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Abstract

Parkinson’s disease is a neurodenerative diseasse caused by aggregation of o-
Synuclein which can be triggered by a viral infection. Research suggest that
SARS-CoV-2 could be such a viral infection and initiate amyloid formation
causing Parkinson’s disease. To gain insight in the relation between these two
diseases on molecular niveau, this thesis aims to investigate the interactions
between the nucleocapsis protein of SARS-CoV-2 and o-Synuclein further.

The described study attempts to determine the change in protein complex
size for the nucleocapsid protein and a-Synuclein using fluorescence correlation
spectroscopy. The proteins are labeled and in a low concentration prepared for a
fluorescence measurements, where the proteins are detected when they move to
the focal volume. This yields a fluorescent intensity trace that can be analyzed
with an autocorrelation function to extract the diffusion coefficient of the protein
complexes in the sample. The diffusion coefficient of a-Synuclein is found to be
85.22+56.47 um? /s, where the diffusion coefficient for the nucleocapsid protein
is found to be 23.0 + 2.9 um?/s.

The binding events and affinity between the two proteins for different con-
centrations of a-Synuclein are also investigated using microscale thermophoresis.
This measures a fixed concentration labeled nucleocapsid protein with different
concentrations of an unlabeled ligand protein. This thesis assesses the binding
events for both unlabeled nucleocapsid protein and a-Synuclein. The equilib-
rium dissociation constant found for the interaction between the labeled and
unlabeled nucleocapsid protein is Kp = 0.49 — 0.62 M, where the dissociation
constant for the interaction between the SARS-CoV-2 nucleocapsid protein and
a-Synuclein turned out to be Kp = 3.3122 £ 1.1948 puM.
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1 Introduction

Parkinsons disease (PD) is a neurodegenerative disease which is caused by pro-
tein aggregation in the brain of the protein o-Synuclein (aS). There is still a
lot unknown about the factors that can trigger PD, but we know that approx-
imately 15% of the patients has a first-degree relative with the disease. aS
assembles into amyloid fibrils, which spread from cell to cell and reduce the
brain function.!> 2

A viral infection can initiate the protein aggregation, which then causes a
chain reaction of the formation of protein complexes, and thus triggers a neu-
rodegenerative disease as PD. The relation between viral infections and neurode-
generative diseases such as PD has already been established by several different
researchers.[? 4 9]

It would not be the first time that a pandemic viral infection coincides with a
spike in neurodegenerative diseases. The Spanish flu was a very lethal influenza
pandemic in 1918 that caused a lot of deaths not only because of the symp-
toms of influenza, but also since this pandemic occurred simultaneously with
the encephalitis lethargica pandemic which caused a lot of post-encephalitic
Parkisonism. 71,

The recent Covid-19 pandemic as a consequence of Sars-CoV-2 infections
also caused neurlogical complications, such as loss of smell. This is one of the
premotor symptoms of PD and taken in combination with cases of Parkison-
ism discovered in patients after a Sars-CoV-2 infection suggested a connection
between the viral infection and the neurodegenerative disease as had been ob-
served in the past. In fact, research indeed already seems to suggest a relation
between a Sars-CoV-2 infection and the development of Parkinson.[® 9> 10l

To learn more about PD and its accelerated development after a Sars-CoV-2
infection it is important to understand the relation on a molecular level. It could
also improve our understanding of the relation between viral diseases and neu-
rodegenerative diseases in general and pave the way for preventive measures in
the future as well as improving therapeutic methods to treat neurodegenerative
diseases. Research shows that the Sars-CoV-2 nucleocapsid protein (N-protein)
seems to interact with oS and consequently speeding up the aggregation process
of «S.1M1

That is why this thesis will focus on the protein complex formation of oS
under influence of Sars-CoV-2. The focus of this thesis is determining the size
of the formed protein complexes of aS in the presence of N-protein for different
concentrations of aS as well as analyzing the binding events and aflinity between
both proteins. To obtain this goal two different optical experimental methods
are used the following goals for this thesis are formulated:

1. Determine the size of the protein complexes for both the nucle-
ocapsis protein of Sars-CoV-2 and a-Synuclein.

2. Analyze the binding events and affinity between the nucleocap-
sis protein of Sars-CoV-2 and a-Synuclein and express it as a
Junction for different concentrations a-Synuclein.



This thesis will attempt to obtain the first goal by using the optical technique
Fluorescence Correlation Spectroscopy (FCS), which is a mathematical analysis
of fluorescence measurements in a small volume with a low concentration of
biomolecules. For this purpose N-protein is labelled with Alexa 488 and oS with
Alexa 568 to determine each of the proteins individiual diffusion coefficients.
The labeled N-protein is then mixed with different concentrations of wild type
or "natural” aS (WT-aS) to find the diffusion coefficients of the formed protein
complexes.

In order to achieve the second goal the optical technique Microscale Ther-
mophoresis (MST) is used to analyze dilution series of labelled N-protein-488
with different concentrations of WT-aS to determine a binding curve between
the two proteins. Since this process can also be influenced by the interaction
of N-protein with itself, a MST experiment is also done for N-protein-488 with
wild type N-protein as a ligand.



