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Interactions between DNA and the Parkinson’s disease protein, α-synuclein
An investigation of secondary structure and aggregation of α-synuclein,
induced by DNA
ALVINA WESTLING
Department of Biology and Biological Engineering
Chalmers University of Technology

Abstract
With an increasing life expectancy, a deeper knowledge of neurodegenerative age-
related diseases, such as Parkinson’s disease (PD), has become of great importance.
The main pathological feature of PD is the degeneration of neuromelanin-containing
neurons (NCN) in the part of the brain controlling the involuntary movement of
skeletal muscles. The degeneration of the NCN are shown to be linked to toxic
aggregation species of α-synuclein (αS), which is a protein found in the brain and
is believed to regulate the synaptic activity in the brain. αS has also been observed
in the cytoplasm and nucleus and there are suggestions that structural changes can
be induced in αS by binding with DNA, but there are only a few studies on αS-
DNA interactions. This thesis therefore aims to obtain a deeper understanding of
the role of protein-DNA interactions in vitro, to enable for the possibility that αS-
DNA interactions may have some participation in PD. For example, in relation to
the gene regulation. To investigate the interactions, synthesised wild-type αS has
been studied in bulk phase as well as at a single molecule level, with four types
of commercially available DNA sequences. In studies in the bulk phase, with lin-
ear dichroism, interactions between protein and DNA were observed. Secondary
structural changes in αS and DNA was not evident in linear dichroism and circu-
lar dichroism experiments. To investigate the protein-DNA interactions at a single
molecule level, nanofluidic channels and atomic force microscopy were used. It was
then observed that the interactions between αS and DNA induce a stiffer configu-
ration in the DNA molecules, causing an elongation in length of 30%. The increase
in length of the DNA molecules after interactions with αS could be of interest when
further investigating the gene-regulating role of αS. Images of the interactions also
revealed that the binding of αS to DNA appears in small clusters along the DNA
molecule, suggesting that there are favourable αS binding sites on the DNAmolecule.

Keywords: Parkinson’s disease, α-synuclein, α-synuclein aggregates, DNA, protein-
DNA interactions.
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1
Introduction

Parkinson’s disease (PD) is a common neurodegenerative age-related disease that
causes impairment in both physical and mental health. A protein that has been
closely linked to PD, but of which there is still limited understanding of its role
in the onset of the disease, is α-synuclein (αS). This chapter gives some general
background about PD and αS in order to introduce the main focus of this thesis;
the study of the interactions between αS and DNA. The overall aim and limitations
of the thesis are also presented in this chapter.

1.1 Background
PD is together with Alzheimer’s disease one of the most common neurodegenerative
diseases in the world. PD is an age-related disease estimated to affect 1% of all
people at the age of 70 but it is also seen in the younger population [1]. The cause
of the disease is still unknown to an extent, but it is believed to be caused by both
genetic and environmental factors. The symptoms of PD are generally developing
slowly, the most common of which are tremors, akinesia, bradykinesia, stiffness and
depression [1, 2]. The symptoms become more severe with time but owing to medi-
cations that ease the symptoms, people with PD can usually lead a normal life for
several years. There is today no known cure to PD.

Figure 1.1: Illustration of the human brain showing the location of the substantia
nigra which plays an important role in the movement of skeletal muscles and which
is severely affected in PD [3]. Image available under the public domain.
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1. Introduction

The main pathological feature of PD is the degeneration of neuromelanin-containing
neurons (NCN) in the part of the brain called substantia nigra, see Figure 1.1, which
controls the involuntary movement of skeletal muscles. The neurons in the sub-
stantia nigra synthesise dopamine and a reduction of these will create a dopamine
deficiency which gives rise to the symptoms of PD [1, 2, 4]. The drugs used to treat
the symptoms of PD increase the concentration of dopamine either by stimulating
the dopamine receptors or by adding more of it [5].

Examination of the substantia nigra in a PD patient will not only show a marked
decrease in the number of NCN, but also the presence of Lewy bodies and Lewy
neurites. Lewy bodies (LB) are abnormal aggregates of proteins inside the nerve
cells and Lewy neurites (LN) are abnormal neurites of aggregated protein, similar
to those found in LB. The major component in LB and LN is αS and these ag-
gregates of protein are the pathological hallmark of idiopathic PD [1, 2, 4]. The
association between Lewy pathology and the pathogenesis of the disease is not yet
fully understood.

Figure 1.2: Example of the secondary structures of β-sheets and α-helix (β-sheets
in 2NAO and α-helix in 5K18). Image created in PV a WebGL based 3D program
at RCSB Protein Data Bank.

αS was discovered in 1988, and was related to neurodegenerative diseases, such as
PD, at an early stage [6, 7]. The normal physiological functions of αS are still
unknown, but today they are believed to play an important part in the regulation of
synaptic activity and possibly also in gene regulation [8, 9]. When symptoms of PD
are experienced, the aggregated form of αS, in the form of LB and NB, can be found
in the brain. In the native form, αS is an unordered protein but when aggregated
or bound to micells, a more ordered structure is obtained. When αS gets associated
with lipid vesicles it obtains an α-helical structure and amyloid formation involves
β-sheet structure formation of αS [10]. Figure 1.2 illustrates examples of β-sheet
structure and α-helix structure. Studies on PD suggest several underlying causes of
the disease-causing folding of αS, for example, the presence of metal ions creating
oxidative stress or the presence of some pesticides [11, 12]. Recently some research
has indicated that interactions between αS and DNA could give rise to structural

2



1. Introduction

changes as well [13].

1.2 Aim and objectives of this thesis
The aim of the thesis is to obtain a deeper understanding of protein-DNA interac-
tions in studies performed in vitro. This to enable for the possibility that αS may
have some additional participation in PD, for example by association with gene
regulation. The project aims to study the interaction between αS and DNA and
to identify how the expected binding of αS to DNA promotes structural changes
in both DNA and αS. To more easily create a clear vision of the thesis and design
the experimental work, the aim of the thesis has been specified into the following
questions:

• Can interactions between αS and DNA be seen in vitro in bulk phase?

• Can interactions between αS and DNA be seen in vitro at a single molecule
level?

• What structural changes can be seen in αS and in DNA when interacting with
each other?

• Does αS have higher affinity to specific DNA sequences?

1.3 Methodology
This thesis is based on laboratory work focused on the interaction between DNA and
αS. Previous research on the topic is reviewed in Chapter 2. To obtain information
about the interactions and structural changes in αS and DNA, four main methods
have been used; absorbance spectroscopy, fluorescence spectroscopy, nanochannel
microfluidics and atomic force microscopy. The theoretical backgrounds to these
methods are presented in Chapter 2 and the specific laboratory method is found
in Chapter 3. The results and discussion regarding the results from the laboratory
work are presented in Chapter 4 together with Appendix.

The topic of this thesis is part of a project carried out in a research group involv-
ing the researchers Pernilla Wittung Stafshede, Fredrik Westerlund, Kai Jiang and
Sandra Rocha. The work has resulted in a paper that is under preparation and will
include parts of the data obtained during the thesis.

1.4 Delimitations
To investigate the interactions between αS and DNA, wild-type αS has been studied
together with four types of DNA sequences of different base pair (bp) length. All
samples of wild-type αS used in the thesis were synthesised at Chalmers by Ranjeet

3



1. Introduction

Kumar. The four types of double-stranded DNA used were: λ-DNA (48 kbp long),
calf thymus DNA (ctDNA, 8-15 kbp long), 1k DNA (1 kbp long) and 10k DNA
(10 kbp long). λ-DNA is suitable for studies using nanofluidic channels but too
long to use in linear dichroism and atomic force microscopy techniques; ctDNA
was therefore used in experiments with linear dichroism, circular dichroism and
aggregation experiments. 10k DNA and 1k DNA are studied as single molecules
with nanofluidic channels and atomic force microscopy. The main limitation of
this project is the decision of only investigate wild-type αS and no mutations. If
mutations of αS were to be studied more information about the behaviour of αS
could be obtained, such as which protein binding sites are involved.

