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Abstract

SAAs have made it possible to detect PD by being able to identify α-synuclein aggregations. Currently, re-
searchers are working on finding out how polymorphs affect SAAs, as well as on how they affect synucleinopathies.
This report will emphasize on finding discriminatory properties of different strains first and will serve as a stepping
stone for the previous mentioned research purposes. To begin with, according the amplification rates were signifi-
cantly different between the polymorphs. In addition, through AFM it has been found that although height does not
differ among the strains, periodicity does. Furthermore, some strains produced unique spectra in the spectropho-
tometer when using the dyes ThT, Amy, ANS and NR, implying differences in how well each strain binds to the
dye, which is influenced by the structure of the strain. Lastly, no conclusion could be drawn from the results of the
proteinase K digestion, as the experiment was not successfully executed. Overall, some unique properties of strains
have been found through these methods.

Keywords: α-synuclein, Parkinson’s disease, amyloid, WT, ribbons, fibrils, A53T, E46K, SAA, AFM, spectrophotometry,
digestion assay
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1 Introduction
Parkinson’s Disease (PD) is one of the most common age-related
motoric neurodegenerative diseases1. Symptoms include tremor,
muscle stiffness, slowness of movement, and impaired balance.
Typically, the condition starts to develop at 60 years due to ge-
netic reasons as well as sporadic. Furthermore, it is estimated
that 1% of people over 60 have this condition, it being 1.8x
more common in men than in women. No cure has been found
yet for PD, but there are some therapies and medicine that al-
leviate the symptoms2 Detection for PD is currently based on
subjective clinical assessments, and there are no conclusive and
certain methods for this on the market yet. In recent develop-
ments, however, the presence of α-synuclein (αS) aggregates
have been discovered in the bodily fluids of patients with PD,
like blood, cerebral spinal fluid, and saliva, as well as other
tissues, like skin3. These can be detected through a Seed Am-
plification Assay (SAA), which originally was used for prion
detection, but the technique turned out to work for other amy-
loids as well4.

As mentioned before, diagnosing PD relies on subjective
clinical assessments, like medical history and neurological ex-
aminations1. These can lead to misdiagnosis or delayed diag-
nosis. There is also no recommended biomarker-based test on
the market for clinical use for diagnosis, only for ruling out
other diseases that are similar to PD, like blood tests and imag-
ing techniques2. This makes early and accurate detection chal-
lenging. As a result, treatment is delayed and may end up less
effective for a specific type of PD.

SAAs, on the other hand, show a sensitivity and specificity
of 87.7% and 96.3% respectively5. This may vary per type of
aggregate. A type of aggregate is also called a polymorph or
strain. What determines the type lies in changes in the envi-
ronment, as they influence the formation of the protein. Char-
acteristics of polymorphs may influence how efficiently the αS
aggregates are detected through the SAA, as those with glu-
cocerebrosidase (GBA) PD, stemming from a mutation in the
GBA gene, were more likely to be positive in SAA than spo-
radic, which is caused by multiple genetic and environmental
factors6,7. Even less likely to be tested positive were those with
a gene mutation on leucine-rich repeat kinase 2 (LRRK2)5.
Additionally, having an olfactory deficit, an inability to identify
odors, led to being more likely to be tested positive. In other
words, previous research has found a relationship between the
result of an SAA and polymorph.

The mutations A53T and E46K cause an increase in propen-
sity to form fibrils, A53T more than E46K, which is in line with
the age of disease onset, respectively being 60 and 45 years8.
Additionally, previous research has shown that fibrils, WT ag-
gregates formed in high salt (HS) conditions, amplify faster and
therefore reach a plateau faster than ribbons, WT aggregates
formed in low salt (LS) conditions, do in an SAA9,10. In addi-

tion, fibrils have a higher tendency to bind and penetrate cells
and are also more toxic than ribbons9. This suggests that the
type of polymorph influences some parts of a synucleinopathy,
in this case the severity and progression rate.

Taking into account that there is a detectable difference be-
tween the mutants and between the WT aggregates in an SAA
and also maintain some relationship with the severity and rate
of a neurodegenerative disorder, it may be the case that dif-
ferent synucleinopathies can be uniquely characterized through
this diagnostic technique, as various strains of αS may appear
significantly different in terms of amplification rate.

It is thus important to investigate how these differences
may affect SAAs and lead to discrimination between different
synucleinopathies. For that, differences in properties of poly-
morphs will be analyzed through various methods. The poly-
morphs that will be discussed are: (sonicated) wild-type (WT),
ribbons, fibrils, E46K, and A53T. If diagnoses that specify dis-
ease type and stage can be made, this can lead to more targeted
therapy and a better quality of life for patients with PD.

