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Chapter 1

Parkinson’s disease (PD) (1) is the second most highly spread neurodegenerative
disease after Alzheimer’s (2), and affects primarily the elderly population (2,3).
The clinical effect of PD is associated with the loss of dopaminergic neurons from
part of the mid-brain called substantia nigra pars compacta (2,4,5). The most
common symptoms of PD are movement-related such as resting tremor,
bradykinesia, muscular rigidity and postural instability (2,4,5). These symptoms
were first described by James Parkinson in 1817 (1). Moreover, patients may have
other problems like depression, olfactory deficits, psychosis, cognitive impairment
and sleeping problems (6-8). To find a cure to PD is still difficult, because the
symptoms of the disease are not early detectable. PD is characterized by the
presence of Lewy bodies in the patient’s brain (9). The Lewy body is a protein
deposit, which mainly consists of aggregates of a-Synuclein (9,10). This protein is
expressed abundantly in the brain and localizes in the presynaptic terminal of

nerve cells (11,12).

This thesis focuses on the protein a-Synuclein (asS). Its ability to interact with
membranes as well as to form amyloid fibrils in certain conditions are the main
aspects of this thesis. Spin-label electron paramagnetic resonance (EPR) is the
method used to study these complex processes. This chapter presents a brief
introduction to this thesis. We describe the protein as, its membrane interaction,

fibrils, and spin-label EPR.
1.1 a-Synuclein and its properties

The protein aS consists of 140 amino acids. It lacks a defined secondary structure
in solution at neutral pH (13,14) and is a member of the intrinsically disordered
protein (IDP) class (15,16). The amino acid sequence of aS can be divided into two
major regions: a) the N-terminal region (residues 1-100), which can be further
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Chapter 1

divided into two sub regions: a highly positively charged region (residues from 1-
60), and a hydrophobic non-amyloid-beta-component (NAC) region (residues 61-
94); and b) the C-terminal region (residues 100-140), which is rich in negatively
charged amino acids, especially glutamate (see Figure 1.1).

The N-terminal region contains the seven imperfect repeats (KTKEGV consensus
sequence) spread from residue 7 to residue 87 (11,17), and has a tendency to
form an a-helical conformation upon membrane binding (14,18-21). The three
most common point mutations in aS linked to PD are A30P (22), E46K (23), A53T
(24). In addition, two other point mutations G51D (25), H50Q (26), and A53E (92)
have been described recently. They are all located in the N-terminal region of aS.
The NAC region plays a crucial role in the aggregation of aS (27), and the C-
terminal part of aS remains largely unstructured under most conditions (18).

Like other proteins, aS can undergo posttranslational modification (PTM).
Phosphorylation (28-30), ubiquitination (31) , oxidation (32), and truncation (33)
are commonly found PTMs in aS. These PTMs have an impact on the structure

and function of aS (34,35).
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Figure 1.1. Schematic representation of the aS sequence and its different regions: The N-
terminal region contains the highly positively charged region (in green), the KTKEGV
repeats, and the central region (in blue), also called the NAC region. The C-terminal region
(in red), the negatively charged region, contains most of the phosphorylation sites. The
NAC region also contains a phosphorylation site at serine (S) 87. The numbers mark the
residues and the numbers in bold the phosphorylation sites of asS.
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1.2 a-Synuclein and membrane interaction

One of the proposed physiological functions of aS is neurotransmitter release
(Figure 1.2) (36). In this process, aS is believed to interact with synaptic vesicles,
to cluster them and bring them in close proximity of the presynaptic membrane.
The protein oS also interacts with SNARE complex proteins (37,38) at synaptic
vesicles. Besides in presynaptic terminals, aS is also found in the mitochondria.
The presence of aS in mitochondria disturbs the functioning of mitochondria
(mitochondrial dysfunction) (39-41). These functions involve the interaction of aS
with membranes.

In vitro studies suggest that early-onset PD mutations do not only affect the
aggregation tendency of aS, but also modulate the aS-membrane interaction
(19,21,42). These observations make the interaction of aS with membranes of
great interest. Therefore, the aS-membrane interaction was studied (43-64),
mostly using membranes composed of simple lipids or binary lipid mixtures. The
lipid composition of natural membranes is complicated as these natural
membranes contain a complex mixture of lipids. In chapter 2 of this thesis, we
investigate the interaction of aS with two natural membrane mimics, the Inner

Mitochondrial membrane (IMM) and the Neuronal Plasma membrane (NPM).

