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l Introduction



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

2
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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).

$129
S87 Y125 Y1i3e
61 95 140
N-terminus NAC Negatively charged (SRGURILITY
\
KTKEG!I repeats
Y133
| J
I

Membrane-binding region

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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neuron A

mitochondrion

Neuro
transmitters

vesicles

presynaptic

Ce—
o ° membrane

neuron B

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.

40

helix1 helix2 / \N /140 helix1
1 ——

4  membrane b membrane

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.

3 SISy, von (0>

l‘
NNy )

b N

&\\-‘w"":‘

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

H,0 Phosphoserine  HoN—t— COOH
(0] (@] " |
|| || H2N—C— COOH H2C
R-OH + HO-P-OH 4& RO-P-OH |
éH |()H 0POy

0PO7

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.

a A A} -

fibril axis

@ECY

ANANTANAN AN

4

|
/

‘

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.

11
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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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0.01 ns
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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

14



Chapter 1

[- 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 - '\

T T T T —

pump —t~ﬂ
frequency —— —— . —

echo intensity T

400 800
time (ns)

“00 0’5 10 15 2.0
time (ps)

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.
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2.1 Introduction

Parkinson’s disease [1] is the second most prevalent neurodegenerative disorder
[2], characterized by the formation of intra-neuronal protein deposits such as
Lewy bodies [3] [4]. The protein a-Synuclein (aS) is the main component of these
protein deposits [5] [6]. The protein aS consists of 140 amino acids and lacks a
defined secondary structure in solution [7] [8]. Its physiological function is still not
clear, although aS has been proposed to play a role in neurotransmitter release
[9] [10] and vesicle trafficking [11]. Both these functions involve the neuronal
plasma membrane (NPM). The protein aS is also associated with diseases like
dementia, and mitochondrial dysfunction [12] [13] and with aging [14]. In the
brain, aS is present in high concentrations in presynaptic nerve terminals, it has
been found to be associated with synaptic vesicles [15], and also in glia. The
protein also occurs in mitochondria, especially close to the inner mitochondrial
membrane[16][17] and it is thought to be associated with mitochondrial damage
[18][19].

When aS binds to membranes, it attains an amphipathic a-helical structure from
residues 1-100 [20] [21] [22]. The membrane-bound a-helical aS forms either a
continuous helix (residues 1-100), referred to as the extended helix, or the
horseshoe conformation, sometimes also referred to as the broken helix. The
horseshoe conformation consists of a helix 1 (residues 3-37), a turn, and a helix 2
(residues 45-92)[23] [24]. Recently a different kink position was suggested [25].
Whether aS binds in the horseshoe or the extended conformation to membranes
is still controversial, with some reports supporting the horseshoe conformation
[26] [27] and others the extended conformation [28] [29]. Langen and coworkers
reported that subtle changes in lipid composition or membrane structure have

strong effects on the conformation of aS on the membrane [28]. Previously, we
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found that the extended as well as the horseshoe conformation coexist on large
unilamellar vesicles (LUVs) composed of the negatively charged lipid 1-palmitoyl-
2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG) [30]. Here we show that
the same is true for small unilamellar vesicles (SUVs).

The affinity of aS to membranes depends on the negative charge density (p) of
the membrane, where p represents the molar fraction of anionic lipids present in
the membrane [31][32][33]. At higher charge density, both aS helices are tightly

bound, but at lower charge density, helix 2 dissociates from the membrane [34].

Since not much is known about the detailed interaction of aS with natural
membranes, we investigated the interaction of aS with membranes containing
lipids that mimic natural membranes. We focus on two membranes [35]: a. the
inner mitochondrial membrane (IMM) and b. the neuronal plasma membrane
(NPM), presented in the form of small unilamellar vesicles (SUVs). We applied
electron paramagnetic resonance (EPR) and investigated the binding of spin-
labelled aS making use of the mobility of the spin label as an indicator for local
binding. We focus on two positions, 56 and 69 (aS56, aS69), in the helix 2. We
also monitor the conformation of aS on these membranes to determine whether
aS is in the horseshoe or the extended conformation. For these experiments, aS
was spin labelled at two positions, 27 and 56 (aS27/56), and distances between
the spin labels were obtained by DEER (Double Electron-Electron Resonance) [36].
The label positions 27 and 56 were chosen because for these labels both
horseshoe and extended conformation yield distances that are measurable by
DEER [30].

We show that according to EPR, aS binds equally well to the two natural
membranes IMM and NPM. In spite of the low negative charge density of the

IMM and NPM membranes, helix 2 of aS binds more strongly to these natural
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membranes than to POPG/POPC model membranes at comparable charge
densities. The binding mode differs from what had been observed on model SUVs
before. The extended conformation predominates and the second fraction is a

horseshoe with a larger opening angle than previously found.

2.2 Materials and methods

2.2.1 Protein expression and labelling

Mutagenesis, protein expression and purification were performed as described
previously [37] [38]. Spin labelling was also done following the standard protocol.
Briefly, before starting labelling, aS cysteine mutants were reduced with a six-fold
molar excess per cysteine with DTT (1,4-dithio-D-threitol) for 30 min at room
temperature. To remove DTT, samples were passed twice through Pierce Zeba 5
ml desalting columns. Immediately, a ten-fold molar excess of the MTSL spin label
[(1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl))-methanethiosulfonate] was
added (from a 25 mM stock in DMSO) and incubated for 1 h in the dark at room
temperature. After this, free spin label was removed by using two additional
desalting steps. Protein samples were applied onto Microcon YM-100 spin
columns to remove any precipitated and/or oligomerised proteins and diluted in
buffer (10 mM Tris-HCI, pH 7.4). Spin label concentrations for single-cysteine
mutants were 2.5 mM and for double-cysteine mutants 5 mM at protein
concentrations of 250 uM. Owing to the high reactivity of the label and the fact
that the cysteine residues are freely accessible in the intrinsically disordered
structure, near quantitative labelling can be achieved under these conditions [22].

Samples were stored at -80 °C.
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2.2.2 Preparation of vesicles

The lipid compositions for making SUVs were:

a. IMM = 1'3'-bis[1,2-dioleoyl-sn-glycero-3-phospho]-sn-glycerol (CL) : 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine  (POPE) : 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) =4 : 3 : 5 [16]

b. NPM = L-a-phosphatidylserine (Brain, Porcine) (brain PS) : L-a-
phosphatidylethanolamine (Brain, Porcine) (brain PE) : cholesterol (ovine
wool) (CH) =2:5:3[39]

c. POPG SUV's as reference = 100 % 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-(1'-rac-glycerol) (POPG)

All lipids were purchased from Avanti Polar Lipids, Inc. as chloroform solutions
and were used without further purification. Lipids were mixed in the desired ratio
and then chloroform was evaporated by dry nitrogen gas. The resulting lipid films
were kept under vacuum overnight. Dried lipid films were hydrated with 10 mM
Tris-HCI, pH 7.4 for 1 hour at 30 °C, and the resulting milky lipid suspensions were
sonicated for approximately 30 min to make SUVs. The size of the vesicles was
determined by dynamic light scattering (DLS). The DLS-experiments were
performed on a Zetasizer Nano-ZS (Malvern). We obtained vesicles with a
homogeneous size distribution around diameter d = 35 nm (NPM) and 40 nm

(IMM and POPG SUVs).

2.2.3 Sample Preparation

Aliquots of aS from stock solutions (concentration between 150 uM and 250 uM)
were added to the SUVs to obtain a lipid to protein ratio (L : P) of 250 : 1, and
incubated for 30 min at room temperature before measuring. All samples were

prepared and measured at least three times. Frozen samples for continuous wave
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(cw) low-temperature EPR measurements and distance measurements were
prepared using 25 % spin-labelled and 75 % wild type (unlabelled) aS (diamagnetic
dilution). The diamagnetically diluted protein mixtures were mixed with the SUVs
at a L: P ratio of 250 : 1 and incubated for 30 min at room temperature. Glycerol
(20 % (v/v)) was added to all samples before transferring them into the 3 mm
(outer diameter) quartz tubes. The sample tubes were plunged into liquid

nitrogen for fast freezing.

2.2.4 Continuous wave-EPR experiments

The 9.7 GHz continuous wave (cw) EPR measurements have been performed using
a. an EMX PLUS EPR spectrometer (Bruker, Rheinstetten, Germany) with a super
high Q cavity (ER 4119 HS-W1) for room temperature measurements and b. an
ELEXSYS E680 spectrometer (Bruker, Rheinstetten, Germany) with a rectangular
cavity (ER 4102 ST) for low temperature measurements. The room temperature
measurements were done at 20 °C, using 0.63 mW of microwave power, 100 kHz
modulation frequency and a modulation amplitude of 0.1 mT. Total time to
acquire EPR spectra was 20 min. The low-temperature measurements were done
at 120 K using a helium gas-flow cryostat (Oxford Instruments, United Kingdom)
with an ITC502 temperature controller (Oxford Instruments). The EPR spectra
were acquired using a modulation amplitude of 0.25 mT and a microwave power

of 0.63 mW.

2.2.4.1 Simulation of cw-EPR spectra

Spectral simulation was performed using Matlab (7.11.0.584, Natick,
Massachusetts, U.S.A) and the EasySpin package [40]. For all simulations, the
following spectral parameters were used: g = [2.00906, 2.00687, 2.00300][41], the

hyperfine tensor parameters A= A,,= 13 MHz, and the A,, was varied (see Table
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2.1). Usually a superposition of more than one component was required to
simulate the spectra. The parameters were manually changed to check in which
range acceptable simulations of the experimental spectra were obtained to
determine the error margins. The rotation correlation time (z,.) of spin-labelled aS
in solution, i.e., in the absence of the membrane was shown to have an error of +
0.02 ns. To simulate spectra of aS bound to membranes, 7, of the fastest

component was kept at the value of the solution spectra of the respective mutant.

2.2.5 DEER experiments

All DEER experiments were done at 9.5 GHz on an ELEXSYS E680 spectrometer
(Bruker, Rheinstetten, Germany) using a 3 mm split-ring resonator (ER 4118XMS-
3-W1). We performed the measurements at 40 K with a helium gas flow using a
CF935 cryostat (Oxford Instruments, United Kingdom). The pump and observer
frequencies were separated by 70 MHz and adjusted as reported before [26]. The
pump-pulse power was adjusted to invert the echo maximally [42]. The pump-
pulse length was set to 16 ns. The pulse lengths of the observer channel were 16
and 32 ns for m/2- and 1 - pulses, respectively. A phase cycle (+ x) - (- x) was

applied to the first observer pulse. The complete pulse sequence is given by:

3

Zops 1 Tobs ~ t — Tpump — (t1 + T —t) — Tops — T, — echo. The DEER

time traces for ten different 1, values spaced by 8 ns starting at t; = 200 ns were
added to suppress proton modulations. Typical accumulation times per sample

were 16 hours.

2.2.5.1 DEER Analysis

In order to analyze the DEER traces and extract the distance distributions, the

software package “DeerAnalysis 2011” was used [43]. Experimental background
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functions were derived from DEER traces of membrane-bound singly labelled aS
under conditions of diamagnetic dilution. The distance distribution was derived by
the model free Tikhonov regularization [42] [43]. The distance distributions
obtained from the Tikhonov regularization were then fitted using two Gaussians.
Errors in the amount by which each fraction contributes to the two distances
were determined by changing the amplitude of the two Gaussians independently

to determine the range which results in an acceptable fit.

2.3 Results

To be sure of the integrity of the vesicles, all SUVs were checked by DLS before
and after adding aS. The vesicles were found to have a diameter d = 40 nm for
IMM and POPG SUVs and d = 35 nm for NPM, values that did not change upon

adding asS.

2.3.1 Continuous-wave EPR of aS

Figure 2.1a shows the spectra of aS56 and aS69 in buffer solution, measured at
room temperature. The spectra of aS56 and aS69 both consist of three narrow
lines. Figure 2.1b and 1c show the spectra of aS in the presence of IMM and NPM
respectively. For both aS56 and aS69, the spectral lines are broadened relative to
those in Figure 2.1a. The EPR spectrum of aS56 shows an additional feature,

indicated by the arrow in Figure 2.1.
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Figure 2.1. Room temperature, solution EPR spectra of aS56 and aS69 (a) in buffer, (b)
with IMM, (c) with NPM. Black line: experiment, red line: simulation. Arrows show the
low-field feature indicating reduced mobility (see text).

More detailed information was obtained by spectral simulation of the
experimental spectra, which yields the parameters of mobility of the spin label,
the rotation correlation time 7, and, for multicomponent spectra, the amount by
which each fraction contributes. These parameters are given in Table 2.1. The
solution spectra are simulated with a single component. The 7,. of aS56 is longer
than that of aS69. The spectra of aS56 bound to the IMM and NPM membranes
consist of a superposition of three and those of aS69 of two components. The 7,
of the fast component in all spectra was fixed to the 7, of the respective mutants
in solution. The contribution of this fraction to the total spectrum is smaller than
2.5 % for each spectrum. The slow components with 7, values between 2 and 3
ns, contribute at least 87 % and aS56 additionally has an immobile component in
the order of 10 %. The 7,. values and contributions for each mutant are the same

within the error margin for IMM and NPM.

For comparison, the 7, values for the mutant aS69 on POPG SUVs (34) are 0.39 +
0.02 ns (for the fast component) and 2.9 *+ 0.3 ns (for the slow component), which

is larger than found for the IMM and NPM membranes here. We attribute the
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reduced motion of the nitroxides on POPG vesicles to stronger binding because of
the higher negative charge density of POPG SUVs and other factors, such as
differences in head-group structure of lipids.

Table 2.1. Parameters (t,) describing the mobility of the spin label of aS bound to natural

membranes from simulations of cw-EPR spectra. T,: rotation-correlation time, A,;: the
hyperfine splitting along the Z-direction.

condit | aS fast component slow component Immobile component
ion spin-
label T, contri | Az T, contri | Az T, contri | Az
positi (ns) | bution | (MHz) | (ns) bution | (MHz) | (ns) bution | (MHz)
ons (%) (%) (%)
buffer | aS56 0.45 100 110 na na na na na na
+
0.02
aS69 0.31 100 110 na na na na na na
+
0.02
IMM aS56 045 | 2.0 + | 110 2.88 90 + | 105 >50.0 | 8.0 92.5
0.5 * 1.5
0.13
aS69 031 | 2.0 + | 110 2.23 98 + | 104 na na na
0.5 * 1.0
0.11
NPM aS56 045 | 2.0 + | 110 2.95 88 + | 104.5 >50.0 | 10.0 92.5
0.5 + 1.5
0.14
aS69 031 | 2.2 + | 110 1.99 98 + | 105 na na na
0.3 + 0.3

0.13

na: not contributing in the simulation. For error determination, see Materials and

methods
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2.3.2 Results of DEER experiments

Figure 2.2 shows the DEER results obtained for aS27/56 bound to IMM, NPM and
POPG SUVs; in Figure 2.2a the raw experimental DEER time traces before the
background correction are displayed, in Figure 2.2b the experimental time traces

after background correction.

The DEER time traces were analyzed by Tikhonov regularization and the resulting
distance distributions are shown in Figure 2.2c (for IMM and NPM) and Figure
2.2d (for POPG SUVs). The DEER traces show modulation, i.e., a periodic
oscillation of the echo intensity as a function of the time t, see for example the
maximum around 1.7 ps (Figure 2.2a for aS on NPM membranes). The oscillation
is the Fourier Transform of the frequency of the dipolar coupling between the
unpaired electron spins of the two nitroxides. The dipolar coupling reflects the
distances between the spins in the ensemble. The shape of the time traces
obtained in the experiments is analyzed in terms of the distance distributions. The
optimized distance distributions (Figure 2.2c and 2d) result in the fits shown as
red lines in Figure 2.2b. Different methods of analysis were tried for aS on IMM
and NPM, revealing that the experimental data is not well reproduced with a
single, Gaussian distance distribution. This shows that the data cannot be
explained by a single, broad distribution of distances, as would be expected for a

continuous spread in conformations.

Considering the two contributions to the distance distributions, the larger
intensity contribution is centered at a longer distance and the smaller intensity
contribution is centered at a shorter distance. The distance distributions were

fitted with two Gaussians, the parameters of which are given in Table 2.2.
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Figure 2.2. DEER time traces and distance distributions for aS27/56 bound to IMM, NPM
and POPG SUVs. (a) Time trace before background correction (black line), red line:
background. (b) Time trace after background correction (black line), red line: fit of the
time trace with the distance distributions shown in c. (c) Distance distribution obtained
after Tikhonov regularization of a527/56 bound to IMM (black line) and NPM (red line). (d)
Distance distribution obtained after Tikhonov regularization of aS27/56 bound to POPG
SUVs. For comparison, the same regularization parameter (o = 100) was used for c and d,
which seems to be on the small side for d. The peak at 2.6 nm in Figure 2.2d is related to
the horseshoe conformation on POPG SUVs. Small peaks shown with asterisks in Figure
2.2c have negligible contribution to the distance distribution according to the suppression
tool in DEER analysis, the feature at 5.5 nm in all distributions is related to a background
artefact and not relevant.