2 Theoretical Background

2.1 α-Synuclein Aggregation
During PD, α-synuclein, a protein made of 140 amino acids,
consisting of six repeats and mainly found in neurons, aggre-
gates8. The process is visualized in Figure 1. αS monomers
that are already present in the body will form a small aggre-
gate, also called an oligomer3,11. This process is called primary
nucleation. Primary nucleation is more likely to happen when
there are metal ions, micromolecules, gene mutation or post-
translational modification of the protein present. The oligomer
will first grow by elongation, where monomers attach to the
ends. The assembling of this will result into compact β -sheet
structures, which are characteristic for amyloid fibrils. After,
amyloids can now also grow by secondary nucleation. This
process involves monomers interacting with the surface of the
formed fibrils, forming new oligomers. These oligomers can
grow into fibrils as well. As this process repeats itself, even-
tually an amyloid body like a Lewy body or neurite will be
formed. It is also possible that fragmentation occurs, where
split into shorter fibrils. In practice, a combination of elon-
gation, secondary nucleation and fragmentation of fibrils take
place.11,12

In healthy individuals, αS is suggested to involve synap-
tic transmission8. Though the exact mechanism remains un-
known, dopaminergic neurons degrade because of the αS ag-
gregates. The aggregates also have a cytotoxic effect on cells
by affecting proteins that function in many cellular processes.
It can, for example, interfere with the Ubiquitin/Proteasome
System (UPS), a regulated mechanism of intracellular protein
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degradation and turnover. This could be one of the pathways
that factor into the neurodegeneration mentioned above3.

Figure 1 Simplified model of the aggregation process.11

2.2 Seed Amplification Assay
SAA makes use of the aggregation process. They involve, as
the name suggests, a mixture of preformed aggregates, called
seeds, as well as monomers. These are shaken at a controlled
temperature to promote amplification, as fibrils and monomers
can more easily come into contact with each other, as well as
to create a homogenous distribution for fluorescence measure-
ments. As monomers come into contact with the seeds, more
fibrils will form. If stained with Thioflavin T (ThT), a dye that
will be elaborated on in Section 2.6, the kinetics of the aggrega-
tion can be measured through a plate reader. The kinetics will
be expressed as fluorescence over time.

If fluorescence increases, it means the amyloid mass has in-
creased. As the amplification assay finishes, an S-shaped curve
can be formed, see Figure 2. The curve can then be character-
ized by lag time. The lag time is the duration of plateau, which
is the flat beginning of the graph. If amplification is instant,
there is no lag phase and the curve will start at the elongation
phase. In this case, one can choose to determine the slope,
which is in this context the rate at which the fluorescence in-
creases. It can be calculated by drawing a tangent that closely
follows the curve and choosing two points on that line, then di-
viding the difference found in fluorescence by the difference in

time, see Figure 3. For the initial slope, the same is done, except
the points chosen are at and near the origin. The last phase of
an SAA starts when the fluorescence will reach a maximum in
the plateau phase, because either there are no more monomers
to attach to the seeds, no more dye to bind to it or no more space
on the seed for the dye to bind to.

Figure 2 Example of an S-curve in red. This is generally what
an SAA looks like. The blue curve represents the controls,
where no aggregation takes place.12

Figure 3 Visual aid with how a slope can be determined.13
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2.3 Synucleinopathies and Polymorphs
A synucleinopathy is a type of degenerative disorder involving
αS aggregation. The three most common synucleinopathies are
PD, dementia with Lewy bodies (DLB), and multiple system
atrophy (MSA)14. Types of αS aggregates defined by morpho-
logical differences are called polymorphs or strains.

The strains ribbons and fibrils are both formed of WT αS
monomers. Ribbons are described as broad and flat, and fib-
rils as narrow and cylindrical9. Ribbons will mainly grow by
elongation due to LS conditions. As a result of electrostatic in-
teractions, αS monomers in LS repulse each other except for at
the ends, which leads to linear growth. Fibrils primarily prolif-
erate by secondary nucleation. If WT monomers are incubated
in HS conditions, the repulsive forces between the monomers
will lessen due to the charge of ions in the buffer, leading to
closer packing and secondary nucleation.