2 Theory

To obtain the formulated research goals it is crucial to first explain some un-
derlying theoretical principles about the optical experimental techniques that
are used and fluorescence in general. These principles explain how the proteins
will behave, which will be crucial in modelling the behaviour of these proteins
during experiments.

2.1 Fluorescence

The concept of fluorescence is important to this research, considering the bio-
physical techniques that are used conducting these experiments utilize fluores-
cence to locate proteins in a solution. When an electron is excited by an incom-
ing photon, it is transitioned to a higher energy state. If this excited energy
state is a singlet state, the electron is coupled to an electron in the ground state
with opposite spin. The opposite spin allows the excited electron to fall back to
the ground state, while emitting energy in the form of a photon. This emitted
photon is the fluorescent light we observe. The energy transitions during the
process of fluorescence can be seen in Figure 1. The fluorescent lifetime is the
time between the excitation and the emission and is normally around 1 - 10 ns.
Because of the short fluorescent lifetime, experiments require very precise and
sophisticated instruments.
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Figure 1: A Jablonski diagram of a fluorescent energy transition*?

The figure above shows a so called Jablonski diagram. It describes the energy
transition during an example of fluorescence. At first the electron is excited by
blue light and absorbs its energy, thus exciting to a higher energy level S; or



higher. The system then relaxes causing the electron to fall back to the lowest
excited state S;. The electron then falls back to the ground state by emitting
a photon, which can be seen as green light in this example. The energy of the
photon and the color of the light are related by the Planck-Einstein relation:

hc
E=— 1

: 1)
where h is known as the Planck’s constant. The color of the light is determined
by the wavelength A3,

2.1.1 Protein labeling

The wild type version of the proteins used for this thesis, N-protein and oS, are
not fluorescent, so they are chemically labeled in order to become fluorescent.
N-protein is labeled with Alexa 488. This label is suited for the 488 nm laser,
since it emits fluorescent light when excitated with light of a wavelight around
490 nm. The oS is labeled using Alexa 568, which emits fluorescent light when
excitated by the 568 nm laser.

2.2 Fluorescence Correlation Spectroscopy

Fluorescence Correlation Spectroscopy (FCS) is an optical technique used to
analyze biomolecules in low concentrations. FCS can be used to analyze almost
all physical phenomena that cause variations in fluorescence intensity. The focus
of the technique is not primarily on the intensity of the fluorescence peaks but
more on the fluctuations in intensity caused by minuscule deviations from the
thermal equilibrium in the system.!' 15 A confocal fluorescence microscope is
used to focus on a small excitation volume in the protein solution. When a
labeled protein moves through the excited volume it emits fluorescent light, as
shown in Figure 2. This creates a fluorescence signal over time and FCS uses
a quite straight forward mathematical analysis of the fluorescence signal that
correlates the signal with itself over time to gather data on the movements of the
biomolecules. This research will focus mainly on finding the diffusion constant
of the protein complex, since this will help analyze the size and speed of the
protein complexes from which conclusions about the formation of the protein
complexes can be drawn.



Figure 2: An excitation volume containing diffusing fluorescent particles4

The mathematical method used to analyze the fluorescence signal for FCS
is called temporal autocorrelation. This means that a signal is analyzed with
respect to itself after a certain lag-time 7. Usually the autocorrelation function
is normalized so it is defined as['4:

(6F(t) - SF(t+ 7))
(F(1))?

Here the average fluorescence intensity is defined as (F'(t)) and the fluctua-
tion in the fluorescence at a time t as F (t) = F (t) — (F(t)).

The measured fluorescence depends on a lot of individual parameters, includ-
ing the detection efficiency and the optical transfer function of the microscope.
It is almost impossible to determine all these parameters, so we use a Gaussian
function in three dimensions to model the spatial distribution of light W (r).

G(r) =

(2)

_2z2_;y2 g2

Wer)y=e 1 e %

where 7 is the lateral distance and zq is the axial distance of the focal volume,
as is shown in Figure 2, and where W (r) is decayed by e% The fluctuation in
the fluorescence signal can then be written as

SF(t) = /V W )0 - C(r, 1) - dV 3)

Here 7 is the photon count rate per detected molecule per second and C (r,t) is
the fluorescent particle concentration at point r and time ¢.
Equation 2 can then be written as

G(r) = JIW @)W (') (5(n - C(r,))5 (n- C (¢, t + 7))) VAV’
(f W) (6(n- C(r,0)))av)?

(4)



7 is a constant which gives dn = 0. This gives
o(n- C(r,t)) = Con+ndC =n
Equation 4 can then be written as

_ [[W ()W (') (6C(r,0)6C (+', 7)) dVaV’

G(r)
((C) [ W(r)dv)®

(5)

The term (6C(r,0)0C (r', 7)) is called the density autocorrelation term and is
calculated by:
1 (r—r")?

<5C(T, 0)50 (TI’T» = <O>m .e” 4D7r

D is called the diffusion coefficient and it is a physical constant depending on
the size of a molecule. The diffusion coeflicient is an important tool in analyzing
protein complexes, since it indicates the size of a measured particle.