40



Chapter 2

Table 2.2. Parameters of distance distributions for a$27/56 bound to SUVs of IMM and
NPM and model membranes for comparison

SUVs mimicking natural membranes POPG SUVs POPG LUVs

IMM NPM [30]*

distance | fraction | distance | fraction | distance | fraction | distance | fraction

(nm) (%) (nm) (%) (nm) (%) (nm) (%)
3.7 32 3.6 36 2.6 30 2.7 27
4.2 68 4.3 64 4.2 70 4.3 73

Errors in contribution to fraction 3 % (IMM and NPM) and +2 % (POPG SUVs)
*reanalyzed from ref. (30)

2.4 Discussion

In this study, we investigate the binding of aS to natural membranes by spin-label
EPR. The membrane is presented in the form of SUVs, composed of lipids that
mimic the natural membranes IMM and NPM. To check the binding of helix 2 of
aS to these membranes, cw-EPR at room temperature was performed with spin-
label positions representative of helix 2 binding, positions 56 and 69. All spectra
reveal clear changes in lineshape in the presence of IMM and NPM showing that
aS interacts with these membranes. The spectra and the spectral lineshape
simulation parameters (given in Table 2.1) of aS on IMM and NPM agree within
experimental uncertainty, showing that the interaction of aS with both
membranes is similar. The fast fraction of aS spin labelled at position 56 and 69 is
below 2.5 % (Table 2.1), which shows that helix 2 is firmly bound to the

membrane.

When considering only the relatively small negative charge density (p) of the
membranes investigated, IMM (p = 0.3) and NPM (p = 0.2), the tight binding of
helix 2 is surprising, since on model membranes studied previously, aS binding is

strongest with vesicles composed exclusively of anionic phospholipids (p = 1)
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[20][33][44]. On SUVs of mixtures of zwitterionic and anionic lipids with a charge
density of p = 0.26, which is comparable to IMM and NPM membranes, the local
degree of binding of aS, when monitored at spin label position 69 of helix 2 is
even so low that the bound fraction is too small to be reliably detected by EPR
[34]. Therefore, other factors than membrane charge must be responsible for the
binding behavior of aS. Several studies have shown such effects [44][45][46][47].
In the present case, the specific lipid composition, for example the CL content
must play a role, as already shown by Zigoneanu et al.[45] and Robotta et al.[46].
The lipid CL has a very small head group area compared to the head group of
other synthetic lipids such as POPC and POPG, along with a tail region, which
consists of four acyl chains. Why this inverted-cone-shaped lipid promotes aS
binding is presently unclear, however, it is a likely candidate to promote binding
of aS on our IMM SUVs as well. This could be tested by measurements on
membranes with different amounts of CL as done in ref. [45] and [46]. The second
natural membrane we investigated, NPM, does not contain CL, and it is not clear
what causes binding comparable to that for IMM mimics. Besides membrane
charge and CL content, several other factors, for example, membrane phase, lipid
saturation [27] and posttranslational modification of aS [47] were shown to

influence the affinity of aS to the membrane.

The distances measured by DEER report on the conformation of aS on the
membranes. As in the binding studies, the results of the DEER experiments are
similar for IMM and NPM, showing that also the conformation of aS is similar on
both membranes. As described in the results section, a two-peaked distance
distribution fits the data better than a single component, showing that there are
two distinct conformations of aS. The long-distance component agrees well with

the distance attributed to the extended conformation (Table 2.2). On IMM and on
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NPM SUVs, this is the major fraction, which also reveals that more than half of the
aS binds to the membrane in the extended conformation. The second fraction has
a shorter distance, a distance that is too short for an extended helix conformation.
However, the distance is longer than that of the aS horseshoe conformation on
micelles (2.7 nm) [23], on SUVs (shown in Figure 2.2d and Table 2.2), and on LUVs
[30]. The helix 2 appears to be firmly bound, so this fraction cannot be due to a
flexible helix 2 section of the protein, and the DLS results show that the SUVs are
intact in the presence of aS. Therefore, we attribute this form to a horseshoe-like
conformation with a larger opening angle than the horseshoe conformation found
on SDS micelles or POPG SUVs and LUVs (Table 2.2). The molecular interactions
leading to this conformation is not clear, and why it is stabilized by the natural-
membrane mimics is difficult to answer. The distance between the helices is too
large to enable intramolecular interactions of the sidechains of the helix residues.
Specific turn configurations of the residues linking the two helices [48], protein-
membrane interactions or the formation of aS-aggregates on the membrane have
been discussed as factors leading to the horseshoe conformation, however, so far

no conclusive interpretation has been found.

To characterize this novel form in detail, distances between more spin-label pairs

would be useful, studies we are planning in the future.

The larger-opening-angle horseshoe conformation is another example of the
variability in aS-membrane interaction. The tight binding of aS to the natural
membrane-mimics again emphasizes that aS is perfectly suited to interact with
such membranes, suggesting that the co-localization and the presumed function

may very likely involve these membranes.
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Chapter 3

3.1 Introduction

Parkinson’s disease (1) is the second most spread neurodegenerative disease
after the Alzheimer’s disease (2). This disease is characterized by the formation of
protein deposits such as Lewy bodies in the brain (3,4). The protein a-Synuclein
(aS) constitutes the main component of these deposits (5-7). A number of post-
translational modifications of aS are present within the Lewy bodies in
Parkinson’s disease (PD) and related disorders (8,9). The major disease-associated
post-translational modifications (PTMs) are phosphorylation (8,10), truncation,
ubiquitination (11) and also oxidation (like nitration) (12). Phosphorylation is the

most studied PTM among them.

d
$129
587 Y125| Y136
61 95 140
N-terminus NAC Rt L MC-terminus
b Y133
o}

Figure 3.1. a. The most common phosphorylation sites in aS. Given is the sequence
number (in boldface) preceeded by the residue (Y or S) that is phosphorylated. Also, the
important regions of the protein are shown, indicated by sequence numbers at start and
stop. Positively charged (green): Net positive charge of protein between residues 1 and 61,
NAC — non-amyloid-f component (blue), and negatively charged C-terminal part of the
protein (red), from residue 95 onwards; b. chemical structure of the spin label MTSL, by
which Cys is labelled.

The protein aS has been found hyperphosphorylated in Lewy bodies and Lewy

neurites (1,9,13). The role of phosphorylation of aS in neurotoxicity is
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controversial. However, growing evidence suggests that phosphorylation could
influence membrane/vesicle binding of aS and its aggregation(8,14-17). Recent
reviews summarize results of in vivo and in vitro studies and describe to which
degree phosphorylation of aS is linked to disease (18,19). The major

phosphorylation sites of aS are shown in Figure 3.1.

The phosphorylation sites Y125, S129, Y133, and Y136 are most discussed in the
literature, for example S129 is highly phosphorylated in Lewy bodies. One more
phosphorylation site is special, S87, since it distinguishes the human aS sequence
from that of mouse and rat (13). Also, a link between phosphorylation at site 87

and disease was discussed by Paleologou et al. (13).

Here we focus on the membrane-binding aspect of aS phosphorylation in vitro at
positions S87 and S129. Membrane-binding of aS concerns an amphipathic helix
spanning residues from 1-100 (20-22). The N-terminal half (residues 1-50) of the
amphipathic helix is termed helix 1, and the other half (residues 51-100), helix 2.
The affinity of aS to membranes depends on the negative charge density (p) of
the membrane, where p represents the molar fraction of anionic lipids present in
the membrane (23). Different binding properties were found for helix 1 and helix

2 (24).

There are three ways to generate protein constructs to study the effect of
phosphorylation: a. to phosphorylate the respective residues enzymatically, which
requires dedicated enzymes/ overexpression systems (25,26) and is reversible, b.
by a semisynthetic approach in which a (phosphorylated) peptide is linked to the
corresponding overexpressed protein (27), and c. by generating mutants whose
side chains mimic the chemical properties of the phosphorylated state (negative

charge) and size, sometimes referred to as pseudophosphorylation (28). Typically,
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serine (S) is replaced by aspartate (D) or glutamate (E) (13,17,29,30) to mimic
phosphorylation and alanine (A) is used as reference for the non-phosphorylated

state, especially for in vivo studies.

All three approaches have been used to study aS-phosphorylation in vivo and in
vitro, showing that in some cases, enzymatically phosphorylated aS (P-aS) and
pseudophosphorylated aS behave differently (29,31). For example, enzymatic
phosphorylation of aS at S129 has been shown to have an inhibitory effect on aS-
aggregation, while pseudophosphorylation does not show such an effect (29).
Apparently, the different behavior depends strongly on the properties probed and
the environment aS is exposed to. In the present study we focus on the
phosphomimic approach with the S-D substitution to mimic phosphorylation,
and investigate the constructs S87A or S129A : non-phosporylated; S87D or
$129D : phosphorylated.

We used large unilamellar vesicles (LUVs) (see appendix A) as membrane models
with a 1:1 mixture of the lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1-rac-
glycerol) (POPG) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
generating a membrane with a charge density p = 0.5. Previous studies on model
membranes showed that at high charge densities, i.e., above 0.8 — 0.9, aS is fully
bound to those membranes (23,24,32—34), revealing that the interaction is strong
and dominated by electrostatics, which risks to mask the effects of
phosphorylation. Additionally, such charge densities are non-physiological, so we
avoided these high negative charge densities. At low charge densities (p < 0.2),
i.e., on neutral or weakly negatively charged membranes, binding is very low,
resulting in a large fraction of unbound protein, which would also abolish any
differential binding effect of phosphorylation. This made p = 0.5 an optimum

charge density to work at.
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To investigate membrane binding, we used spin label Electron Paramagnetic
Resonance (EPR) spectroscopy. For spin labelling, the amino-acid residue at the
sequence position of interest is replaced by a cysteine, which is reacted with a
suitable functional group of the nitroxide spin label (see Fig. 1b), an approach
introduced by the Hubbell group (35). In this way, a nitroxide, which contains an
unpaired electron and is therefore EPR active, is covalently attached to the
protein. Then the properties of the protein can be probed at the modified position
by EPR. In the present study, we make use of the ability of EPR to detect the
mobility of the spin label by room-temperature, continuous-wave (cw) EPR.
Characteristic lineshapes of the spectra reveal the mobility of the spin label, with
narrow lines corresponding to fast motion (i.e., rotational correlation times (z,.) of
several hundreds of ps) and broad lines to slow motion, in the ns-regime. In our
particular case, slow motion of the spin label shows that the section of the protein
to which the spin label is attached is bound to the membrane, whereas fast
motion shows detachment of the protein from the membrane. The methodology
described was introduced before and has proven valuable to determine the local

binding of aS to membranes (24,32-34).

The spin-labelled constructs are referred to as SLpositionaS/S87A(D) or
SLpositionaS/S129A(D), such that for example, SL27aS/S87D is the construct with
the spin label at position 27 and is the phosphorylated variant at position 87. We
investigated several spin-label positions for each phosphorylation site, resulting in

a total of nine constructs, summarized in Table 3.1.

In this work, we show how phosphorylation affects the binding of aS to the
membrane. It decreases the binding of aS to the membrane when phosphorylated
at the S87 position, whereas no effect is seen when phosphorylated at the 5129

position. We also show that phosphorylation at position 87 does not detach the
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protein completely from the membrane, but rather causes local unbinding, which

is particularly pronounced in the helix 2 region.

3.2 Materials and methods

3.2.1 Protein expression and labelling

All oS mutants were expressed in Escherichia coli strain BL21(DE3) using the pT7-7
expression plasmid and purified in the presence of 1 mM DTT as previously
reported(36,37) Serine-87 is substituted either by Alanine (S87A, represents
phosphorylation- inactive form) or by Aspartate (S87D, represents phosphomimic
form). For labelling, a cysteine mutation was introduced at the desired residues.

Spin labelling was done following the standard protocol, described briefly. Before
starting labelling, aS cysteine mutants were reduced with a six-fold molar excess
per cysteine with DTT (1,4-dithio-D-threitol) for 30 min at room temperature. To
remove DTT, samples were passed through a Pierce Zeba 5 ml desalting column.
Immediately, a ten-fold molar excess of the MTSL spin label [(1-oxyl-2,2,5,5-
tetramethylpyrroline-3-methyl))-methanethiosulfonate] was added (from a 25
mM stock in DMSO) and incubated for 1 h in the dark at room temperature. After
this, free spin label was removed by using two additional desalting steps. Protein
samples were applied onto Microcon YM-100 spin columns to remove any
precipitated and/or oligomerised proteins and diluted in buffer (10 mM Tris-HCl,
pH 7.4). Spin label concentrations were 2.5 mM at protein concentrations of 250
MM. Owing to the high reactivity of the label and the fact that the cysteine
residues are freely accessible in the poorly folded structure, near quantitative
labelling can be achieved under these conditions(38). Samples were stored at

-80 °C.
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3.2.2 Preparation of vesicles

All lipids were purchased from Avanti Polar Lipids, Inc. as chloroform solutions
and were used without further purification. LUVs were prepared from 1 : 1
mixtures of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1-rac-glycerol) (POPG)
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC). Lipids were mixed
in the desired ratio and then chloroform was evaporated by dry nitrogen gas. The
resulting lipid films were kept under vacuum overnight. Dried lipid films were
hydrated with 10 mM Tris — HCI, pH 7.4 for 1 hour at 30 °C, and the resulting milky
lipid suspensions were extruded through 100 nm pore size polycarbonated
membranes using the mini extruder (catalogue no. 610000) from Avanti Polar
Lipids. The size of the vesicles was determined by dynamic light scattering (DLS).
The DLS-experiments were performed on a Zetasizer Nano-ZS (Malvern). We
obtained vesicles with a homogeneous size distribution around diameter d = 100

nm.

3.2.3 Sample Preparation

Spin-labelled aS mutants were added from stock solutions (concentration
between 150 uM and 250 uM) to the LUVs to obtain a lipid to protein ratio (L : P)
of 250 : 1, and incubated for 30 min at room temperature before measuring. All
samples were prepared and measured at least three times. All spin labelled aS

constructs used in this work are shown in Table 3.1.

3.2.4 Filtration experiments

To determine, whether aS physically detaches from the membrane, we
performed filtration experiments similar to those described in Drescher et. al (24).

An aS-vesicle solution, prepared as for the EPR experiments described above
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(sample preparation), was passed through a 100 kDa cut-off filter device (Amicon
Ultra 100k), which retains the vesicles and thereby the membrane-bound aS
fraction, but is permeable for unbound aS. The concentration of aS in the filtrate
is too low to measure directly, therefore the filtrate was concentrated using a 3
kDa cut-off filter device (Amicon Ultra 3k) and measured by EPR to determine the
amount of aS in the filtrate. The error in the final value, in the order of 20 %,
derives largely from the errors in determining the volumes before and after the
concentration step, and the error of the double integral procedure to determine
the spin concentration by EPR.

Table 3.1. The aS constructs used to study phosphorylation at position S87 and S129; SL
denotes the spin-label.

Spin label positions | S87A (non-phosphorylated) S87D (phosphorylated)
SL27 SL27aS/S87A SL27aS/S87D

SL56 SL560S/S87A SL56aS/S87D

SL63 SL63aS/S87A SL63aS/S87D

SL69 SL69aS/S87A SL69aS/S87D

SL76 SL76aS/S87A SL76aS/S87D

SL90 SL90aS/S87A SL90aS/S87D

Spin label positions | S129A (non-phosphorylated) | $S129D (phosphorylated)
SL27 SL27aS/S129A SL27aS/S129D

SL56 SL56aS/S129A SL56aS/S129D

SL69 SL69aS/S129A SL69aS/S129D

3.2.5 Continuous wave-EPR experiments

The 9.7 GHz continuous-wave (cw) EPR measurements have been performed
using an ELEXSYS E680 spectrometer (Bruker, Rheinstetten, Germany) with a
Super high Q cavity (ER 4122 SHQE-W1/1108). Measurements were performed at
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20 °C, using 0.63 mW of microwave power, 100 kHz modulation frequency and a
modulation amplitude of 0.1 mT. Total acquisition time for the EPR spectra was 20

minutes.

3.2.5.1 Simulation of cw-EPR spectra

Spectral simulations were performed using Matlab (7.11.0.584, Natick,
Massachusetts, U.S.A) and the EasySpin package(39). For all simulations, the
following spectral parameters were used: g = [2.00906, 2.00687, 2.00300] (40),
the hyperfine tensor parameters A= A,,= 13 MHz, and A,, was varied (see Table
3.2). Usually a superposition of more than one component was required to
simulate the spectra. The parameters were manually changed to check in which
range acceptable simulations of the experimental spectra were obtained to
determine the error margins. To simulate spectra of aS bound to membranes, the
7, of the fastest component was kept at the 7, value of the spectra of the

respective protein construct in the absence of vesicles.

3.3 Results

We investigate the binding of phosphorylation variants of aS at positions 87 and
129 to LUVs of 100 nm diameter. The LUVs are composed of a 1:1 mixture of
POPG and POPC, generating a membrane of charge density p = 0.5. We first

describe the results of phosphorylation at position 87, then at 129.