The protein aS interacts with the membrane by the N-terminal part (residues 1-
100) of the protein. Upon binding to membranes, aS attains an amphipathic a-
helical conformation (14,18,63). The membrane-bound-N-terminal-a-helical
region consists of three regions, one is called helix 1 (residues 3-37), the second is
helix 2 (residues 45-92) and the third is the linker part in between the two helices
(43,44). The affinity of aS to membranes depends on the negative charge density
(p) of the membrane (54,55,63), where p represents the molar fraction of anionic

lipids present in the membrane (56).
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Figure 1.2. The proposed physiological function of aS: Schematic representation of a
synapse showing the process of neurotransmission from neuron A to neuron B. In this
process, aS interacts with vesicles loaded with neurotransmitters, clusters them and
brings them to the presynaptic membrane. Vesicles fuse and release the
neurotransmitters. The protein aS is present in mitochondria (shown in red) of cells,
where aS interacts with the mitochondrial membranes.

If the membrane has a higher charge density (p = 0.5 to 1), aS binds with both
helices to the membrane (Figure 1.3a). At low surface charge density (p < 0.5),
helix 1 of aS remains attached to the membrane while helix 2 shows weak binding
and detaches, starting from the C-terminal side of the protein (Figure 1.3b) (56).
In connection to these observations, in chapter 2, we investigate the binding of aS
with the IMM and the NPM, which have a low negative charge density of p = 0.2

and 0.3, respectively.
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Figure 1.3. Schematic representation of aS-membrane interaction. Two conditions are
shown: a. both helices of aS are completely bound to the membrane with high charge
density; b. Helix 2 is detached from the membrane with low charge density, whereas aS
remains bound via helix 1.
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As a consequence of binding to membranes, the aS attains different
conformations. On membranes, aS can be in the extended or the horseshoe
conformation shown in Figure 1.4. Figure 1.4a depicts the extended conformation,
and Figure 1.4b represents the horseshoe, also called the broken helix
conformation. The helical region of aS has a break in the middle (residue 42 to
44), hence named linker region. The first report of the horseshoe conformation
came from a solution-NMR study (43) of aS on micelles by Ulmer et al. (43). Later,
one EPR study by Georgieva et al.(46) reported the presence of the extended
conformation on vesicles, bicelles, and rod-like micelles, while other EPR studies
(52,64) show the presence of the horseshoe conformation on vesicles and

micelles.
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Figure 1.4. Schematic diagram of aS conformation (58) upon membrane binding: a. the
extended conformation, b. the broken helix conformation also termed horseshoe
conformation.

Other studies (45,51,58) found that aS coexists in both forms, the extended and
the horseshoe. It is still a question whether the membrane-bound part of aS has
the extended or the horseshoe form, especially when considering membranes
with compositions close to natural membranes. In chapter 2 of this thesis, we

report the arrangement of aS on the natural membranes IMM and NPM.
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1.3 Posttranslational modification of a-Synuclein

As we mentioned above, the protein aS undergoes several modifications. The
most observed and studied modification is phosphorylation, a chemical process in
which a phosphate group is attached to a hydroxyl group (R-OH) (Figure 1.5). For
proteins, an amino-acid residue with a hydroxyl group (for example serine (S),
tyrosine (Y), and threonine (T)) is phosphorylated by enzymes, normally
protein kinases, by the addition of a covalently bound phosphate group. Serine
and tyrosine are the residues that undergo phosphorylation in aS. Figure 1.5
shows the phosphorylated form of serine and of tyrosine. The common

phosphorylation sites of aS are shown in Figure 1.1.

Phosphotyrosine
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R-OH + HO-P-OH 4& RO-P-OH |
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Figure 1.5. Schematic showing the process of phosphorylation and the two amino acids
(serine and tyrosine) after phosphorylation: phosphoserine and phosphotyrosine.

In the Lewy bodies, aS has been found phosphorylated at residue S129 (28,65,66).
The other residue found phosphorylated, albeit less than $129, is S87 (30,67).
Residue S129 resides in the C-terminal part, which is not in the core of the aS
fibrils (discussed below) that make up the Lewy bodies. Therefore, $129 could be
more accessible to phosphorylation in the fibril/Lewy body than S87. Studies to
understand the effect of phosphorylation on the aggregation and membrane
binding properties of aS show conflicting results. In connection to this, we choose
to investigate the relation between aS-membrane binding and phosphorylation.