Combining this with the definitions for the lateral diffusion time 7p, which
is the time that a particle stays in the focal volume and the effictive volume

2
0

4D (©)

™D =

(fW(r)av)?
f Wz(r)dV

gives the following autocorrelation function for freely diffusion fluorescent par-
ticles

3
2 - 20

(=]

Verr = =72

1 1 1
Glr) = Verr(C) (1+%) | 1+ (Q)Z.L v

Equation 7 is the final version of the autocorrelation function used to model
FCS measurements and determine the diffusion constant of the proteins.

This diffusion constant can then be used to find the size of the biomolecule
using the Stokes-Einstein equation for diffusion.

D kgT
6mnr

(8)
Where kp is the Boltzmann constant, T' is the temperature in K, n is the

dynamic viscosity in kgm~1s~! and r is the radius of the spherical particle in
m.
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2.3 Microscale Thermophoresis

The second optical technique used in this thesis to analyze the protein com-
plexes is Microscale Thermophoresis (MST). MST is a technique which uses
the phenomenon called thermophoresis to analyze biomolecules!!6: 17 18, 19] " 1¢
changes the temperature in a very small volume of the sample which causes the
molecules to start moving along this temperature gradient, meaning particles
start to move from the warmer to the colder area. By measuring the fluorescence
in the heated area, it is possible to observe a change in fluorescent particles in
the focal volume which gives information about binding events, molecule size
and other physical properties!2%.

Initial Flucrescence
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% vareassare MST Tlump diffusion
3 (e mikeaiie fiow)
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&
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IR-Laser on Time [s] IR-Laser off

Figure 3: An example of a normalized MST fluorescence trace over time.
The points in time where the heating laser is turned on and off are clearly
detectable.[21].

Figure 3 shows the change in fluorescence due to thermophoresis. Before
the infrared (IR) laser is turned on and there is no temperature gradient in the
sample the particles are distributed equally over the sample volume. When the
IR-laser is turned on, the temperature increases for a small part of the sample
which causes the molecules in the sample to move along the temperature gradi-
ent and out of the heated volume. This is observed as a drop of fluorescence in
the focal volume due to less fluorescent molecules being present. It is important
that the focal volume of the fluorescence microscope is overlapping with the
volume that is heated by the IR-laser, since we want to observe the change in a
sample when the temperature changes.

2.3.1 The equilibrium dissociation constant Kp

We can use MST to quantify the binding between proteins. For a MST experi-
ment we usually have two binding partners. One of them is labeled and kept at
a fixed known concentration and the concentration of the other binding partner

11



varies per measurement.
The fluorescence trace as shown in Figure 3 is used to calculate the normal-

ized fluorescence as follows:
Frorm = Fhot (9)
F, cold
So the value of the fluorescence when the IR-laser is turned on is divided
by the initial fluorescence to obtain the relative fluorescence which is used for
quantifying the affinity between the proteins by analyzing the change in Form
as a function of the concentration of the variable binding partner[!”.
The normalized fluorescence consists of a linear superposition of particles in
an unbound state and particles which are bound to the ligand. We can write

Foorm then as
Fnorm = (1 - —F-B)‘Fmorm7 unbound T (—F-B)‘Fmorm7 bound (10)

where F'B is the fraction bound, Fjorm, unbound is the normalized fluorescence
of the proteins in unbound state and Fjorm, bound the normalized fluorescence
of the proteins in bound state.

We can describe the process between the two binding partners to the forma-
tion of a protein complex as follows:

A+ BS AB

where A and B are the two binding partners and AB is a protein complex of
the two proteins.

The ratio between the concentrations of the proteins in unbound state and
the concentration of the protein complex is called the equilibrium dissociation

constant Kp.
[A]free [B]free
[AB]
Since the free concentrations are unknown, they have to be derived from the
known total concentrations

Kp = (11)

[A] = [A] free + [AB]
[B] = [Blfree + [AB]
Equation 11 then becomes:

_ [A] Tee[B] ree ([A] B [AB]) ([B] — [AB])
Kp = f[AB] e = [AB] (12)

Kp is then modelled by using the fraction bound, since

oy [AB] A4 (B KD - V/(A] +[B] + Kp)® — 4AB]
- B 2[B]

(13)

The fraction bound is now expressed in the known concentrations [A], [B]
and [AB], so the only free model parameter is Kp. Since FB scales linearly
with Fporm, it can be directly fitted to equation 10, which we then use to model
the data for different ligand concentrations, so we can extract Kp.
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3 Materials and Methods

In this chapter there will be a more in depth description of the materials and
methods used in the experiments performed for this thesis. As explained be-
fore, there are basically two experimental methods used to observe the formed
protein complexes between the N-protein of Sars-CoV-2 and a-synuclein. Both
of these proteins will be further specified below. Furthermore the methods and
limitations of both of the experimental techniques, Fluorescence Correlation
Spectroscopy (FCS) and Microscale Thermophoresis (MST), will be discussed.