Sometimes a mutation in the amino acid chain can lead to
changes in conformation, that eventually result into the forma-
tion of a polymorph. Some examples are E46K, where glu-
tamic acid replaced with serine in the 46th place of the chain,
and A53T, where alanine is replaced with threonine in the 53th
place. Since mutants display different properties from the WT
aggregates as well as from themselves, for example higher propen-
sity for form fibrils, these would be worth investigating fur-
ther.8

2.4 Proteinase K digestion assay
Proteinase K is an enzyme that cleaves serine peptide bonds by
hydrolyzing them, fragmenting the protein. These fragments
can be visualized through Sodium Docedyl Sulfate-Polyacrlamide
Gel Electrophoresis (SDS-PAGE) and staining. An electric field
is created with a cathode and anode so that the top of the cham-
ber is negatively charged and the bottom positively. After the
samples are pipetted into the wells at the top and travel through
the gel, as can be seen in Figure 4, fragments will move through
the gel, with speed depending only on size. This is due to the
SDS and loading buffer will make the fragments equally nega-
tively charged. Smaller fragments travel faster than the longer
fragments, since gels contain pores and smaller fragments can
travel easier through those. This results into the shorter and
lighter fragments being at the bottom and the longer and heav-
ier fragments at the top. This separation of protein fragments is
useful for characterizing proteins and determining whether they
are there in a sample. The fragments become visible through
staining and will appear as bands. For characterization, a lad-
der is necessary for comparison. The ladder consists of protein
fragments with varying weights. Its function is to make it pos-
sible to determine the weight of the bands through comparing
the samples and ladder.

There are several characteristics that can be found through

Figure 4 A schematic of SDS-PAGE gel electrophoresis.15

a digestion assay. First of all, the time it takes to be fully di-
gested will indicate the number and strength of bonds in each
polymorph. Furthermore, band intensity illustrates the num-
ber of fragments of the same weight that have been cleaved
off. Lastly, the placement of the band represent the molecular
weight of the fragment. It is expected to be unique for each
polymorph.

2.5 Spectrophotometry
A spectrophotometer makes use of the fluorescent properties
of a sample. As can be seen in Figure 5, light passes through
a monochromator that lets only a certain range of wavelengths
through. Following that, the light travels through a sample, pre-
sented in a cuvette, and to the detector. The detector measures
the light either transmitted through or absorbed by the sample,
depending on the field of interest. As the light source changes
in wavelength, so will the intensity. Being able to measure ex-
citation and emission proves helpful in showing to what ex-
tent a solvatochromic or fluorogenic dye, more about this in
the Section 2.6 has bound to a protein, as well as determining
concentrations of substances in a solution.16
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Figure 5 A schematic of an spectrophotometer16

2.6 Solvatochromic and Fluorogenic Dyes
Solvatochromic dyes display a shift in excitation and emission,
while fluorogenic dyes show a change in fluorescence intensity
in response to a change in the environment17. Depending on the
dye, this change can concern polarity, viscosity or molecular
order. Below some examples of these types of dyes will be
discussed.

ThT is a dye with an excitation and emission maximum
unbound at 385 nm and 445 nm, and bound at 450 and 482 nm
respectively, commonly used for staining amyloid fibrils18. It
is theorized that ThT locks on to grooves of the β -sheet struc-
tures, of which the amyloid fibrils have many along the long
axis. Due to the extreme increase in intensity caused by ro-
tational immobilization, it is sensitive to rigidity and viscosity
and is suited for sensitive detection of amyloids.

Amytracker 630 (Amy) is a dye that binds to beta sheets
of aggregates as well. The excitation and emission maxima are
respectively 520 nm and 630 nm. Amytracker dyes are Lumi-
nescent Conjugated Polythiophenes (LCPs), which are known
for binding to protein aggregates. The mechanism is similar
to ThT. The intensity of the dye increases once the thiophene
backbone locks on to the β -sheets, which makes it suitable for
detecting amyloids. Due to this similarity, it is also sensitive to
rigidity and viscosity.19–21

1-Anilinonaphthalene-8-Sulfonic Acid (ANS) is a dye with
excitation and emission peaks of 375 nm and 477 nm respec-
tively22. ANS binds through hydrophobic and electrostatic in-
teractions. ANS and amyloids interact through ion pairing be-
tween the positively charged amino acids and negatively charged
sulfonate groups of the dye. Fluorescence of this dye depends
on polarity, viscosity and temperature23. In case of amyloids,
polarity and viscosity are most important. Since fluorescence
increase is activated in apolar, or in other words, hydrophobic
environments, formation and quantity of hydrophobic surfaces
like β -sheets can be determined through the dye.

Nile Red (NR) increases in terms of fluorescence when ac-
tivated in hydrophobic environments24. Excitation and emis-
sion peaks are 559 nm and 635 nm respectively. In polar en-
vironments, an electron transfer takes place from the diethy-

Figure 6 A schematic of an Atomic Force Microscope.26

lamino group to the aromatic group23. This is thermodynam-
ically unfavorable in apolar environments and results into in-
crease in fluorescence, similarly to ANS This makes it useful
for detecting β -sheets in amyloids.