In chapter 3, we report how the phosphorylation of aS affects membrane binding.
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1.4 a-Synuclein and fibrils

The protein aS is found as fibrillar aggregates in the Lewy bodies (9,68) where it
adopts a highly ordered structure, the amyloid fibril. The amyloid fibrils have a
width of approximately 10 nm and a length of a few micrometers (69). The
amyloid fibril has a cross B-sheet structure (70). In these fibrils, schematically
represented in Figure 1.6, individual proteins form B-strands (shown with black
arrow), which arrange perpendicular to the fibril axis into a B-sheet structure
(shown as grey sheets). The B-sheets grow along the fibril axis to make the

protofibrils.
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Figure 1.6. Schematic representation of amyloid fibrils . a: the black arrow shows a B-
strand and the grey dot shows the direction of the fibril axis, which is pointing out of the
page. b: the grey arrow shows the direction of the fibril axis. The grey planes are
representative of B-sheets, which are parallel to the fibril axis. Adapted from (78).

The cross B-sheet structure is a common feature of amyloid fibrils, and many
proteins are able to form fibrils. Amyloid fibrils made from the same protein can
have different morphologies, a phenomenon called polymorphism. This also
applies to aS fibrils. In Figure 1.7, we show transmission electron microscope
(TEM) images of asS fibrils with two forms, cylindrical and twisted. The cylindrical
fibrils have a uniform width indicated by black arrows in Figure 1.7a, while twisted

fibrils are characterized by the twists indicated by white arrows in Figure 1.7b.
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Polymorphism among fibrils can be due to a) a difference in the number of
protofibrils making the fibrils (71,72), b) a different protofibrils arrangement
inside fibrils, or c) a difference in the intrinsic protofibrils structure (73—75). This
means that polymorphism can affect the internal fold of aS in fibrils. Since we
study the fold of asS in fibrils by EPR spectroscopy in chapter 5 of this thesis, it is
desired to have fibrils of similar morphology. Chapter 4 describes the TEM

characterization of fibrils.

Figure 1.7. Structural characterization of two different polymorphs of aS fibrils. TEM
images of aS showing a. cylindrical fibrils with uniform width, indicated by black arrows; b.
twisted fibrils, where white arrows depict the points of cross-over of a twist in the fibril
and the distance between the two points is called the periodicity.

1.5 Protein mediated membrane fusion

Membrane fusion is an important process in all living organisms. It is widely
accepted that membrane fusion takes place in three steps, schematically
represented in Figure 1.8: 1. two unfused vesicles are brought into close
proximity; 2. local disruption of the outer membranes at the site of contact, also
called hemifusion; 3. fusion facilitating mixing of content between the two fused
vesicles (76,77). Despite this common understanding, the detailed mechanism is

still lacking.
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One of the best studied membrane fusion systems is the SNARE system (SNARE:
soluble NSF attachment protein receptor; NSF=N-ethylmaleimide-sensitive factor),
which involves the coiled-coil interaction between three complementary SNARE
proteins (76,79). SNARE proteins are located on unfused vesicles and, in the first
step of the fusion process, bind to form a tetrameric coiled-coil bringing the
unfused vesicles into close contact and triggering the fusion cascade (80). In
connection to that, in chapter 6 of this thesis, we investigate the first step of the
fusion process, which is to bring two membranes close by the coiled-coil
interaction. We use two synthetic small peptides E and K, which form K:E
heterodimers with a coiled-coil structure (81). We describe in detail how the two

peptides interact and arrange themselves in the coiled-coil structure.

unfused vesicles hemifusion
001002000
vesicles in contact full fusion

Figure 1.8. Membrane fusion steps shown with vesicles: Two unfused vesicles get closer,
docking (1), mixing of outer lipid layer (hemifusion) (2) and then full fusion by mixing inner
lipid layer and content (3). The Figure is modified from (77).