3.1 Protein samples and buffers

This thesis revolves around the interactions between two different proteins.
One being the nucleocapsid protein (N-protein) of Sars-CoV-2 and one being
a-synuclein («S) which aggregation is involved in the pathology of PD. The N-
protein is labelled with Alexa Fluor 488 and the oS is labelled with Alexa Fluor
568. All proteins were diluted using a buffer of 10 mM Tris.

3.1.1 Sample preparation

For the FCS measurements, the protein samples were droplets of approximately
50puL. The sample was deposited on a 22 X 22 mm high precision cover glass
with a thickness of 170 & 5 um Since the microscope was focussed on a small
volume inside the droplet it is not necessary to subject the cover slip to an
extensive cleaning process.

To obtain a measurement suitable for FCS analysis it is important that
there are not too many fluorescent particles in the excitation volume at the
same time. Hence, the protein concentration should not be to high and ideally
range between 10 and 50 nM. For the experiments determining the individual
diffusion coefficients of N-protein and oS, the labelled protein samples were
diluted down to the desired concentration using Tris as a buffer. N-protein was
labelled with Alexa 488 and oS with Alexa 568. For the experiments on the
protein complexes consisting of a combination of both proteins a dilution series
was made of WT-aS, with concentrations ranging from 7.81 nM to 1 uM. Then
a constant concentration of N-protein-488, which concentration should be in the
range suitable for FCS, was added to the dilution series.

Then for the MST measurements a dilution series was made consisting of 16
different concentrations of the ligand protein. The wild type N-protein started
from 10 pM and then diluted 15 times, each time halving the proteins concentra-
tion, thus the lowest concentration was 0.31 nM. The dilution series, consisting
of 16 samples of approximately 30 uL with WT-aS started from 125 puM, so
diluting 15 times gave a dilution series with a concentration of WT-aS ranging
from 3.81 nM to 125 pM. Finally, the dilution series was finished by adding
a constant concentration of N-protein-488. This fixed concenctration can be
determined by testing some samples with N-protein-488 with concentrations
between 50 nM and 500 nM and observing which give the best results. The

13



fluorescence intensity peak should be clear and between 200-1000 units. Select
the concentration that gives that result to be the fixed concentration of the la-
belled N-protein. Then all the different dilution are added to the high precision
capillaries and inserted in the Nanotemper Monolith.

3.2 Fluorescence Correlation Spectroscopy
3.2.1 Picoquant Microtime 200

As mentioned before, the microscope used for the FCS measurements is the
Picoquant Microtime 200. This is a time-resolved confocal fluorescence micro-
scope with has an extremely high temporal resolution and unique single molecule
sensitivity.[?]

The specific setup used for the experiments of this thesis is shown in Figure
4. The experiments make use of two different fluorescent labels and thus uses
the 488 nm and 560 nm lasers of the system to excitate the samples depending
on the fluorescent label of the sample.

The emission light of the fluorescent proteins is then focussed on a confocal
pinhole to dispose of the out-of-focus light, following a 488 nm long-pass filter to
filter the excitation light out. When the 560 nm a notch filter of 560 nm is added
before the confocal pinhole. The focused light is thereafter split by a 560 dichroic
mirror, which ensures the emission light of the 560 nm fluorescent proteins ends
up at the aS detector and the emission light of the 488 nm fluorescent proteins
ends up at the N-protein detector. The N-protein detector is combined with a
520/35 bandpass filter, that allows a range of 502 — 538 nm to pass and the
aS detector is combined with a 620/60 bandpass filter that allows a range of
590 — 650 nm to pass.

14
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Figure 4: The Picoquant Microtime 200. 1=Notch filter. 2=488LP. 3=Confocal
pinhole. 4=560 dichroic mirror. 5=620/60. 6=520/35. 7=aS detector. 8=N-
protein detector.

3.2.2 Calibration

To succesfully perform a FCS analysis, it is important to first calibrate the
setup before each series of measurements, in order to determine the size of the
excitation volume. The 488 nm laser is calibrated using the dye Alexa 488,
which has a known diffusion coefficient of 435 um?2s—!. First a 50 L droplet of
Alexa 488 is measured to determine the measurements of the excitation volume
from the FCS curve, using the known diffusion coefficient. The size of the
excitation volume can then be used to model the FCS curves of the protein
samples. Given that oS is labelled with Alexa 568 and measured with the
560 nm laser, a different calibration sample is needed. For this the dye Atto
Rho was used wich has a fluorescence wavelength of 560 nm. The calibration
method is the same as for Alexa 488.

Lastly, it is important that the excitation volume is located completely inside
the sample droplet. For this purpose, live imaging of the microscope was used
to find the droplet-coverslip border and focus the microscope above this border,
making sure the excitation volume contains only the sample solution.

15



3.2.3 Analysis

The FCS experiments are performed using the SymPhoTime 64 software as
grouped experiments. Every 30 seconds the FCS measurement is restarted to
obtain 10 different results all stemming from the same focal volume. The size
of this focal volume can then be determined using the result of the calibration
measurement performed on the calibration dye. The software then models the
10 FCS curves using equation (7) to extract the average diffusion time of the
diffusing species. Inserting this diffusion time in equation (6) then yields the
diffusion coefficient of the protein complex inside the sample.

