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INTRODUCTION

The first cases of amyloidosis caused by the aggregation of amyloidogenic
proteins were observed as early as the 17th century. Currently, protein
aggregation in the form of amyloid fibrils is associated with various
neurodegenerative disorders, such as Alzheimer's, Parkinson's or prion
diseases, and as many as 42 amyloid disease-related proteins have been
identified in mammals.

Amyloidogenic proteins and peptides differ from each other in both size and
amino acid sequences, but under certain conditions all of them have a tendency
to alter their conformation, forming similar aggregates. Aggregation is
associated with the increase of the amount of specific beta-sheet structures.
The resulting fibrils are insoluble and partially resistant to proteases. Despite
the fact that research in this area has been conducted for many years, only a
few disease-modifying drugs or treatments have been approved. Currently,
many unanswered questions remain about the mechanism of protein
aggregation in diseases the factors affecting this process. Nowadays, protein
aggregation studies are widely performed all over the world. However, a wide
range of experimental conditions are chosen for in vitro aggregation studies of
the same proteins, and they often differ among the many laboratories studying
amyloids.

One of the most interesting aspects of amyloid aggregation is the occurrence
of fibril polymorphism. Numerous studies show that the same protein can
form structurally or morphologically distinct amyloid fibrils, which also differ
in their self-replication rates, stability, affinity for fluorescent dyes or other
small molecule compounds, as well as their toxicity to cells. This variability
of aggregates can depend on various environmental factors, such as solution
pH, ionic strength, etc. However, some studies have shown that some proteins
can form aggregates with different conformations even under identical
conditions. Such fibril variability is not only characteristic of protein
aggregation in vitro, but is also observed in diseases, where distinct types of
amyloid assemblies cause different disease phenotypes.

Therefore, the aim of this work was to determine how the aggregation process
of various amyloidogenic proteins (kinetics, structure and morphology of the
resulting aggregates) can be affected by environmental factors, which are
among the most common variables in aggregation studies in vitro, and to
identify the condition-structure dependence of aggregates.
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Aim

To understand the influence of various environmental factors on the amyloid
aggregation process.

Objectives

1. Analyze the impact of the protein folding state on lysozyme amyloid
aggregation.

2. Investigate the influence of various solution conditions on the process
of insulin aggregation.

3. Evaluate the effects of small-molecule compounds on alpha-synuclein
amyloid aggregation.

4. Assess the impact of protein—protein cross-interactions on prion
protein aggregation in the presence of superoxide dismutase-1 and
S100A09.

12



SCIENTIFIC NOVELTY

Amyloid aggregation has been an actively researched field for several
decades, leading to advances in our understanding of protein fibril formation
mechanisms and their role in multiple widespread disorders. During these
studies, a peculiar phenomenon was observed, where the same protein could
misfold and assemble into multiple structurally distinct aggregate types.
However, a clear correlation between the fibril characteristics and factors that
influence them have yet to be fully understood.

In this work, it was observed that even minor alterations in various
environmental factors, such as temperature, ionic strength or pH, can
significantly alter both the aggregation mechanism, as well as the resulting
protein fibril structure and morphology. Interestingly, this effect of
environmental factors appeared to be a generic feature of amyloids, as all of
the proteins used in this study displayed a condition-structure relationship.
These findings have several important implications in the fields of amyloid
disorders, as well as functional nanomaterials.

In the case of amyloid diseases, these results demonstrate that the conclusions
drawn from mechanistic research of protein aggregation or the search for
potential anti-amyloid compounds may be heavily impacted by the selected
test conditions. In this work, it was shown that the aggregation conditions can
influence fibril stability, self-replication potential, bound-dye signal intensity
and their cytotoxicity. All aforementioned parameters are widely used as
criteria to interpret the results of amyloidogenic protein aggregation assays,
which may explain the disparity between in vivo and in vitro studies, as well
as diverging reports from different research groups.

Additionally, amyloid fibrils have begun to be recognized as potential
nanomaterials for hydrogel formation, tissue engineering and bioscaffold
assembly. The results of this work highlight the possibility of generating a
large variety of different length, width and stability fibrils from multiple
amyloidogenic proteins. By altering the environmental conditions, it is
possible to modulate the level of fibril self-assembly into tightly packed
clusters, web-like structures or laterally associated filaments. Taking into
consideration all results of this study, it is likely that the condition-structure
relationship can be applied to shape the majority of amyloidogenic proteins
and used to create a large variety of functional structures.