1.6 Spin-label EPR spectroscopy

Electron-paramagnetic-resonance (EPR) spectroscopy is a method that is sensitive
to paramagnetic systems. In nature most bio-macromolecules do not contain a
paramagnetic center, which makes them EPR silent. To make these molecules
detectable by EPR, they need to be spin labelled. With the development of site
directed spin-labelling strategies (82—84), EPR has become a powerful tool to

investigate structural aspects of bio-macromolecular complexes.
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Nitroxide radicals are used as spin-labels in EPR studies. The commonly used
nitroxide radical is MTS ((1-oxyl-2,2,5,5-tetramethylpyrolline-3-methyl)
methanethiosulfonate). Figure 1.9 shows the chemical structure of MTS. The MTS
chemical structure contains a five-membered pyrroline ring with N-O bond and a
methanethiosulfonate group. The unpaired electron localizes in the N-O bond
shown with a black dot in Figure 1.9. The spin label attaches to a protein by a
covalent bond between the —SH group of cysteine and the methanethiosulfonate
of MTS.

Spin-label EPR is useful to obtain information such as: a. mobility of the spin label,
b. distance between two spins, c. solvent accessibility of the spin-labelled protein
site, d. polarity of the local environment of the spin label. In our research, we
focus on the first two aspects. Therefore, in the following part of this chapter, we
will describe briefly the effect of spin-label mobility on EPR spectra and the

determination by EPR of the distance between two spins.

1.6.1 Spin-label mobility

The EPR spectrum of nitroxides is sensitive to the rotation of the spin label with
respect to the external magnetic field. If the nitroxide spin label is freely mobile in
solution, it exhibits an EPR spectrum with three narrow lines as shown in Figure
1.10a. The lines are spaced by the isotropic nitrogen hyperfine interaction A,
which is due to the hyperfine interaction of the unpaired electron spin S = 1/2

with the N nuclear spin | = 1.
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Figure 1.9. The chemical structure of the MTS nitroxide radical. The unpaired electron
(shown as a black dot) localizes on the N-O bond attached to the five-membered pyrrolline
ring. Principal directions of the g-tensor (blue dotted arrows) are shown. The g-tensor
along the Z-direction, i.e., g,, is perpendicular to the ring.

Figure 1.10 shows the effect of the spin-label mobility in terms of the rotation-
correlation time (t,) on the line shape of the EPR spectrum by a set of simulations.
At 1, values from 0.01 ns to 0.1 ns, the line position stays fixed, and the linewidth
increases in a characteristic way (Figure 1.10a and b). The line at high field
broadens and shifts slightly as the rotation-correlation time increases from 0.1 ns
to 1 ns. For the spectra with T, values of 3.2 ns and 10 ns, the line positions
change and the lines at low field and high field broaden. For longer times (t, > 10
ns), the spectrum approaches that of a completely immobilized spin label (Figure
1.10f). In chapters 2 and 3 of this thesis, we have used the spin-label mobility to

investigate the interaction of aS with membranes.
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Figure 1.10. Simulated cw-EPR spectra to show the effect of the rotational motion of a
nitroxide spin label on the line shape of the spectrum at room temperature. In the fast-
motion regime, the three lines have almost equal intensities; a. T,= 0.01 ns, b. t,=0.1 ns, c.
T.=1.0ns,d. t,=3.2 ns, e. T,= 10.0 ns, and f. t.> 10.0 ns. Spectra a to ¢ were simulated
with the algorithm “garlic”, d to e with “chili” and f with “pepper” using the EasySpin (85)
package. We used a g tensor [g« 8,y 8] = [2.009006 2.00687 2.003], and a hyperfine
coupling [Ax A,y A;; ] = [13 13 110] MHz. The linewidth parameter used for spectra a to e
was 0.1 mT, and for spectrum f, 0.55 mT was used.
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1.6.2 Distance determination by EPR

An important part of this thesis concerns structure determination by EPR, which is
based upon the measurement of distances between pairs of spin labels. The
measurement of distances makes use of the dipole-dipole interaction between
the electron spins of two nitroxides. For nitroxide spin labels, the electron spin is
considered to be localized in the center of the N-O bond. For systems where the
distance between two spins is above 1 nm, the interaction of the spin can be
described under the assumption of point-dipole approximation (86).

The dipole-dipole interaction (vq4qin MHz units) between two spins is proportional

to the inverse cube of the distance, and is given by (86)

h
Vg = — =2 YAYE (306529 — 1)
8m2 r3ip

where pgis the magnetic permeability at vacuum, y, and yg are the magnetogyric
ratios for the two spins, h is the reduced Planck’s constant, ras is the distance
between the two spins, and 0 is the angle between the spin-spin vector and the

magnetic field.