Figure 3.2 shows the spectra of the spin labelled constructs probing
phosphorylation at position 87 in the presence of LUVs (for complete list of
constructs, see Table 3.1). In this set, helix 1 is probed in the middle, at residue 27,
helix 2 is probed at five positions starting from position 56 and terminating in 90.

Figure 3.22a shows the spectra of aS in the non-phosphorylated and Figure 3.2b
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in the phosphorylated form. Spectra in Figure 3.2a differ from those in Figure
3.2b, most notably, each spectrum in Figure 3.2b has narrower lines than its
counterpart in Figure 3.2a. As described in the introduction, narrow lines derive
from spin-labels that are rotating fast. As discussed in more detail below, fast
rotation shows that the section of the protein to which the spin label is attached is
not bound to the membrane. More detailed information was obtained by spectral
simulation of the experimental spectra, which yields the parameters of mobility of
the spin label, the rotational correlation time (7,) and, in the case of
multicomponent spectra, the amount by which each fraction contributes. These
parameters are given in Table 3.2. In Fig. 2c, an example of a simulation is shown.
Three fractions are visible, the fast, the slow and the immobile component, which
have increasingly large linewidths. The individual components add up to give the
experimental spectrum. Table 3.2 reveals that all but two spectra consist of a
superposition of two components, the fast and slow components, except for the
SL56aS/S87A variant, which in addition has a third, the immobile component, and
the SL90aS/S87A and SL90aS/S87D variants, which have only one component, the
fast component. Each component reflects a part of the protein population: The
fast fraction is due to protein in which the region around the site that is spin
labelled is not attached to the membrane, whereas the slow and immobilized
fractions are due to sections bound to the membrane. The amount by which each
component contributes to the spectra (Table 3.2, columns four and six) reflects
the fraction of protein contributing to each component. The correlation times can
be determined to several tens of ps, in the case of the fast fraction, and several
hundreds of ps for the slow fraction (see Table 3.2). The contribution of the fast
component of aS in the non-phosphorylated form is smaller than in the

phosphorylated form for each probing position. The opposite is the case for the
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contribution of the slow components. Both these trends reveal that

phosphorylation reduces membrane binding.

To illustrate the effect of phosphorylation at position 87, Figure 3.3 shows a plot
of the amount of the fast fraction for phosphorylation at position 87 as a function
of the sequence number at which mobility is probed. For all monitoring positions,
the amount of mobile fraction is larger in the phosphorylated variant. At
monitoring positions 27 and 56, the amount of mobile fractions of non-
phosphorylated oS is below 10 %, which indicates strong binding, but at later
positions (helix 2) the amount of fast fractions increases to 70 % indicating the
loosening of the helix 2 of aS, when it is non-phosphorylated, in agreement with
previous findings for wt aS (24). For the phosphorylated aS, the amount of the
mobile fraction is higher than in the non-phosphorylated form for all positions
monitored, enhancing the tendency for local unbinding in helix 2 until, at position

90, the bound fraction so low that it becomes undetectable.
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Figure 3.2. Effect of phosphorylation at position 87 on aS-binding to LUVs: Room
temperature, EPR spectra of spin-labelled aS constructs (for nomenclature see Table 3.1)
with LUVs of a 1:1 mixture of POPG and POPC; a. non-phosphorylated b. phosphorylated
form. Black line: experiment, red line: simulation. c. Decomposition of EPR spectrum into
components shown for SL56aS/S87A. The fast (black), slow (red) and immobilized (blue)
components are shown as well as the added simulation (green) and the experimental
spectrum (pink).
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Table 3.2. Effect of phosphorylation of aS at position 87 (S87A/D): Parameters describing
the mobility of the spin label in the EPR spectra; T, rotation correlation time of the spin
label, A,,, the hyperfine splitting along the Z-direction.

as spin- components S87A (non- phosphorylated) S87D (phosphorylated)
label contributing | T, (ns) contribu T, (ns) | Contribu
positions | to spectra tion (%) | A, tion (%) | A,
(MHz) (MHz)
fast 04+ 6+04 110 04+ 32+2 110
0.03 0.02
SL 27 slow 85+ 94+04 | 85 9.3+% 672 83
0.2 0.65
immobile na na na na na na
fast 04+ 6+0.2 110 04+ 34+3 110
0.02 0.03
SL 56 slow 3.2+ 78+1.2 102 31+ 63+3 102
0.07 0.4
immobile >50 161 91 na na na
fast 0.35% 29+2 110 04+ 51+5 110
0.04 0.03
SL63
slow 26+ 70+2 105 25+ 44 +5 108
0.3 0.6
immobile na na na na na na
fast 0.3+% 23+2 110 03+ 759 110
0.02 0.02
SL 69 slow 25+ 7512 110 25+ 20+9 110
0.2 1.2
immobile na na na na na na
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fast 04+ 425 110 04+ 798 110
0.04 0.02
SL76 slow 35+ 57+5 110 35+ 16+8 110
0.8 3.2
immobile na na na na na na
fast 04+ 70+ 10 110 0.3+ 100*+ 8 110
0.04 0.03
SL90 slow 25+ 24 +10 110 na na na
1.3
immobile na na na na na na

na: A component seen in other spectra, but not required to obtain a good simulation of
the experimental spectrum in question, revealing that the rotational correlation time of
the spin label does not contain contributions on the time scale of the component in
question (for details see text and Fig. 2). For error determination see Materials and
methods. *including 4.5 % contribution of spin label with natural abundance of Bc.

100+ —a—S87A

804 —e—S87D

60+

40

fast fraction (%)

20

D L) L L Ll 1
20 40 60 80 100

sequence number

Figure 3.3. Local unbinding effect of phosphorylation at position 87: Amount of fast
fraction in aS 87 A, D mutants in the presence of LUVs as a function of the sequence
number. black: non-phosphorylated (aS87A), red: phosphorylated (aS87D) (see Table 3.2
for values), the lines connecting the points are guides to the eye.

To determine if the phosphorylation reduces the overall membrane affinity of asS,

i.e., if aS detaches completely from the membrane, resulting in aS protein that is
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free in solution (physical unbinding) we separated the unbound fraction of aS
from the membrane-bound fraction, by filtrating the sample through a filter that
retains the vesicles and aS bound to them. The amount of physically unbound
protein in the filtrate is then determined by EPR, as described in Drescher et al.
(24) (for details see Materials and methods). The amount of unbound aS is given
in Table 3.3 and is below 16 % for all constructs. Thus the amount of physically
unbound as is significantly lower than the amount of the fast fraction measured
by EPR (see Table 3.2), showing that the local unbinding far out-weighs any
physical unbinding. The percentages in Table 3.3 for spin label positions 27 and 56
are slightly lower than for the other positions. Given that the differences are just
outside the error margins of the procedure, we cannot draw conclusions.

Table 3.3. Physical unbinding of aS S87D from the membrane. Results of filtration
experiments (for details, see Materials and methods and also Results).

mutants aS unbound fraction (%)
SL27aS/S87D 59+2.0
SL56aS/S87D 52+1.0
SL69aS/S87D 15.1+3.0
SL90aS/S87D 13.6+3.0

For phosphorylation at position 129, Figure 3.4 shows the superposition of the
spectra of non-phosphorylated and phosphorylated variants for three spin label
positions (see Table 3.1). In contrast to phosphorylation at position 87, A and D
variants at position 129 have similar spectra, obviating the need for detailed
spectral analysis. Apparently, phosphorylation has a much smaller influence at

position 129 than at position 87.
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——S8L27uS8/S129A
——SL27aS/S129D

—— 5L56aS/S129A
—— SL56a8/S129D

T

[—sL690s/s129A
—— 5L690.5/5129D

=

344 348 352 356
field (mT)

Figure 3.4. Effect of phosphorylation at position 129 on aS-binding to LUVs: Room
temperature, EPR spectra of spin-labelled aS constructs (for nomenclature see Table 3.1)
with LUVs of a 1:1 mixture of POPG and POPC; Superposition of non-phosphorylated
(black line) with phosphorylated EPR spectra (red line), normalized by their double integral
value.

3.4 Discussion

We have investigated how membrane binding of aS depends on the
phosphorylation state of positions 87 and 129. Membrane binding is detected
locally, via the mobility of spin labels attached to specific positions in the protein.
An increased spin-label mobility shows that the protein detaches from the

membrane around the position probed.
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The membrane composition was chosen to be conducive to intermediate binding
with a charge density of p = 0.5, to avoid: a) dominant electrostatic effects
observed at higher charge densities, where they cause strong, undifferentiated
binding and are non-physiological, b) overall unbinding observed at low charge
densities (23,24,32-34), as described in the introduction. The membrane was
offered in the form of LUVs of a diameter of 100 nm. We mimic phosphorylation
by the phosphorylation-mutation approach, replacing S by D, an approach used
before (13,17,29,30) (for details, see introduction). Although some studies
showed that biochemically phosphorylated aS can have different properties than
phosphorylation mimics (29,31), the latter constructs provide a robust system to

study phosphorylation effects in vitro, explaining their popularity.

Under the conditions of our study, phosphorylation at position 129 has no
noticeable effect on membrane binding, whereas 87 has, similar to what was
observed by other techniques in the past (13). In the following, we will first
discuss the influence of phosphorylation at position 87 on aS-membrane binding,
and then compare the results obtained on both phosphorylation sites to previous

findings in the literature.

When position 87 is phosphorylated, membrane binding is reduced relative to the
non-phosphorylated case. An almost the same reduction of the binding is
observed at positions 27 and 56 in the helix 1 region, see Figure 3.3. Similar to
wild type aS (24), also in the S87A variants, helix 2 has a lower membrane affinity
than helix 1. Phosphorylation enhances this trend, up to the point that at probing
position 90, the bound fraction becomes so low that it is undetectable. Complete,
detachment of the phosphorylated protein from the membrane does not play a
role: as seen in Table 3.3, the physically unbound fraction is below 16 % for all

constructs. To place this into perspective, the amount of physically unbound asS is
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maximally one third of the amount of fast fraction determined from EPR, showing
that the majority of the fraction, seen by EPR, derives from protein that is
attached to the membrane, presumably at the residues preceding the probed

sequence position, e.g. for sample SL27/aS87P, residues 27 and below.

Fluctuations in the amount of fast fraction (Table 3.2, SL 63, non-phosphorylated
(SL63/S87A) has a larger amount of fast fraction than SL 69) and a larger amount
of physically unbound aS for SL positions in helix 2 (Table 3.3), could indicate an
influence of the spin label on aS-membrane binding. If such an effect is present, it
never exceeds a contribution of 10 %, and therefore is not relevant for the

conclusions drawn.

Overall we find that phosphorylation at position 87 decreases the membrane
affinity of aS, more for helix 2. This effect is fully consistent with the change in the
charge caused by the conversion of S=D or by phosphorylation: A negative charge
in the helix 2 will weaken the electrostatic interaction with the negatively charged
membrane surface as it counteracts the effect of several lysines (Lys;K) in the aS
sequence from residues 1-100. Reduced membrane binding of S87E and P-S87 has

been reported before, e.g. (13) (41).

Reduced membrane binding affects the entire protein, but is most pronounced in
the helix 2 region, and may selectively influence the behavior of helix 2. Some
models propose that the physiological function of aS involves vesicle fusion
events in which helix 1 and helix 2 interact with different types of membranes
(42). We therefore speculate that phosphorylation at position 87 could be used to

tune how asS operates in vesicle trafficking.

For the aS129 A/D variants, the difference in mobility of the spin label for

phosphorylated and non-phosphorylated forms is minute, showing that under the
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membrane conditions employed here, phosphorylation at this site does not affect
membrane binding. The C-terminus of aS is already negatively charged and was
not found to interact with the membrane in previous studies (20,21,24,38,43),
which is fully consistent with the lack of changes in membrane-binding observed

in the present study upon phosphorylation at position 129.

The results of the present study suggest that phosphorylation at position 87 tunes
those functions of aS that involve membrane binding and vesicle interaction,
whereas phosphorylation at position 129 acts on other aspects of aS in the
organism. Previously (13) several possibilities of how phosphorylation at position
129 could affect aS in vivo behavior are described and the study of Kosten et.al
(44) shows that the phosphorylation at position 129 depends on the
phosphorylation state of position 125, suggesting a complex interplay of

posttranslational modifications in the C-terminus.

Most of the current research is focused on phosphorylation at position 129, and
the phosphorylation degree at this position is related to disease effects, as
reviewed in (45). In agreement with our results, several studies show that aS
phosphorylation at 129 has no or little effect on membrane binding, see for
example (28). However, several studies find an influence of phosphorylation at
129 on the aggregation of aS (28,29,46) and on membrane binding of aS
aggregates (46) suggesting that in vivo effects are linked to aggregation-sensitive

processes.

In conclusion, the large spectrum of phosphorylation effects on aS in vivo and in
vitro (13-16,19,28-31,41,45-54) furnishes the need for isolating the different
factors that can be modulated by aS phosphorylation in vitro. The present study

gives one such example, where we show that in vitro-phosphorylation mimics at
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position 87 (S87D) reduce aS-membrane binding in a local, sequence dependent
manner, whereas the same modification at position 129 (5129D) has no influence
on membrane binding. We expect that this approach provides a foothold to

interpret the challenging in vivo physiological and pathological functions of aS.
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Appendix A to Chapter 3

In chapter 3, the effect of phosphorylation of a-Synuclein (aS) on binding to large
unilamellar vesicles (LUVs) was studied, here we investigate the interaction of
phosphorylated and non-phosphorylated aS with small unilamellar vesicles (SUVs)
with the same lipid compositions as used for LUVs, i.e., POPG : POPC =1 : 1
(charge density p = 0.5). We describe the binding of S87 variants of aS at three
probing positions (27, 56 and 69) by spin-labeled electron paramagnetic

resonance (EPR) spectroscopy.

SUVs were prepared as described in chapter 2. The size of the vesicles was
determined by dynamic light scattering (DLS). The DLS-experiments were
performed on a Zetasizer Nano-ZS (Malvern). We obtained vesicles with a

homogeneous size distribution with a diameter of approximately d = 50 nm.

a ’ SL27aS/S87A " SL56aS/S87A
b ' SL27a8/887D 1 SL66aS/S87D SL69aS/S87D

342 345 348 351 354 357 342 345 348 351 354 357 342 345 348 351 354 357
magnetic field (mT) magnetic field (mT) magnetic field (mT)

SL69aS/SBTA

Figure Al. Effect of phosphorylation at position 87 on aS-binding to SUVs: Room
temperature, EPR spectra of spin-labeled aS constructs (SL27, 56, and 69) with SUVs of a
1:1 mixture of POPG and POPC; a. non-phosphorylated b. phosphorylated form. Black line:
experiment, red line: simulation.
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Figure Al shows the spectra of spin-labeled constructs of aS probing the effect of
phosphorylation at position 87 in the presence of SUVs. In this set, helix 1 is
probed in the middle, at residue 27, helix 2 is probed at positions 56 and 69.

Table Al. Effect of phosphorylation of aS at position 87 (S87A/D): Parameters describing

the mobility of the spin label in the EPR spectra; T, rotation correlation time of the spin
label

asS spin label components S87A (non- S87D
positions contributing in phosphorylated) (phosphorylated)
simulations T, (ns) | contribution | T, (ns) | contribution
(%)
(%)
fast 0.4 5 0.4 5
SL 27
slow 2.5 90 2.8 93
immobile >50 5 >50 2
fast 0.48 2 0.44 1
SL 56
slow 3.2 91 2.9 90
immobile >50 6 >50 8
fast 0.3 2 0.3 14
SL 69
slow 2.2 98 2.5 86
immobile na na na na

for error see table 2

Figure Ala shows the spectra of aS in the non-phosphorylated and Figure Alb in
the phosphorylated form. In contrast to what we observe with LUVs, the spectra
of aS27 and aS56 in the non-phosphorylated case (Figure Ala) are similar to those
of the phosphorylated case (Figure Alb). The spectrum of aS69 in the

phosphorylated case shows that the lines are narrower compared to its
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non-phosphorylated counterpart. This is also evident from the simulation
parameters shown in Table Al. Overall, aS shows stronger binding to SUVs than to
LUVs (chapter 3) for the non-phosphorylated and phosphorylated variants, which

is masking the effect of phosphorylation seen on LUVs.
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4 Characterization of Fibrils Obtained by Seeded

Fibrillization of a Series of Spin-Labeled a-
Synuclein Variants by Transmission Electron
Microscopy
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4.1 Introduction

The protein a-Synuclein (aS) is 140 amino-acids long and is present mainly in the
human brain. The protein monomer is intrinsically disordered (1), which under
certain conditions forms amyloid fibrils (2—9). Polymorphism of fibrils was
described previously, for example, for Amyloid B (10), Immunoglobulin (Ig) light

chains (11), ovalbumin (12), lysozyme (13), and also aS (14-17).