The model also takes into account the fluorescent blinking due to the triplet
state. The fluorescent intensity trace was also filtered by imposing a upper
threshold to filter the biggest intensity peaks, since this will most likely be
protein aggregates. The value of this threshold was determined by inspecting
the intensity trace and setting it so the biggest peaks were filtered out.

3.3 Microscale Thermophoresis
3.3.1 Nanotemper Monolith

The MST experiments are carried out using the Nanotemper Monolith. This
instrument has two fluorescent channels, one for blue and one for green light and
can measure the affinity for ligand concentrations ranging from 1 nM to 1 mM.
The concentration of fluorescent proteins should also be in a range of nM to
mM and the laser power can be adjusted to make sure the fluorescent intensity
is not too high, leading to overexposure and not too low, which can not be
detected sufficiently. The instrument can contain 16 samples per measurement
and the capillaries containing these fluorescent protein samples have a volume
up to 4 pL.[23

These 16 capillaries are filled with protein samples containing fluorescently
labeled N-protein at a fixed concentration and 16 different concentrations of
WT-aS as a ligand. The Nanotemper Monolith then performs the same exper-
iment on every capillary. First measure the fluorescence of the sample for 5
seconds, followed by 30 seconds of heating the sample using a LED, while still
measuring the fluorescence. The instrument keeps measuring the fluorescence
for 5 seconds after the heating LED is turned off.

3.3.2 Analysis

The goal of the MST analysis is determining the equilibrium dissociation con-
stant Kp from 16 fluorescent traces of different ligand concentrations. The first
5 seconds of these traces are used to normalize the trace and called F, ;. in
equation (9). Fhot is chosen from the 30 seconds where the heating LED is
turned on, on an interval that has a smooth fluorescence trace. The software
then plots Fyorm against the ligand concentration [B].

The free model parameter Kp is then numerically determined by modeling
the Foorm — [B] plot, using equations (10) and (13), where [B] is the ligand
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concentration, using the known concentrations and calculated Fj,orm. This is
already explained in more depth in chapter 2.3.1. The Kp-model can be used,
since there is no cooperative binding, but merely a 1:1 interaction. Otherwise,
the binding curve should be modeled by the Hill model.

The equilibrium dissocation constant measures the ratio between the free
protein molecules and the protein molecules that are associated with each other,
as is shown in equation (11). The lower this constant, the easier the binding
between the present biomolecules.

17



4 Results

4.1 Fluorescence Correlation Spectroscopy experiments

The first part of this thesis consists of using FCS to analyze the protein com-
plexes of N-protein with itself, oS with itself and a combination of the two
proteins. The goals of these FCS experiments is trying to determine the diffu-
sion coeflicient of the formed protein complexes, since this relates to the size of
the protein complex via Stokes-Einstein equation, and trying to determine how
these diffusion coefficients depend on the concentrations of the proteins.

4.1.1 o-Synuclein

The first FCS experiment is focussing on oS protein complexes to determine the
size of oS protein complexes in the absence of N-protein. For this purpose a
series of 10 FCS measurements were conducted on 10 nM oS and the results
used to model the FCS curve using equation (7), taking in account the blinking
due to the triplet state, to get a value for the diffusion coefficient of aS. An
example of the results of one of the measurements, is shown in Figure 5.

Figure 5: Results of series of FCS measurements on 10 nM oS. The first mea-
surement is highlighted in green. The modeled FCS curve is shown in white.

The diffusion coefficient that was found modeling the series of FCS measure-
ments using equations (6) and (7) is shown in Table 1.

18



| Protein || D (nm?/s) |
| a-Synuclein || 85.22 + 56.47 |

Table 1: Table containing the model result for the diffusion constant of the FCS
measurements for 10 nM of oS.

This diffusion coefficient seems close to the value that was expected from
literature'”) and thus a realistic value, only the uncertainty is quite large. The
fitting of the FCS curves for 1 diffusing species seem to be quite accurate, as
can be seen in Figure 5. None of the FCS curves shows strange behaviour and
there seems to be no outlier.

4.1.2 N-protein

The experiment described in chapter 4.1.1 is then repeated for N-protein to also
try to determine the diffusion coefficient of the formed N-protein complexes
to determine the size of the N-protein in absence of aS. This can be used to
verify that, when put together, the oS does in fact attach to the N-protein. 10
FCS measurements were conducted on 25 nM N-protein and thereafter modeled
using equation (7) to find the diffusion coefficient. An example of the results is
shown in Figure 6

Figure 6: Results of series of FCS measurements on 25 nM N-protein. The
first measurement is highlighted in green. The modeled FCS curve is shown in
white.
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The results are modeled using equation (7). One of the modeling parameters
is np;rs, which is the number of independently diffusing species. The model
gave the best results for np;¢s = 2, where we get one high diffusion coefficient,
in the range 102, and a diffusion coefficient in the range 10'. These diffusion
coefficients are shown in Table 2.

| Protein || Dy (um?/s) | Dy (nm?/s) |
[Noprotein | 23.0+29 | 264+32 |

Table 2: Table containing the model result for the diffusion constant of the FCS
measurements for 25 nM of N-protein.