The distance between pairs of spins can be measured by EPR in two ways
depending on the distance; a) by cw-EPR and b) by a pulsed-EPR method called

double electron-electron resonance (DEER), which is discussed below.

1.6.2.1 cw-EPR line broadening

Short distances up to 2 nm between two spins can be detected by cw-EPR. Figure
1.11 depicts the cw-EPR spectra of frozen nitroxides as a function of the dipolar

interaction. The spectra are simulated using a dipolar tensor D, of the form
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[- D - D + 2D] in which + 2D represents the parallel component of the dipolar
tensor (D). Figure 1.11 shows the effect of the dipolar coupling on the lineshape
of cw-EPR spectra of nitroxides, where the parallel component of the dipolar
tensor was aligned either with the g,,and A, direction or the g,, and A,, direction
of the g and A tensors of the two nitroxides, assuming that the g and the A tensors
of the two nitroxides are collinear. The direction of the principal axes of the g-

tensor is indicated with blue dotted lines in Figure 1.9.

a — 0 MHz
— 4 MHz

330 335 340 345 350 355 360
magnetic field (mT)

b n 12 MHz c 12 MHz
20 MHz 18 MHz
||<Dy

330 335 340 345 350 355 360 330 335 340 345 350 355 360
magnetic field (mT) magnetic field (mT)

Figure 1.11. Effect of dipolar coupling on cw-EPR spectra of nitroxides at 120 K. a.
Nitroxide spectrum simulated without dipolar interaction (black line) superimposed with
simulated nitroxide spectrum for D = 4 MHz for D, along the Z-direction (red line), b.
simulated nitroxide spectrum showing dipolar line broadening and splitting at low and
high field for D = 12 MHz (top) and D = 20 MHz (bottom) for D, along the Y-direction, c.
nitroxide spectrum showing dipolar line broadening and splitting at low field and high field
for D = 12 MHz (top) and D = 18 MHz (bottom) for D, along the Z-direction. The splitting of
the line at high field marked by blue lines corresponds to 1.4 mT, i.e., 36 MHz (magnitude
of D, along the Z-direction). All the spectra were simulated with the algorithm “pepper”
using the EasySpin (85) package. We used a g tensor [g, &,y 8..] = [2.009006 2.00687
2.003], and a hyperfine coupling [A« Ay A,; ] = [13 13 100] MHz. The linewidth was kept
fixed at 0.55 mT.
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Figure 1.11a shows the superposition of the spectrum simulated for D = 0 MHz
(Figure 1.11a, black line) with the spectrum for D = 4 MHz, and D, along the Z-
direction. This comparison depicts that the changes in lineshape become visible
for dipolar coupling of D = 4 MHz (i.e., a distance of 2.35 nm between two spins).
In Figure 1.11b, the parallel component was aligned with the Y-direction. For D =
12 MHz (i.e., a distance of 1.6 nm), the spectrum only slightly deviates from the
one in the absence of dipolar interaction (Figure 1.11 b, top). With the increase of
the D value to 20 MHz (i.e., a distance of 1.37 nm), a splitting of lines becomes
visible (Figure 1.11 b, bottom). In Figure 1.11c, the D, was aligned along the Z-
direction. For D = 12 MHz (i.e., a distance of 1.6 nm), the splitting of the low-field
and high-field lines becomes visible (Figure 1.11c, top). The splitting of the low-
field and the high-field line becomes larger for D = 18 MHz (i.e., a distance of 1.4
nm) (Figure 1.11c, bottom). In this case, the splitting of the EPR line at high field
(indicated with blue lines) corresponds to 36 MHz, i.e., the magnitude of D,.
These simulations show how the lineshape varies with the orientation of the
dipolar axis with respect to the g and A tensors of the nitroxides. The simulated
effect is more pronounced than for real samples, which may be due to: a) in the
simulation, Dy is aligned with a canonical orientation of the nitroxide, i.e., g,, or
g,,, but arbitrary orientations of D, will distribute the effect over the spectral lines,
making the broadening less visible. b) the g-tensors of the two nitroxides are
taken collinear in the simulation, while in practice this need not to be the case and
there will be a distribution of orientations.

