps. The labeling efficiency was estimated to be
between 90-100% from absorption spectra. To determine the protein and A488
concentration the absorbance at 276 nm was measured using a molar extinction
coefficient of 5745 M-1 cm-1 for the protein and at 495 nm using a molar
extinction coefficient of 72000 M-1 cm-1 for the dye.

6.3.3 Preparation of unlabeled and labeled aS oligomers

Briefly, oligomers were obtained by incubating aS at high concentrations in the
absence of additional factors [22]. Alexa 488-labeled oligomers with 7.5 %
labeling density, achieved by mixing appropriate quantities of labeled protein (oS-
A140C) with unlabeled protein (WT), were used for FCS experiments. Oligomers
were purified and separated from monomers using size-exclusion chromatography
on a Superdex " 200 10/300 GL column (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden). Separation of oligomers from monomers is based on size, where
larger particles (oligomers) elute first. We have previously demonstrated that
oligomers prepared in this manner are composed of ~ 30 monomers, and are stable
[30].

6.3.4 LUVs preparation

All lipids used in our experiments were purchased from Avanti Polar Lipids
(Alabaster, AL). 1,2-dioleoylphosphatidylglycerol (DOPG) DOPG LUVs were
prepared by mixing ImM of lipids in chloroform. 1 mol% of (1-palmitoyl-2-sn-
glycero-3-phosphocholine) NBD-PC was added to the lipid mixture. The solvent
was removed by drying under nitrogen flow. The resulting lipid films were then
hydrated for 1 hour using 10 mM TRIS (Tris(hydroxymethyl)aminomethane), 150
mM NaCl. The sample was then subjected to 5 freeze-thaw cycles using liquid
nitrogen and a water bath. The temperature of the water bath was kept above the
transition temperature of the lipid mixture. The solution was subsequently extruded
11 times through 100 nm pore size filters (Whatman).
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6.3.5 GUVs preparation for clustering experiment and imaging of
clustered vesicles

DOPG giant unilamellar vesicles (GUVs) were prepared in sucrose solution as
previously described by Angelova [31]. The sucrose concentration was
equiosmolar to the 10 mM TRIS, 150 mM NaCl solution in which the proteins
were dissolved. 1 mol% DOPE-Rhodamine (N-(lyssamine Rhodamine B sulfonyl)-
1,2-dioleoyl-sn-3-phosphatidylehanolamine) was included in the previously
mentioned lipid mixtures to facilitate visualization of the lipid membrane.

DOPG GUVs fluorescently labeled with DOPE-Rhodamine were equilibrated with
fluorescently labeled NBD-PC DOPG LUVs for 30 minutes before imaging.
DOPE-Rhodamine was excited with a He/Ne laser (543 nm) and Alexa 488 was
excited with an Argon laser (488 nm) on a Zeiss CLSM 510 confocal microscope.
To observe the effect of oligomers on the membranes we added oligomers and
observed that oligomers initiate clustering of DOPG vesicles (Figure 6.2B). Our
experiments were performed using the same experimental settings (master gain,
digital offset and laser power) and at least 15 GUVs were imaged. Figures 6.2A
and 2B are representative confocal images of performed clustering experiment.

6.3.6 Content mixing

An ANTS/DPX fluorescence quenching assay is widely used to study content
mixing in membrane fusion and was done using the method previously described
by [32, 33]. Briefly this assay is based on the collisional quenching of ANTS (8-
aminonaphthalene-1,3,6-trisulfonic acid disodium salt) by the cationic quencher
DPX (p-xylene-bis-pyridinium bromide). ANTS and DPX were both obtained from
Sigma Aldrich (St. Louis). Mixing of vesicle contents upon fusion was assayed by
mixing equal amounts of ANTS- and DPX-containing DOPG LUVs and
monitoring ANTS fluorescence after the addition of aS oligomers.

The fluorescence was measured using a Varian Cary Eclipse fluorescence
spectrophotometer (Mulgrave, Australia), with excitation at 470 nm and emission
recorded between 400 and 600 nm.
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6.3.7 Lipid mixing

aS-induced lipid mixing in DOPG vesicles was measured by a Forster resonance
energy transfer (FRET) assay. This assay is based on the decrease in resonance
energy transfer between two membrane probes DOPE-Rhodamine and NBD-PC
[34, 35]. DOPG LUVs labeled with DOPE-Rhodamine and NBD-PC were
premixed with unlabeled DOPG LUVs. The concentration of each of the
fluorescent probes within the pre-fusion liposome membrane was 0.8 mol %.
LUVs were prepared as described above. Prior to the experiment, labeled and
unlabeled vesicles were mixed at 1:4 ratio respectively, at a total final lipid
concentration of 40 pM. The fluorescence was measured using a Varian Cary
Eclipse fluorescence spectrophotometer, with excitation at 470 nm and emission
recorded between 500 and 650 nm. Excitation and emission slit widths were 10
nm. Lipid mixing was quantified using the following equation:

F-F,

Frx—F, M
where fraction is the fraction of mixed lipids, F is the ratio of the intensity of
NBD-PC at 530 nm and the intensity of DOPE Rhodamine at 588 nm. The values
for F, were measured in the absence of the aS monomers and oligomers as a

fraction =

hemifusion trigger. The values for F.« were measured to obtain the 100% value of
lipid mixing by solubilization of the vesicles in 1% (v/v) Triton X-100.