4.1.3 N-protein - a-Synuclein

The last experiment regarding the FCS part of this thesis focuses on the pro-
tein complex formation of N-protein with «S. This is done to investigate if the
size of the protein complex changes for different concentration of aS. For this
purpose a series of experiments were done on a fixed concentration of 25 nM
of fluorescently labelled N-protein and different concentrations of wild type oS
(WT-0S) ranging from 7.81 nM to 1 pM. For each concentration of oS, a se-
ries of FCS measurements was done to determine the diffusion coefficient of the
protein complexes. The measured FCS curves are modeled using equation (7)
and this model is then used to extract the diffusion coefficient using equation
(6). Appendix A contains the FCS curves, which appear to be fitted quite ac-
curately. The FCS curves are fitted for 2 diffusing species, since the sample
contains bound and unbound «S. Table 6 shows the found diffusion coefficients
that are plotted in Figure 7.

The computated diffusion coefficients of the protein complexes are then plot-
ted against the concentration oS, which is displayed in Figure 7.
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Figure 7: Diffusion coefficients of protein complex between 25 nM N-protein
and WT-aS with a concentration ranging from 7.81 nM to 1 uM

The diffusion coefficients appear to be on the high side, since the protein
complexes diffuse faster than oS aggregates. Some of the uncertainty margins
are also quite high relative to the measured diffusion coefficient.

4.2 Microscale Thermophoresis experiments

For the second part of this thesis the protein complexes of N-protein and o-
Synuclein were investigated using MST measurements. The goal is to analyze
the binding events between N-protein and oS as well as taking into account the
affinity N-protein has to bind to itself. For this purpose two experiments were
performed, one using labeled N-protein with wild type N-protein as ligand and
one with labeld N-protein with WT-aS as ligand.

4.2.1 N-protein - N-protein

First the binding events between N-proteins are analyzed using MST to deter-
mine the equilibrium dissociation constant that describes its affinity to bind
with itself. The experiment uses a fixed N-protein at a concentration of 200
nM, since the peaks were optimized as explained in chapter 3.1.1. The ligand
wild type N-protein concentration ranges from 0.31 nM to 10 uM. The MST
power was set to 60% and 80%.

21



950 -

900 -

Fnorm [%eo]
@
&
3
1

800 -

750 4

- e ey ey - e
1,0E-04 1,0€-03 1,0€-02 1,0€-01 1,0E+00 1,0€+01 1,0E+02
Ligand Concentration

Figure 8: MST binding curves for N-protein - N-protein interactions with a
MST power of 60% (green curve) and a MST power of 80% (red curve) and the
ligand concentration of wild type N-protein in nM on the horizontal axis.

In Figure 8 the binding curves are shown for the N-protein interactions for
two different MST power outputs. The F, ., for every ligand concentration is
calculated as shown in equation (9). The Kp-model, as explained in chapter
3.3.2 is then used to model the binding curves and find the dissociation constant.
In Table 3 the Kp values for both binding curves are shown to model the
experimental results.

| MST Power (%) | Kd (pM) |
60 0.74081 £+ 0.2537
80 0.48065 4 0.1348

Table 3: Table containing the dissociation constant for modeling the binding
curves as shown in Figure 8 for different MST power outputs.

4.2.2 N-protein - a-Synuclein

Chapter 4.2.1 shows the experimental results of the N-protein - N-protein in-
teractions, but the main focus of this thesis is on the interactions and complex
formation of N-protein with a-Synuclein. To investigate the binding relation
between the two proteins, two experiments were done with WT-aS as a ligand
with concentrations ranging between 3.81 nM and 125 uM. The N-protein
- N-protein interactions are also taken into consideration, by performing two
different experiments. In Figure 8 the binding curve clearly has two different
plateaus. A high plateau for the lower ligand concentrations and a low plateau
for the higher ligand concentrations. The MST experiments on N-protein inter-
actions with oS are performed with a fixed concentration of N-protein. The first
one with a low fixed concentration of N-protein chosen from the concentration
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range spanned by the high plateau in Figure 8 and one with a high fixed concen-
tration of N-protein picked from the range spanned by the low plateau. This way
it is possible to investigate the interaction of aS with small N-protein molecules
and also with bigger N-protein aggregates. The concentrations N-protein are
based on the binding curve shown in Figure 8. The lower concentration is cho-
sen from the upper level of the binding curve and set at 100 nM and the higher
concentration is chosen from the lower level and set at 10 uM .
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Figure 9: MST bindingcurve for N-protein - a-Synuclein interactions with fixed
concentration fluorescently labelled N-protein of 100 nM at a MST power of 80
% and the ligand concentration aS in nM on the horizontal axis. The greyed
out points are measured data points that are left out while modeling the Kp
values, since they showed anomalies in their fluorescence trace.
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Figure 10: MST dose response plot for N-protein - a-Synuclein interactions with
fixed concentration fluorescently labelled N-protein of 10 uM at a MST power
of 80 % and the ligand concentration oS in nM on the horizontal axis.