4



2
Theory

Chapter 2 presents fundamental information about the link between PD, αS and
DNA. Here previous research on the topic is reviewed, together with information
about the laboratory methods used.

2.1 Theoretical background of proteins and DNA
This section of the thesis explains some general background of proteins and DNA,
with focus on their structures.

2.1.1 Proteins and their structures
Proteins are large biomolecules taking part in many important functions in the hu-
man body. Some functions of proteins are: DNA replication, transporting molecules
and catalysing metabolic reactions. Proteins are made by condensation of amino
acids which form peptide bonds [14]. There are several ways to categorise proteins
regarding their structure, in Figure 2.1 are four of them schematically displayed.
The order of amino acids in a sequence, of a protein, is called its primary structure.
The folding pattern in a protein is called its secondary structure and it is determined
by the torsion angles, which are the angles φ and ψ, see Figure 2.2. φ is the angle
of the bond between the nitrogen atom and the α-carbon, ψ is the angle around the
α-carbon and the β-carbon. The tertiary structure is determined by the folding of
the protein chains in space. Association of folded polypeptide molecules to complex
functional proteins results in a quaternary structure [15].

Figure 2.1: Illustration of four classification groups of protein structures; primary
structure, secondary structure, tertiary structure and quaternary structure. Image
available under CC-BY-4.0 [16].
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2. Theory

Proteins differ from one another primarily in their sequence of amino acids, which
is dictated by the nucleotide sequence of their genes, and which usually results
in protein folding into a specific three-dimensional structure that determines its
activity.

Figure 2.2: Schematic image of an unspecified polypeptide molecule displaying the
angles φ and ψ, which determine the secondary structure of a protein.

There are several commonly occurring secondary structures of proteins: the α-helix,
the β-sheet and the π-helix [15]. All these structures are determined by the angles
φ and ψ. As an example, the α-helix structure has an angle of approximately 100◦

between successive residues with φ=-57◦ and ψ=-47◦. It is hydrogen bonding within
the molecule that makes the structure possible. When a protein is said to have an
undefined structure is it called random coil. In the coils the amino acids still have
a defined position even though it is often called a unordered structure [15, 17].

The structure of a protein is changeable by external forces. When the structure
is changed so that the protein unfolds and loses its structure and consequently its
function, it is a process known as denaturation. pH, temperature, salt concentration
or solvent are some factors that affect the structure of proteins [15].

2.1.2 Structure of DNA
DNA molecules, where all genetic information of living cells is stored, are located
inside cells, often only in the nucleus but sometimes also freely suspended in the
cell. DNA molecules are built of nucleotides in a double-stranded chain-like struc-
ture, called the DNA-helix, see Figure 2.3. The nucleotide is composed of nitrogen-
containing nucleobases, a phosphate group and sugar called deoxyribose. There
are four types of nucleobases; guanine (G), cytosine (C), adenine (A) and thymine
(T) [18, 19]. The nucleotides are joined together by covalent bonds between the
nucleotides, the sugar and the phosphate group, which give rise to an alternat-
ing sugar-phosphate backbone. The nitrogenous bases of the two separate polynu-
cleotide strands are bound together with hydrogen bonds, where C binds with G and
A with T. The DNA molecule has an overall negative charge due to the phosphate
groups [18].
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Figure 2.3: Schematic image of the secondary structure of the DNA-helix, viewing
the four base pairs; guanine (G), cytosine (C), adenine (A) and thymine (T). Image
created by Genome Research Limited, available under CC BY-NC-SA 2.0 [20].

The DNA-helix can exist in several possible conformations; A-DNA, B-DNA, and
Z-DNA forms [19]. Of these, only B-DNA and Z-DNA have been directly observed
in functional organisms, where B-DNA is the most common under the conditions
found in cells. These three conformations differ in direction of the helical structure
and in pattern. A-DNA and B-DNA have a right-handed double helical structure
while Z-DNA has a left-handed helical structure. The A-DNA helix is wider than the
B-DNA helix and with a difference in groove depth. The conformation that DNA
adopts depends on the DNA sequence, hydration level, and surrounding environment
among other factors.

2.2 Parkinson’s disease and α-synuclein
PD is a neurodegenerative disease that affects the dopamine-producing neurons in
the substantia nigra. The disease is characterised by large protein aggregates, re-
ferred to as LB [5]. The composition of LB is the aggregated form of the protein
αS, which was linked to PD as early as 1988 [6, 21]. It was then concluded that LB
occurs wherever there is an excessive loss of neurons. The research suggested that
the cases of incidental LB disease are presymptomatic cases of PD, and confirmed
the importance of age (time) in the evolution of the disease [21]. After this, there
have been several other studies showing the importance and involvement of αS in
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PD, and there are a number of strong pieces of evidence supporting this statement.
For example, a mutation in the gene of αS was shown to be related to the familial
case of early-onset PD and the production of wild-type αS in transgenic mice leads
to motor complications and neuronal inclusions reminiscent of PD [4, 7, 22]. The
normal physiological functions of αS are still unknown, but today they are believed
to play an important part in the regulation of synaptic activity by controlling the
neuronal levels of dopamine in the brain [8, 10]. The control of dopamine level
is done by decreasing the activity of dopamine transporters. If this process works
inefficiently there is a possibility that the increased levels of oxidative dopamine
byproducts can damage the cells of the brain. A theory of the toxicity of αS ag-
gregates is therefore that aggregates of αS cannot control the dopamine levels and
thereby create neurotoxicity [10].

Figure 2.4: Secondary structure of αS when bound to micelles, created in PV a
WebGL based 3D program at RCSB Protein Data Bank with indications of location
of the three domains; N, NAC and C.

αS is a 140 amino acid long acidic protein, present in high concentrations at the
presynaptic terminals and is found in both soluble and membrane-associated form
in the brain [4, 6]. αS has three regions; the N-terminal domain which is the lipid
binding α-helical part, the NAC which is the amyloid binding part and the C-
terminal domain which is an acidic tail of the protein, see Figure 2.4 and Figure 2.5
[4, 10]. The N-terminal domain is positively charged and able to induce α-helical
structure in the protein when bound to lipids. The NAC part of αS is shown to be
involved in aggregation and formation of fibrils due to its ability to form cross β-
structure [10]. It is believed that the random coil C-terminal domain takes part in the
aggregation as well, by interactions with the NAC part. There are also suggestions
that the C-terminal domain modifications might be involved in the pathology of αS.
Around pH 7, αS has 24 negative charges, 15 of these are located in the C-terminal
domain of the protein, making the protein less willing to fold itself at this pH, than
if the surroundings were more acidic or alkaline. [23].
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Figure 2.5: Schematic illustration of the domains of αS and their number of amino
acids.

The aggregation and amyloid formation of proteins usually occur via intermediates
[24]. In the case of αS there are several stages in the aggregation process, from
monomer to LB, involving the formation of dimers and different types of oligomers.
The aggregation process is strongly driven forward and reluctant to go back to a
monomeric state, as illustrated by the arrows in Figure 2.6. In the aggregated state,
αS has a β-sheet structure while the native structure is unordered with low overall
hydrophobicity and large net charge [11].

Figure 2.6: Illustration of aggregation of αS, showing the intermediates from
monomers to Lewy body.

There are indications that the partially folded intermediate conformation is the
most critical specie of aggregation process [11]. Oligomers of αS are present in
the intermediate step and there is a possibility that these mostly contribute to the
degradation of neurons and not the fully aggregated fibrils. Studies on a smaller and
nonfibrillar αS aggregates showed that the nonfibrillar αS is neurotoxic and induces
mitochondrial toxicity and fission as well as energetic stress, leading to cell death
[25].

As mentioned previously is mostly the NAC part, which is the hydrophobic part of
the protein, involved in the change of structure within αS [4, 26]. There is evidence
that the unfolded structure of the protein corresponds to these characteristics of
low hydrophobicity and charge, and that a change in the structure would disable
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aggregation of the protein. The process of aggregation of αS is still being studied in
detail by many in an attempt to identify the toxic species responsible for neurode-
generation. Studies on this topic suggest several underlying causes for the folding
of αS, for example, binding to long chains of fatty acids, presence of some metal
ions creating oxidative stress and also presence of some pesticides [11, 12]. Recently
some research on DNA-protein interactions has indicated that interactions between
αS and DNA could lead to structural changes in αS as well, and that αS also plays
a gene-regulatory role in the cell nucleus. [9, 11, 13].