6.3.8 Fluorescence Correlation Spectroscopy

FCS was performed on a custom-built inverted confocal microscope, which is
described in more detail in [30]. In this study, a 15 um confocal pinhole was used.
Excitation powers were ~ 3 kW/cm®. For each sample, the autocorrelation of 20
timetraces of each 30 s was calculated using the Symphotime software (Picoquant).
Subsequently, the 30 autocorrelations were averaged and fitted with a two species
free diffusion model using Matlab R2013a (Mathworks) from which the fraction of
bound aS oligomers was determined as described in [2]. Figure 6.1 shows
autocorrelation curves for 3 different lipid concentrations in the presence of 100
nM oligomers (equivalent monomer concentration). The black curve in Figure 6.1
represents the autocorrelation curve of oligomers alone; the red curve corresponds
to oligomers + 4 pM lipids (70 % free oligomers + 30 % oligomers bound to
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vesicles) and the blue curve to oligomers + 10 uM lipids (30 % free oligomers + 70
% oligomers bound to vesicles).

6.3.9 Estimation of aS oligomers-membrane binding equilibrium

From the FCS binding curve we could obtain the binding constant K, using the
following two-state equilibrium:

O+L e CKd =01L/C 2)

where O is the free oligomer concentration (0.1 puM), L is the free lipid
concentration in pM, and C is the concentration of the formed complex.
Substituting the total aS concentration O,, = O + C and total lipid concentration

L, = L + C into equation 2:

Kd = (Otot - C)(Ltot - C)/C (3)
Rearranging this equation yields the following equation:
C2 + C(_Lmt - Otot - Kd ) + OtotLtat =0 (4)
Since our data are proportional to A, = C/0O,, and
2
(Lrot + 0[0! + Kd )i \/((Lmz + Otot + Kd ) - 40totLtot )
C = (5)
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Figure 6.1: Normalized autocorrelation curves of 3 different lipid:oligomer ratios: black curve
are only oligomers (100 % free oligomers); red curve (70 % free oligomers + 30 % oligomers bound
to vesicles) corresponds to 4 uM lipids and blue curve (30% free oligomers + 70% oligomers bound
to vesicles) corresponds to 10 uM lipids. Oligomer concentration is 100 nM (7.5% labeling density).
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From these equations we could calculate fraction bound protein (B, ) for any

ound

protein and lipid concentration and this was used to estimate the number of
oligomers per DOPG vesicle in our fusion experiment.

6.4 Results

6.4.1 aS oligomers induce vesicle clustering

To study if the presence of aS oligomers can induce the formation of membrane
contacts, vesicles composed of the negatively charged phospholipid 1,2-
dioleoylphosphatidylglycerol (DOPG) were used as a model membrane system.
Giant and large unilamellar DOPG vesicles (GUVs and LUVs) were doped with
1% fluorescently labeled lipids to be able to visualize and follow the effect of
oligomers on these vesicles. Oligomeric aS was prepared following an established
protocol based on a high protein concentration and purification by size exclusion
chromatography [22]. The effect of aS oligomers on a mixture of DOPE-
Rhodamine doped GUVs and NBD-PC doped LUVs was visualized using confocal
microscopy (See Figure 6.2). Before the addition of aS oligomers to the vesicle
mixture there were no signs of GUV and LUV clustering. In confocal images the
GUVs are clearly visible as rings in the red channel of the confocal slice. The size
of the LUVs is below the diffraction limit and these structures can therefore not be
resolved. The LUVs appear as a diffuse signal in the green channel, and as
expected, there is no signal originating from LUVs in the volume excluded by
GUVs. The overlay between the red GUV channel and the green LUV channel
confirms that there is no interaction or clustering of vesicles in the absence of aS
oligomers. This observation changes upon incubation of the vesicles with aS
oligomers. After the addition of oligomers, the initially diffuse LUV signal
transforms into patchy structures in solution and results in what we interpret to be
an accumulation of LUVs at the GUV surface. The overlay of the red and green
channels confirms that LUVs are enriched at the GUV membrane.

The clustering of vesicles observed by fluorescence microscopy was confirmed by
dynamic light scattering (DLS) experiments. Before the addition of aS oligomers
the average diameter of the LUVs was 112 + 6 nm, while upon addition of aS
oligomers we observed a clear change in the average size of the vesicles to a
diameter of 215 + 8 nm (Figure 6.3B). LUV clustering also affected the width of
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the size distributions. For DOPG LUVs alone, the width of the size distribution
was observed to be 37 + 1 nm, and increased to 75 = 7 nm upon the addition of
oligomers. The observed clustering of LUVs and GUVs suggests that oligomers are
able to form connections between different membranes.

- oligomers

+ oligomers

Figure 6.2: A) In the absence of aS oligomers we observe no clustering between DOPE-
Rhodamine labeled DOPG GUVs (red channel, first column) and NBD-PC labeled DOPG
LUVs (green channel, second column). The overlay between the channels (third column)
confirms that there is no interaction between the vesicles. B) After the addition of oligomers we
find a clear accumulation of NBD-PC labeled LUVs at the GUV surface and a clustering of
LUVs in solution. The scale bars indicate 5 um. The size of the LUVs is below the diffraction limit
and these structures can therefore not be resolved.

6.4.2 Oligomer-induced vesicle fusion

The idea that aS oligomers can connect membranes was further investigated.
Oligomers may simply connect vesicles, induce hemi-fusion or even full fusion of
the vesicles by merging one or both leaflets of the bilayers.