In an accompanying pulsed-EPR study (chapter 5), we sought to determine the
inner intrinsic fold of asS in fibrils using aS with spin labels at different positions.
For that, independent information about the fibril morphology was desired. The
main question was whether the fibrils of all spin-label constructs have the same
morphology. To do so, we prepared the fibrils of nine doubly spin-labeled variants
(aS42/69, aS42/75, aS42/85, aS56/69, aS56/75, aS56/90, aS69/85, aS69/90, and
aS575/85) and characterized the morphology by transmission electron microscopy
(TEM). All the proteins were fibrillized as described in the Materials and methods

section. We used the same fibrils for the successive EPR study in chapter 5.

In this study, we found that the morphology of the fibrils of all protein constructs

grown under the conditions described in the present study is similar.

4.2 Materials and methods

4.2.1 Preparation of fibrillar aS

The expression, purification and MTSL-labelling of the protein aS has been

described in chapter 5 (18-20).
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4.2.1.1 Preparation of aS-fibril seeds

For seeds, we first prepared wild type (wt) aS fibrils following the protocol from
Sidhu et al. (17). Briefly, the wt-aS protein solution (concentration = 100 uM, in 10
mM Tris- Cl buffer pH 7.4 containing 10 mM NaCl and 0.1 mM EDTA) was
aliquoted into 15 Eppendorf tubes (Eppendorf LoProtein Bind 2 ml), 500 pl each.
All tubes were incubated at a temperature of 37 °C shaking continuously at 500
rpm in a Thermo mixer (Eppendorf). The time evolution of asS fibrillization was
monitored by the standard Thioflavin T (ThioT) fluorescence assay. For each tube,
fibrillization was stopped when ThioT fluorescence intensity had reached a
plateau. The fibrillization was completed in 6-7 days. The content of each
Eppendorf tube was divided into two samples of 250 ul each, which were frozen
quickly in liquid nitrogen and stored at - 20 °C. To start the seeded fibrillization
experiment, one aliquot was thawed and sonicated in a bath sonicator (Branson
2510) for one minute to break the fibrils into seeds, which were then added to the

samples to be fibrillized.

4.2.1.2 Seeded fibrillization of spin-labeled aS

We prepared the fibrils by mixing the monomeric aS (spin-labeled and wild type
aS) with the wt-aS seeds. The total monomer concentration used for making
fibrils was 100 pM. To this mixture 2 % monomer equivalent seeds were added.

Diamagnetic dilution was employed to diminish the effect of intermolecular
interaction. We used 1:20 (SLaS:wt) diamagnetic dilution for all doubly labeled aS.
A typical sample for doubly labeled aS consisted of 5 uM spin-labeled aS, 95 uM
wt-aS and 2 UM aS-monomer equivalent seeds. The total volume for each sample
was 3.0 ml, which was aliquoted into five Eppendorf tubes and put on the

thermomixer. The seeded fibrillization was performed under the same conditions
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as used for wt-aS fibrils (17). The time evolution of seeded fibrillization was
monitored by the standard Thioflavin T (ThioT) fluorescence assay. Most of the
mutants completed the aggregation, i.e., fluorescence intensity reached the
plateau, in 24 hours except for aS69/90, which took 9 days to complete the
aggregation. These samples, after harvesting, were used for the pulsed EPR
experiments, described in chapter 5. A small amount of fibril solution from each

sample was used to prepare TEM-grids to visualize the morphology.

4.2.1.3 Preparation of unseeded fibrils of aS69/90

The unseeded fibril of aS69/90 (referred to as a$69/90 in the text) was prepared
following the method described by Hashemi Shabestari et al. (21), described
briefly. The total monomer concentration used for making fibrils was kept 100
UM. We used a diamagnetic dilution of 1:20 (SL aS:wt) similar to the seeded
fibrillization case. The fibrillization mixture was prepared by mixing a 5 UM spin-
labeled aS69/90 with 95 uM wt-aS protein in 10 mM Tris-Cl buffer, pH 7.4,
containing 50 mM NaCl. The total volume of the mixture was 2.8 ml, which was
aliquoted into four Eppendorf tubes (Eppendorf LoProtein Bind 2ml), 700 ul each.
All tubes were incubated at a temperature of 37 °C with constant shaking at 1000
rpm in a Thermo mixer (Eppendorf). The time evolution of fibrillization was
monitored by the ThioT assay. For each tube, fibrillization was stopped when the
ThioT-fluorescence intensity reached a plateau. The fibrillization was completed in
6-7 days. A small amount of fibril solution was used for TEM and the remaining
fibril solution was harvested as described above and double electron-electron

resonance (DEER) experiment (see appendix B) was performed.
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4.2.2 Transmission electron microscopy

Negative staining of asS fibril samples was done by placing a fresh carbon-coated
grid (200 meshes) on top of a drop (10 ul) of the aS-fibril solution for 2 minutes.
The grid was then washed 3 times on a drop of distilled water. Subsequently, the
grids were placed directly on top of a small drop of 3.5 % uranyl acetate for 1.5
minutes and the excess uranyl acetate was blotted away by touching the grids to a
filter paper at an angle of 45°. Afterwards the grids were placed in a Petri dish
with filter paper to let them dry. The grids were examined with a FEI Technai-
12 G2 Spirit Biotwin transmission electron microscope (FEl, Eindhoven,
Netherlands) and micrographs were taken with a Veleta side-mounted
TEM camera using Radius acquisition software (both Olympus Soft Imaging
Solutions, Miinster, Germany). Images were measured using the image processing

feature within the Radius software package.

4.3 Results

Figures 4.1 and 4.2 show the TEM images of asS fibrils prepared under seeded
conditions. These Figures show that all fibrils used in this study have a similar
appearance, which we describe in the following. Single fibrils have a width of 5.6 +
1 nm (Figure 4.1a, bottom, black arrows) and are often found to twin with
another fibril that runs parallel to generate a fibril with a width of 9-10 nm
marked by black arrows (see Figure 4.1a & Figure 4.2g, middle, and Table 4.1).
Many of these twinned fibrils are twisted. We further characterize twinned fibrils
with the periodicity of the twist, measured between the points marked by white
arrows in Figure 4.1c and 4.2f, middle. With the exception of aS56/75, aS75/85
and aS69/90, all fibrils show families of periodicities around 170 nm, 240 nm, and

290 nm. Fibrils of aS56/75 show periodicity around 53 nm, 103 nm, and 152 nm,
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while fibrils of aS75/85 and aS69/90 show just one family of periodicity around

177 nm and 190 nm respectively.

Figure 4.1. Morphological characterization of seeded fibrils of aS by TEM. a. aS42/69, b.
aS42/75,c. aS42/85. Black arrows depict the width of a single fibril as shown for aS42/69
fibril. White arrows depict the points of cross-over of a twist in the fibril and the
periodicity was measured between the points as shown for a542/85 fibril.

Figure 4.2. Morphological characterization of seeded fibrils of aS by TEM. d. aS56/69, e.
aS56/75, f. aS56/90, g. aS69/85, and h. aS75/85. White arrows depict the points of cross-
over of a twist in the fibril as shown for aS56/90. Black arrows depict the width of a twin
fibril running together.
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Table 4.1. Morphology parameters of Seeded fibrils of aS based on TEM

as fibril Single fibril width Twinned fibril Periodicity (nm) % stdv (nm)
sample (nm) % stdv (nm) width (nm) % stdv [no of fibrils checked]
[no of fibrils (nm) [no of fibrils
checked] checked]
asS42/69 5.5+0.9[17] 9.45+1.0 [7] 182.5+9.5[10],237.8+7.9
[2], 285.7 + 14.7 [2]
as42/75 5.4+1.0[16] 10.6 +1.2 [5] 165.8 + 8.6 [11], 235 [1]
as42/85 6.0+ 0.6 [36] 9.5+1.6 [13] 164.3+£9.9[11],227.8+15
[13],293.4 £9.7 [4]
aS56/69 6.1+1.1(7] 9.0+1.3[9] 171.8 +7.7 [16],242.2 + 6.0
(4]
asS56/75 5.7+1.0[7] 10.6 £ 2.2 [4] 53+6.0[2],103+12.4[2],
152 [1]
asS56/90 5.2+1.1[9] 9.2+1.0[6] 165 £ 6.0 [4], 206 £ 13.5
[12], 266.8 + 11.4 [6]
aS69/85 6.3+1.0[9] 11.1+2.3 (8] 181.2+6.0[2],308.3+6.0
(3]
asS69/90 5.7 £1.0[22] 8.7+0.9 [4] 190.4 + 6.0 [2]
aS75/85 5.0+1.4[5] 9.2+0.1[3] 177.4+9.9 [5]

To illustrate the comparison of fibril morphology, we show the width and the

periodicity of fibrils (given in Table 4.1) as a scatter plot in Figures 4a and b. Figure

4.3a shows the plot of the width of fibrils as a function of the type of fibrils (single

and twinned fibril), and Figure 4.3b shows the plot of the periodicities of the

fibrils. Figure 4.3a illustrates that the width of the fibrils are the same within the

error margins of the measurement. Figure 4.3b shows that there are three distinct

clusters of periodicities for most of the fibrils. With the exception of aS56/75, the
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periodicity of the fibrils within the clusters agrees within experimental error. The
fibrils of aS75/85 and aS69/90 show just one class of periodicity of 177 nm and
190 nm respectively, take into account the smallest number of observations
compared to the other fibrils. For all fibril samples, the difference between the

clusters of periodicities is around 50 nm.
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Figure 4.3. Scatter plots representing quantitative morphological features (listed in Table
4.1) of aS fibrils prepared under seeded condition (for details see Materials and methods):
a. comparison of width of fibrils (given in Table 4.1); b. comparison of periodicities of
fibrils (given in Table 4.1). Cluster 1: shortest periodicities; cluster 2: medium periodicities;
cluster 3: longest periodicities.
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Figure 4.4. Morphological characterization of fibrils of aS by TEM. Comparision of
morphology of the fibril prepared from the same aS69/90 protein a. under seeded
conditions (for details, see Materials and methods); b. under the conditions described in
Hashemi Shabestari et al. (21); Far left: middle panel of (a) scaled up (1.5x); Far right:
middle panel of (b) scaled up (1.5x) for better view. Black arrows depict the width of the
fibril, white arrows depict the points of cross-over.

Table 4.2. Comparision of fibril morphology of aS grown under seeded and unseeded
conditions (21) based on TEM.

asS fibril Single fibril width Twinned fibril Periodicity (nm) % stdv (nm)
sample (nm) % stdv (nm) width (nm) % stdv [no of fibrils checked]
[no of fibrils (nm) [no of fibrils
checked] checked]
®S69/90 5.7 +1.0[22] 8.7+0.9[4] 190.4 + 6.0 [2]
aS69/90 5.6+1.0[9] 10.6 £1.2 [5] 116.6 + 6.0 [4], 233 £ 8 6],
278.7+6.0[3],321.5+9[3],
352 [1]

Figure 4.4 shows the TEM images of fibrils prepared from the same aS69/90
protein, but under two different fibrillization conditions. Figure 4.4a shows the
fibril morphology for the seeded-fibrillization conditions used in the present study

(see Materials and methods), and Figure 4.4b for the fibrillization conditions
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described in Hashemi Shabestari et al. (21,22). For clarity, we use the abbreviation
aS569/90 for the latter fibrils (21). Comparing the images in Figure 4.4a and b, in
Figure 4.4b fibrils appear somewhat wider (far right, enlarged view) than fibrils in
Figure 4.4a (far left, enlarged view). Single fibrils, in Figure 4.4a, have a width of
5.7 + 1 nm (shown with black arrows and Table 4.2), similar to the width of the
fibrils shown in Figure 4.4b (Table 4.2). Fibrils in seeded conditions show twinned
fibrils of width 8.7 + 0.9 and a periodicity of 190 + 6 nm (as shown in Figure 4.4a
and Table 4.2). On the other hand, twinned fibrils of €569/90 show twists with
several different periodicity lengths (shown in Table 4.2 and Figure 4.4b; twists
are indicated by white arrows). The separation between the periodicity lengths
varies from 45 nm to 100 nm. The differences in morphology of fibrils, grown
under seeded conditions and conditions described by Hashemi Shabestari et al.
(21), are larger than those seen between fibrils grown from different spin-label

constructs under the same conditions i.e., under seeded conditions.

4.4 Discussion

In this study, we have used a seeded fibrillization procedure employing the
conditions described in A. Sidhu et al. (17) (see also Materials and methods) to
prepare fibrils of homogeneous morphology. Fibrils of nine different aS spin-
labelled variants were prepared and their morphology checked by negative stain
Transmission Electron Microscopy (TEM). The overall appearance of the fibrils of
all constructs is similar. The width of single fibrils and twinned fibrils in all
constructs agree within the error margin of the measurement. From this, we
conclude that the fibrils of all aS constructs have the same morphology. The origin
of the differences in the periods of the twisted fibrils are not clear, but since
different periods occur within one sample, it is likely that different periods do not

affect the internal structure of the fibril, i.e., the fold of the protein within the
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fibril. We also observe that fibrils grown under different conditions, i.e, a569/90

and aS69/90, have a difference in their TEM appearance (shown in Figure 4.4).

Fibrils isolated from the brain of patients of Parkinson’s disease show a width of
~ 5 nm for a single untwisted aS-fibril (23), which is consistent with our finding in
the present study. Vilar et al. (14) have reported aS-fibrils that were described as
straight fibrils with a width of 5.5 + 0.5 nm. They also reported that two such
straight fibrils often run together with a width of 13 + 1.0 nm. The single-fibril
width in this case is in agreement with the fibril width for a single fibril found in
our study. The difference between 10 nm and 13 nm for the width of twinned
fibrils may be related to the arrangement of the two filaments. If the two
filaments are associated sidewise, this will give a larger width, i.e., in the range of
11-13 nm, than if the two filaments are partly on top of each other, which could
explain the lower value of the width in the range of 9-10 nm observed in the
present study. Bousset et al. (15) have reported cylindrical fibrils with a width of
13 £+ 2 nm, which may be caused by the lateral association of two to three

filaments as discussed above.

Comparing our fibril morphology with that of Sidhu et al., (17) we note that a. the
height measured by AFM is comparable to the width we observe, and b. the
lengths of periods differ. In Sidhu et al., (17) at least 100 fibrils were measured
and the periodicity given is averaged over the entire length of fibrils, selecting
fibrils of minimally 1 um long each. Such details could not be obtained in the
present study, where we compare a large number of samples. Therefore, the
periodicity information from the present study is less reliable than the one in
Sidhu et al. (17). In addition, the differences in imaging methods, AFM and TEM,
may lead to systematic variations in the parameters observed here and in Sidhu et
al. (17).
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In conclusion, we observed that the fibrils of different protein constructs grown
under seeded conditions are similar in morphology. We also found that the
difference in morphology for the fibrils, grown from the same protein under the
seeded conditions and the conditions described in (21), i.e., unseeded conditions,
is larger compared to those observed between fibrils grown under the seeded
conditions. For direct comparison with previously published fibril morphologies
(14,15,17,24,25), observation of a larger number of fibrils, higher resolution
techniques like cryo-electron microscopy (cryo-EM) and mass-per-length-ratio
measurements by scanning transmission electron microscopy (STEM) (26) would

be needed. These were beyond the scope of the present investigation.
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Appendix B to chapter 4

To check whether the difference in fibrillization conditions for aS69/90 and
aS69/90 affects not only the morphology (see above), but also the internal
structure, i.e., the fold of the protein inside fibrils, we performed DEER
measurements on fibrils of aS69/90 and a$69/90. Figure Bl shows the
comparison of the DEER traces of aS69/90 and a$69/90. The two traces look
different. The modulation depth of a869/90 is larger than of aS69/90 (see Table
5.2 in chapter 5).The modulation depth of aS69/90 is small, therefore, the
distance distribution of this sample is not meaningful, because only a small
fraction of the spin population contributes to it. As both fibrillizations were made
with the same protein batch, the difference in modulation depth shows that for
aS69/90, less spin-pairs are in the sensitive distance range of DEER (2 nm — 5 nm),
which we interpret as a difference in the internal aS-fold between the two types

of fibrils, aS69/90 and a$69/90.
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Figure B1. Comparision of DEER time traces of aS 69/90 fibril samples prepared under
different fibrillization conditions: a. DEER time traces of aS69/90 (black lines) and a$69/90
(blue lines) before background corrections, b. DEER time traces of both fibril samples after
background correction (black line: aS 69/90, blue lines: aS 69/90) (for details see text).
Both the DEER traces are normalized to one by dividing the traces by the maximum of
their intensity. DEER traces are shifted vertically with respect to each other for better
visibility.
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5 Nanometer Distance Constraints for the Fold of
«-Synuclein in Fibrils of Single Morphology
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5.1 Introduction

After Alzheimer’s disease, Parkinson’s disease (PD) (1) is the most highly spread
neurodegenerative disease. This disease is characterized by the presence of
intracellular protein inclusions, called Lewy bodies (2,3), in the brain of PD
patients. Lewy bodies are largely composed of a-Synuclein (aS) (4,5). The protein
aS, which has a physiological function that is yet unknown, is 140 amino-acids
long. It is an intrinsically disordered protein (6,7), which under certain conditions
can form fibrils.