2.7 Atomic Force Microscopy
Atomic Force Microscopy is a technique that scans the topogra-
phy of a surface of a sample with a tip and cantilever, see Figure
6. The tip taps systematically over the sample. If the tip comes
across something, there will be a change in height. As a result,
the angle of the laser, that is aimed at the cantilever, would also
change. A photodiode will then detect and pass the informa-
tion to a program to process and create a scan. This technique
is used to visualize small structures and in this paper will be
used for attempting to characterize different polymorphs.25

3 Materials and Methods

3.1 α-Synuclein Fibril Preparation
To obtain different strains for the experiments, monomers ag-
gregated under specific conditions.

A53T and E46K monomers that were in 10 mM Tris-HCl
were first aggregated in a shaker (Eppendorf Thermomixer F2.0)
for 4 days at 37°C and 1100 rpm. WT αS monomers were put
in different solution conditions to develop WT, LS and HS fib-
rils. WT and LS fibrils were incubated in buffer containing
10 mM Tris-HCl, 10 mM NaCl, 0.3 mM KCl, 1.4 mM CaCl,
1.5 mM MgCl2 and 0.02% w/w NaN3. For HS fibrils it was

5



the same with the exception of NaCl being in 15 mM con-
centration. These concentrations were chosen to imitate cere-
brospinal fluid after 10x dilution. WT, E46K and A53T fibrils
were sonicated (Branson Sonifier 250) on the intensity setting
on 1 for 2 seconds to form seeds. LS and HS fibrils were al-
ready in their seeded form, so this process was not necessary
for those.

3.2 Seed Amplification Assay
Fibrils stained with ThT were prepared so that aggregation be-
haviour of strains could be followed over time. Ultimately, lag
times of the strains will be compared to see if any can be dis-
criminated from the others. If lag time is not applicable for
some condition, then the initial slopes will be determined.

The samples consisted of monomers (20 µM), Thioflavin
T (10 µM), NaCl (8.3 mM), buffer (10 mM Tris-HCl, 10 mM
KCl) and seeds, where seeds were present in the concentrations
10 nM, 100 nM or 1 µM. The samples were pipetted in a 96-
wellsplate (Corning 96-well Half Area Black/Clear Flat Bottom
Polystyrene NBS Microplate Cat. No. 3881) in quadruplet,
then covered and sealed. In the plate reader (Tecan i-control
M200 Pro), the plate was shaken orbitally for 1000 cycles at 37
°C, each cycle consisting of 10 minutes shaking. For the delay
time, defined as the time from where every value is twice the
plateau value, average (avg) and standard deviation (sd) were
calculated for each of the quadruplets, then averaged per con-
dition. For those that did not display a plateau, avg initial slope
with sd was calculated instead. Since monomers and dye are
added in excess, maximum is expected to reach either there is
no more space on the seeds for the dye to bind to.

3.3 Proteinase K Digestion Assay
In this experiment LS, HS and WT fibrils will be digested and
put through an SDS-PAGE. The goal is to to compare charac-
teristics like placement of bands, digestion time, band intensity
and number of bands of each strain and make out whether they
are different from each other.

Fibrils were spun down (Eppendorf Centrifuge 5424R) in
200 µL for 90 minutes at 25 °C. Monomer concentration in LS
and HS were determined from the supernatant with the nan-
odrop (ND-1000 Spectrophotometer) with an extinction coeffi-
cient of 5600 M-1cm-1 at 276 nm. Next, pellets were taken up in
digestion buffer (30 µM Tris-HCl). Monomers and fibrils (40
µM) were incubated at 37°C for exactly 5, 15 and/or 30 min-
utes with 0.5 (40 µL) proteinase K, after which an equal vol-
ume of Tricine SDS sample buffer (Thermo Scientific, LC1676)
was added. One of each αS type was kept as a control and thus
not incubated with proteinase K. All samples were heated for 5
minutes at 100°C and loaded on a Novex 4-20% Tris-Glycine
Plus WedgeWell Gel gel in the Xcell SureLock Mini-Cell using

a 1x Tris-Glycine SDS Running Buffer. The ladder (Thermo
Scientific™ PageRuler™ Plus Prestained Protein Ladder, 10 to
250 kDa) was also loaded onto the gel. After connecting the
chambers to the power supply, the gel was run for 45 minutes
at 100 V. After staining the gels with Coomassie Brilliant Blue
for 1 hour and destaining for another hour, images were taken
with the gel imager (ProteinSimple FluorChem M).

3.4 Photophysical Characterization
Fibrils were stained with a dye and put in a spectrophotometer
to determine how well a dye binds to the strain. This will indi-
cate unique structural aspects of different polymorphs in terms
of viscosity/rigidity or hydrophobicity depending on the dye.
The objective is to find clear shifts in spectra maxima.