Overall, it is established that abnormal aggregates of αS occur early on in PD but
there is no clear explanation for the initiation of the aggregation or which of the
stages, if any, leads to the degeneration of neurons.

2.3 α-synuclein interacting with DNA
αS has been found in a aggregated state in the cell cytoplasm where it can take
part in vesicle transport over membranes. In addition, αS has also been observed
in the nucleus and it seems to be able to move between the cytoplasm and nucleus
in a dynamic manner [27, 28]. A few studies show that αS interacts with DNA in
the nucleus and that the binding occurs favourably to GC-box-like sequences via
electrostatic interactions and may modify properties of both the protein and the
DNA [8, 11, 12]. In the N-terminal domain of αS there are more positively charged
lysine residues occurring than in the rest of the molecule, which suggests favourable
DNA binding properties [24].

Using circular dichroism spectroscopy, it has been shown that αS binds strongly to
supercoiled DNA [29]. This binding showed a change in conformation of the DNA,
from β-form to altered β-form. It seems that αS induces DNA damage by changing
its stability, its conformation and by causing DNA nicking. αS is also affected by
these interactions, by undergoing a transition from unordered structure to α-helix
and β-sheet structure [30]. When single-stranded DNA was mixed with αS an in-
crease of 80% in α-helix content was observed [11]. In these experiments there have
also been evidence that different types of DNA behave differently, most likely due
to their GC content. Both λ-DNA and calf thymus DNA induce structural changes
in αS, however, some differences can be seen which could be explained by the GC
content. Calf thymus DNA has a GC content of approximately 70% and λ-DNA
approximately 42% [24].

The amount of αS in the nucleus has been shown to be affected by oxidative stress.
The fraction of αS increases upon chemically-stimulated oxidative stress and it was
reported to modulate transcription of the master mitochondrial transcription acti-
vator called PGC1alpha [31]. The changes in transcription of PGC1alpha induced
by αS negatively affected mitochondrial morphology and function. These studies
clearly suggest that αS may have additional roles in PD that are related to nu-
clear gene regulation, which makes it an important and interesting topic for further
research [8, 12].
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2.4 Preparatory methods
The project aims to investigate how monomers of αS interact with DNA. As men-
tioned previously αS exists as monomers, dimers, oligomers and fibrils which makes
the preparatory work of ensuring only monomers in the protein solution crucial.

2.4.1 Gel filtration chromatography
Gel filtration chromatography (GFC) is a method where proteins, peptides and
DNA fractions are separated based on their molecular size [32, 33]. The separation
is achieved by letting the molecules move with a mobile phase through a porous
bed of gel, where they due to steric reasons diffuse unevenly into the bed. Smaller
molecules diffuse further into the matrix and hence move slower through the col-
umn while larger molecules move more quickly through the column. Both molecular
weight and three-dimensional shape contribute to the degree of retention [33].

At the exit zone of the column an in-line UV source is located, irradiating the eluate
with light of specific wavelengths, suitable for detecting proteins [32]. Detecting the
absorbance of the eluate provides information about the eluate which is gathered
in fractions in tubes. The corresponding fractions of the separated compounds are
identified by consulting the UV spectrum of absorbance. Figure 2.7 shows a char-
acteristic graph from GFC, where the measuring wavelength was set to 280 nm and
the peak indicates the presence of monomers in fraction 9 and 10.

Figure 2.7: Characteristic graph from GFC purification of αS, showing in which
fractions the protein is eluted.
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2.5 Analysis methods

Several methods have been used to analyse and gain information about the samples
in this project, both regarding DNA and protein configuration. The theories behind
these methods are explained in this section.

2.5.1 Absorbance spectroscopy methods

A common way to obtain information about a sample is to apply the fact that
molecules absorb light. In light absorbance spectroscopy methods, electromagnetic
waves from the infrared, the visible and the ultraviolet region of the electromagnetic
spectrum can be absorbed [34]. Absorbance spectroscopy is commonly used to
detect a specific molecule or to determine the concentration of that molecule. In
this project absorbance spectroscopy was used to determine the concentration. This
is done by knowing at which characteristic wavelength the molecule absorbs light
and then measure the absorbance. The absorbance can then be correlated to the
concentration with Bouguer-Lambert-Beers law, see Equation 2.1 [35].

log(I0/I) = A = ε ∗ l ∗ c (2.1)

Where I and I0 are the intensity of the light beam before and after passing through
the sample respectively. If divided and logarithmised they are known as the ab-
sorbance A. ε is the molar extinction coefficient or absorptivity of the molecule of
interest [M−1cm−1], l is the length of the sample cuvette [cm] and c is the molar
concentration [M] [36]. Proteins are known to absorb light at a wavelength of 280
nm due to the presence of tyrosine and tryptophan, and DNA at a wavelength of 260
nm [37]. For αS the molar extinction coefficient is estimated to be 5960 M−1cm−1

and for DNA 13200 M bp−1cm−1, which expresses the concentration in mol base
pairs per volume [M bp].

Linear dichroism (LD) and circular dichroism (CD) are two spectroscopy methods
commonly used when studying DNA and proteins. They are both based on the use
of polarised light to obtain structural information about the molecules of interest.
In polarised light, the electric field is no longer randomly distributed around the
directional axis but collected in a single plane along the axis [38]. LD detects
the difference in absorption between parallel polarised and perpendicular polarised
light, and CD the difference in absorption between left and right polarised light,
which is schematically illustrated in Figure 2.8. When using CD, the molecules are
freely suspended in solution and it is information about the structure of the protein
that is obtained. DNA can be studied in the same way but that enquires higher
concentrations or cuvettes of larger volumes to keep the noise low. In LD, only
the signals from molecules that can be aligned, such as DNA, are detected and the
molecules are therefore not freely suspended but instead aligned by some external
force [39].
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Figure 2.8: Schematic illustration of the theory behind LD and CD. LD detects
the difference in absorption between parallel polarised and perpendicular polarised
light in a sample of oriented molecules. CD detects the difference in absorption
between left and right polarised light in a sample of unoriented molecules [40].

2.5.1.1 Circular dichroism

CD is an analytic tool used for rapid determination of the secondary structure and
configuration of optically active molecules. The CD method analyses the absorption
of polarised light that has passed through a sample, that is why only chiral and
optically active molecules can be determined with CD [41]. Both proteins and DNA
are suitable molecules for CD measurements due to the presence of chirality. In CD
proteins absorb light within the 190-230 nm range and DNA within the 180-300 nm
range [42, 43]. The most common application of protein CD is to determine whether
an expressed and purified protein is folded, how it interacts with other molecules or
if a mutation affects its conformation or stability [43]. The secondary structures of
molecules give rise to characteristic and specific CD signals, see Figure 2.9, which
makes it possible to investigate and compare the changes in the structure of both
DNA and proteins. The signal that is detected in CD is the difference in absorption
between left- and right-handed light and it is referred to as ellipticity, θ, which is
expressed in degrees [41].
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Figure 2.9: Graph illustrating characteristic and specific signals of CD for β-helix
structure, α-helix structure and for unordered structure.

The electric field, E, of polarised light oscillates sinusoidally in a single plane. The
sinusoidal wave can be visualised as the resultant of two vectors of equal length,
which trace out circles in both right (ER) and left (EL) direction [40, 41]. When
asymmetric molecules interact with polarised light, they may absorb right- and left-
handed circularly polarised light to different extents and also have different indices
of refraction for the two waves. The result is that the plane of the light wave is
rotated and that the addition of the ER and EL vectors results in a vector that
traces out an ellipse and the light is said to be elliptically polarised [43]. The result
can henceforth be expressed in ∆E, the difference in absorbance of ER and EL but
when the data is to be analysed, ellipticity is a more suitable unit. To be able to
compare CD data, an expression of the ellipticity based on the molar concentration
is in this case used, [θ]MRE.