Amyloid fibrils have a cross B-sheet structure (8) shown schematically in Figure
5.1. In the fibril, each protein has a well-defined conformation. The protein is
arranged into several consecutive B-strands that are connected by turns, as
shown in Figure 5.1a. These individual B-strands, which run perpendicular to the
fibril axis, combine to B-sheets, which are shown as colored planes in Figure 5.1b.
The B-sheets grow in the direction of the fibril axis. The architecture of fibrils is
more complex. Longer peptides, such as aS can form multiple B-sheets and pairs
of B-sheets can be at an angle to each other (9). Therefore, the fold of a protein
such as aS in the fibril is a challenging question. It is important to understand
which residues are involved in the fibrillization and to identify interactions that
hold the fibril together.

Solid-state nuclear magnetic resonance (ss-NMR) (10) and electron paramagnetic
resonance (EPR) studies (11,12) have identified residues that are present in the B-
sheets. Not all ss-NMR studies agreed on the extent of B-sheets, and several
(13,14) showed doubling of NMR signals interpreted as polymorphism of the
fibrils, i.e., different fibril forms in one sample. Polymorphism can influence the

internal structure of fibrils (15).
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Several studies (16—24) were done on the aS fibril fold. Two studies (23,24)
discuss the structure of aS in the fibril at atomic resolution, employing the non-
amyloid-beta-component (NAC) region of aS. Recently, an ss-NMR study by Tuttle
et al. (25) presented a model at atomic resolution of full-length aS in fibrils.

Along with the structural information obtained from NMR studies, distance
constraints in the nanometer range can be of great help to define the fibril fold, as
shown recently for islet amyloid polypeptide (IAPP) (26). To obtain such
long-range distance constraints, a pulsed EPR method, double electron-electron
resonance (DEER) (27-30), is attractive. It can measure distances between 2 and 5
nm. In this work, we use DEER to obtain distances in the nanometer range, i.e.,
the intramolecular distances between two spins, from the fibrils of doubly spin-

labelled aS mutants.

To control the morphology of the fibrils, conditions are used that were optimized
in (31) to obtain fibrils of single morphology. Fibril samples of all aS spin-labelled
constructs are grown by seeded fibrillization. A single batch of wt-aS seeds, which
was grown as described in (31) (see Materials and methods), is used for each
sample. In chapter 4, we described the characterization of the fibril morphology
by transmission electron microscopy (TEM) and discussed our findings in detail,
demonstrating that we are able to control the morphology of fibrils to a

reasonable extent.

Similar to previous approaches (17,18,21,22), intramolecular distances are
measured on doubly spin-labelled aS. We prepared a set of nine double cysteine
mutants and their respective single-cysteine references and labelled them with
MTSL [(1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)-methanethiosulfonate]. We
refer to the doubly-labelled constructs as aS42/69, aS42/75, aS42/85, aS56/69,
aS56/75, aS56/90, aS69/85, aS69/90, and aS75/85 where the numbers denote
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the labelling position in the protein sequence. As before (22), diamagnetic dilution
was used, generating fibrils composed of 95 % wt-aS in case of doubly labelled aS

and 90 % for singly labelled aS.

We show that long—range distance constraints for the oS fibril fold can be
obtained under conditions that promote fibrils of single morphology. We obtain
nanometer distance constraints from eight doubly-labelled aS constructs by DEER
from pairs of residues that span the entire B-sheet region of aS, from residue 42
to residue 90. We also compare our distances to distances obtained in previous
DEER studies (18,21,22) and to two NMR studies (24,25) at atomic resolution of
the as fibril fold.

F 3

9
fibril axis

a A A

Figure 5.1. Schematic representation of the overall structure of amyloid fibrils. a: blue
arrows represent a B-strand and the blue dot shows the direction of the fibril axis, which is
pointing out of the page. b: the black arrow represents the direction of the fibril axis and
colored planes depict the B-sheets. The Figure is modified from (22).
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5.2 Materials and methods

5.2.1 Expression and purification of cysteine mutants of the
a-Synuclein protein

Single and double cysteine mutations were introduced into the aS gene by site-
directed mutagenesis. Mutants were expressed in the Escherichia coli strain
BL21(DE3) and subsequently purified in the presence of 1 mM DTT (32,33). Prior
to labelling, aS mutants were reduced with a sixfold molar excess (per cysteine) of
DTT for 30 min at room temperature. Subsequently, samples were desalted on
Pierce Zeba5 mL desalting columns, followed by an immediate addition of a
sixfold molar excess (per cysteine) of the MTSL spin label[(1-oxyl-2,2,5,5-
tetramethylpyrroline-3-methyl)-methanethiosulfonateland incubated for 1 h in
the dark at room temperature. Free label was removed using two additional
desalting steps. Protein samples were applied onto Microcon YM-100 spin
columns to remove any precipitated and/or oligomerized proteins and diluted
into 10 mM Tris—HCI, pH 7.4 to typical protein concentrations of approximately
0.25 mM (34).

5.2.2 Preparation of aS fibril seeds

For seeds, we first prepared wild type (wt) aS fibrils following the protocol from
Sidhu et al. (31), described briefly. The wt-aS protein solution (concentration =
100 puM, in 10 mM Tris-Cl buffer, pH 7.4, containing 10 mM NaCl and 0.1 mM
EDTA) was aliquoted into 15 Eppendorf tubes (Eppendorf LoProtein Bind 2 ml),
500 pl each. All tubes were incubated at a temperature of 37 °C shaking
continuously at 500 rpm in a Thermo mixer (Eppendorf). The time evolution of aS
fibrillization was monitored by the standard Thioflavin T (ThioT) fluorescence

assay. For each tube, fibrillization was stopped when the ThioT-fluorescence
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intensity reached a plateau. The fibrillization was completed in 6-7 days. The
content of each Eppendorf tube was divided into two samples of 250 ul each,
which were frozen quickly in liquid nitrogen and stored at — 20 °C. To start the
seeded fibrillization experiment, one aliquot was thawed and sonicated in a bath
sonicator (Branson 2510) for one minute to break the fibrils into seeds, which

were then added to the samples to be fibrillized.

5.2.3 Seeded fibrillization of spin labelled aS and harvesting

We prepared the fibrils by mixing the monomeric aS (spin-labelled and wild type
aS) with the wt-aS seeds. The total monomer concentration used for making
fibrils was 100 pM. To this mixture 2 % monomer-equivalent seeds were added.
Diamagnetic dilution was employed to diminish the effect of intermolecular
interaction. We used 1:20 (SL aS:wt) diamagnetic dilution for all doubly labelled
and 1:10 diamagnetic dilution for all singly labelled aS. A typical sample for doubly
labelled aS consisted of 5 UM spin-labelled aS, 95 uM wt-aS and 2 uM aS-
monomer equivalent seeds. The total volume for each sample was 3.0 ml, which
was aliquoted into five Eppendorf tubes and put on the thermomixer. The seeded
fibrillization was performed under the same conditions as used for wt-aS fibrils
(31). The time evolution of seeded fibrillization was monitored by the ThioT
fluorescence assay. Most of the mutants completed the aggregation in 24 hours
except for aS69/90, which took 9 days. Seeded fibrils were harvested by ultra-
centrifugation for 45 min at 120000xg using a 70.1Ti rotor in a Beckman Coulter
Ultracentrifuge. The fibril pellets were washed three times with the buffer used
for fibrillization. The washed pellets were used for making samples for DEER
measurements.

The spin concentration of spin-labelled protein was determined by comparing the

double integral of the room temperature, liquid solution EPR spectrum to that of
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a reference sample of known spin concentration. The protein concentration and
the labelling degree are given for each sample in Table 5.1. To compensate for
incompletely spin-labelled protein, actual protein concentrations used to make
samples were calculated based on the amount of spin label in each protein. In
Table 5.1, also the diamagnetic dilution is given that would result if the protein
had been completely labelled.

Table 5.1. Protein concentrations in the asS fibrillization solution and labelling degree of
proteins

as fibril | labelling concentration of | concentration of | nominal
sample degree (%)° spin-labelled wild type | diamagnetic
protein (p.M)b protein (|J.|V|)b dilution [SL aS :
wt aS]*

asS42/69 55 9 91 1:11
asS42/75 48 10 90 1:10
asS42/85 62 8 92 1:12
aS56/69 73 7 93 1:14
aS56/75 56 9 91 1:11
asS56/90 55 9 91 1:11
aS69/85 82 6 94 1:17
aS69/90 85 6 94 1:17
aS75/85 60 8 92 1:12

a: Percentage relative to 100 % doubly spin-labelled protein. b: Protein concentration in
the fibrillization solution. c: Diamagnetic dilution, if protein had been 100 % spin-labelled.

5.2.4 Transmission electron microscopy

Negative staining of the aS-fibril samples was done by placing a fresh carbon-
coated grid (200 meshes) on top of a drop (10 ul) of the aS-fibril solution for 2

minutes. The grid was then washed 3 times on a drop of distilled water.
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Subsequently, the grids were placed directly on top of a small drop of 3.5 % uranyl
acetate for 1.5 minutes and the excess uranyl acetate was blotted away by
touching the grids to a filter paper at an angle of 45°. Afterwards the grids were
placed in a Petri dish with filter paper to let them dry. The grids were
examined with a FEI Technai-12 G2 Spirit Biotwin transmission electron
microscope (FEl, Eindhoven, Netherlands) and micrographs were taken with a
Veleta side-mounted TEM camera using Radius acquisition software (both
Olympus Soft Imaging Solutions, Minster, Germany). Images were measured

using the image processing feature within the Radius software package.

5.2.5 Continuous-wave EPR at 120 K

The 9.7 GHz cw-EPR measurements were performed using an ELEXYS E680
spectrometer (Bruker, Rheinstetten, Germany) with a rectangular cavity, using a
modulation frequency of 100 kHz. For measurements at 120 K, a helium gas flow
cryostat (Oxford Instruments, United Kingdom) with an ITC502 temperature
controller (Oxford Instruments, United Kingdom) was used. For the
measurements in frozen solution, 3 mm outer diameter quartz sample tubes were
used. To obtain a frozen glass 20 % glycerol was added to the samples before
freezing them in liquid nitrogen. The frozen samples were inserted in the pre-
cooled helium gas flow cryostat. The EPR spectra were recorded using a
modulation amplitude of 0.2 mT and a microwave power of 0.16 mW. Typical

accumulation times were approximately 70 min.

5.2.6 DEER measurements

All DEER experiments were done at 9.5 GHz on an ELEXSYS E680 spectrometer
(Bruker, Rheinstetten, Germany) using a 3 mm split-ring resonator (ER 4118XMS-

3-W1). We performed the measurements at 40 K with a helium-gas flow using a
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CF935 cryostat (Oxford Instruments, United Kingdom). The pump and observer
frequencies were separated by 70 MHz and adjusted as reported before (35). The
pump-pulse power was adjusted to invert the echo maximally (27-30). The pump-
pulse length was set to 16 ns. The pulse lengths of the observer channel were 16
and 32 ns for m/2- and 1 - pulses, respectively. A phase cycle (+ x) - (- x) was

applied to the first observer pulse. The complete pulse sequence is given by

L —Tgps —t— Tpump — (T1 + T —t) — Mgps — T, — echo. The DEER
20bs

time traces for ten different values of T, spaced by 8 ns starting at 1,=200 ns were
added to suppress proton modulations. Typical accumulation times per sample

were 14 - 17 hours.

5.2.6.1 DEER analysis

In order to analyze the DEER traces and extract the distance distributions, the
software package “DeerAnalysis 2011” was used (36). Experimental background
functions were derived from DEER traces of singly labelled aS under conditions of
diamagnetic dilution. The distance distribution was derived by the model free
Tikhonov regularization (27-30,36). The width of the peaks were determined by
fitting each individual peak of the distance distribution curve obtained from the
DEER analysis using a Gaussian fit function provided in Origin non-linear curve

fitting tools (Origin Pro 9).

5.2.7 MMM analysis

To compare the distances obtained in the present study with recently reported
models of the as fibrils (25) and their core (24), we used the multiscale modeling

of macromolecular systems (MMM) software (MMM version 2013)(37). It enables
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to model the spin-label linker conformation at the desired positions of the protein

to determine the distance distribution for each pair of spin-labels.

5.3 Results

The details of the results of the morphology of fibrils are described in chapter 4 of
this thesis. Figure 5.2 shows TEM images of the fibrils grown for the present study.
All fibrils were prepared using one batch of seeds and conditions described in
Materials and methods. Single fibrils have a width of 5.6 £ 1 nm (Figure 5.2f, black
arrows) and are often found to twin with another fibril that runs parallel to
generate a width of 9 -10 nm (see Figure 5.2a, black arrows). Many of these
twinned fibrils are twisted, as indicated in Figures 2c and 2f by white arrows,

showing a periodicity around 170 nm, 240 nm, and 290 nm.

Figure 5.2. Morphological characterization of asS fibrils used in this study: Negative stain
transmission electron microscopy (TEM) images of a. aS42/69, b. aS42/75, c. aS42/85, d.
0S56/69, e. aS56/75, f. aS56/90, g. aS69/85, h. aS75/85, and i. aS69/90. Black arrows
indicate the width of the twinned fibril (a) and of the single fibril (f), while the white
arrows at a twist show the points between which the periodicity of twists was measured.
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5.3.1 DEER results

In Figure 5.3a, the DEER time traces of fibrils grown from the doubly spin-labelled
proteins are shown. The traces look different. AlImost all DEER traces have a slow
initial decay showing the absence of short distances. In Figure 5.3b the DEER time
traces of aS56/69 and aS56/90 fibrils fibrillized under conditions employed in the
present study (for details, see Materials and methods) are compared to those
described by Hashemi Shabestari et al.(22). For clarity, from now on, we use the
nomenclature a$56/69 and a$56/90 for aS56/69 and aS56/90 fibrils described in
Hashemi Shabestari et al.(22). The DEER trace of a$56/69 (22) shows a fast initial
decay, which is absent in the trace of aS56/69 fibrils. Also the respective traces of
the fibrils from aS56/90 differ. The trace of a$56/90 has a fast decay component
that is absent in the trace of aS56/90 fibrils.

a
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w542/69
as42/75

asS42/85

i

as56/69
as56/69

aS56/75
aS56,/90 a556/69

aS69/85
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®556/90
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Figure 5.3. DEER time traces of asS fibril samples: a. aS fibril samples grown under seeded
conditions, b. comparison of DEER time trace of aS56/69 with aS56/69 and aS56/90 with
aS56/90. aS56/69 and a$56/90 stand for fibrils of aS56/69 and aS56/90 respectively
grown under conditions described by Hashemi Shabestari et al.(22). All traces are
normalized, i.e., the maximum echo intensity is set to one and the traces are shifted
vertically for better visibility.
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In Figure 5.4, the steps of the analysis of DEER traces are shown. Figure 5.4a
shows the DEER traces along with the background trace derived from a 1:1
addition of the DEER curves of the respective singly labelled aS variants. Figure
5.4b shows the background-corrected data and the fits corresponding to the
distance distributions shown in Figure 5.4c, d, and e. The modulation depths and
the parameters of the distance distributions are given in Table 5.2. For most of
the aS mutants the modulation depth is 0.3 to 0.5, showing that the majority of

the spin labels in the sample are involved in a two-spin interaction.

Fibrils of a569/90 have DEER traces with a comparatively low modulation depth,
i.e., around 0.2. This low modulation depth shows that the number of coupled
spins contributing to the distance distribution is low, which indicates that a
significant population of the protein has a conformation with distances outside
the DEER measurement range, i.e., distances shorter than 2 nm or longer than 5
nm. Therefore, we did not process the DEER data of the aS69/90 fibril sample
further. The distance distributions of the aS variants aS42/69, aS42/75, and
aS56/69 show two peaks and the remaining ones have just one peak. Most of the
peaks in the distance distributions have a width of approximately 0.8 nm (Table

5.2).
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Figure 5.4.DEER analysis for aS fibril samples: a. DEER time traces with experimental
background, b. DEER time traces after background correction along with the fits
corresponding to the distance distributions shown in ¢, d, and e; c. for aS42/69 (black),
aS42/75 (red) and aS42/85 (blue), d. for aS56/69 (black), aS56/75 (red) and aS56/90
(blue), and e. for aS69/85 (black), aS75/85 (blue); distance distributions were derived
from the DEER data after Tikhonov regularization with regularization parameter a of 1000.
The DEER data of the aS69/90 fibril sample is not included because of the low modulation
depth (see Table 5.2). All traces are normalized (maximum echo intensity is one) and
shifted vertically for better visibility.

Figure 5.5 shows the distance distributions of a$56/69 and a$56/90 fibril samples
described in (22) in comparison with those of aS56/69 and aS56/90. In (22),
intramolecular distances found were 2.1 nm (for a$56/69 ) and 3.4 nm (a$56/90).
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Figure 5.5. Comparison of distance distribution of fibrils of a) aS56/90, and aS56/69,
grown under the conditions in the present study with b) a$S56/90, and aS56/69, described
in (22). Arrow depicts the intramolecular distances for b. For a, distances are shown in

Table 5.2.