To test if the oligomer binding results in full fusion of vesicles we used a classical
content mixing assay based on fluorescence quenching [36]. We prepared two
batches of DOPG LUVs, one containing the fluorophore ANTS, and the other
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containing the quencher DPX. Full fusion of fluorophore and quencher containing
vesicles will result in content mixing and hence a drop in fluorescence due to
quenching of ANTS by DPX. Equal amounts of ANTS and DPX containing
vesicles were mixed and incubated with aS oligomers, while the change of
fluorescence was monitored (Figure 6.3A). The recorded ANTS fluorescence
spectra showed no drop in ANTS fluorescence after the addition of aS oligomers to
the vesicle mixture and incubation for three hours. Although our DLS data (Figure
6.3B) shows that oligomer binding results in vesicles clustering, oligomers cannot
induce full fusion of the vesicles.
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Figure 6.3: (A) Fluorophore (ANTS) and quencher (DPX) filled DOPG vesicles were mixed in
solution and the ANTS emission spectrum was recorded (black curve). aS oligomers were added
to the vesicle containing solution and 3 hours after addition the spectrum was recorded again (blue
dashed line). The absence of a change in the emission intensity shows that the addition of oligomers
did not result in content mixing and quenching of DPX by ANTS, and hence that no full fusion of the
vesicles occurs. (B) Dynamic light scattering measurements before (black line) and after
incubation with oS oligomers (blue dashed line) demonstrate the increase in diameter of the
vesicles due to clustering from 112 £ 6 nm to 215 = 8 nm (standard error based on 3 different
measurements). The width of the size distribution peak also increased from 37 = 1 nm for DOPG

LUVs alone to a width of 75 + 7 nm for DOPG LUVs in the presence of oligomers.
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6.4.3 Oligomer-induced hemifusion

To discriminate between the formation of hemifusion contacts and aS oligomers
simply acting as connectors between vesicles, we used a Forster Resonance Energy
Transfer (FRET) dilution assay that probes the mixing of membrane lipids
originating from different vesicles. The assay is based on the preparation of two
populations of vesicles; one population is labelled with a FRET pair, the other
population is unlabeled. The membrane of the FRET labeled vesicles contains two
fluorophores that are present in a concentration that allows for FRET: upon
excitation of the donor fluorophore, energy can be transferred to an acceptor
fluorophore. FRET occurs on length scales in the nanometer range and is very
sensitive to the distance (~ 1/r°, where r represents the distance between donor and
acceptor) between the fluorophores. Fusion of FRET labeled vesicles with
unlabeled vesicles results in a dilution of the FRET system by the unlabeled lipids.
The resulting drop in FRET efficiency can easily be detected as a drop in FRET
acceptor intensity and increase in FRET donor intensity.
For our assay we prepared DOPG vesicles containing 0.8 mol% of both the donor
fluorophore NBD-PC and acceptor fluorophores DOPE-Rhodamine. To study any
dilution of the FRET pair that may result from lipid mixing upon addition of aS
oligomers we prepared a 1:4 mixture of vesicles containing the FRET system and
vesicles without fluorophores. Upon addition of aS oligomers we recorded the
change of emission spectra over time (Figure 6.4A).
Before the addition of aS oligomers we observe upon excitation of the FRET
donor, NBD-PC, a strong emission from the FRET acceptor, DOPE-Rhodamine,
and a moderate emission from NBD-PC, which provides strong evidence of
effective FRET. Upon addition of aS oligomers the intensity of the FRET acceptor
decreases over time with a commensurate increase of the FRET donor signal (see
Figure 6.4A). The observed changes in the emission spectra result from a decrease
of FRET efficiency caused by the dilution of the FRET-pair forming fluorophores
upon fusion of labeled and unlabeled lipid bilayers. The membrane fusion-induced
changes in the emission spectra upon the addition of oligomers are completed after
approximately 10 minutes (See Figure 6.4A). We repeated the experiment for
different concentrations of aS oligomers and determined the fraction of diluted
lipids from the ratio between donor and acceptor fluorescence intensity after
reaching a constant value for each aS oligomer concentration (See Material and
Methods).
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We observe a strong increase of the fraction of lipids mixed upon increasing the a.S
concentration from 0.01 to 0.1 uM oligomers (equivalent monomer concentration).
The fraction of lipids mixed reaches a plateau at ~50%, and increasing the aS
oligomer concentration does not result in higher values. Our data therefore
indicates that only half of the labeled lipids are sensitive to the presence of
oligomers.

Since oligomers have a clear effect on membrane fusion, we estimated the number
of oligomers bound to each vesicle from the equilibrium dissociation constant K.
To determine K4 for oligomers binding to DOPG vesicles, we determined the
fraction of DOPG LUV-bound oS oligomers at different oS oligomer
concentrations using Fluorescence Correlation Spectroscopy (FCS). Membrane
bound and free aS oligomers were discriminated with FCS on the basis of the
difference in diffusion coefficient. The fraction of membrane bound protein,
P =C/O

 nd .. » where C is the complex concentration and O, is the total protein
concentration, was obtained as a function of the total DOPG concentration (Figure

6.3B). To determine the dissociation constant, K4, the following oligomer-

membrane binding equilibrium was assumed: O+L<—C and X, =% where

O and L are the protein and lipid concentrations respectively (for more details see
Materials and Methods). Rewriting the expression for K4 in terms of the known
L and O,y made it possible to determine K4 (See Figure 6.4B and Material and
Methods). By fitting the binding curve with this expression, K, was calculated to
be ~1.7 uM (Figure 6.4B).