Figures 9 and 10 show the binding curves for the interactions between N-
protein and aS. The datapoints are the calculated F) .y, for every ligand con-
centration using equation (9). These points are modeled using the Kd-model to
determine the dissociation constant for the interaction between N-protein and
aS. Table 4 shows the results of the modeling for both experiments.

| [N-protein] (uM) || Kd (uM) |
0.1 3.3122 £1.1948
10 None

Table 4: Table containing the dissociation constant K p for both the fixed con-
centrations of N-protein used for modeling the binding curves as shown in Fig-

ures 9 and 10.
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5 Discussion

5.1 Size of protein complexes

The first part of this thesis uses FCS to investigate the size of protein complexes
for N-protein - N-protein interactions and N-protein - oS interactions. These
protein sizes are derived from the diffusion coefficients that follow from mod-
eling the FCS autocorrelation curves to a single diffusing species, for oS and
the combination complexes of N-protein and oS, but modeling to two different
diffusing species They are shown in Tables 1 and 2 for the single proteins and
in Figure 7 for the combined N-protein and oS samples.

5.1.1 Size of o-Synuclein

Table 5 shows the comparison of the diffusion coefficient of S found in the lit-
erature and according to the experimental results from this thesis. The experi-
mental found diffusion coefficient is very close to the value found in literaturel*],
but there is a large error margin which follows from the modeling software Sym-
PhoTime 64.

The diffusion coefficient is derived from modeling 10 different FCS measure-
ments on the same focal volume. Modeling such a FCS measurement depends
on a lot of different parameters, which are mostly unknown. This can increase
the inaccuracy of estimating these parameters and can be an explanation for
the proportion of the error margin.

Since the diffusion coefficient is a weighted average over 10 different FCS
measurements, it could also be possible that one of the measurements is an
outlier and throws the average off, but observing the raw data and FCS curves,
as shown in Appendix A, it seems that there is no such outlier and the FCS
curves are quite similar in form, so this explanation is not too plausible.

Protein D (literature) (um?/s) | D (experimental) (um?/s)
a-Synuclein 86 85.22 + 56.47

Table 5: Comparison diffusion coefficient oS between literature and experimen-
tal values

5.1.2 Multiple diffusing species in N-protein sample (n=2)

The diffusion coefficients experimentally found for the experiments on N-protein
are shown in Table 2. Literature research did not yet yield a diffusion coeffi-
cient of SARS-CoV-2 N-protein to compare to, so it is difficult to comment on
the reliability of the result via literature, so this has to be done purely through
discussing the modeling process and result of SymPhoTime 64. As already men-
tioned discussing the size of oS, the software models several different parameters
at once, using the size of the focal volume.

It is interesing to note that that modeling the FCS curve for only 1 diffusing
species did not fit the experimental FCS curves as good as modeling for 2
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different diffusing species, which rendered two different diffusion coefficients.
This would implicate that there is another fluorescent protein diffusing through
the excitation volume. Alexa Fluor 488 has a diffusion coefficient of 435 um?/s,
so it is not probable that the second diffusing species is free dye. A possible
explanation is that the fast diffusing species consist of N-protein monomers, so
single protein molecules and the slower diffusing species are actually oligomers
formed of multiple N-protein molecules linked together.

To analyze the FCS data, a fluorescence threshold was implemented to filter
out bigger clumps of fluorescent proteins, but it is possible that smaller oligomers
were still detected and not filtered out by this threshold.

5.1.3 Size of protein complex N-protein - o-Synuclein

The last series of FCS experiments were carried out to determine the influence
of N-protein presence on the diffusion of aS. The result of these series of ex-
periments with varying concentrations of ligand «S and a fixed concentration of
labeled N-protein-488 are shown in Figure 7. The FCS curve is fitted for only
1 diffusing species.

Figure 7 shows the diffusion coefficient of the protein complex logarithmically
plotted against the concentration oS, including the error margins calculated by
the modeling software. The values of the diffusion are of the same order of
magnitude as the high diffusion coefficient found in the FCS experiments on
N-protein. That seems to be on the high side, since the proteins are expected
to form protein complexes and thus should be diffusing slower than they do as
monomers.

Another reason for strange behaviour of the proteins can be the incubation
time of the samples. The dilution series with different varying ligand concentra-
tions were all prepared at the same time, but could not be tested at the same
time, creating a difference in incubation time for the different solutions.

The data set also seems to show a binding curve with an upper plateau
for the lower ligand concentrations and a lower plateau for the higher ligand
concentrations, so the protein complexes in the sample seem to slow down for a
high enough ligand concentrations. The Kp value appears to be ~ 120 um?/s
as is shown fitting the data using Kp = 124 nM in Figure 11.
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Figure 11: Experimentally determined diffusion coefficients (blue) for a fixed
concentration of fixed N-protein-488 and a variable ligand concentration of oS
fitted using Kp = 124 nM (orange).

5.2 Binding curves

Where the first part of this thesis focuses mostly on the size of N-protein and oS
and protein complexes formed by these two proteins, there already seemed to
be indications for affinity between N-protein and oS, as is shown by the binding
curve in Figure 11. The MST experiments attempt to further investigate the
interactions between these proteins. The results for the experiments regarding
the interactions between labeled N-protein-488 and wild type N-protein are
shown in Figure 8 and Table 3 and the results for the experiments on labeled
N-protein-488 with WT-aS as a ligand are shown in Figures 9 and 10 as well as
in Table 4.