Table 5.2. Parameters of distance distributions of aS fibrils. FWHM: Full width at half
maximum (for details, see Materials and methods). The modulation depth of the DEER
trace is obtained from DEER analysis, the distances and the width from Gaussian fits to the
individual peaks of the distance distribution (for details see Materials and methods)

oS variants modulation | distances (hm) and FWHM (nm) of peaks cw-EPR line
depth peak 1 FWHM peak 2 FWHM | broadening®
as42/69 0.49 3.4 0.5 4.6 14 no
as42/75 0.55 3.3 0.8 4.3 0.8 no
asS42/85 0.25 4.0 0.7 na na no
aS56/69 0.25 3.0 0.9 3.7 07" no
aS56/75 0.32 3.5 0.8 na na yes
aS56/90 0.33 3.5 1.1 na na yes
0S69/85 0.39 3.5 0.9 na na yes
aS75/85 0.29 3.4 0.8 na na no
aS69/90 0.21 modulation depth too low for meaningful no

distance distributions

na: not applicable; a: see appendix C; b. analysis with two peaks is probably not

meaningful given the small separation and the large width, i.e., FWHM, of each peak.
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5.3.2 MMM derived distance distributions

The experimentally measured distances are between the nitroxide groups of two
spin labels. The spin-label linker, which separates the nitroxide from the protein
backbone, is about 0.5 nm in length and also flexible. Therefore, the spin-label
linker length and flexibility has to be taken into account to compare the distance
measured by DEER to the fibril structure from crystallography or NMR studies.
Spin-label linker conformations were calculated by the rotamer-library based
method with the multiscale modeling of macromolecular systems (MMM)
software (37). The experimental distance distributions were compared with the
MMM simulations of the distance distributions based on the fibril structure

published recently by Tuttle et al. (25) (PDB accession number: 2NOA).

Figure 5.6 shows the experimental DEER traces of all aS fibrils used in the present
study and their corresponding distance distributions in comparison to those
derived from MMM. To distance distributions derived from MMM, we refer as
MMM distance distributions. All MMM distance distributions have narrower
peaks than the experimental ones. For aS42/69 (a), aS42/75 (b), aS42/85 (c),
0S56/69 (d), and aS56/75 (e), the MMM distance agrees with one of the
experimentally observed distances, while for aS56/90 (f), aS69/85 (g), and
0S75/85 (i), no such agreement can be seen. The short MMM distance for
0S69/90suggests broadening of the cw-EPR spectra, which is not observed

experimentally (see Table 5.2).
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Figure 5.6. Comparison of DEER experimental data with those derived by simulation from
the PDB structure of aS-fibril, which we refer to as the Rienstra model (25) (Accession no:
2NOA) using the MMM analysis package: Superposition of experimental DEER traces of aS
fibrils and their distance distributions (both shown as a black line) with MMM DEER traces
(red line) and their distance distributions (shown as a red dotted line) respectively derived
from MMM analysis. a. aS42/69, b. aS42/75, c. aS42/85, d. aS56/69, e. aS56/75, f.
aS56/90, g. aS69/85, h. aS69/90, and i. aS75/85.

5.4 Discussion

We have investigated fibrils of a set of SL-aS variants containing two spin labels,
for which fibrils of SL-aS variants containing one spin label are also needed. Using
seeded fibrillization with seeds derived from one batch of wild-type oS grown
under the conditions optimized in (31), we avoid polymorphism as much as

possible.
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The detailed study of the morphology of fibrils is described in chapter 4 of this
thesis. Transmission electron microscopy on all doubly labelled fibrils used in the
present study shows similarity in their morphologies (see Figure 5.2). We observe
differences in the periods of the twists, however, as described in chapter 4, the
small number of observations and the difficulty in detecting the cross-over points
makes it difficult to determine period lengths accurately. The remaining
parameters show that the fibril morphology is similar for all constructs, assuring

that distances from all constructs relate to one fibril-morphology.

5.4.1 Distances from DEER experiments

Distances are obtained between eight pairs of residues, which cover the entire
fibril core of aS. The distances are listed in Table 5.2, from which we discuss a few
peculiarities. One is the aS69/90 mutant that has a low modulation depth, which
indicates distances outside the sensitivity range of DEER. We exclude short
distances because of the absence of line broadening in cw-EPR spectra (see
appendix C) and therefore conclude that the distance between residue 69 and 90

is larger than 4 nm.

The distance distributions of aS42/69 and aS42/75 (Figure 5.4c, top two traces)
show two distances, although, under normal circumstances, only one distance is
expected. Intermolecular distances, i.e., distances between spin labels at different
proteins in the fibril could be a source of additional distances. Intermolecular
interactions would also increase the modulation depth, which is relatively high for
0S42/69, and aS42/75. Intermolecular interactions could be stronger for aS42/69,
0S42/75, aS56/75, and aS56/90 because the degree of spin-labelling of the
starting protein was low in these samples. The low degree of labelling was

compensated for by adding relatively more spin-labelled protein to the sample
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(see Materials and methods, and Table 5.1). If the degree of labelling is low
because both spin-label positions are incompletely labelled to the same degree,
for example label position 1, 50 % and position 2, 50 %, no complication arises,
but if the spin-labelled protein contains a substantial amount of protein that is
only singly labelled, a lower contribution of intramolecular distances results,
giving a larger contribution of intermolecular versus intramolecular interactions.
Therefore, one of the two distance peaks observed in DEER for aS42/69 and
0aS42/75 might be due to intermolecular interactions. For the aS56/75 and the
0S56/90 mutants, we attribute the short distance component observed by
broadening of the cw-EPR spectra (see appendix C) to intermolecular interactions.
Additional experiments, starting with protein of higher degree of labelling, and
fibrils prepared with higher diamagnetic dilution would be needed to decide
which of the distances in the distributions of these mutants are inter or

intramolecular.

While annoying, the setup of the present study made it impossible to avoid these
complications. The ultimate goal, to use these long-range constraints to build and
test atomic models of the fibril fold, requires a large number of double mutants,
fibrillized under single morphology conditions, making it impossible to optimize
every single set of double-mutant DEER measurements. In the analysis so far and
for future model building, we take into account that some distances can be
intermolecular. Obviously, atomic models can also find inconsistencies in the
distances, which arise from the experimental limitations. Therefore, we expect to

refine the interpretation in the future.
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5.4.2 Comparison with DEER distances from other studies

Previously, in our lab, we performed DEER experiments on aS fibrils (22). These
fibrils were grown under different conditions than used in the present study. The
distances are compared in Table 5.3.

Table 5.3. Comparison of aS$ fibril distances from the present study with those from
Hashemi Shabestari et al. (22)

spin-label distances (nm) from the present study distances (nm) (22)
positions peak 1 peak 2

aS56/69 3.0 3.7 2.1nm

aS56/90 35 3.4 nm

aS69/90 >4.0 nm >4.0 nm

For the aS56/69 mutant, the distances differ. For a$56/69, the distance of 2.1 nm
dominates (Figure 5.5b, and Table 5.3), whereas aS56/69 has distances of 3.0 nm
and 3.7 nm (Figure 5.5a, and Table 5.3). For aS56/90 and aS69/90 (Table 5.3),
similar distances are found, however the width of the distance distribution of
aS56/90 in the present study is larger than the one in (22) (see Figure 5.5a and b).
Because of the large differences in DEER results for aS56/69 and aS56/90, we
conclude that not only the morphology (chapter 4) of the fibrils differs, but also

the protein fold is different for the two forms.

Next, we compare our distances with the distances reported by Pornsuwan et al.
(21). They reported seven DEER distances. Only one pair has spin labels at
positions similar to the ones measured in the present study. This is aS54/90 in
(21) and aS56/90 in the present case. Pornsuwan et al. (21) reported the distance
of 2.35 nm for aS54/90, whereas aS56/90 in the present study has the distance of
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3.5 nm. The difference of 1.0 nm is large considering that 54 and 56 are only two
residues apart in the sequence, and would point in the same direction of the
strand, if they were on the same strand. The difference in distance of the pair
0S56/90 and aS54/90 suggests that the protein folds are different. To be sure, an
atomic resolution model for the fold derived from our study or (21) is needed,

because against such a model, all measured distances can be compared.

5.4.3 Comparison with recently published structural models

Three structural models were published recently: a. An NMR study yielding atomic
coordinates for full-length aS, which we refer to as the Rienstra model (25), b. A
model based on shorter aS-fragments that form fibrils and were crystallized,
which we refer to as the Eisenberg model (24), and c. a molecular dynamics (MD)
simulation study of fibrils (23). We compare our data to the first two models. We
used the published coordinates and modeled the spin-label linker using the MMM

program (37).

5.4.3.1 Comparison with the Rienstra model (25) for the aS
fibril fold

The Rienstra model (25) describes the structure of aS fibrils at atomic-resolution
level. Using distance constraints derived from solid-state NMR, atomic
coordinates of the as fibril fold (pdb file: 2NOA (25)) are given. For this structure
we calculated the spin-label linker conformations with MMM (37), as described in

the Results section.

Overall the MMM distances derived from the ss-NMR study do not agree well
with the measured ones. This is most obvious for aS56/69, aS56/75, aS56/90,

aS69/85, and aS75/85. For none of these positions the experimentally
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determined distances agree with those predicted from the structure. For a569/90,
the short distance predicted is just in the range where cw-EPR line broadening is
small and DEER is not sensitive (38), so it could be compatible with the
experimental observation. For aS42/85, the majority of the MMM predicted
distance range is outside the experimental one, and only for aS42/69 and
aS42/75, the MMM distances fall within one of the two distance peaks observed
experimentally. For the latter two mutants, the respective distance distributions
could be compatible, if one would assume that the second peak is due to an

intermolecular distance.

In view of the overall disagreement, it seems possible that ss-NMR probes a
different fibril fold than the present study. A different fold could be explained by
the different fibrillization conditions used in (25), and be compatible with
differences in the fibril morphology described in (25). To be sure, further
experiments would be needed, such as a more detailed EM study on the fibrils of

the present study.

5.4.3.2 Comparison with the Eisenberg model (24)

The Eisenberg model (24) describes the structure of the toxic core (called the
NACore) of aS at atomic-resolution level, derived from micro-electron diffraction.
This model (24) represents the as fibril fold for residues 42 to 83 generated from
the shorter fragments crystallized. We use MMM to derive distance distributions

and compare with the distances from the present study (see Table 5.4)
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Table 5.4. Comparison of distances from the present study with the distances derived
from the model described in (24) using MMM.

mutants distances (nm) in the present distances (nm)® | agreement
study
peak 1 peak 2
aS42/69 34 4.6 4.3 yes
aS42/75 3.3 4.3 3.2 yes
aS56/69 3.0 3.7 1.2 no
aS56/75 3.5 na 2.1 no

a: distances obtained from the Eisenberg model (24) using MMM

Because the Eisenberg model comprises only residues from 42 to 83, only four of

our DEER distances (Table 5.4) can be compared to the model.

For aS42/69, one of the two distance peaks, the one at 4.6 nm (Figure 5.4c) is in
agreement with the distance of 4.3 nm derived from the Eisenberg model by
MMM. A similar situation occurs for aS42/75, where one of the two distances, 3.2
nm agrees with the distance from the Eisenberg model. The distances from the
other two doubly labelled aS (aS56/69 and aS56/75) do not agree with the ones
from the Eisenberg model. Therefore, we consider our distances not compatible
with the Eisenberg model (24). The reason may lie in the fact that the model by
Eisenberg is generated from fibrils of short fragments of aS. Long range

interactions of aS may not be well-represented in that model.

In this study, we show that long—range distance constraints for the asS fibril fold

can be obtained under conditions that promote fibrils of single morphology. We
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show that the present results are not compatible with the recently published
structural models for the asS fibril fold (24,25) in certain aspects. Whether this is
due to the limitations of the present study or really reflects a difference in the
fibril fold remains to be determined. Several approaches for developing DEER data
of fibrils into a model for the fibril fold are possible (22,26) and we will pursue

them in the future.
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Appendix C to chapter 5

The DEER method is not sensitive to short distances, which under the conditions
of the experiments in chapter 5, applies to distances below 2 nm. Therefore, it is
customary to complement DEER experiments with low temperature cw-EPR, as
the latter method reveals short distances between spins, i.e., distances below 2
nm by spectral line broadening. To detect this broadening, reference spectra are
needed that give the lineshape in the absence of spin-spin interaction. For the
samples investigated here, the reference spectra are the spectra of 1:1 mixture of
spectra of the respective singly labelled aS-fibril-reference spectra. Spectra of
some of the fibrillized singly spin-labeled aS show broadening with respect to a
spectrum of a spin label in frozen solution at the same concentration. This
concerns the spectra of aS42, aS56, aS69, and aS75, whereas aS85 and aS90 are
not broadened. We attribute this broadening to intermolecular interactions, and
note that it is intriguing that some positions show this broadening and others do
not.

To determine whether short intramolecular distances occur in the fibrils of the
doubly-labelled oS protein, the broadening of the reference spectra is a
complication.

Figure C1 shows the EPR spectra of doubly labelled aS superimposed on the
spectra of the 1:1 mixture of the respective reference spectra (for details, see
Figure caption). The lineshapes of the spectra of aS42/69, aS42/75, aS42/85,
aS56/69, and aS75/85, are close to those of their respective references, showing
the absence of short intramolecular distances, while the lineshapes of the spectra
of aS56/75, aS56/90, and aS69/85 are broader than their reference spectra.

To test the influence of the reference spectra on this result, in Figure C2, the

spectra that show broadening in Figure C1 are compared to the most broadened
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cw-EPR spectra of the respective singly-labelled aS. In the comparison in Figure
C2, aS69/85 is not broadened, showing that the composition of the reference
spectra has a strong effect on the outcome and suggesting that the broadening of
0S69/85 has an intermolecular component. The double mutants aS56/75, and
0S56/90 show broadening in Figure C2, which could be intramolecular. It
corresponds to a distance in the order of 2 nm for two-spin interaction. Because
the lineshape of the reference spectra depends on the ratio by which the spectra
of the two singly labelled aS fibrils are added, the reference lineshape is
uncertain. Therefore, a clear assignment to inter or intramolecular distances is not
possible, and the cw-EPR data for aS56/75 and aS56/90 are not conclusive. Given
the DEER data, it is more likely that the broadening is due to intermolecular

interactions.

[wS42175] [ass6r7s]
[as42/85] [«556/90] aS75/85
magognetu: f?;?d [mT) maagnetlc flsfd [mT] msjg; netic fisjfd (mT) 50

Figure C1. Continuous-wave EPR spectra of the fibrils in frozen solution of all the doubly
labelled aS proteins (black) superimposed with the 1:1 mixture of spectra of the
respective singly labelled counterparts (red). Field scale applies to all vertically displaced
spectra.
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Figure C2. Comparison of the spectra of doubly labelled aS fibrils in frozen solution
superimposed with spectra of the respective singly labelled variants showing most
broadened lineshape; a. the spectrum of aS56/75 (black) with that of aS75 (red), b. the
spectrum of aS56/90 (black) with that of aS56 (red), and c. the spectrum of aS69/85
(black) with that of aS69 (red).
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Appendix D to chapter 5: Exploring Methods to

Increase the DEER Evolution Time in a-Synuclein Fibrils:
Deuteration of Buffer and 35 GHz DEER

Longer DEER evolution times improve the sensitivity for longer distances. For a-
Synuclein (aS) fibrils, we tested two commonly used approaches: replacing
protons by deuterons to increase the T, time of the electron spin and DEER at 35
GHz to make use of the higher sensitivity. Both approaches were tested on the

0S56/69 mutant in preparation of the experiments described in chapter 4 and 5.

Materials and methods

Expression and purification of cysteine mutants of the aS were performed as

described in chapter 5.

Preparation and harvesting of fibrillar aS

Fibrils of aS were formed by incubating monomer solutions at a total protein
concentration of 100 uM. Fibrils of the doubly spin-labelled mutant were
prepared with a diamagnetic dilution of 1 in 20, using 5 uM spin-labeled aS with
95 uM wild-type protein. The fibrils of the corresponding singly labeled mutants
were prepared using a diamagnetic dilution of 10 uM spin-labeled aS in the
presence of 90 UM wild-type aS (1 in 10), to keep the spin-label concentrations
constant. All aggregations were performed in 10 mM Tris — HCl, 50 mM NaCl, pH
7.4 buffer (abbreviated as H,0-Tris buffer). The total volume of the mixture was
3.0 ml, which was aliquoted into three Eppendorf tubes (Eppendorf LoProtein
Bind 2ml), 1.0 ml each. All tubes were incubated at a temperature of 37 °C with
constant shaking at 1000 rpm in a Thermo mixer (Eppendorf). The time evolution
of aS aggregation was monitored by the standard Thioflavin T (ThioT)
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fluorescence assay. For each tube, fibrillization was stopped when the ThioT-
fluorescence intensity reached a plateau. The fibrillization was generally
completed in 6-8 days. Fibrils were harvested by ultra- centrifugation for 30 min
at 120000xg using 70.1Ti rotor in a Beckman Coulter Ultracentrifuge.
Centrifugation was performed at 4°C. The fibril pellets were washed three times
by resuspending the pellets each time in 2.5 ml buffer used for fibrillization and
re-centrifuging as described above. Glycerol (20 % (v/v)) was added to the washed
fibril pellets before transferring them into the 3 mm (outer diameter) quartz
tubes. The sample tubes were plunged into liquid nitrogen for fast freezing. These
samples were used for EPR measurements.