Samples were put through the fluorescence spectrophotome-
ter (Varian Eclipse Cary Spectrophotometer) and ran through
Cary WinFLR in a cuvette (Hellma Semi-Micro-cuvette 114F-
QS, 10x4 mm layer thickness). The excitation and emission
spectra were recorded. Seed types include WT, LS, HS, A53T
and E46K. The dyes used are ThT, Amy, ANS and NR. Sam-
ples contained 600 µL and consisted of seeds (2 µM), their
respective monomers (2 µM), dye (200 nM), and buffer, with
exception of the conditions concerning LS seeds, HS seeds and
ANS dye. Concentrations of seeds and dye were changed to 10
µM for both cases due to otherwise lack of signal. To determine
whether monomers have a binding effect with dye, monomer
controls were used. Additionally, a dye control was included
for each type of dye. As for program settings, scan mode was
set to CAT - 2. Detector voltage was set to medium and scan
control was put at medium rate. Furthermore, excitation and
emission slit were both set to 10 nm. After measurements were
taken, spectra were normalized and maxima were determined
from these.

3.5 Atomic Force Microscopy
Fibrils were examined using the AFM to determine if strains
can be distinguished from each other by their height profile.
Eventually height distribution and pitch size of strains will be
compared.

Samples were made on mica gels using a concentration of
2 µM for HS, A53T and E46K. These samples were incubated
with nitrogen flow for 15 minutes. After that, they were cleaned
and dried 3 times using milliQ and left overnight. For the WT
sample, the same protocol was followed, but concentration of 1
µM was used with an incubation time of 30 minutes in nitrogen
flow. The purpose of this was to let the fibrils set in better, as
WT fibrils were difficult to find in previous attempts of this
research.

Polymorphs WT, HS, A53T and E46K were characterized
by their height as well as the periodicity. As LS and WT fibrils
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were stored in the same type of buffer, these should only differ
in terms of length, since WT fibrils were sonicated. In terms
of morphology, they should be the same. Scans of samples
(2 µM) with 10x10 µm format were captured in the Atomic
Force Microscope (AFM) (BioScope Catalyst) with Nanoscope
(8.15R3sr8) for a general overview. Depending on density,
scans of 5x5 µm were taken so that distinct fibrils were visi-
ble and could be taken into account for the quantitative anal-
ysis. Scans had been made using a scan rate of 0.5 Hz and
512x512 pixels unless stated otherwise. Through NanoScope
Analysis 1.5 using the flatten tool, scans were made presentable
for height analysis. Fibril height was determined through Fib-
erApp27. If the fiber showed clear periodical changes in height
through plotting the Height Profile, this fibril was taken into
Height Distribution (HD) and Height Discrete Fourier Trans-
form (HDFT) analysis. HD represents in this case the height
distribution of all points in the selected fibrils. HDFT is a func-
tion that uses the Fourier Transformation to determine the pitch
size of objects with periodical height variations such as the se-
lected fibrils. Flatten Order and Smooth Resulting Curve were
set to ”poly1” and ”5” respectively. For the analysis, a mini-
mum of ten fibrils are selected per polymorph.

4 Results and Discussion

4.1 Seed Amplification Assay
The aggregation curves in Appendix A have been used for de-
termining lag time. If lag time was not applicable due to imme-
diate amplification, initial slope was determined instead. This
was done as a means to quantify aggregation behaviour, so that
strains may be discriminated from each other.

The lag time as well as the initial slope can be found in Fig-
ure 7. For all conditions with 1000 nM seeds with the exception
of LS, the amplification was immediate and no lag time could
be determined. For these the initial slope, where WT shows the
lowest initial slope and thus the lowest initial amplification rate,
then E46K, then A53T and lastly HS. For 100 nM, the order of
amplification rate from slow to fast is the same as for 1000 nM.
For the condition 10 nM, this is not the case.

Noticeably, the samples with A53T and E46K seeds show
a dramatic increase in lag time compared to the other seeds.
For that reason, these fibrils were run for longer. The curves
for these can be found in Appendix B. Between the take-out
and re-input there is in most conditions a spike visible. This
may be due to instrumental reasons. One of the wells of the
condition A53T 1 µM seeded shows a decrease. This was due
to improper sealing. The other conditions show no significant
change. From these results it is suggested 10 nM seeds is too
little for these mutants to amplify.

Interestingly, the results show that WT monomers aggre-

gate faster than LS seeds for 100 nM and under. The conditions
LS seeded for 10 nM and 100 nM display a longer lag time than
the control. This means that the novo fibril formation, which
is a process that describes monomers spontaneously aggregat-
ing, is dominating the SAA, overshadowing the seed amplifica-
tion4.