From the experiments it seems that N-protein has quite a strong affinity to
bind to itself, with a Kp value that lies in a order of magnitude of 102 nM. The
binding curve in Figure 8 shows two plateaus. The lower ligand concentrations
yield a higher relative fluorescence intensity and vice versa for the higher ligand
concentrations. To test the affinity to oS, a MST experiment is performed with
WT-aS as ligand and a fixed concentration N-protein from the lower ligand
concentration plateau, where the N-protein will interact little with itself and
the same is done with a fixed concentration N-protein from the higher ligand
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concentration plateau, where the N-protein will definitely also interact with
itself.

The smaller concentration of N-protein in combination with oS had a dis-
sociation constant Kp = 3.3122 4+ 1.1948 pM. This indicates that N-protein
forms protein complexes with oS, although the interaction is almost a factor of
10 times weaker than the interaction N-protein has with itself. This also follows
from the result of the MST experiment with the high fixed concentration of N-
protein. Figure 10 clearly shows that the data can not be properly fitted, and
the relative fluorescence intensity for all ligand concentrations spread around
845%0, so the protein complex is in all likelihood dominated by N-protein com-
plexes. It is possible that the oS still forms complexes attached to N-protein, but
this experiment can not clarify this, since the diffusion coefficients for N-protein
and aS already showed that the N-protein oligomers are quite a lot larger than
aS.
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6 Conclusion

This thesis was built on two research goals. One was analyzing the size of N-
protein and a-Synuclein by evaluating the diffusion coefficients of the biomolecules
after fitting the measured FCS curves. In addition the size of protein complexes
formed by N-protein in combination with oS as a ligand was to be analyzed
using the same technique by fitting the FCS curves. The second part focused
on analyzing the affinity and binding events of N-protein with itself and with oS
as a ligand using MST and determining the equilibrium dissociation constant
K p of the interactions.

The diffusion coefficient of oS was determinted to be 85.22 & 56.47 um?/s,
but had quite a large uncertainty. Following the FCS experiments on N-protein,
the diffusion coefficient of this protein was quantified to be 23.04-2.9 um?/s, but
the FCS curves had to be fit using a model for two diffusing species, so it could
be that this coefficient applies to oligomers of N-protein instead of monomers.
The FCS experiments on the protein complexed formed by a combination of
N-protein and aS yielded a binding curve, where the diffusion of the protein
complexes was shown as a funcion of the concentration of the ligand oS. The
dissociation constant was established to be ~ 124 nM.

The binding curves for N-protein interacting with itself are shown in Figure
8. The equilibrium dissociation consant of this interaction was found to be
Kp =~ 0.49 — 0.62 uM, so the interaction is quite strong. Especially compared
to the interaction between N-protein and oS. The dissociation constant of this
interaction for a low concentration of N-protein was found to be Kp = 3.3122+
1.1948 pM, which indicates a significantly weaker interaction strength than was
the case for N-protein with itself. For a high concentration of N-protein, it
was not possible to fit a binding curve through the data, since all data point
seemed to flock around the same relative fluorescence intensity. This can be a
consequence from the greater affinity to bind with itself of N-protein.

For further research it could be interesting to also perform MST experiments
on labels aS with itself as ligend and with N-protein as a ligand as well. This
could complete the picture of the interactions between N-proteins and oS that
now has been sketched partly by this thesis. This way, it would also be possible
to analyze the comparison between the aggregation of oS on its own and under
influence of N-protein. Additionaly, it could also be interesting to look into the
time it takes for oS to form aggregates and try to find if N-protein also influences
the speed of aggregate formation.

It could be worthwile as well to use FCS more to better establish the affin-
ity between N-protein and oS. This thesis showed already that measuring the
diffusion of the protein complexes for different ligand concentration produces
a binding curve, but a lot of improvement can be done to analyzing the FCS
data and fitting the curves, such as determining more physical parameters be-
forehand, so the model has less free parameters and also attempt to filter out
the oligomers as much as possible.
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A FCS experimental results

Table 6 shows the diffusion coefficients found for the different ligand concentra-
tions of aS for the FCS experiment.

[[oS] (nd) |

D (um?/s)

1000.0

160.3474 £ 41.0951

500.0

217.9677 £ 9.3433

250.0

135.0787 £+ 26.1693

125.0

179.8206 £+ 55.7858

62.5

215.9386 + 18.8028

31.25

242.3435 £+ 21.8371

15.625

224.5734 £ 7.6196

7.8125

224.5884 + 15.517

Table 6: Diffusion coefficient for protein complexes between N-protein and oS

as a function of concentration of ligand oS.
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(b) [aS] = 500.0 nM
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Correlation time [ms]

0
Correlation time [ms]

(d) [S] =125.0 nM
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(f) [@S] =31.25 nM
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(h) [@S] = 7.8125 nM

Figure 12: Examples for fitting FCS curves for different ligand concentrations.

36



B MST experimental results
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Figure 13: MST fluorescence intensity traces for all MST experiments.
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