In the fusion experiment 40uM DOPG LUVs were mixed with different oligomer
concentrations. Previous experiments have shown that 1 oligomer contains ~ 30
monomers [30]. The DOPG vesicles have an average diameter of 112.5 = 6 nm,
(Figure 6.3B) and the mean headgroup area was assumed to be 0.8 nm”. Using this
information and the obtained K,, the protein concentrations in the fusion
experiments could be expressed in number of aS oligomers per vesicle (see Figure
6.4C, bottom axis). This figure shows that a very low average number of aS
oligomers per vesicle is sufficient to induce membrane fusion. At an average of
<10 oS oligomers per vesicle we observe a saturation of the fraction of mixed
lipids at about 50%.

It has been hypothesized that aS monomers are also able to cluster and fuse
vesicles [37]. To test this idea we used the FRET dilution assay to detect lipid

mixing as a function of the concentration of oS monomers instead of aS oligomers.
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Indeed we observe the characteristic signs for lipid mixing in the assay. However,
compared to oligomers, monomers were less efficient in inducing membrane fusion
(See Figure 6.4D). According to our data at least 100 fold higher monomer
concentrations are necessary to induce membrane fusion compared to oligomers.
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Figure 6.4: Membrane mixing. (A) Oligomer-induced time dependent changes in the emission
spectra of a NBD-PC and Rhodamine-DOPE mixture in LUVs after excitation of NBD-PC. The
changes reflect a decrease in FRET efficiency due to a dilution of the FRET pair with lipids from
unlabeled DOPG LUVs. (B) The fraction of membrane-bound oligomers estimated from FCS
experiments as a function of the lipid concentration. In the FCS experiments oligomers containing 7.5
% Alexa488 labeled oS monomers were used. The dotted line shows the fit to the data assuming a K4
of 1.7 uM (C) The maximal fusion efficiency expressed as the fraction of mixed lipids was
determined as a function of the oligomer (monomer equivalent) concentration. Using the obtained K4
values this concentration was expressed as a function of bound oligomers per vesicle. The fusion
efficiency was limited to ~50% and this maximum fusion efficiency was reached for values <10
oligomers/LUV. (D) For monomers higher concentrations compared to oligomers are necessary to
reach comparable fractions of mixed lipids.
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6.5 Discussion

Here we have shown that oligomeric aS has a propensity to cluster DOPG vesicles.
In the presence of in vitro produced isolated oligomers, DOPG LUVs cluster and
accumulate at the surface of GUVs (Figure 6.2B and 6.3B). The multivalent
membrane binding sites on the oligomer seem very efficient in clustering
negatively charged vesicles. The effect of aS oligomer binding is not limited to
clustering; FRET experiments indicate that it also enhances the exchange of lipids
between connected bilayers (Figure 6.4A and 6.4C). However, not all lipids in the
vesicles are available for the exchange. With increasing oS oligomer
concentrations a plateau is reached in which only 50-60% of the FRET-labeled
lipids are diluted by unlabeled lipids (Figure 6.4C). This suggests that only the
outer leaflets of the vesicles are affected by aS oligomers. We attribute the slight
overshoot over the expected 50% for one leaflet to the previously reported
oligomer-enhanced lipid flip-flop [38]. The finding that oligomer binding does not
result in content mixing of DOPG LUVs is in agreement with the formation of
hemifusion contacts (Figure 6.3A).

Several factors may play a role in the oligomer-induced formation of hemifusion
contacts between LUVs. The binding of monomeric aS has been shown to induce a
local negative Gaussian membrane curvature [11]. Negative Gaussian curvatures
(1/R4R; <0) are associated with saddle surfaces and hence the formation of fusion
intermediates [39]. Since the membrane binding properties are largely preserved in
the oligomer, oligomers may also favor the formation of saddle surfaces. Moreover
the close contact between opposing membranes that is established by binding of
oligomers to multiple vesicles may in itself be sufficient to drive the formation of
hemifusion contacts. The release of hydration energy when contacts with an inter-
membrane distance of <1 nm are formed can be enough to compensate for the
elastic energy of hemifusion stalks.[39] A low resolution oligomer structure
obtained by small angle X-ray scattering shows that oligomers are elongated
structures with a long axis of ~18 nm and a diameter of 4.5-9 nm [40]. Considering
the required small inter-membrane distance this suggests that to induce hemifusion
oligomers will have to partially insert into the bilayer and perhaps deform upon
binding.

By obtaining the equilibrium binding constant for the oligomer-membrane binding
reaction (Figure 6.4B) we were able to estimate the mean number of bound

oligomers required for hemifusion (Figure 6.4C). The fusion plateau is reached for
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less than 10 oligomers per vesicle indicating that the formation of hemifusion
contacts is very efficient. This is in good agreement with observations for
fusogenic proteins and peptides [41, 42]. The energy landscape of the fusion
reaction is relatively flat and fusion itself is therefore not a very specific reaction
[43]. The complex fusion machinery employed by cells has been suggested to be
involved in controlling docking rather than in carrying out fusion itself [43]. The
toxicity of oligomers may thus result from the spontaneous formation of
hemifusion contacts between membranes and subsequent interference with the
fusion control machinery.