The mutation A53T amplifying faster than E46K, in other
words having a higher propensity for aggregation, is in accor-
dance with a study mentioned in the introduction, although
different analysis methods were used8. Another study stated
A53T and E46K had similar aggregation propensity at a ThT
fluorescence assay using a shaking incubator28. The first study
suggested this difference may be a result of different assembly
conditions, for instance the usage of beads in the second study.
Furthermore, HS has a higher propensity than LS, which has
been shown before too9,10. This is a logical development from
the difference in main growth mechanism, as secondary nucle-
ation takes place anywhere on the surface of a fibril, and thus
has more surface area for the process to take place, while elon-
gation can only happen at the ends, and secondary nucleation
takes place more on HS than LS fibrils. Furthermore, it appears
the mutants A53T and E46K have a higher propensity than WT,
which is in line with previous research8,29. It has been hypoth-
esized that for E46K this may be due to Glu residues reducing
β -sheet formation in some way. As for A53T it has been stated
that the mutation enhances propensity of fibril formation.

Remarkably, the standard deviation of 100 nM WT seeds
condition is high due to one outlier. The respective graph in
Appendix A also shows it does not align with the other quadru-
plos. This is likely a result of mispipetting of monomers, as
starting intensity was similar to the others.

To sum up, there are significant differences between the
strains in lag time and initial slope.

4.2 Proteinase K Digestion Assay
The aim was to differentiate between the various fibril types
by comparing the bands of the various strains treated with pro-
teinase K over different incubation periods.

The bands of the ladder were indistinguishable from each
other and smudged, see Figure 8. This is due 15 µL of the
ladder being loaded on the gel, while 5 µL was the maximum
according to the manual30. The ladder was overloaded.

Despite proteinase K being expired for 7 years, digestion
was successful since volume was adjusted to 0.5 µL to com-
pensate for this. The samples that were not incubated with
proteinase K show a few bands. From the non-digested sam-
ples, it is already clear that the bands differ from each other.
This was also clear in a previous attempt, see Appendix C Fig-
ure 22. Digested WT fibrils show a high intensity band in a
higher kDa range, while LS does not. HS shows two high in-
tensity bands, one around the same level as WT and another one
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Figure 7 Overview of (A) lag time (h) and (B) initial slope
over the conditions with standard deviation. LS and HS
conditions contain WT monomers and therefore have the same
control as WT seeded. Although conditions A53T and E46K
are displayed with a lag time of 170 hours, they have a lag
time of over 1965 cycles (335 hours) for 10 nM seed
concentration and controls.

lower, although it is possible that the fragments from HS will
travel further into the gel, resulting into multiple less intense
bands.

Curiously, the separation range is 8-250 kDa according to
the product manual, but according to the product site it is 20-
200 kDa for this type of gel. Previous research has shown that
the digested bands should be found in less than 15 kDa, and as
the bands were not separated, it must be that the true separation
range was 20-200 kDa10,31. Thus, the digested fibrils are ex-
pected to be ”further down the gel” at a lower weight level. In
other words, another type of gel should be used.

Noticeably, the conditions LS 15 and HS 30 display a lower
band intensity. This is likely due to mispipetting, as the previ-
ous experiment in Appendix C Figure 22 did now show this.

In short, it has been gathered from this that the experiment
should be redone with the right materials to be able to draw a
conclusion.

Figure 8 Image of gel that shows the bands of undigested as
well as digested fibrils and the ladder. Conditions are stated in
red, with polymorph type first and incubation time with
proteinase K after.

4.3 Photophysical Characterization
Difference between wavelength respective to maxima and wave-
length respective to dye control were determined for each strain.
Shifts and intensities were compared to find out whether strains
can be discriminated in terms of rigidity and hydrophobicity.

Spectra are shown in Figures 9 and 10. Some shifts in spec-
tra are clearly visible already, as can be seen in Figure 11. Spec-
tra of the controls can be found in Appendix D. It is shown that
monomers do not affect the spectra. Spectra without normal-
ization can be found in Appendix E.

For ThT in terms of excitation, LS shifts to unbound dye
more than other strains. HS fibrils display a higher intensity in
both excitation and emission spectra, see Appendix E 25 (A)
and (B). LS fibrils show an intensity on the low side, although
the difference in intensity is not as dramatic as with HS. Ac-
cording to literature β -sheet content of WT, E46K and A53T
are 68%, 66% and 68% respectively29. As for ribbons and fib-
rils, the content should be 79.5% and 75.2%. Despite that, fib-
rils (HS) were found to bind ten times better than ribbons (LS)
to ThT in the same concentration, which is in line with the re-
sults9. It appears that ThT binding depends on morphology
rather than β -sheet content29.

Furthermore, for Amy A53T stands out in terms of excita-
tion and HS in terms of emission. A53T has an excitation peak
maximum that is not similarly high or low to other strains. In-
terestingly, LS is hard to distinguish from the other strains in
terms of excitation shift, unlike when it binds ThT.