13



DEFENDING STATEMENTS

Lysozyme amyloid aggregation is influenced by the protein’s folding
state. Protein unfolding promotes resulting fibril structural variability.
Elevated environmental temperature causes alpha-synuclein fibril
restructurization to a single distinct conformation.

Insulin amyloid aggregation is highly sensitive to solution
components, pH and ionic strength. Insulin aggregation in phosphate
and HCI solution conditions results in formation of the same type of
fibrils, while acetic acid promotes distinct aggregate isoform
stabilization.

Alpha-synuclein  amyloid aggregation is modulated by
imidazothiazine derivatives, which inhibit the reaction and induce the
formation of distinct fibril isoforms.

Cross-interactions with S100A9 and superoxide dismutase-1
modulate prion protein amyloid aggregation by inhibiting its kinetics
and reducing the structural polymorphism of the resulting fibrils.

14



LITERATURE OVERVIEW

History of amyloids

The timeline of recorded amyloid-related diseases dates back to the 17th
century. It is believed that the first source describing cases of amyloidosis was
a book published in 1639 by the doctor and dramatist N. Fonteyn. In this work,
the author described autopsies in which unusual deposits were found in
organs'?. However, the term “amyloid” itself was created only in 1838 by the
German botanist M. Schleiden, when he noticed similar deposits composed of
starch in plant cells®. For this reason, the meaning of the term is “starch-like”
and is derived of the Latin word “amylum” and the Greek word “amylon™*".
In the case of humans, the term amyloid was used later in 1854 by the German
pathologist Rudolf Virchow. During an autopsy, he found protein deposits in
organs that could be stained with iodine and mistakenly considered them to be
composed of starch®. Just 5 years later, Friedreich and Kekule proved that
these aggregates were different from starch or cellulose because they were
similar to proteins®.

Despite these reports of peculiar, starch-like deposits and their possible role in
disease, the first widespread amyloidosis described in detail was Scrapie”?.
The name of this disorder came from the unusual behavior of disease-affected
sheep scraping their skin against their enclosure's posts and fences’. The cause
of this disease remained elusive until 1967, when Griffith hypothesized that it
could be a specific protein”!?. Until then, it was believed that this disease was
caused by parasites, bacteria or viruses™'!. However, 15 years after the
"protein only" hypothesis declaration, Prusiner and colleagues proved it and
the infectious particles were indeed protein aggregates, which they later
named as prions”'2,

After it was observed that these aggregates could be stained with iodine,
further efforts were made to find alternative methods for their detection and
analysis®. In 1922, Bennhold observed that amyloids could also bind Congo
red, a dye previously used for cloth staining and as a pH-indicator'. For a long
time, this dye was used as a standard to diagnose amyloidosis. Since amyloids
from different afflictions were able to bind the same dye, it was assumed that
they might have structural similarities'. This hypothesis was confirmed in
1959 by Cohen and Calkins using electron microscopy. They observed that
aggregate samples obtained from various tissues or organs were composed of
filaments or fibrils'>. Almost 10 years later, researchers analyzed the aggregate
secondary structure using X-ray diffraction and observed that amyloid fibrils
have a cross beta-sheet structure'®. This term arose from analyzing the
diffraction pattern of amyloid fibrils, which consists of two diffraction signals
perpendicular to each other. There is one intense meridional reflection,
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corresponding to the spacing between B-strands aligned perpendicular to the
fibril axis, and another broader equatorial reflection - corresponding to the
distance between stacked B-sheets running parallel to the fibril axis!'’!®.
Moreover, in 1971, Glenner, Benditt and colleagues were the first scientists
who determined the sequences of two amyloid aggregate forming proteins -
immunoglobulin light chain and amyloid-A'"*. In 1982, Prusiner and
colleagues noted that amyloid aggregates exhibit resistance to proteases and
some fibrils are insoluble in denaturing agents?'.

Although many studies of amyloid aggregates have been carried out over the
past years to identify various aspects of this process, several significant
discoveries have been made. A review by Chiti and Dobson published in 2006
suggested that the aggregation processes of different amyloid proteins have a
common mechanism?. Three years after these scientists' insights, in 2009
Knowles and colleagues proposed a theoretical description of this process,
which  consists  of  nucleation, elongation and  secondary
nucleation/fragmentation stages®. Another important development in the
study of amyloid fibrils was the use of cryo-electron microscopy for high-
resolution structure determination since 2010. This methodology provided
significant insights into the structural differences between fibrils formed in
humans and in vitro**®. Although cryo-EM has been used in the study of
amyloid fibrils for more than 10 years, it is only recently that its usefulness
has grown significantly. The application of this method allows to determine
the 3D structures of fibrils at the atomic level, their structural polymorphism,
and provide useful insights in the development of potential drugs**’.