In our experiments with oligomers, fusion did not proceed beyond the hemifusion
state. The transformation of a hemifusion contact to an expanding pore is more
energy demanding and probably controlled by the buildup of lateral membrane
tension [39, 44]. Binding or incorporation of oligomers is however known to result
in a (transient) increase in membrane permeability [22, 38]. The buildup of
membrane tension by bound proteins necessary for full fusion is therefore probably
not possible in this model system. The heterogeneous sizes of aggregated vesicles
observed in cells at high aS concentrations suggests that oS monomer- or
aggregate-binding can result in full fusion in vivo [26].

Because of the presence of multiple membrane binding domains aS oligomers are
very efficient in connecting DOPG vesicles, but vesicles also fuse in the presence
of monomeric protein albeit at higher concentrations (Figure 6.4D). The
observation that monomers can induce fusion does not agree with the inhibition of
vesicle fusion by aS observed by Kamp et al. [45]. In this report the observed
inhibition probably results from a stabilization by aS of defects in the gel-phase
SUVs used, and thus likely has another origin than the increased vesicle fusion
observed here. Interestingly the formation of hemifusion contacts in the presence of
aS monomers becomes very efficient around the critical aggregation concentration
[46]. This suggests that also in this experiment performed with monomeric oS,
incipient multimeric aS is responsible for the formation of hemifusion.

In PD the formation of membrane-binding oligomeric oS species has been
associated with cell death. In previous studies oligomeric aS has been observed in
cells and has been hypothesized to form membrane pores or cause membrane
thinning. By thus disrupting the integrity of cellular membranes, oligomers are
thought to decrease cell viability. This toxic mechanism is currently under debate;
although oligomeric aS has been shown to disrupt the integrity of anionic
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phospholipid vesicles, bilayers with more physiological relevant lipid compositions
are hardly affected [23].

Our data suggests that there is an additional mechanism involved in the toxicity of
aS oligomers. The protein aS binds membranes by adopting an amphipathic o-
helical structure. The ability to adopt a membrane-binding a-helical conformation
is largely preserved in oligomeric aS [22, 23]. The membrane-bound oligomers
may interfere with the physiological function of the aS protein. Ultrastructural
analysis shows that with increasing cellular aS levels transport vesicles bud
normally from their parent membrane, but at the cell periphery these now
heterogeneously sized vesicles no longer dock and fuse normally. At the plasma
membrane morphologically undocked vesicles appear and with increasing oS
levels massive intercellular vesicular clusters show up [26]. Increased cellular aS
concentrations have been associated with aS aggregation and the formation of toxic
aS oligomers. The oligomer-induced formation of hemifusion contacts between
DOPG vesicles indicates that the vesicle docking and fusion problems observed in
vivo may directly result from the presence of oligomers.

As proposed for aS oligomers, the toxicity of nanoparticles has been suggested to
involve nanoscale hole formation or membrane thinning. Indeed cationic gold,
polystyrene and core-shell nanoparticles are able to bind and disrupt negatively
charged vesicles [47] but membrane disruption depends on the number of charges
on the surface and probably also on the membrane charge density [48].
Interestingly nanoparticles with a diameter smaller than tens of nm have been
reported to be more toxic than larger nanoparticles. These observations suggest that
the toxic mechanism we propose here may not be limited to the specific aS
oligomers (aggregation number of ~ 30) studied. When small cationic nanoparticles
become available in the cell cytoplasm, binding to multiple vesicles or other
membrane structures may result in the close membrane contacts required for
(hemi)fusion. Therefore the clustering and possible fusion of membrane bound
cellular structures may also contribute to the toxicity of small cationic
nanoparticles..
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Chapter 7
Conclusion and future recommendations

Alpha-synuclein (aS) was first described more than 25 years ago and since then a
very large number of studies have been done in order to better determine the
physiological function of the protein in the human body and its role in Parkinson’s
disease (PD). More than 6000 articles (~600 this year) have been published about
asS.

aS oligomers are still thought to be the toxic species involved in PD. One of the
proposed molecular mechanisms involved in oligomer toxicity suggests that
oligomers can disrupt membrane integrity leading to increased presence of reactive
oxygen species in the cell, ultimately causing cell death. Membranes are
considered a major site at which aS oligomers cause damage. The goal of this
thesis was to gain insights into the biophysical mechanisms of aS oligomer-
membrane interactions.

To look more closely into the damage of specific membranes we used model
membrane mimics and investigated how the membrane binding and
permeabilization depends on the lipid composition and overall membrane charge.
These studies are described in more detail in Chapters 2, 3 and 4. In Chapters 2
and 3 particular attention is given to oligomer binding to increasingly complex
membrane compositions. We observed that membranes that contain at least 25 %
DOPG bind oligomers. However, oligomers cannot permeabilize membranes with
a more physiologically relevant cholesterol and sphingomyelin content. The
increased structural integrity of the membrane resulting from the incorporation of
cholesterol into the model membrane mimics likely leads to decreased vulnerability
of the membrane to oligomer-induced disruption. Because both the mitochondrial
inner membrane and the plasma membrane inner leaflet are proposed sites of aS
oligomer-induced damage, most of the research in this thesis was done using model
systems mimicking these two membranes. An intriguing finding in Chapter 2
showed that in addition to binding bind vesicle membranes, the oligomers appeared
to be present in the vesicle interior, suggesting that they were able to diffuse
through or across the vesicle membrane. A possible future experiment to confirm
the presence of oligomers inside the vesicles could be to add a membrane-
impermeable quencher (DPX) to the solution after the addition and incubation of
fluorescently-labeled oligomers. The quencher molecule should then effectively

quench fluorophores (ANTS or HPTS) in the exterior solution and on the
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membrane, but should leave those fluorophores coupled to oligomers inside the
vesicles unaffected. These studies could be used to gain more mechanistic insights
into oligomer-induced permeabilization of physiologically relevant model
membranes.