In chapter 6, we have used this method to derive inter-spin distances from line

broadening in cw-EPR spectra.
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1.6.2.2 Double electron-electron resonance (DEER)

For distances between two electron spins larger than 2 nm, their dipolar
interaction becomes too weak to be detectable as a line broadening of transitions
in cw-EPR spectra. Pulsed-EPR methods are available to determine the dipolar
interaction in such cases and in our research we have made use of double
electron-electron resonance (DEER) to access distances between 1.8 and 6 nm
(87). The DEER pulse sequence is represented in Figure 1.12a. The two interacting
spins are excited at distinct microwaves frequencies, the so-called observer and
pump frequencies. The three-pulse excitation of one of the spins (the observer
spin) results in a spin echo, as indicated in the top line. Excitation of the second
spin, which is in interaction with the first one, with microwaves at the pump
frequency and at a time between the second and third pulse at the observer
frequency, results in a modulation of the echo intensity. The variation of the echo
intensity as a function of the dipolar evolution time t is called the DEER-trace. As
an example, Figure 1.12b, shows the DEER trace of a model sample, the biradical
PH2, in which two nitroxide groups are covalently linked at a distance of 1.9 nm.
The modulation at the frequency v4y, owing to the dipolar interaction between
the two nitroxide spins, is clearly visible superimposed on the echo decay, which
results from relaxation. For a distribution of distances between the two spins, for
example for non-covalently bound nitroxide radicals, the modulation pattern will
become less obvious or even smeared out completely, as illustrated in Figure
1.12c. In this case the separation of the effect of the dipolar interaction from
other contributions to the echo decay becomes important. After subtraction of
this background, the decrease of the echo intensity owing to the dipolar coupling

remains and can be translated into a distribution of distances. The modulation
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depth (A) (Figure 1.12c) is related to the number of coupled spins that account for

the measured DEER trace.

n

a observer iz I I /\
frequency - '\
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echo intensity T

400 800
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Figure 1.12. The DEER experiment. a. The DEER four-pulse sequence at two frequencies,
the observer and the pump frequency. Delay times t, and T, are kept fixed, while the delay
time t between the unobserved first echo (dotted line) and the pump pulse is varied. b.
The measured DEER trace of a reference sample PH2 contains modulations, the period of
which is related to the dipolar coupling between two electron spins. c. the DEER trace of a
fibril sample (black line), which shows no modulations; the red line represents the
background derived from the singly labelled proteins. The modulation depth (M)
represents the number of spins that contribute to the measured DEER trace.

For broad distance distributions, special attention has to be paid to the
background, which is due to all interactions of spins that belong to all
spin-labelled proteins, referred to as nano-objects (87,88). For a random
distribution of these nano-objects, analytical background functions were
calculated in (87,88). For soluble proteins, in buffer, the background is defined by
a homogeneous 3D-background function, which describes the three-dimensional,
random distribution of nano-objects in the sample (87—90). Such a background
has been applied in chapter 6. The DEER traces of peptides or proteins bound to
membranes can be corrected by a 2D background function, since membrane-

bound proteins are randomly distributed in the plane of the lipid-bilayer(88,91). In
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chapter 2 of this thesis, we derived the background function for the membrane-
bound doubly-labelled proteins from that of the membrane-bound singly-labelled
proteins. For the fibrils investigated in chapter 5, we encounter a special situation.
For fibrils, the background dimensionality is expected to be close to a 1D-
background function since the nano-objects, i.e., the doubly spin-labelled proteins
are arranged preferentially in one dimension, which is along the fibril axis (Figure
1.6b, black arrow). Usually, the background function for fibrils is derived from the

singly labelled proteins (chapter 5).

1.7 Thesis outline

In chapter 2, continuous wave (cw)-EPR is employed to investigate the interaction
of aS with natural membranes. The membrane is presented in the form of SUVs,
composed of lipids that mimic the natural membranes IMM and NPM. In the same
chapter we examine the arrangement of aS on the membrane by measuring the
distance between two spins on the same aS protein by double electron-electron
resonance (DEER).

In chapter 3, we investigate the influence of phosphorylation on the binding of aS
with model membranes by cw-EPR. We mimic the phosphorylation of aS at
positon S87 and S$129.

In chapter 4, the fibril morphology of aS is characterized by negative stain
transmission electron microscopy (TEM). This study provides the necessary
information about the fibril morphology.

In chapter 5, we investigate the fibril fold of aS by DEER. In this study we use the
fibrils whose characterization was described in chapter 4.

In chapter 6, the arrangement of K/E peptides in their coiled-coil structure is
investigated by cw-EPR and DEER, which reveals the orientation of the individual

peptide in the coiled-coil structure.

19



Chapter 1
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