Fibrils with deuterated buffer were prepared the same way as described above,
however, the washing steps were done by resuspending into deuterated Tris-HCI
(D,O-Tris), pH 7.4 buffer three times and re-centrifuging as described above. The
buffer has the same composition as used for aggregation, but was prepared by
dissolving the buffer salts in D,O instead of H,0. After the final wash, 20 % (v/v)
of deuterated glycerol (glycerol-dg) was added to the fibril pellet. The fibril pellet
was transferred into the EPR tube and flash-frozen in liquid N,. We tested this

approach with one set of spin-labeled aS mutants (aS56/69, aS56 and aS69).
T2 echo decay experiment

The two-pulse echo decay experiments were performed at 9.5 GHz on an ELEXSYS
E680 spectrometer (Bruker, Rheinstetten, Germany) using a 3 mm split-ring
resonator (ER 4118XMS-3-W1). The temperature was kept at 40 K with a helium-
gas stream using a CF935 (Oxford Instruments, United Kingdom) cryostat with an
ITC502 temperature controller (Oxford Instruments, United Kingdom). The pulse
lengths for the two pulses, 1/2- and m-pulses, were 80 and 160 ns. The initial

separation of the two pulses was 120 ns.
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DEER measurements

The DEER measurements were performed at 9.5 GHz and 35 GHz. The DEER
measurements at 9.5 GHz were performed on an ELEXSYS E680 spectrometer
(Bruker, Rheinstetten, Germany) using a 3 mm split-ring resonator (ER 4118XMS-
3-W1). The temperature was kept at 40 K with a helium-gas stream using a CF935
(Oxford Instruments, United Kingdom) cryostat with an ITC502 temperature
controller (Oxford Instruments, United Kingdom). The pump and observer
frequencies were separated by 70 MHz and adjusted as reported before (1). The
pump-pulse power was adjusted to invert the echo maximally (2). The pump-pulse
length was set to 16 ns. The pulse lengths of the observer channel were 16 and 32
ns for 1t/2- and 1 - pulses, respectively. All DEER measurements were performed
as two-dimensional experiments, to suppress the proton modulation. To do so,
DEER time traces were measured for ten different t -values spaced by 8 ns starting
at =200 ns. The typical accumulation times per sample were 16 h.

The 35 GHz DEER experiments were performed on the samples used for 9.5 GHz
DEER. An ELEXSYS E580 spectrometer (Bruker, Rheinstetten, Germany) with a 3
mm, 35 GHz EPR resonator with a 150 W TWT amplifier was used. Temperature:
33 resp. 45 K; separation of pump and observer frequencies of 64.4 MHz. The
pump-pulse was adjusted to the maximum of the echo-detected field-sweep
spectrum and the observer-frequency to a frequency corresponding to 2.2 mT
higher field. The pump-pulse lengths were optimized to maximally invert the echo
and were between 14 and 20 ns. The pulse lengths of the observer channel were
10 and 20 ns for t/2- and 1t - pulses, respectively. The complete pulse sequence is

. Vi
given by: Zops L Tobs — t = Tpump — (t1 + T2 — t) — Tops — T, — echo. The

DEER time traces for ten different t, values spaced by 8 ns, starting at t; = 180 ns

were added to suppress nuclear modulations. Accumulation time per sample was
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2 hours. These experiments were performed at Bruker, Biospin Rheinstetten,

Germany and we thank Patrick Carl for making this possible.

Results and discussion

Comparison of fibrils in deuterated and protonated buffer

To see the effect of D,0 exchange on the T, relaxation time for the aS56/69 fibril
samples, we performed a two-pulse echo-decay experiment. The echo-decay
times of aS56/69 fibrils in deuterated or protonated buffer are the same (Figure
D1). At the first sight this result is surprising. Deuterating the buffer of soluble spin
labelled proteins results in longer T, times, because protons are more effective
than deuterons in enhancing T, relaxation of electron spins (3). Apparently, the
high proton content of the fibril itself is sufficient to cause T, relaxation in the
fibril samples, whether the buffer is deuterated or not. Therefore, the
experiments described in chapter 4 and 5 were performed using protonated
buffer. By harvesting the fibrils more efficiently, we were successful to extend the

evolution times from 1.5 s in previous experiments to an evolution time of 1.8

us.
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——D90-Tris buffer
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Figure D1. Effect of D,0 exchange on the T, relaxation time for the aS56/69 fibril sample;
T, echo decay of aS56/69 fibril with H,O-tris buffer (black) and D,O-tris buffer (red).
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Comparison of DEER measurements of aS56/69 fibrils at 9.5
GHz and 35 GHz

With 35 GHz DEER, a longer evolution time of 2.2 us and also a better signal to
noise ratio is obtained than at 9.5 GHz. In Figure D2, the DEER data are shown.
The distance distributions obtained after Tikhonov regularization show that both
distributions have the most intense peak around 2.5 nm. In the DEER trace
obtained at 35 GHz, this peak is more pronounced and shifted to shorter
distances, which we attribute to a better separation of background and
modulation, which is the result of the longer evolution time at 35 GHz. These

results show that also for fibril samples, DEER at 35 GHz is advantageous.
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Figure D2. Results of DEER experiments for aS56/69 fibril samples at 9.5 GHz (black line)
and 35 GHz (blue line): a. DEER time traces with experimental background, b. DEER time
traces after background correction along with the fits corresponding to the distance
distributions shown in c; c. distance distributions derived from DEER data after Tikhonov
regularization with a regularization parameter a of 100. DEER time traces are normalized
(maximum echo intensity is set to one) and shifted vertically for better visibility.
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Interaction of the Membrane-Fusion K/E Peptides
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6.1 Introduction

All living organisms utilize membrane fusion for their normal functioning. Cellular
activities that involve membrane fusion are hormone secretion, enzyme release,
neurotransmission etc. Membrane fusion needs a specialized set of proteins, such
as the SNARE protein complex (1-7) (SNARE: soluble NSF attachment protein
receptor; NSF=N-ethylmaleimide-sensitive factor). Membrane fusion induced by
SNARE involves the coiled-coil interaction between three complementary SNARE

proteins (8).

To understand this protein-mediated membrane fusion, a coiled-coil model
system mimicking the complex of SNARE proteins was designed (9,10). It performs
fusion by a pair of complementary lipidated oligopeptides E/K, which contain a
lipid anchor segment, a coiled-coil zipper segment, and a linker that connects the
two segments (see Figure 6.1). To gain a better picture on membrane fusion, we
focus on the coiled-coil zipper segment of the complex, which consists of the

helical peptides K and E, for sequences see Table 6.1.

The peptides are relevant to initiate the interaction of the two membranes to be
brought together, a process that relies on complementary charges of K and E, and
coiled-coil formation enhanced by the knob and hole principle (see Figure 6.2).
Previous studies (9, 11) have shown that the K and E peptides behave differently
in solution: E, anionic in nature, is in a random coil conformation and K, cationic in

nature, has some helical character and a larger tendency to self-aggregate than E.
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Figure 6.1. Membrane fusion model: Two membranes (top and bottom) are brought
together by the lipidated peptide constructs (E/K): lipid anchor, black; PEG12 chains, the
linker (for clarity drawn at the same color as the peptide); complementary peptides K,
blue and E red respectively. The proposed interaction [by Rabe et al., (12)] of peptide K
with lipid head groups is not shown.

Table 6.1. Sequence of the helical peptides E and K

Peptides sequences

E Ac-(EIAALEK);-GY-NH,

K Ac-(KIAALKE);-GW-NH,

E-SL Ac-(EIAALEK)3-GYC(SL)-NH,
K-SL Ac-(KIAALKE)3-GWC(SL)-NH,
SL-K Ac-C(SL)-(KIAALKE)3-GW-NH,

C(SL): cysteine with MTSL attached, Ac: acetyl

A new mechanism was proposed about a twofold role of the K-peptide in
membrane fusion (12,14): a. to first bring the target vesicles into close proximity
(= 8 nm) by E/K coiled-coil formation and b. to modify the head group regions of
the K-peptide-binding sites at two different membranes, promoting protrusion of
the lipid acyl chains as the initial state of lipid mixing. The role of K-peptide

dehydration is not yet clear.
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Figure 6.2. Helical wheel representation of the quaternary structure of parallel oriented
(a) K/E-heterodimer and (b) K-homodimer. a, b, ¢, d, e, f, and g indicates the position of
heptad repeats. Blue dashed line: coulomb attractions of the positively charged lysine side
chains and negatively charged glutamate side chains; Red dashed line: coulomb repulsions
of the positively charged lysine side chains; bold arrows: Van der Waals interactions of
hydrophobic leucine and isoleucine side chains. Helical wheel projections also showing the
knobs into hole model (13): Ile represents the hole; Leu represents the knob.

Circular-Dichroism (CD) experiments revealed the thermal folding, i.e., formation
of a-helices of the two peptides in aqueous solution (11,15), suggesting that the
proteins form helical dimers. The folding constants (K;) were obtained for the pure
E-peptides (5.3 x 10> M), the pure K-peptides (3.4 x 10* M™) and mixtures of the
E and K-peptides (1.8 x 10’ M™). The folding constant for the K-peptide suggests

that it forms a dimer under the conditions of the present study.

Up to now, the presence of K-homodimers and their arrangement was not proven
in a more direct way. For the E/K-heterodimer, techniques like Forster resonance
energy transfer (FRET) and paramagnetic proton nuclear magnetic resonance
(NMR) were applied to study the orientation of the heterodimer suggesting a
parallel-oriented arrangement (16). The electron paramagnetic resonance (EPR)
approach used in the present study, allows measuring distances between spin
labels in a self-associated complex of identical (K/K) and non-identical (E/K)

peptide molecules.
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Here, we investigated variants of the oligopeptides E and K, synthesized (16,17)
following the original protocol developed by Litowski and Hodges (11). The two
oligopeptides are oppositely charged, attain random coil (E peptides) and a-helical
form (K peptides) in solution and form coiled-coil structures (11) when mixed
together. The structure and the orientation of dimers are studied by continuous-
wave (cw) EPR and a pulsed EPR method called double electron-electron
resonance (DEER).

Similar to the results of other techniques (16,18), we detected the parallel
orientation of the heterodimer of E/K peptides. In addition, we also detected the

homodimers of K-peptides and their orientation.

6.2 Materials and methods

6.2.1 Peptide synthesis, labelling and sample preparation

The synthesis of the MTSL-labelled K and E peptides listed in Table 6.1 has been
described elsewhere (16,17). Solutions of each peptide were prepared in PBS
buffer containing 20% (wt) glycerol used as a cryo-protectant for the preparation
of frozen samples listed in Table 6.2. For studying the E/K coiled-coil-complex
formation the two different peptides were mixed in an 1:1 molar ratio by keeping
the total peptide concentration at 0.3 mM. Peptide solutions were put into 3 mm
(outer diameter) quartz tubes and then the samples were plunged into liquid
nitrogen for fast freezing. The same samples were used for cw-EPR and DEER

measurements.
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Table 6.2. List of samples used for EPR measurements, for abbreviations see Table 6.1.

1 E-SL
2 K-SL
3 SL-K
4 E-SL:K-SL
5 E-SL:SL-K

6.2.2 cw-EPR measurements at 120 K

The 9.7 GHz cw-EPR measurements were performed using an ELEXYS E680
spectrometer (Bruker, Rheinstetten, Germany) with a rectangular cavity, using a
modulation frequency of 100 kHz. For measurements at 120 K, a helium gas flow
cryostat (Oxford Instruments, United Kingdom) with an ITC502 temperature
controller (Oxford Instruments, United Kingdom) was used. The frozen samples
were inserted in the pre-cooled helium gas flow cryostat. The EPR spectra were
recorded using modulation amplitude of 0.25 mT and a microwave power of 0.63

mW. Typical accumulation times were 10-14min.

6.2.2.1 Simulation of EPR spectra

The spectral simulation was performed using Matlab (7.11.0.584, Natick,
Massachusetts, U.S.A) and the EasySpin package (19). For all simulations, the
following spectral parameters were used: g = [2.00906, 2.00687, 2.00300] (20),
the hyperfine tensor parameters A,,= A,y= 13 MHz, and the A,, parameter was
varied. We used A,, = 103 MHz for E-SL and 102 MHz for both K-SL and E-SL : K-SL.
The linewidth parameter (lwpp, peak to peak linewidth in mT) was obtained from

the simulation of the spectrum of a sample of MTSL in the buffer described above
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and was kept fixed for the simulation of the other spectra. A traceless-dipolar
tensor of the form [- D - D + 2D], in which 2D represents the parallel component
of the dipolar tensor, was used. The value of D (in MHz) was varied until the
simulation agrees with the experimental spectrum. By doing this we were able to
obtain the dipolar frequency (in MHz), from which the corresponding inter-spin

distance is calculated.

6.2.3 DEER measurements

All DEER experiments were done at 9.5 GHz on an ELEXSYS E680 spectrometer
(Bruker, Rheinstetten, Germany) using a 3 mm split-ring resonator (ER 4118XMS-
3-W1). We performed the measurements at 40 K with a helium gas flow using a
CF935 cryostat (Oxford Instruments, United Kingdom). The pump and observer
frequencies were separated by 70 MHz and adjusted as reported before (21). The
power of the pump-pulse was adjusted to invert the echo maximally (22-25). The
length of the pump-pulse was set to 16 ns. The pulse lengths of the observer
channel were 16 and 32 ns for i/2- and 1 - pulses, respectively. A phase cycle (+ x)
- (- x) was applied to the first observer pulse. The complete pulse sequence is

. i
given by: Zops ~ L Mobs — t — Tpump — (T1 + Tz — ) — Tops — T — echo. The

DEER time traces for ten different t,values spaced by 8 ns starting at t;= 200 ns
were added to suppress proton modulations. Typical accumulation times per

sample were 16-20 hours.

6.2.3.1 DEER analysis

In order to analyze the DEER traces and extract the distance distributions, the
software package “DeerAnalysis 2011” was used (26). All the DEER traces were

corrected by a homogeneous 3D-background function, which describes the three-
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dimensional random distribution of nano-objects in the sample (21-24). This
approach is justified because the proteins are soluble in buffer and no membranes
are present. Peptides or proteins interacting with membranes can cause lower
dimensionality background functions, such as a 2D background. The distance

distribution was derived by the model-free Tikhonov regularization (22-26).

6.3 Results

Figure 6.3 shows the cw-EPR spectra of spin-labelled E and K peptides measured
at 120 K. We compare the spectra of all peptide samples (listed in Table 6.2) with
the spectrum of MTSL, which serves as a monomeric reference for the spin label
under the solution conditions used for the K/E peptides. Figure 6.3a shows the
superposition of the spectra of E-SL, K-SL and a 1 : 1 mixture of E-SL : K-SL with
MTSL and Figure 6.3b shows the superposition of the spectra of SL-Kanda 1:1
mixture of E-SL : SL-K with MTSL. Line broadening is observed for the spectra
shown in Figure 6.3a, but not for those in Figure 6.3b. These observations are

summarized in Table 6.3.
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Figure 6.3. cw-EPR spectra of spin labelled E, K and coiled-coil E/K peptides at low
temperature (120 K). a: Superposition of spectra of E-SL, K-SL and E-SL : K-SL peptides
(red) is shown with the spectrum of pure MTSL (black), b: Superposition of spectra of SL-K
and E-SL : SL-K (red) with the spectrum of free MTSL (black). All spectrum is normalized to
the same number of spins.

Figure 6.4 shows the DEER results obtained for spin-labelled E and K peptide
samples listed in Table 6.2; in Figure 6.4a the experimental DEER time traces
before the background correction are displayed, in Figure 6.4b the experimental
time traces after background correction with the fits corresponding to the
distance distributions in Figure 6.4c. The experimental traces of K-SL and the 1 : 1
mixture of E-SL : K-SL (shown in Figure 6.4a) have a low modulation depth (see
Table 6.3), showing that a significant population has conformations with distances
outside the DEER measurement range (i.e., smaller than 2 nm or larger than 5

nm). In contrast, the modulation depth in the DEER traces of E-SL, SL-K and E-SL :
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SL-K (see Table 6.3) shows that a significant population of spins in these samples

have conformations with distances in the sensitive range of DEER.