In Chapter 3 we showed that model mitochondrial membranes are more
vulnerable to permeabilization by oligomers than model plasma membrane mimics
composed from brain-derived lipids. We believe that it is not necessarily the
specific membrane composition that determines the oligomer-induced membrane
permeabilization, but rather the complexity of the membrane composition.

The aS oligomers isolated using the specific protocol used in this thesis contain
approximately 30 monomers for all variants (WT, A30P, E46K, H50Q, G51D and
AS53T) studied (Chapter 4). Among the different disease mutants only G51D
oligomers showed differences in permeabilization of negatively charged DOPG
membranes and almost no effect was observed for inner mitochondrial membrane
mimics (Chapter 4). However the difference in permeabilization cannot be
attributed to any appreciable differences in the oligomer aggregation number or
overall structure. We therefore suggest that G51D oligomers may either not bind
membranes very well or that the G51D substitution may make it more difficult to
distort the lipid bilayer because fewer amino acid residues are immersed in the
bilayer. The exchange of the small neutral amino acid glycine (G) with the polar
negatively charged aspartic acid (D) could result in exposure to a lipophilic
environment, while the partially folded structure of the G51D oligomer may
prevent binding of the complete a-helix (Chapter 4).

Based on our results in Chapter 5, aS oligomers did not show toxicity when they
were added externally to neuroblastoma cells. The toxicity of the externally added
oligomers tested here seems to depend on the availability and toxicity of additional
compounds (dopamine and HNE) rather than on the oligomers themselves. From
these experiments we cannot exclude that the oligomers are toxic if they are
incubated differently, injected intracellularly, or expressed by the cells. An open
question for future research remains whether oligomers produced intracellularly
during oS aggregation are toxic to cells. Therefore, aS oligomers could be
introduced into the cell differently e.g. using microinjection, electroporation or
scrape loading. Besides the CTB assay that we used, other approaches using the
Cell Counting Kit-8 (Sigma-Aldrich, St Louis, MO, USA) or an MTT assay could
be also used as cell viability assays. Nonviable cells could be detected by the
CytoTox-ONE assay (Promega, Madison, WI, USA) which would show the release
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of lactate dehydrogenase from cells with a damaged membrane. Dynamics of the
oligomers in live cells could be studied using e.g. quantitative imaging techniques
for measuring the lipid order and oligomer-induced permeabilization similar to the
one described by Owen et al. [1], or by non-invasive optical recording of nanoscale
membrane domains [2]. The deformation of cell shape and rupture of the cells upon
the addition of oligomers could be measured using the method of single cell
compression by AFM [3]. Sensitive detection techniques will be necessary to
resolve if oligomers are toxic species that can damage mitochondrial and other
cellular membranes in vivo upon injection of the oligomers inside of the cells.

To get access to more details about toxicity of aS oligomers in Chapter 6 we
proposed that the oligomer-induced formation of hemifusion contacts between
DOPG vesicles indicates that the vesicle docking and fusion problems observed in
vivo may directly result from the presence of oligomers. Our data suggested that
the presence of multivalent oligomers may directly interfere with the well-
controlled membrane fusion machinery of the cell. We observed that only a few
oligomers are required for complete hemifusion. We therefore hypothesize that the
clustering and possible fusion of membrane-bound cellular structures may also
contribute to the toxicity of oligomeric aS. Therefore, aS oligomers could be
considered as biological nanoparticles whose toxicity is involved in nanoscale hole
formation or membrane thinning. These observations suggest that the toxic
mechanism we propose here may not be limited to the specific aS oligomers
(aggregation number of ~ 30) studied. When small cationic nanoparticles become
available in the cell cytoplasm, binding to multiple vesicles or other membrane
structures may result in the close membrane contacts required for (hemi)fusion. We
could also consider that the positively charged N-terminal membrane binding part
of aS contributes similarly as small cationic nanoparticles to membrane binding
and permeabilization leading to cellular toxicity [4]. Furthermore, uncontrolled and
efficient hemifusion of the vesicles could play a role in the putative toxicity of
oligomers in Parkinson’s disease.

During the course of this thesis work, we have systematically studied the
interaction of oligomeric aS species with complex model membranes using a range
of biophysical approaches. In particular, we have focused on the ability of aS
oligomers to bind and permeabilize membranes. We made a conceptual step to
consider aS oligomers as multivalent biological nanoparticles, that were shown to
be capable of inducing hemifusion of vesicles. While these studies have yielded
further insights into structural characteristics and membrane interactions of oS
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oligomers, there still remain several compelling open questions for further
research, a small subset of which are listed below:

e Could it be that oligomers that were able to permeabilize negatively
charged and mitochondrial model membranes and result in hemifusion
of negatively charged membranes cause in vivo disruption of fusion
machinery in mitochondria? Is this enough to cause the leakage of
cellular content and further cell death of neurons in substantia nigra in
the midbrain?

e Is the neurodegeneration caused by the G51D mutation [5] happening
with a different mechanism?

e Which membrane is the relevant one for aS oligomer-induced
damage?

e Are the oligomers indeed the relevant toxic species when injected
intracellularly?