[θ]MRE = θobs

10 ∗ c ∗N ∗ l
(2.2)

Where θobs is the observed signal in degrees, c is the molar concentration, N is the
number of peptide bonds (not applicable to DNA, for DNA N=1 is used) and l is
the length of the cuvette in cm [43].

2.5.1.2 Linear dichroism

LD is also an electromagnetic spectroscopy method which uses the interactions be-
tween matter and light to obtain structural information about the molecules of
interest [39, 44]. In the same way as CD, the LD method measures the difference
in absorbance of two kinds of polarised light in a sample [45]. It is the difference in
absorbance of parallel polarised light and perpendicular polarised light that is mea-
sured [40]. The changes in transmittance of the molecules give information about
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the structure of the molecules in the sample. To be able to get visible results in LD,
the molecules in the sample must somehow be macroscopically oriented. There are
several ways to achieve orientation by stretching the molecules, the most common
one is the Couette flow method [39, 40].

The Couette method aligns the macromolecules with shear flow, created by placing
the sample between two rotating cylinders, see Figure 2.10. The magnitude of the
LD signal depends on how well oriented the molecules are. When the Couette flow
method is used, the rotation rate is what determines the orientation [40]. A high
rotation rate without altering the molecule is desirable. When the orientation of
the transition moments in the molecular coordinate framework is known, the signals
from LD can give information about how the molecules are aligned in the sample.

Figure 2.10: Schematic illustration of the Couette flow cell.

2.5.2 Fluorescence methods
In fluorescence spectroscopy, information is obtained from light emitted from molecules.
Light can be described in many ways, for example as energy packages of photons
where one package of energy, E, is proportional to its frequency of oscillation, as
written in Equation 2.3 [46, 47].

E = hv = hc

λ
(2.3)

Where v is the frequency, λ the related wavelength, c the speed of light and h is
Planck’s constant. When molecules are irradiated with light their electrons can be
affected by the light energy and thereby change their charge distribution. According
to the Bohr frequency condition, Equation 2.4, the energy of light can be absorbed if
it matches the energy gap, ∆E, between the initial energy state, E1, and the excited
energy state, E2 [46, 47]. This excess energy is however quickly released through
various processes, where the most common one is by releasing heat. There are also
other ways, such as through fluorescence. When fluorescent molecules are exposed
to light, their electrons will be excited and emit light of a lower wavelength than the
one of the light source.
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∆E = E2 − E1 = hv (2.4)

The properties of fluorescent molecules can be used in several ways. In this project
two fluorescence methods have been used; fluorescence spectroscopy and fluorescence
microscopy. Fluorescence microscopes are light microscopes which create an image
from the emitted fluorescence from the sample. The lamps used to irradiate the
samples and excite the electrons, are high energy arc-discharge lamps due to their
ability to generate a sufficient amount of photons [47].

2.5.2.1 Fluorescence spectroscopy: Thioflavin T assays

Fluorescence spectroscopy is a method widely used when studying amyloid proteins
and how they aggregate. The method measures the emitted light from molecules that
have been illuminated by a light source [48]. To make protein aggregates fluorescent,
Thioflavin T (ThT) is commonly used, which is an amyloid fibril binding dye. The
chemical structure of ThT is illustrated in Figure 2.11. ThT is a benzothiazole
chemical that increases in fluorescence upon binding to large protein aggregates but
not smaller ones such as oligomers [49, 50]. There is no known correlation between
the intensity of the emitted light and the concentration of aggregated protein.

Figure 2.11: Chemical structure of the fluorescent dye Thioflavin T, generated in
ChemDraw Ultra 12.0.

2.5.2.2 Fluorescence microscopy: Nanofluidic channels

Nanofluidic channels (NC) are used to visualise single DNA molecules by using flu-
orescence microscopy. Visualising single DNA molecules is an important method
in order to understand the behaviour of DNA molecules, such as their replication,
transcription and recombination [51]. The use of NC for this purpose has been an
established method for several years. However, some modifications of the method
have been made, which allow for investigations of DNA-protein interactions [52].
The interactions can be recorded to be studied and compared between samples to
see structural changes. Interactions of DNA with oligomers as well as fibrils can be
studied with this technique.

The main advantage of studying DNA-protein interactions using NC is that the stud-
ies are implemented on the molecules freely suspended in solution. This means a
minimum of factors affecting or disturbing the configuration of the DNA molecules,
which has been problematic in previous methods [52]. The method also gives a
unique opportunity to study the molecules at a single molecule level while freely
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suspended. To get clear images of the DNA, the molecules are stained with the
fluorescence cyanine dye YOYO-1 (YOYO). The chemical structure of YOYO is il-
lustrated in Figure 2.12. The binding between DNA and YOYO has an established
effect on the properties of DNA. YOYO is a highly positively charged molecule
and therefore reduces the negative charge of DNA upon binding. Each intercalated
YOYO molecule increases the length of the DNA molecule with 0.51 nm and reduces
the twist of the helical structure by about 24 degrees.

Figure 2.12: Chemical structure of the fluorescent dye YOYO-1, generated in
ChemDraw Ultra 12.0.

The channels of nanosize used in NC are connected in a small chip, as can be seen
in Figure 2.13. The chip is then connected to a plate which in turn is connected to
a nitrogen flow, regulating the pressure. The sample is added to a well in the plate
and pushed, molecule by molecule, into the nanochannels via the microchannels.
Figure 2.14 shows a DNA molecule that was pushed through a nano-sized channel.
It is important to coat the channels with a material that will not affect or bind the
DNA or protein [51, 52]. This can cause problems since DNA is generally a negative
molecule and protein a positively charged one and it is difficult to find a material
that will not attract either of these. To get the benefits from NC, the DNA and
protein must flow unhindered in the channels. It is therefore not only an issue of
opposite charge attraction but also a size issue, the coating material must be small
enough not to clog the channels [53]. Lately, lipids have been used to coat the surface
of NC. The idea to use lipids as a protecting layer comes from the living cell which
often is built of a lipid bilayer which effectively resists all non-specific bindings [54].

Figure 2.13: Schematic image of a NC chip, visualising 4 wells for sample addition
and 2 micro channels leading to the nanochannel area in the centre.
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Figure 2.14: Image of a DNA molecule stained with YOYO in a nanochannel,
taken with a fluorescence microscopy.

2.5.3 Atomic force microscopy
Atomic force microscopy (AFM) is a analysis method used to obtain information
about a surface or a molecule. AFM provides high-resolution images and information
about the topography of the sample, an example of an AFM image is shown in Figure
2.15 [55]. To the right of the image, a height scale is located, showing what height
corresponds to the colours of the image.

Figure 2.15: AFM image of tangled αS fibrils on Mica surface.

Tapping AFM uses a nanometer-sized probing tip which is located in close proximity
above the surface of a sample [56]. The probing tip sends information based on the
attracting or repulsing forces acting within the contact area to a detector. An
electric platform, on which the sample is placed, controls the motion of the sample
and maintains the desired distance between the probe and the sample surface. When
a specific molecule from a liquid sample, such as DNA, is to be studied one method
is to dry the sample on a surface. Two types of surfaces commonly used for DNA-
protein studies are silica or Mica surfaces [57]. Mica is a phyllosilicates material
which can be used for both coated and bare DNA while silica surfaces can only be
used for studying protein-coated DNA [58].
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This chapter contains specific information about the compounds and methodology
used in the experimental work of this thesis. All samples of αS used in the laboratory
work were prepared at Chalmers by Ranjeet Kumar.

3.1 Preparation of protein and DNA

Throughout the project, fresh stocks of both DNA and αS were necessary. Monomeric
αS was provided by GFC of samples of αS, while λ-DNA, 10k DNA and 1k DNA
were bought as premade solutions from Thermo ScientificTM. Stock solutions of
ctDNA were prepared as described in this section.