Next, for ANS LS in terms of emission and HS in terms of
excitation and emission stand out. ANS binds to hydrophobic
surfaces. From Figure 24 in Appendix E it appears that the ex-
citation and emission peak of unbound ANS is 345 nm and 525
nm. Compared to the other polymorphs, HS shows a bigger
shift towards bound dye, while LS shows that for unbound dye.
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Figure 9 Excitation and emission spectra of the polymorphs
for the dyes ThT and Amy. The legend displays which colour
represents which polymorph. The vertical line named control
stands for the position of the maximum that was measured in
control that contained dye and buffer only.

Figure 10 Excitation and emission spectra of the polymorphs
for the dyes ANS and NR. The legend displays which colour
represents which polymorph. The vertical line named control
stands for the position of the maximum that was measured in
control that contained dye and buffer only.
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Figure 11 Shift in position of maxima compared to dye control
grouped by dye and excitation/emission of seeded samples.

It appears that HS is hydrophobic, while LS is hydrophilic, rel-
atively speaking. This can also be seen in terms of intensity in
Appendix A Figure 27 (A) and (B).

Lastly, for NR LS in terms of excitation as well as emis-
sion stand out and HS in terms of excitation. Unbound NR has
an excitation and emission peak at 600 and 655 nm and bound
dye 559 nm and 635 nm respectively. LS shifts towards higher
wavelengths. It is shown that LS fibrils are more hydrophilic
than other polymorphs control show that. HS fibrils, on the
other hand, do not bind as well to the dye as with ANS. This
may be due to that ANS also binds through electrostatic inter-
actions.

As the spectra of the monomer controls and dye control are
alike, it can be concluded that monomers do not interact with
the dyes, see Appendix F.

All in all, some strains can be uniquely defined by their
spectra depending on the dye.

4.4 Atomic Force Microscopy
Scans of fibril topography were taken. From these, height dis-
tribution and periodicity were determined with Fiberapp. These
properties will be compared to find out if one can discriminate
strains based on these.

As can be seen in Figure 12, the HS and E46K fibrils were
found in high density and thus were unpractical for data anal-
ysis, which is why zoomed in scans of these polymorphs were
made, see Figure 13. Using subfigures (A) and (C) from Fig-
ure 12 and (A) and (B) from Figure 13, height distribution and
periodicty were found, see Figures 14 and 15 respectively.

Figure 12 An overview of the scans made with the AFM.
Fibrils shown are in following order: (A) WT, (B) HS, (C)
A53T, (D) E46K. The size of the scans are 10x10µm.
Subfigure (A) was captured using 1024 lines instead of 512,
due to little fibrils being present on the sample. To increase the
number of fibrils that display a clear periodical changes in
height for analysis, quality of scan was increased by doubling
the number of lines.

Figure 13 An overview of the zoomed in scans made with the
AFM due to high density. Fibrils are (A) HS and (B) E46K.
The size of the scans are 5x5µm.
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Figure 14 An overview of the height distributions.
Polymorphs are shown in following order: (A) WT, (B) HS,
(C) A53T, (D) E46K.

In all subfigures a normal distribution can be seen. Average
height (avg) ± standard deviation (sd), inverse pitch size and
respective pitch size can be found in Table 1. A53T displays
the largest height, then E45K, after that HS fibrils and lastly
WT fibrils. Both the avg and sd are estimated by Fiberapp. The
sd is high enough for each polymorph high, leading to overlap
between them. The avg is lower than expected29. This could
be a due to using a different buffer or incubation method. The
overlap in height is around the same proportion as found before.

Interestingly, WT and HS display more than one peak, show-
ing that the periodicities of these polymorphs tend to diverge to
more than one value. As these fibril fragment lengths tend to
have more than one value, they are considered heterogeneous
fibrils. This is in accordance with literature for WT αS29. WT
fibrils illustrate another peak at 12.64 nm, which equals to a
periodicity of 79.09 nm. Other values for HS include 2.23 nm
and 19.95 nm, which converts to a periodicity of 448.53 nm and
50.12 nm respectively.

Furthermore, measurements of A53T display a relatively
broad peak, suggesting the periodicity of this polymorph grav-
itates less to a certain value. The average periodicity is lower
than expected and should be around 300 nm29. This could be
a result of taking many heterogeneous fibrils that were on the
shorter side.

To summarize, the periodicities differ significantly and each
of them can be distinguished from each other. For height dis-
tribution, however, this is not the case.

Figure 15 An overview of the discrete Fourier transformations
applied to the height of the fibers. Polymorphs are in
following order: (A) WT, (B) HS, (C) A53T and (D) E46K.

Polymorph Height avg.
± sd (nm)

Max
inv. pitch
(1000/nm)

Periodicity
(nm)

WT 5.11 ± 1.23 4.02 248.57
HS 5.51 ± 0.96 9.07 110.30

A53T 6.39 ± 1.44 13.53 73.93
E46K 5.94 ± 0.87 9.94 100.64

Table 1 Average height and standard deviation of each
polymorph derived from the AFM images.