Table 6.3. Summary of EPR properties and distances of E/K peptides

samples cw-EPR line- distance from cw- modulation depth distance
broadening EPR spectra (nm) of the DEER trace from DEER
compared to analysis (nm)
MTSL (width

(FWHM))

E-SL yes 1.8-2.0 0.29 4.4 (1.6)

K-SL yes 1.8-2.0 0.21 na

SL-K no no short distances 0.31 2.6 (1.4)

E-SL : K-SL yes 1.8-2.0 0.22 na

E-SL : SL-K no no short distances 0.40 3.2(1.3)

na: modulation depth too low to obtain relevant distances (see text); FWHM: full width
half maximum of distance peak

The distance distribution obtained for E-SL is broad (full width half maximum
(FWHM) 1.6 nm, see Table 6.3) with a maximum at 4.4 nm, whereas that for SL-K
is narrow (FWHM 1.4 nm) with a maximum at 2.6 nm. The distance distribution of
E-SL : SL-K is broad, suggesting that multiple conformations contribute to the
distance distribution. The distance distributions for K-SL and E-SL : K-SL are not
meaningful, because they represent only a very small population of spins in the

sample (see above).
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Figure 6.4. DEER results of experiments on spin labelled E and K peptides (listed in Table
6.2). a. DEER time traces before background corrections (black lines), background (red
line); b. DEER time traces after background corrections (black line), fit of the time trace
(red line) with the distance distributions shown in c; c. distance distributions obtained
after Tikhonov regularization.
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6.4 Discussion

In this study, we determine the interactions between the K- and the E-peptides by
EPR using two complementary methods: Short distances (up to 2 nm) are
detected by cw-EPR and longer distances by DEER. For these experiments, the
peptides are investigated in frozen solution using the same sample for both types
of measurements. Table 6.3 summarizes the results obtained.

The broadening of cw-EPR spectra is observed for E-SL, K-SL and E-SL : K-SL
corresponds to distances in the range of 1.8 to 2.0 nm. These distances are
derived from simulations of the EPR spectra (see Materials and methods). In the
present samples, because of different spin-label linker conformations and the
intermolecular nature of the interactions, cw-EPR line broadening most likely
reflects not a single distance/conformation and therefore only a range of
distances (see Table 6.3) can be derived from the broadening observed. Longer
distances (> 2 nm) are detected by DEER, a method that gives the distance
distributions, which reflect the distances of all members of the ensemble. Under
the present experimental conditions, distances longer than 5 nm cannot be
reliably detected. In DEER, the modulation depth reflects the fraction of the
sample in which two spins interact within the distance range of the experiment,
here 2-5 nm. Distance distributions of DEER experiments with low modulation
depth, i.e., around 0.2, see Table 6.3, are not meaningful, because they are not
representative of a major fraction of the spins in the sample. Using these
principles we arrive at the following interpretations:

The K/E mixture shows a short distance when the C-termini of both peptides are
labelled (cw-EPR) and a distance of 3.2 nm when the C-terminus of K and the N-
terminus of E are labelled. The K peptide alone shows a short distance when

labelled at the C-terminus and a distance of 2.6 nm when labelled at the N-
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terminus, whereas E shows a broad range of distances, suggestive of unspecific
aggregation.

A short distance between the two C-terminally labelled peptides (E-SL : K-SL) and
a longer one, when one peptide is labelled at the C-terminus and the other at the
N-terminus (E-SL : SL-K) is in qualitative agreement with a parallel heterodimer.
The WebLab software (Molecular Simulations) calculations of the dimer, discussed

below, qualitatively support this view.

The interaction of the spin-labels in the K-peptide is stronger for the C-terminally
labelled K (K-SL) than for the N-terminally labelled K (SL-K). A distance between
1.8 nm and 2 nm for K-SL is only compatible with a parallel homodimer. The
distance for SL-K, 2.6 nm, is consistent with a homodimer in which the spin labels
point away from each other and possibly indicate flared-out ends of the N-
terminal region of the homodimer.

In order to visualize the dimer of E-SL : SL-K, the model of the dimer has been
created from WebLab software (Molecular Simulations) by assuming standard ¢
(phi) and U (psi) angles for a regular a helix including cysteine (SH) (both Cys-K
and E-Cys). We have built the S-S bond and included the atoms required to define
the MTSL label. The molecules were arranged as close as possible and in a parallel
orientation (shown in Figure 6.5) to represent the quaternary structure of the E/K
complex. The dimer of E-SL : SL-K with spin labels attached gives a distance of 3.5

nm in agreement with the result of DEER of a parallel heterodimer.
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Figure 6.5. Quaternary structure of the E : K complex based on Weblab software
(Molecular Simulations). Top: E-SL; Bottom: SL-K. Relative orientation: parallel with lle and
Leu oriented at the center of the E/K complex. The arrow indicates the distance between
the spin labels attached to E- and K-peptide in the dimer form.

The quaternary structure of the parallel heterodimer has been also confirmed
previously by different techniques (H-NMR, PRE-NMR, FRET) (16,18), and our
present result is in full agreement with these results.

The finding of a K- homodimer based on DEER, in our study, was not described
before.

We attribute the longer distance between the spin labels at the N-terminus (SL-K)
to fraying of the helix ends in combination with the spin labels pointing away from
each other. Distances between 1.8 and 2.0 nm at the C-terminus (K-SL) are
consistent with the spin labels pointing towards each other. Fraying, as postulated
for the N-terminus, may not be prominent for the C-terminus helix end (27,28).
This is because the C-terminus contains a tryptophan residue, and could form a H-
bond between the NO of the spin label and the NH proton of the indole group of
the tryptophan.

The finding of a parallel homodimer for the K-peptide must be attributed to

dominance of the knob-into-hole interaction (as depicted in Figure 6.2), which
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overrides the unfavorable electrostatic interaction of the K-residues and the
repulsive helix-dipole interaction of a parallel homodimer.

In general, we observe results that indicate K-homodimers and E/K heterodimers.
The distances observed are consistent with a parallel heterodimer of the K and E
peptide and a parallel homodimer of the K-peptide, in which the C-termini
approach each other more closely than N-termini.

The absence of such an interaction for the E-peptides is in agreement with the
previously found low tendency of the E-peptide to form dimers. The K; of 530 M™
(15) for E-homodimers would correspond to a population of 7% dimer under our
conditions, which would be too low to detect. We attribute the broadened EPR
spectra and the weak DEER response observed in the E-SL sample to unspecific
aggregation.

In conclusion, we show that the EPR approach gives insight into the interaction of
the K/E peptides in solution, peptides that are designed for membrane fusion. The
study focused on the interaction of the peptide part of the membrane-fusion
constructs, and opens the way to investigate molecular properties of the full

membrane-fusion system.
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Summary

The protein a-Synuclein (aS) is known to be associated with Parkinson’s disease.
As an intrinsically disordered protein, aS lacks an ordered structure in solution,
while it forms an a-helical structure when bound to membranes or it can form
aggregates and p-sheets containing fibrils. Modifications of aS such as
phosphorylation are important for its function. Unstructured proteins are difficult
to study by most of the available methods. We apply electron paramagnetic
resonance (EPR) spectroscopy. Chapter 1 introduces the protein and describes

briefly the EPR approaches used in this thesis.

The protein asS plays its role by interacting with vesicles/membranes in nerve cells
in the brain, and this interaction is believed to be crucial for both its pathological
and physiological functions. Studies suggest that modifications like
phosphorylation play a role in disease and that phosphorylation can modulate the
membrane-binding ability of aS. In chapters 2 and 3, we describe the binding of
aS with membranes. Membranes are represented by vesicles of different sizes
and compositions to mimic the cell conditions. We place spin-labels at desired
positions on the protein and, after mixing with vesicles, monitor the local
membrane binding. Membrane binding shows up as immobilization of the spin

label, and is detected by 9 GHz EPR.

Chapter 2 describes the study of the interaction of aS with two natural membrane
mimics, the inner mitochondrial membrane (IMM) and the neuronal plasma
membrane (NPM). We observe that aS binds surprisingly well to the two natural
membranes considering their low surface charge density. In particular, a part of
the protein that binds poorly to model membranes binds well to these natural

membranes. This finding prompted us to investigate whether the membrane
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bound form of aS has the extended conformation or the horseshoe conformation.
To obtain such structural information, we measure the distance between two
positions of aS, in our case, two paramagnetic labels, by a pulse EPR method
called double electron-electron resonance (DEER). We find that the majority of
the protein is in the extended conformation. We also observe that the horseshoe
conformation of aS on natural membranes has a larger opening angle than

previously found for model membranes.

In chapter 3, we discuss the effect of phosphorylation on the binding of aS to
model membranes. The effect of phosphorylation at positions S87 and S129,
previously found to have an effect on membrane binding and aggregation of as, is
investigated by using the same spin-label approach as described in chapter 2. We
show that phosphorylation at position S87 causes local unbinding of aS from the
membrane; however, phosphorylation at S129 shows no effect on membrane
binding. We also show that phosphorylation at position S87 does not detach the

protein completely from the membrane, but rather causes local unbinding.

The chapters 4 and 5 are dedicated to the study of one of the peculiar properties
of asS that is to form fibrils. The fibrils of aS are present abundantly in the Lewy
bodies characteristic of Parkinson’s disease. In the fibril, the protein chain of aS is
folded up in a specific way. Knowing this fold is important to identify the residues
that are crucial for fibril formation. Therefore, to understand the inner structure,
i.e., the fibril fold of as, is important. We focus on this particular issue in chapter
5. To determine the intrinsic fold of aS in fibrils, distances between two spin labels
in aS in fibrils are measured by the similar pulse EPR method, DEER. We use a
series of aS proteins with two spin labels attached at different positions and
prepare fibrils of all those protein constructs. We check if the fibrils of all protein

constructs have similar morphology by negative stain transmission electron
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microscopy (TEM), described in chapter 4. We find that the fibrils of all protein
constructs have a similar morphology. From these fibrils, we obtain eight long-
range distance constraints that span the entire B-sheet region of aS, from residue
42 to residue 90. This study paves the way to build a model of the inner fold of aS

in the fibril in the future.

In the last part of this thesis, in chapter 6, we focus on peptides that help in
membrane fusion. Membrane fusion can be performed by constructs that consist
of a lipid anchor segment and a coiled-coil zipper segment. We focus on the
coiled-coil segment of the fusion complex. We use two small helical peptides, K
and E. The two peptides, when mixed together, form coiled-coil structures. We
investigate the structure and the orientation of the individual peptides by
applying EPR. We report that the E/K peptides are in a parallel orientation in the
heterodimer form, and that the K peptides form a parallel homodimer. The latter
result has not been observed before. This study opens the way to investigate
molecular properties of the full membrane-fusion system in the future.

This thesis shows that EPR can be used in determining the structure of disordered
proteins that is difficult to study otherwise. As the presence of vesicles is not an
obstacle for EPR, also biological processes like membrane fusion can be

unraveled.
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Samenvatting

Het eiwit a-Synuclein (aS) speelt een rol bij de ziekte van Parkinson. Als een
zogenaamd ‘intrinsically disordered’ eiwit, heeft aS in oplossing geen
gedefinieerde structuur. Wel kan het eiwit een a-helix structuur aannemen,
wanneer het bindt aan membranen, en B-sheets vormen, wanneer het aggregeert
tot amyloid fibrillen. Tevens ondergaat het eiwit modificaties zoals fosforylering,
wat belangrijk is voor het functioneren van het eiwit. Om eiwitten te bestuderen,
die niet volledig gestructureerd zijn, voldoen de meeste beschikbare methoden
niet. Wij hebben electron paramagnetic resonance (EPR) spectroscopie gebruikt
en de toepasbaarheid voor dit doel onderzocht. In hoofdstuk 1 wordt het aS eiwit
geintroduceerd en worden de EPR methodes beschreven, die in dit proefschrift
zijn gebruikt.

Het eiwit aS functioneert via interactie met vesicles/membranen in zenuwcellen
in de hersenen, wat verondersteld wordt cruciaal te zijn voor zowel de
pathologische als de fysiologische functies van het eiwit. Onderzoek suggereert
dat modificaties zoals fosforylering een rol spelen bij de ziekte van Parkinson,
omdat deze modificaties de binding van aS aan membranen moduleren. In
hoofdstukken 2 en 3 beschrijven we de binding van oS aan membranen.
Membranen worden gebruikt in de vorm van vesicles van verschillende grootte en
samenstelling, om zoveel mogelijk de omstandigheden in cellen na te bootsen.
We plaatsen een spin-label op de gewenste posities op het eiwit en na mengen
met vesicles volgen we de lokale membraanbinding. Wanneer membraanbinding
optreedt wordt het spin-label geimmobiliseerd en gedetecteerd door middel van

9 GHz EPR.

Hoofdstuk 2 beschrijft de studie van de interactie van aS met twee nagebootste

natuurlijke membranen, namelijk het binnenste mitochondriéle membraan (IMM)
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en het neuronale plasma membraan (NPM). We stellen vast dat aS goed bindt aan
de twee natuurlijke membranen, wat verrassend is gezien hun lage
ladingsdichtheid op het oppervlak. Het blijkt dat het deel van het eiwit dat zwak
bindt aan modelmembranen, juist goed bindt aan deze natuurlijke membranen.
Dit verrassende resultaat was aanleiding om te kijken of de membraangebonden
vorm van aS de langgerekte of de hoefijzer conformatie heeft. Om dergelijke
structurele informatie te verkrijgen, hebben we de afstand gemeten tussen twee
posities op het asS eiwit, in feite tussen twee paramagnetische labels, door middel
van gepulsde EPR technieken. Het merendeel van het eiwit blijkt de langgerekte
conformatie te hebben. De hoefijzer conformatie vertoont bij binding aan
natuurlijke membranen een grotere openingshoek dan eerder gevonden voor

modelmembranen.

In hoofdstuk 3, bespreken we het effect van fosforylering op de binding van aS
aan modelmembranen. Het effect van fosforylering op de posities S87 en S129,
waarvan eerder vastgesteld was dat deze een effect hebben op membraanbinding
en aggregatie van asS, is onderzocht door dezelfde methode van spin-labeling te
gebruiken als beschreven in hoofdstuk 2. We laten zien dat fosforylering op
positie S87 tot gevolg heeft dat aS niet volledig, maar alleen op bepaalde posities
op het eiwit, loslaat van het membraan; fosforylering op positie $129 vertoont

geen effect op membraanbinding.

De hoofdstukken 4 en 5 zijn gewijd aan bestudering van de kenmerkende
eigenschap van aS om fibrillen te vormen. Fibrillen van aS worden vooral
aangetroffen in Lewy bodies, die karakteristiek zijn voor de ziekte van Parkinson.
In fibrillen is de aS eiwitketen op een speciale manier gevouwen. Kennis van deze
vouwing is van belang om er achter te komen welke aminozuren cruciaal zijn voor

fibrilvorming. Dit is het onderwerp waarop we focusseren in hoofdstuk 5. Om de
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interne vouwing van asS in fibrillen te bepalen, vormen we fibrillen van aS eiwit,
dat we op twee posities voorzien hebben van spin labels. Vervolgens meten we de
afstand tussen de labels door middel van een gepulsde EPR methode, double
electron-electron resonance (DEER) genoemd. We gebruiken voor de fibrilvorming
een reeks aS eiwitten, waarbij paren van spin-labels op specifieke posities,
verspreid over de aminozuurketen, aangebracht zijn. We hebben, door negatieve
kleuring toe te passen, met transmissie elektronen microscopie (TEM) bekeken of
alle eiwitconstructen leiden tot fibrillen met vergelijkbare morfologie, zoals
beschreven is in hoofdstuk 4. De fibrillen van alle eiwitconstructen blijken
inderdaad vergelijkbare morfologie te hebben. Voor de vouwing van aS in fibrillen
hebben we acht lange-afstands vouwingscriteria gevonden, verdeeld over het
gehele B-sheet vormende deel van de aS eiwitketen, van aminozuur 42 tot 90. Op
basis van deze resultaten kunnen we in de toekomst een model creéren van de

interne vouwing van asS, zoals deze voorkomt in fibrilvorm.

Een ander aspect, dat beschreven wordt in hoofdstuk 6, focusseert op peptiden
die een rol spelen bij membraanfusie. Membraanfusie kan bewerkstelligd worden
door constructen, die bestaan uit een lipide-anker segment en een coiled-coil
zipper (‘rits’) segment. We richten ons op het coiled-coil segment van het
fusiecomplex. We maken gebruik van twee kleine peptiden, K and E, met helix
structuur. De twee peptiden vormen coiled-coil structuren, wanneer ze
samengevoegd worden. We onderzoeken de structuur en de oriéntatie van de
individuele peptiden door EPR methodes toe te passen. We concluderen dat de
E/K peptiden in een parallelle oriéntatie in de heterodimeer vorm voorkomen, en
dat de K peptiden een parallelle homodimeer vormen. Dit laatste resultaat is niet
eerder gevonden. Dit onderzoek opent de weg om de moleculair eigenschappen

van het gehele membraanfusiesysteem in de toekomst in kaart te brengen.
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Samenvatting

Dit proefschrift laat zien dat EPR geschikt is om de structuur van niet volledig
gevouwen eiwitten te bepalen, wat met andere methoden moeilijk te realiseren
is. Omdat de aanwezigheid van vesicles geen belemmering is, is EPR ook geschikt

om biologische processen, zoals membraanfusie, op te helderen.
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