3.1.1 Purifying α-synuclein with gel filtration chromatogra-
phy

To ensure a monomeric solution of αS, GFC purification was performed on samples
of αS synthesised according to the method described in; [59]. Stock solutions (1 ml)
of αS with a concentration of 2 mg/ml were used and concentrated down to a volume
of 600 µl using Amicon® Ultra 0,5 ml centrifuge filter. The size of the filter used was
10 kDa and the solution was centrifuged for 3 minutes at a speed of 12 g. The pro-
tein solution of 600 µl was then injected into a S75 Superdex gel column, connected
to ÄKTApurifierTM at 4 ◦C. A buffer, Tris-EDTA buffer solution (TE-buffer) with a
pH of 7.4, purchased from Sigma-Aldrich, was used as mobile phase. The TE-buffer
contains 10 mM Tris-HCl and 1 mM EDTA. EDTA is a good binder of metal ions
and therefore prevents damage of biomolecules sensitive to metal binding [60].

The absorbance of the eluate was measured and put, 1 ml per fraction, in sample
tubes. The fractions containing monomeric αS were selected according to the ab-
sorbance spectra at 280 nm. The concentration of the protein was determined with
Lambda Bio+ UV/vis spectrophotometer using a 1 cm quartz glass cuvette with
1 ml sample, 5960 M−1cm−1 was used as the molar extinction coefficient for αS.
When a higher concentration was needed, the sample was again concentrated using
Amicon® Ultra 0.5 ml centrifuge filter. The protein was then stored at 4◦C if it was
to be used the same day. If the protein had to be stored more than 12 hours it was
flash frozen with liquid nitrogen and stored at -80◦C to avoid aggregation.
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3.1.2 Preparation of DNA stock solution
The ctDNA used in the laboratory work was purchased from Sigma-Aldrich and
stored at -18◦C. To prepare stock solutions of ctDNA approximately 0.002 g of dry
ctDNA were used. 5 ml of TE-buffer was added to the DNA and the solution was
carefully mixed until the DNA was dissolved. The tube was then fixed on a rocker
shaker and left for gentle mixing at 4◦C during 24 hours to ensure that the DNA
was completely dissolved. 1 ml of the DNA solution was then put into a 1 cm
quartz glass cuvette and the absorbance at 260 nm was measured to obtain the
stock concentration, 13200 M bp−1cm−1 was used as the molar extinction coefficient
for DNA. The DNA was then stored long-term at -18◦C and short-term, maximum
of one week, at 4◦C to ensure a high quality of the DNA molecules.

3.2 Circular dichroism experiments
CD measurements were performed with a Jasco-810 CD spectrometer at room tem-
perature, using a 0.1 cm quartz glass cuvette with a sample volume of 300 µl. The
wavelengths were measured from from 195 to 300 nm, with several accumulations,
giving a mean value, which was used as raw data. Before each series of samples, a
blank sample of TE-buffer was measured to create a baseline. Measurements were
first performed on αS and ctDNA alone, to obtain reference data. The experiments
were then done by having a constant concentration of αS (12 µM) and different
concentrations of ctDNA or by titration of DNA into a sample of αS (12 µM). The
ratios (αS:ctDNA bp) measured were: 1:0, 1:0.5, 1:2, 1:5, 1:8 and 1:12. More detailed
information concerning the preparation of CD samples can be found in Appendix
A. All samples were prepared right before the measurements and in between each
measurement the cuvette was washed with distilled water, ethanol and TE-buffer.

The Jasco-810 CD spectrometer was connected to a computer where Spectra Manag-
erTM from Jasco® was used to control the measurements. The data obtained was
analysed and recalculated into molar ellipticity with Spectra AnalysisTM. The results
from protein-DNA experiments were modified by removing the signals created by the
ctDNA. This was done to visualise possible structural changes in αS. The processed
data was plotted in Excel against the wavelengths.

3.3 Linear dichroism experiments

LD measurements were performed on a Chirascan® spectrometer at room tempera-
ture, using a Couette flow cell with a sample volume of approximately 1.5 ml and a
cuvette path length of 0.1 cm. Samples used in the cell contained ctDNA (10 µM
bp), αS and for some experiments, YOYO (0.2 µM) or NaCl (150 µM). The amount
of αS was varied into the following ratios (ctDNA bp:αS): 1:0, 1:0.04, 1:1, 1:2 and
1:4. Further information about the sample preparation can be found in Appendix
B. The wavelength range measured in the experiments were 195 to 400 nm and the
samples were incubated for 1 hour and for 24 hours after preparation, at 4◦C. The
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incubation was done to investigate if time affects the DNA structure. The rota-
tion rates used were 600 rpm, 800 rpm and 1000 rpm, where 1000 rpm (3100 s−1)
was chosen as the optimal rotation rate since it gave rise to clear LD signals and
no breaking of the DNA molecules was detected. All samples were also measured
without rotation which was used as a baseline and subtracted from the data. The
baseline corrected LD signals were plotted in Excel against the wavelengths.

3.4 Atomic force microscopy experiments
Samples of 1k DNA and 10k DNA (5 µM bp), αS and TE-buffer were prepared in
molar ratios (ctDNA bp:αS) of 1:0, 1:0.02, 1:0.2 and 1:2. More details regarding
sample preparation can be found in Appendix C. The samples were incubated for
4 hours at 4◦C. Mica and silica wafers were put on sample holders using tape. Ap-
proximately 20 µl of each sample was pipetted onto the surfaces, making doublets
of each sample. Samples containing only TE-buffer and DNA were put on Mica
surfaces and samples containing DNA, protein and TE-buffer were put on silica sur-
faces. The liquid samples were left on the surfaces for 3 minutes to get the DNA to
absorb onto the surfaces. The liquid samples were then removed and the surfaces
were washed with distilled water to remove any excess sample. The washing process
changed during the project in order to find the most effective way to remove the
buffer without endanger the absorption of the DNA molecules. To wash the samples,
the wafers were put into water briefly, left in water for 5 minutes or rinsed with 1000
µl of water. The water left on the sample after washing was first removed carefully
with a paper tissue and then dried off with a gentle flow of nitrogen gas.

The dry samples were studied using NT-MTDTM force microscopy with a golden
silicon probe NSG01. NovaTM was the software used to obtain images of the samples.
Additionally, an extern software, GwyddionTM, was used to analyse the images.

3.5 Thioflavin T assay
To study the aggregation of αS, fluorescence spectroscopy was used with ThT as
a fluorescence amyloid-binding dye. The measurements were done in FLOUstart®
Omega plate reader with a 96 well plate. The temperature was set to 37 ◦C and
the reading time to 160 hours with shaking. The samples (50 µl) that were studied
contained ctDNA, αS (50 µM), NaCl (150 µM), ThT ( 13.5 µM) and TE-buffer.
The ratios of αS:ctDNA bp studied were: 1:0, 1:0.01, 1:0.25, 1:0.5 and 1:1. The
samples were prepared and added into the wells, in every well there was also a glass
bead put to further increase the agitation. The wells on the edges of the plate were
not used in order to avoid overheating and evaporation of the samples. Apart from
the samples of DNA and protein, control samples were measured in the wells as
well. The controls were made without αS , see Appendix C for complementary data
about ThT assay experiments. The aggregation experiment was repeated once. The
control samples ensured that ThT does not emit light when unbound and that all
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emitted light is due to the presence of amyloid fibrils. After the ThT assay was done,
the samples were removed from the wells and put on Mica plates to be studied by
AFM microscopy. The samples were left on the Mica surfaces for 10 minutes to let
the fibrils and DNA molecules adsorb onto the Mica surface and was then washed
three times with distilled water.

3.6 Nanofluidic channel experiments
Samples with a volume of 20 µl, containing λ-DNA (5 µM bp), αS, TE-buffer and
YOYO (0.2 µM) were prepared and incubated for 4 hours in darkness at 4 ◦C. The
ratios of ctDNA:αS in the samples were: 1:0, 1:0.2, 1:1, 1:3, 1:8, see Appendix E
for more information about the sample preparation. A NC chip was during the
time coated with lipid vesicles by flushing the lipid vesicles through the chip. Two
different sizes of channels were used for studying the molecules, 150x100 nm2 and
150x700 nm2. All gas bubbles were removed from within the chip before the exper-
iment was started by flushing TE-buffer through the channels. β-Mercaptoethanol
(BME) was added into the sample, to increase the stability of the DNA molecules.
15 µl of the DNA and protein samples were added into the chip and flushed through
the microchannels into the nanochannels. The movement of DNA was studied with
a Zeiss AxioObserver.ZI epi fluorescence microscopy which was equipped with a
FITC filter, making it possible to see the fluorescent molecules. The lamp used to
excite the molecules was a halogen lamp of Mercury Short Arc HBO®. To record
the movements and obtain data, a Photometric Evolve Electron Multiplying Charge
Coupled Device camera was used.