The answers to these questions will help establish the role of aS oligomers, and
their interactions with membranes, in the molecular mechanisms of the disease.
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Summary

This thesis gives insights into the biophysical mechanisms of a-synuclein (aS)
oligomer-membrane interactions. A number of studies have suggested that aS
oligomers are the toxic species involved in Parkinson’s disease (PD). These data
confirm that cellular membranes are the major sites of oligomer-induced damage.
Disruption of the membrane integrity in the cell by oligomers could, for example,
lead to the increased accumulation of reactive oxygen species and consequently
cell death.

Chapter 1 gives a general overview of different types of aS oligomers prepared
using different protocols. For most of the studies in this thesis model membranes of
different compositions are used to mimic physiological membranes. We have
systematically investigated how oS oligomers bind and permeabilize model
membranes and how these activities are modulated by membrane charge and lipid
composition. These studies are described in Chapters 2, 3 and 4. Oligomer binding
to complex model membranes is addressed in Chapter 2 and 3. Our studies show
that at least 25% of negatively charged DOPG is necessary for aS oligomer
binding. We have also observed that aS oligomers are not able to damage
membranes that contain physiologically relevant cholesterol and sphingomyelin
content. Most of the studies in this thesis focus on mitochondrial inner membrane
and plasma membrane inner leaflet mimics because these two membranes are
thought to be the primary sites of aS oligomer-induced damage. From microscopy
images in Chapter 2 we were able to observe that upon the binding to giant
unilamellar vesicles (GUVs) aS oligomers could also be found in the vesicle
interior, possibly diffusing through or across the membrane.

In Chapter 3 we showed that mitochondrial model membranes are more prone to
oligomer-induced damage at longer timescales while the more complex plasma
membrane model systems do not show a concentration dependent permeabilization
on the same time scale. We attribute this result to the complexity of the
composition of the model plasma membranes.

In Chapter 4 we show by SAXS studies that all aS oligomers studied (WT, and
disease mutants A30P, E46K, A53T, H50Q and G51D) contain approximately 30
monomers. We have found that the binding affinity of the monomeric protein and
the aggregation number of the oligomers formed under our specific protocol are
comparable for WT, H50Q and G51D. However, G51D oligomers were not able to

disrupt negatively-charged and physiologically-relevant model membranes.
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Replacement of the membrane-immersed small amino acid glycine by a negatively
charged aspartic acid at position 51 prevents membrane destabilization whereas a
mutation in the solvent-exposed part of the membrane-bound alpha helix, such as
in the H50Q mutant, has little effect on the bilayer disrupting properties of aS
oligomers.

Our data in Chapter 5 suggest the toxicity of the externally added oligomers tested
here depend on the availability and toxicity of additional compounds rather than on
the oligomers themselves. Although externally added aS oligomers tested here
were not toxic, we cannot draw any conclusions about the toxicity of oligomers
produced intracellularly during aggregation of oS or if the oligomers were
somehow injected into the cell.

In Chapter 6 we wanted to gain more details about toxicity of aS oligomers and
we suggested that oligomer-induced hemifusion could be connected to the vesicle
docking and fusion problems observed in vivo. Multivalent oligomers may be
directly involved in disturbing the well-controlled membrane fusion machinery of
the cell. Our data have shown that only a few oligomers are necessary to cause
hemifusion. Therefore clustering and fusion could be associated with the toxicity of
the oligomers in the cells. We make the conceptual step of considering oS
oligomers as small multivalent biological nanoparticles that cause formation of
holes in the membrane or membrane thinning. The observed uncontrolled and
efficient hemifusion of vesicles sheds a new light on the possible toxicity of
oligomers in Parkinson’s disease.
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Samenvatting

Dit proefschrift geeft inzicht in de biofysische mechanismen van a-synucleine (aS)
oligomeer-membraan interacties. Een aantal studies suggereert dat het oligomeer
de aS aggregatie toestand is die toxisch is bij de ziekte van Parkinson (PD). De
schade die oligomeren aanrichten wordt toegeschreven aan de interactic van aS
oligomeren met cellulaire membranen. In de cel kan verstoring van de membraan
integriteit door oligomeren bijvoorbeeld leiden tot accumulatie van reactieve
oxygen species en vervolgens celdood.

Hoofdstuk 1 geeft een algemeen overzicht van de verschillende types van oS
oligomeren die verkregen kunnen worden met verschillende protocollen. Voor de
meeste studies in dit proefschrift worden modelmembranen met verschillende
samenstellingen gebruikt om fysiologische membranen na te bootsen. We hebben
systematisch onderzocht hoe aS oligomeren binden en modelmembranen lek
maken en hoe binding en lekkage worden gemoduleerd door membraan lading en
lipide samenstelling. Deze studies worden beschreven in Hoofdstukken 2, 3 en 4.
De interactie van oligomeren met complexe modelmembranen komt aan de orde in
Hoofdstuk 2 en 3. Onze studies tonen aan dat ten minste 25% van negatief geladen
lipide zoals DOPG noodzakelijk is voor aS oligomeer binding. We hebben
waargenomen dat aS oligomeren desondanks membranen met een fysiologisch
relevant percentage cholesterol en sfingomyeline beschadigen. De meeste studies
in dit proefschrift zijn gericht op lipide mengsels die het mitochondriale
binnenmembraan of het plasmamembraan binnenblad nabootsen omdat van deze
twee membranen wordt gedacht dat de ze lijden onderaS-oligomeer geinduceerde
schade. Microscopie beelden in Hoofdstuk 2 laten zien dat aS oligomeren niet
alleen binden aan reus unilamellaire vesicles (GUVs), oligomeren worden ook
gevonden in de binnenkant van het vesicle. Oligomeren diffunderen mogelijk door
of over het (beschadigde) membraan.