4.5 Conclusion and Future Perspectives
The goal of this research was to find a way to characterize and
distinguish the strains WT, LS, HS, A53T and E46K.

It has been concluded that it is possible to differentiate
strains by SAA through lag time and initial slope if seed con-
centration is high enough. If seed concentration is below 10
nM, mutants A53T and E46K will not aggregate for at least
335 hours. As for the digestion assay, no conclusion could be
drawn with current results. Furthermore, it has been shown
that through measuring fluorescence of the dyes ThT, Amy,
ANS and NR, bound to the strains, only polymorphs LS, HS
and A53T could be discriminated from the others. Lastly, from
the results of the AFM analysis, it can be concluded that from
height distribution the strains cannot be discriminated from each
other, but from periodicity, that is possible.
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This research focused on distinguishing a few selected strains.
For further studies, it is important to find a relationship on how
the strains affect synucleinopathies. Once SAA is available
on the market and SAA results can be connected to synucle-
inopathy, care path can be specified and quality of life can
be improved. Moreover, different characteristics can be an-
alyzed with the same method, for instance the time it takes
for fluorescence to reach the maximum in an SAA. Experi-
ments can also be extended by using other dyes for spectropho-
tometry, like Congo Red, and researching strain characteristics
over time with the AFM or spectrophotometer. Additionally,
it could be of interest to investigate with more techniques that
describe other characteristics, for example Circular Dichroism
(CD) Spectroscopy, Fourier Transform Infrared (FTIR), spec-
troscopy and in vitro analysis. Lastly, future research for differ-
entiating polymorphs should generally include other αS types
to analyze.
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5 Appendices
5.1 Appendix A: SAA Curves

Figure 16 Overview of SAA graphics of polymorphs LS, HS and WT in concentrations 1 µM, 100 nM and 10 nM.

15



Figure 17 Overview of SAA graphics of polymorphs A53T and E46K in concentrations 1 µM, 100 nM and 10 nM, as well as
the monomer controls.
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5.2 Appendix B: SAA 335 Hours Mutants

Figure 18 Overview of SAA graphics of A53T in concentrations 1 µM, 100 nM and 10 nM over the duration of 335 hours.
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Figure 19 Overview of SAA graphics of E46K in concentrations 1 µM, 100 nM and 10 nM over the duration of 335 hours.

5.3 Appendix C: Previous Attempts at Proteinase K Digestion Assay

Figure 20 Image of the first gel that shows the bands of undigested as well as digested fibrils and the ladder. Conditions are
stated in red, with polymorph type first and incubation time with proteinase K after. Samples were loaded on a 8-16%
mini-protean TGX gel in the Bio-rad mini-protean system using a cathode and anode buffer. It was first ran on 30 V for 1 hour,
then 150 V for 4 to 5 hours32. Buffer was made with 1 M Tris and 0.1 M Tricine, which makes the bands appear faded.. This
was an unplanned deviation from the protocol.
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Figure 21 Image of the second gel corresponding to Figure 20 that shows the bands of undigested as well as digested fibrils and
the ladder. Conditions are stated in red, with polymorph type first and incubation time with proteinase K after.
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Figure 22 Image of gel that shows the bands of undigested as well as digested fibrils and the ladder. Conditions are stated in
red, with polymorph type first and incubation time with proteinase K after. This gel was run on 225V for 30 minutes
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5.4 Appendix D: Spectra of Controls

Figure 23 Overview of spectra from controls that contained no seeds. the excitation and emission spectra that are displayed are
of ThT and Amy.
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Figure 24 Overview of spectra from controls that contained no seeds. the excitation and emission spectra that are displayed are
of ANS and NR.
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5.5 Appendix E: Spectra Without Normalization

Figure 25 Excitation and emission spectra of seeded samples as well as controls dyed with ThT with log scale.
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Figure 26 Excitation and emission spectra of seeded samples as well as controls dyed with Amy with log scale.
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Figure 27 Excitation and emission spectra of seeded samples as well as controls dyed with ANS with log scale.Enter Caption
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Figure 28 Excitation and emission spectra of seeded samples as well as controls dyed with NR with log scale.
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5.6 Appendix F: Maxima of Controls

Figure 29 Shift in position of maxima compared to dye control grouped by dye and excitation/emission of controls.

5.7 Appendix G: AI Disclosure
AI has been used during the writing process of this report. During this, some lay-out suggestions from Chat-GPT such as the front page and
table formatting have been incorporated, as well as spelling and grammar corrections by LanguageTool. This has been done only after careful
consideration and reviewing.
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