To analyse the data from the NC experiments an established MATLAB script was
used, the script identifies where in the images the DNA molecules are located. From
their location, a cymograph was created by stacking the images on top of each other
and the size of the DNA molecules was determined. The extension of the molecules
was plotted against the fraction of molecules an visualised in histograms to show
the effect of αS on the DNA extension.
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Results and discussion

The main results obtained in the laboratory work are presented and discussed in
this chapter. Supplementary information is presented in Appendix A-E. The results
are arranged by information related to interaction studies in bulk phase or at the
single molecule level.

4.1 Interactions between α-synuclein and DNA in
bulk phase

This section contains the results from LD and CD experiments. The aim is to
obtain information about the structural changes within the secondary structure of
the molecules, due to potential interactions between αS and DNA in the bulk phase.

4.1.1 Linear dichroism results

LD experiments of αS and ctDNA samples were carried out 1 hour after sample
preparation as well as after 24 hours of incubation. The results are presented in
Figure 4.1 and in Appendix B, Section B.2. The ctDNA molecules are long enough
to be oriented in the shear flow of the Couette cell with the helix axis parallel to
the flow direction, as indicated by the negative LD peak at 260 nm that results
from the perpendicularly oriented DNA bases. When αS is added to the sample, no
significant changes are observed in the negative peak at 260 nm, suggesting that the
DNA structure is not affected. An increase in the LD signal can be seen around 210
nm, which could indicate that αS binds to DNA, since the amide groups in proteins
give rise to the transition observed in the far UV region (180-240 nm). In LD only
aligned molecules are detected. Protein molecules are too small to be aligned and
detected on their own making protein-DNA interaction a possible explanation to
the increase in LD signal at 210 nm. Using LD, nothing can be said about potential
structural changes occurring in αS due to interaction with DNA. The secondary
structure of αS was investigated by CD experiments, which are presented in the
next section. Increased incubation time seems to have no apparent effect on the LD
spectra.
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Figure 4.1: LD spectra of ctDNA (10 µM bp) with various concentrations of αS.
Samples were incubated for 1 hour and 24 hours after preparation. The increase
of signal at around 210 nm for samples with DNA and αS suggests protein-DNA
interactions.

LD experiments with YOYO and NaCl were also carried out, mostly to investigate
if these chemicals affected the DNA structure. However, these experiments showed
no significant differences when compared to the samples without the dye or NaCl,
apart from the fact that DNA gets less aligned in the presence of NaCl, see Section
B.2.

24



4. Results and discussion

4.1.2 Circular dichroism results

Figure 4.2 shows the CD spectra of ctDNA alone in TE-buffer at various concen-
trations. The overall shape of the curves is comparable with literature data where
the local maxima and minima of the spectra can be associated to the nucleotides of
DNA [40]. The peak around 275 nm is due to content of C and T, the local minima
around 250 nm is due to G content and the rise at 200 nm is due to G and A content
[40].

-6

-4

-2

0

2

4

6

8

10

12

14

195 215 235 255 275 295

C
D

Wavelength [nm]

4 μM bp 20 μM bp 45 μM bp 68 μM bp 90 μM bp

Figure 4.2: CD spectra of ctDNA in TE-buffer showing its characteristic shape.
The local maxima and minima of the spectrum can be associated to the nucleotides
in DNA.

Figure 4.3 presents the spectra from CD experiments of αS (12 µM) mixed with
ctDNA. The sample of αS alone shows a negative band at around 200 nm, which is
a typical CD spectrum of unordered secondary structure. As can be seen, there are
no distinct changes in the spectra of the samples with DNA. The uniform spectra
indicate that there are no structural changes in αS. In the 195-210 nm region, there
are some differences between the samples, possible due to measurement noise. At
low wavelengths and high concentrations of protein and DNA, noise is a reasonable
explanation for signals behaving in this matter, the high tension voltage was, how-
ever, still within acceptable values. Secondary structural features of proteins are
seen in the 210-230 nm region as well as in the 195-210 nm region. The spectra do
therefore not indicate any changes in structure of the protein upon binding to DNA.
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Figure 4.3: CD spectra of αS (10 µM) titrated ctDNA in TE-buffer.

The samples investigated with CD had a constant concentration of protein and vary-
ing concentrations of DNA, incubation times of only a few minutes and a measure-
ment temperature set to room temperature. All these parameters can be modified to
study the interaction of αS with DNA at different conditions. In future experiments
it would also be of interest to change the protein concentration and investigate the
DNA structure. Varying the protein concentration could lead to CD spectra with
less noise and a possibility of more detailed observations of slight changes in the
spectra. Previous research has shown changes in the structure of supercoiled DNA
induced by αS [29]. According to their CD measurements, there were strong indi-
cations of binding, causing a conformational change from the B-form of DNA to an
altered B-form. In contrast, LD measurements of ctDNA showed that there are no
significant changes in the DNA structure in the presence of αS. This observation
points out that the protein-DNA interaction could well depend on the ratios and/or
DNA structure and sequence.

In future experiments it would also be of interest to study a mutant of αS where the
N-terminal domain has been modified. It is well studied that when αS interacts with
and binds to micelles it forms an α-helical structure. It is the positively charged
N-terminal domain of αS that interacts and get a more ordered structure.
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4.2 Interactions between α-synuclein and DNA at
a single molecule level

In this section the results from NC and AFM experiments are described. The aim
is to obtain information about the behaviour of the protein-DNA interactions at a
single molecule level.

4.2.1 Nanofluidic channel results
With NC it was possible to obtain images of single DNA molecules pushed through
nano-sized channels. Figure 4.4 shows a montage of fluorescence images of five λ-
DNA molecules being stretched by the nanochannels. The concentration of αS used
is written next to respective DNA molecule. The image shows how the length of
the DNA molecules increases with increased protein concentration. The increased
molecule length is due to less folding of the DNA, achieved by interactions with αS.
An explanation for this can be that the positively charged parts of αS bind to the
negatively charged phosphate groups of DNA and by that increasing the coverage
of the DNA molecule, with increased concentration of αS. When the DNA molecule
gets coated with protein it loses its ability to fold itself and acquires a stiffer con-
figuration where an increased extension is observed.

Figure 4.4: Image of λ-DNA (5 µM bp) with αS (0 µM, 1 µM, 5 µM, 15 µM and
40 µM) in 150x100 nm channels. An increase in length of the DNA molecule can be
observed with increasing concentrations of αS.

The numbers of molecules and their length were determined and visualised in his-
tograms, which are displayed in Figure 4.5. Here, the same conclusion of increased
extension is showing for channels with a size of 150x100 nm2. The extension of the
DNA molecule is increased with increasing concentrations of αS. The persistence
length, which is a mechanical property quantifying the stiffness of a long molecule,
was studied as well. This was done by Sriram KK and Kevin D Dorfman at the
University of Minnesota. The investigation of the persistence length of the DNA
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molecules determined an increase in length from 70 nm to 90 nm when incubated
with high concentrations of αS.

The histograms to the right of Figure 4.5 were obtained using channels of 150x700
nm2, and do not show the trend of increased DNA extension as pronounced as in
the smaller sized channels. At αS concentrations of 40 µM, a clear increase in the
length of DNA is observed even in the wide channels. The wide channels of 700
nm allow the DNA to be loosely folded even when coated with protein, until it is
majorly coated at high concentrations of protein. The reason for the extension of
DNA after interaction with protein is probably due to a stiffer configuration created
by repulsive charges caused by αS.
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Figure 4.5: Histograms of λ-DNA (5 µM bp) with αS (0 µM, 1 µM, 5 µM, 15
µM and 40 µM) in 150x100 nm2 channels to the left and 150x700 nm2 channels
to the right. An increase in length of the DNA molecule can be observed with an
increasing concentration of αS.
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4.2.2 Atomic force microscopy results

Images were taken of dried samples of αS with 1k DNA and 10k DNA using tapping
mode AFM. The samples were dried on a surface of silica or Mica. Silica only
adsorbs DNA molecules that have interacted with αS, making it a good control to
support the results from NC experiments. An AFM image of bare 1k DNA is shown
in Figure 4.6. The molecules have a uniform morphology and an even height of 0.5
nm.