In Hoofdstuk 3 hebben we aangetoond dat mitochondri€le model membranen
gevoeliger zijn vooroligomeer-geinduceerde schade op langere tijdschalen terwijl
voor de meer complexe plasmamembraan  modelsystemen  geen
concentratieafhankelijke permeabilisatie op dezelfde tijdschaal wordt gezien. We
wijten dit resultaat aan de complexiteit van de samenstelling van het model
plasmamembraan.

In Hoofdstuk 4 laten we met behulp van SAXS studies ziendat alle aS oligomeren

die hier zijn onderzocht (WT, en de ziekte van mutanten A30P, E46K, AS53T,
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H50Q en G51D) ongeveer 30 monomeren bevatten. Daarnaast hebben wij
gevonden dat de membraanbindingsaffiniteit van het monomere eiwit vergelijkbaar
is voor WT, H50Q en G51D. Echter, ondanks deze overeenkomsten, waren G51D
oligomeren niet in staat de integriteit van negatief geladen en fysiologisch
relevante modelmembranen verstoren. In de ziekte gerelateerde G51D mutatie
voorkomt vervanging van het membraan ondergedompeld kleine aminozuur
glycine door een negatief geladen asparaginezuur op positie 51 membraan
destabilisatie terwijl een mutatie in het oplosmiddel blootgestelde deel van de
membraangebonden alpha helix, zoals de het H50Q mutatie, resulteert in
oligomeren die weinig effect hebben op de membraan integriteit.

Onze gegevens in Hoofdstuk 5 suggereren dat de toxiciteit van de geteste extern
toegevoegde oligomeren afhangt van de beschikbaarheid en de toxiciteit van
additionele verbindingen die gebruikt zijn voor de productie van de oligomeren en
niet van de oligomeren zelf. Hoewel de hier geteste extern toegevoegde aS
oligomeren niet toxisch waren, kunnen we hieruit geen conclusies trekken over de
toxiciteit van oligomeren die intracellulair worden geproduceerd tijdens de
aggregatie van oS.

In Hoofdstuk 6 bestuderen we een alternatief toxiciteitsmechanisme van aS
oligomeren en we gesuggereren dat- de door ons waargenomen oligomeer
geinduceerde hemifusion verband heeftmet de vesicle docking en fusie problemen
waargenomen in neuronen. Multivalente oligomeren kunnen rechtstreeks betrokken
zijn bij het verstoren van de goed gecontroleerde membraanfusie machinerie van
de cel. Uit onze gegevens blijkt dat slechts enkele oligomeren noodzakelijk
hemifusion veroorzaken. De waargenomen ongecontroleerde en efficiénte
hemifusie van vesicles werpt een nieuw licht op de mogelijke toxiciteit van
oligomeren in de ziekte van Parkinson.
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List of abbreviations

A488
AFM
aS

CD

ch

CL
CTB
Ccys
DA
DOPA
DOPC
DOPG
DPPG
DOPS
DTT
EPR
ER
FCS
FRAP
GUV
HEPES
His
HNE
Ig

LB
LN
LUV
MRE
NMR
ONE
PA
PAGE
PD

Alexa Fluor 488 C5 maleimide dye
atomic force microscope
alpha-synuclein

circular dichroism

cholesterol

18:1 cardiolipin

The Cell Titer-Blue assay

cysteine

dopamine

1,2-Dioleoyl phosphatidic acid
1,2-Dioleoyl phosphatidylcholine
1,2-dioleoylphosphatidylglycerol
1,2-dipalmitoylphosphatidylglycerol
1,2-dioleoyl phosphatidylserine
dithiothreitol

electron paramagnetic resonance spectroscopy
endoplasmic reticulum

fluorescence correlation spectroscopy
fluorescence recovery after photobleaching
giant unilamellar vesicle
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
histidine

4-hydroxy-2-nonenal
immunoglobulin

Lewy bodies

Lewy neuritis

large unilamellar vesicle

mean residue ellipticities

Nuclear magnetic resonance
4-0x0-2-nonenal

phosphatidic acid

polyacrylamide gel electrophoresis
Parkinson’s disease
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PE
PI
POPA
POPC
POPG
POPE
POPS
PS
ROS
SAXS
SNCA
sm
SUV
WT
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phosphatidylethanolamine

phosphatidylinositol

1-palmitoyl, 2-oleoyl phosphatidic acid
1-Palmitoyl, 2-oleoyl phosphatidylcholine
1-palmitoyl, 2-oleoyl phosphatidylglycerol
1-palmitoyl, 2-oleoyl phosphatidylethanolamine
1-palmitoyl, 2-oleoyl phosphatidylserine
phosphatidylserine

reactive oxygen species

small angle X-ray scattering

synuclein, alpha (non A4 component of amyloid precursor)
sphingomyelin

small unilamellar vesicle

wild type
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