Figure 4.6: AFM images of 1k DNA (5 µM bp), dried on a surface of Mica, to
the right, a graph showing the height of the marked DNA molecule, the height was
estimated to be approximately 0.5 nm.

In Figure 4.7, samples of DNA and αS adsorbed on silica wafers are presented. 1k
DNA is seen as small lines on the surface with clusters of αS bound to them, result-
ing in a non uniform shape of the DNA molecule. When studying the AFM images
it was observed that at low concentrations of αS (1:0.02), the DNA molecules got
repeating clusters of protein bound to them. In Figure 4.7 D, a graph of the height
of a DNA molecule is displayed. The height is not the same along the molecule,
which is different from the bare DNA molecule. A difference between 1 nm and 2
nm is observed confirming the uneven morphology. This is an increase in height of
1.5 nm compared to bare DNA. That αS binds to DNA in clusters suggests that
there are favourable specific sequences on the DNA molecule where αS binds with a
higher affinity. There have been studies showing that the interaction occurs prefer-
ably with GC-box-like sequences of DNA. To further investigate this, modified DNA
sequences could be used together with single molecule studies and isothermal titra-
tion calorimetry, which is a method to determine enthalpy of the binding reaction
and estimate the association constant.

The behaviour of αS binding to DNA in clusters was not possible to observe in images
from NC experiments. In images of the DNA molecules in the nanochannels, taken
with fluorescence microscopy, the coating of αS looked evenly distributed on the
molecule. This is an interesting observation that could be explained by a competition
of binding sites between YOYO and αS or the difference in GC-content in ctDNA
and λ-DNA. More likely is however that the difference in morphology between NC
and AFM images is solely due the two methods having different resolutions.
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B

C D

A

Figure 4.7: AFM images of sample of αS (0.1 µM) and 1k DNA (5 µM bp),
dried on a surface of silica. In image A, several DNA molecules coated with αS are
observed. Image B and C are zoomed in areas of image A. Image D shows a graph
with the height of the marked DNA molecule in image C; the height was estimated
to approximately 2 nm.

4.3 Aggregation studies of α-synuclein in the pres-
ence of DNA

Aggregation studies were performed to investigate if the presence of DNA affects
the aggregation of αS. The experiment was done twice, with varying results, making
it necessary to repeat this experiment several times to be able to draw any conclu-
sions. In Figure 4.8, preliminary results from an aggregation study are presented,
from which also AFM samples were taken, which are displayed in Figure 4.9. In
Appendix D all supplementary data and results are presented.

The obtained graph displays the fluorescence intensities from samples of three con-
centrations of ctDNA against time expressed in hours. As can be seen, there is no
clear trend in the data with regards to the DNA concentration, instead, all samples
seem to have a lag time of about 10 hours and reach a plateau shortly after. The
previous results showed a similar lack of trends but also with a lag phase of 10 hours.
It could be that DNA takes no part in the aggregation of αS in this experiments.
The αS will aggregate in this time span solely by the help of NaCl and the glass
beads.
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Figure 4.8: Aggregation study using ThT assay with samples of αS (50 µM)
together with ctDNA (12,5 µM bp, 25 µM bp and 50 µM bp) and NaCl (150 µM).

To further investigate if any differences could be found between the aggregation
samples, AFM was performed. The images of αS samples containing 12.5 µM bp,
25 µM bp and 50 µM bp ctDNA are displayed in Figure 4.9. The images show the
fully aggregated state of αS in fibrils for all concentrations of DNA. It is hard to
determine if there are any differences between the samples or if DNA interacts with
the fibrils. The DNA molecules should be visible on the images even if they take no
part in the aggregation. However, due to their small size of 0.5 nm, compared to
the ∼20 nm size of the fibrils, they will be hard to localise and identify.

Figure 4.9: AFM images of αS samples after incubation at 37◦C with different
ctDNA concentrations, deposited on Mica.
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5
Conclusion

Interactions between DNA and αS could be observed in results obtained from LD,
NC and AFM experiments. These interactions, which are believed to be partly
of an electrostatic character, can be studied in both bulk phase and at a single
molecule level. AFM images showed signs of favourable binding sites on the DNA
molecules, which would be of interest to study in future experiments using modified
DNA molecules. The suggestion that the binding of αS to DNA occurs favourably
to the GC-box-like sequences could then be investigated. The trend of αS binding
to specific parts of the DNA molecules was not observed in images obtained from
NC experiments, most likely due to an image resolution too low to detect them.

In experiments using CD, samples of αS and ctDNA were investigated to deter-
mine secondary structural changes in αS, induced by DNA. According to these
result, there were no indications of secondary structural changes of αS. However,
an increased stiffness of the DNA molecules was observed in NC experiments. The
increased stiffness caused by αS results in an extension of the molecule length. That
αS interacts with DNA and affects its configuration could be of great importance in
research in the field of amyloid diseases such as PD, since αS has been reported to be
present in the nucleus where it could act as a transcription modulator. There have
also been studies showing that αS facilitates double-stranded DNA breaks upon ox-
idative stress. To study potential breaking of DNA caused by αS is an interesting
next step in the understanding of DNA-αS interactions.

In summation, the thesis was able to investigate the questions issued in the aim. The
project has shown that αS and DNA interact with each other without indications
of secondary structural changes but with an increased DNA stiffness. Furthermore,
indications of favourable αS binding sites were observed on the DNA molecules.
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Appendix 1

Here, complementary data from CD sample preparations and results from CD ex-
periments are presented.

A.1 Circular dichroism sample preparation

Table A.1: Concentrations and volumes of DNA, αS and TE-buffer in CD samples,
where the DNA was added into the sample during the experiment. Stock concen-
tration of ctDNA used was 79.0 µM bp and the stock concentration of αS was 51.0
µM.

Sample αS conc. [µM] ctDNA conc. [µM bp] αS vol. [µl] TE-buffer vol. [µl] ctDNA vol. [µl]
αS 1:0 10.0 0.0 58.8 241.0 0.0
αS ctDNA 1:0.25 10.0 2.50 58.8 241.0 10.0
αS ctDNA 1:0.5 10.0 5.0 58.8 241.0 20.0
αS ctDNA 1:0.75 9.0 7.5 58.8 241.0 30.0
αS ctDNA 1:0.9 9.0 9.0 58.8 241.0 40.0
αS ctDNA 1:1.1 8.0 11.0 58.8 241.0 50.0

Table A.2: Concentrations and volumes of DNA, αS and TE-buffer in CD samples,
where the DNA was added into the sample during the experiment. Stock concen-
tration of ctDNA used was 214.0 µM bp and the stock concentration of αS was 61.2
µM.

Sample αS conc. [µM] ctDNA conc. [µM bp] αS vol. [µl] TE-buffer vol. [µl] ctDNA vol. [µl]
αS 1:0 12.2 0.0 50.0 200.0 0.0
αS ctDNA 1:0.5 12.0 4.3 50.0 200.0 5.0
αS ctDNA 1:2 11.1 19.9 50.0 200.0 25.0
αS ctDNA 1:5 9.7 45.2 50.0 200.0 65.0
αS ctDNA 1:8 8.4 69.0 50.0 200.0 115.0
αS ctDNA 1:12 7.2 90.1 50.0 200.0 175.0
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A.2 Circular dichroism further results
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Figure A.1: CD spectra of αS (∼10 µM) together with various concentrations of
ctDNA. The changes in signal detected are most likely due to noise created by low
wavelengths and high concentration of protein.
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Figure A.2: CD spectra visualising 3 samples; 10 µM αS, 10 µM αS with 150 µM
NaCl and 10 µM αS with 150 µM NaCl and 5 µM bp ctDNA. The spectra show no
differences in signal when NaCl and DNA are added.
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Appendix 2

Here, complementary data from LD sample preparations and results from LD ex-
periments are presented.

B.1 Linear dichroism sample preparation

Table B.1: Concentrations of DNA, αS, YOYO and NaCl in LD samples, where
the ctDNA concentration was set to 10 µM.

Sample αS conc. [µM] DNA conc. [µM bp] YOYO conc. [µM] NaCl conc. [µM]
ctDNA 1:0 0.0 10.0 0.0 0.0
ctDNA αS 1:0.04 0.4 10.0 0.0 0.0
ctDNA αS 1:1 10.0 10.0 0.0 0.0
ctDNA αS 1:2 20.0 10.0 0.0 0.0
ctDNA αS 1:4 40.0 10.0 0.0 0.0
ctDNA αS YOYO 1:0 0.0 10.0 0.2 0.0
ctDNA αS YOYO 1:0.04 0.4 10.0 0.2 0.0
ctDNA αS YOYO 1:2 20.0 10.0 0.2 0.0
ctDNA αS NaCl 1:2 20.0 10.0 0.0 150.0

Table B.2: Volumes of ctDNA, αS, YOYO and NaCl in LD samples, where the
ctDNA concentration was set to 10 µM. The stock concentration of ctDNA used
was 214.0 µM bp and the stock concentration of αS was 151.84 µM.

Sample αS vol. [µl] ctDNA vol. [µl] YOYO vol. [µl] NaCl vol. [µl] TE-buffer vol. [µl]
ctDNA 1:0 0.0 63.9 0.0 0.0 1231.1
ctDNA αS 1:0.04 3.7 63.9 0.0 0.0 1227.4
ctDNA αS 1:1 92.2 63.9 0.0 0.0 1138.4
ctDNA αS 1:2 184.4 63.9 0.0 0.0 1046.7
ctDNA αS 1:4 368.8 63.9 0.0 0.0 862.3
ctDNA αS YOYO 1:0 0.0 63.9 56.0 0.0 1280.1
ctDNA αS YOYO 1:0.04 3.7 63.9 56.0 0.0 1276.4
ctDNA αS YOYO 1:2 184.4 63.9 56.0 0.0 1095.7
ctDNA αS NaCl 1:2 184.4 63.9 0.0 105.0 1151.7
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B.2 Linear dichroism further results
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Figure B.1: LD spectra showing the results from all samples after 1 hour our of
incubation with ctDNA (10 µM bp) and αS in various concentrations. The increase
of signal in the 200-190 nm region for the samples with DNA and αS indicates the
presence protein-DNA interactions.
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Figure B.2: LD spectra showing the results from all samples after 24 hours our of
incubation with ctDNA (10 µM bp) and αS in various concentrations. The increase
of signal in the 200-190 nm region for the samples with DNA and αS indicates the
presence protein-DNA interactions.
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Figure B.3: LD spectra visualising 3 samples of ctDNA (10 µM bp) and αS with
and without YOYO (0.2 µM). The spectra show no apparent difference in signal
when YOYO is added.
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Figure B.4: LD spectra visualising 3 samples of ctDNA (10 µM bp) and αS, where
one is with 150 µM NaCl. The spectra show no apparent difference in signal when
NaCl is added.
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C
Appendix 3

Here, complementary data from AFM sample preparations and results from AFM
experiments are presented.

C.1 Atomic force microscopy sample preparation

Table C.1: Concentrations of DNA and αS in AFM samples, where the DNA
concentration was set to 5 µM bp.

Sample αS conc. [µM] DNA conc. [µM bp]
1k DNA 1:0 0.0 5.0
1k DNA 1:0.02 0.1 5.0
1k DNA 1:0.2 1.0 5.0
1k DNA 1:2 10.0 5.0
10k DNA 1:0 0.0 5.0
10k DNA 1:0.02 0.1 5.0
10k DNA 1:0.2 1.0 5.0
10k DNA 1:2 10.0 5.0

Table C.2: Volumes of 1k DNA, 10k DNA and αS in AFM samples, where the
DNA concentration was set to 5 µM bp. The stock concentration of DNA used was
760.9 µM bp and the stock concentration of αS was 51.0 µM

Sample αS vol. [µl] ctDNA vol. [µl] TE-buffer vol. [µl]
1k DNA 1:0 0.00 0.46 69.55
1k DNA 1:0.02 0.11 0.46 69.43
1k DNA 1:0.2 1.14 0.46 68.40
1k DNA 1:2 11.44 0.46 58.11
10k DNA 1:0 0.00 0.46 69.55
10k DNA 1:0.02 0.11 0.46 69.43
10k DNA 1:0.2 1.14 0.46 68.40
10k DNA 1:2 11.44 0.46 58.11
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C.2 Atomic force microscopy further results

Figure C.1: AFM images of samples of αS (A 0 µM, B 0.1 µM and C 40µM)
and 1k DNA (5 µM bp). Image A shows DNA on a Mica surface where the DNA
height is estimated to ∼0.5 nm. Image B shows DNA on a silica surface where the
DNA+αS height is estimated to ∼1.5 nm. Image C shows DNA on a silica surface
where the DNA+αS height is estimated to ∼15 nm.
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Appendix 4

Here, complementary data from aggregation study preparations and results from
aggregation study are presented.

D.1 Aggregation sample preparation

Table D.1: Concentrations of αS, ctDNA, NaCl, ThT and TE-buffer in samples
used in ThT assay aggregation experiments.

Sample αS conc. [µM] ctDNA conc. [µM bp] NaCl conc. [µM] ThT conc. [µM] Colour code
αS 50.0 0.0 150.0 13.5 Orange
αS DNA 1:0.02 50.0 0.5 150.0 13.5 Green
αS DNA 1:0.5 50.0 12.5 150.0 13.5 Green
αS DNA 1:1 50.0 25.0 150.0 13.5 Green
αS DNA 1:2 50.0 50.0 150.0 13.5 Green
DNA 0.02 0.0 0.5 150.0 13.5 Blue
DNA 1:0.5 0.0 12.5 150.0 13.5 Blue
DNA 1:1 0.0 25.0 150.0 13.5 Blue
DNA 1:2 0.0 50.0 150.0 13.5 Blue
ThT-NaCl 0.0 0.0 0.0 13.5 Blue
ThT 0.0 0.0 150.0 13.5 Blue

Figure D.1: Location of samples in wells in aggregation experiments, the wells on
the edges were not used due to the risk of evaporation. Orange represents αS con-
trols, green represents the samples and blue represents the DNA and ThT controls.
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D.2 Aggregation study further results
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Figure D.2: Aggregation study using ThT assay with samples of αS (50 µM)
together with ctDNA (25 µM bp and 50 µM bp) and NaCl (150 µM).
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Appendix 5

Here, complementary data from NC sample preparations and results from NC ex-
periments are presented.

E.1 Nanofluidic channel sample preparation

Table E.1: Concentrations of αS, DNA and YOYO in samples used in NC experi-
ments.

Sample αS conc. [µM] DNA conc. [µM bp] YOYO conc. [µM]
λ-DNA 1:0 0.0 5.0 0.2
λ-DNA 1:0.2 1.0 5.0 0.2
λ-DNA 1:1 5.0 5.0 0.2
λ-DNA 1:3 15.0 5.0 0.2
λ-DNA 1:8 40.0 5.0 0.2

Table E.2: Volumes of λ-DNA, αS, YOYO and TE-buffer used in NC samples,
where the DNA concentration was set to 5 µM bp. The stock concentration of
λ-DNA used was 431.0 µM bp and the stock concentration of αS was 51.0 µM

Sample αS vol. [µl] λS-DNA vol. [µl] YOYO vol. [µl] TE-buffer vol. [µl]
λ-DNA 1:0 0.0 0.58 2.0 47.42
λ-DNA 1:0.2 0.99 0.58 2.0 46.43
λ-DNA 1:1 4.9 0.58 2.0 42.52
λ-DNA 1:3 14.7 0.58 2.0 32.72
λ-DNA 1:8 39.2 0.58 2.0 8.22
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