Last decade, it was observed that some proteins associated with amyloidoses
tend to form protein droplets during liquid-liquid phase separation and this
process may be related to their aggregation®®. Recent studies suggest that the
formation of amyloid protein biocondensates may be a crucial step and may
induce the nucleation and further aggregation process®’. These findings may
help scientists to answer more questions about the onset of amyloid diseases.
Even though many different factors that promote or inhibit the aggregation
process and methods for detecting aggregates have been identified, only a few
effective drugs or treatments have been found. In 2019 Tafamidis, a drug for
the treatment of transthyretin-related cardiomyopathy and in 2021
Aducanumab, a monoclonal antibody for the treatment of Alzheimer's disease,
were approved by the FDA332,

The small molecule compound Tafamidis acts as a transthyretin stabilizer. It
interacts with the T4 binding site of the transthyretin tetramer, thereby
inhibiting the dissociation of the tetramer and thus preventing further
aggregation process®. Unlike the previously mentioned drug, the monoclonal

16



antibody aducanumab targets amyloid beta in its aggregated form, particularly
its 3 - 7 amino acid residue region®*. Unfortunately, the production of the latter
was stopped in 2024 due to a number of dangerous side-effects. Other similar,
but more effective in reducing cognitive decline monoclonal antibodies, such
as Lecanemab (2023), Donanemab (2024) have been approved®’. The
targets of these monoclonal antibodies are soluble amyloid beta protofibrils
and N-terminally truncated pyroglutamate-modified amyloid beta peptide at
position 3, respectively®®. Lecanemab neutralizes and removes -early
aggregates, while donanemab cleares plaques by recognizing the toxic
aggregated form of amyloid beta®.

Amyloidosis

In recent years, amyloidogenic proteins and their aggregation process have
attracted the attention of many scientists. Currently, 42 amyloid proteins have
been identified, whose aggregation is associated with various human
amyloidoses*’. Amyloidosis is a group of diseases caused by protein
conformational changes and their subsequent aggregation. During this
process, insoluble fibrillar structures are formed, which accumulate and
damage cells*. The formation of these amyloid plaques ultimately disrupts the
functioning of various organs®. Amyloidoses are classified according to
several aspects. One of them is the localization of the aggregates. These
diseases can be localized (aggregates accumulate in only one organ or area of
the body) or systemic (aggregates spread to several organs or tissues)*.
Another distinction is the principle of the onset of the disease. These disorders
can be sporadic (arising from random gene mutations or other unknown
factors), iatrogenic (developing due to infection through contaminated
surfaces, blood transfusion, organ transplantation) or hereditary (gene
mutations that determine the disease onset are passed to subsequent
generations)*. Finally, amyloidoses can be classified according to the protein
whose aggregation is related to the development of the disease*!. These
diseases also differ in their rate of progression and age of onset*’. Some
amyloidosis are rapidly progressive and fatal (Creutzfeldt-Jacob disease),
while others appear predominantly at an older age (Alzheimer’s disease)®.
There are also disorders that do not cause any fatal consequences and people
can survive for many years (Injection-localized amyloidosis)*. Most of these
diseases are currently incurable and the available treatment modalities usually
only slow down the disorder progression or reduce their symptoms*. Some
examples of amyloid proteins associated with various human diseases are
listed in Table 1%.
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Table 1. Examples of amyloidogenic proteins/peptides, number of their amino

acid residues and associated diseases*.

Peptide/ Number | Systemic/ | Acquired/ | Disease

protein of localized | hereditary
residues

Amyloid beta 400r42 | L A, H Alzheimer’s disease,
Inclusion body
myositis

Alpha- 140 L A Parkinson’s disease

synuclein

Beta-2- 101 S A H Dialysis-related

microglobulin amyloidosis

Insulin 51 L A Injection site
amyloidosis

Lysozyme 129 S H Lysozyme systemic
amyloidosis

Prion protein 208 L A H Spongiform
encephalopathies
(Creutzfeldt-Jacob
disease)

Tau 352441 | L A Alzheimer’s disease,
Fronto-temporal
dementia

Transthyretin | 127 S A H Senile systemic
amyloidosis

Aggregation mechanism

To function properly, synthesized polypeptide chains must acquire a certain
native structure. Folding itself is a complex, stochastic process, during which
intermediate forms can be assembled, which are less stable than the correct
native state*é. However, in some cases, the protein misfolds into aggregation-
prone conformation and begins to self-associate into oligomeric intermediates,
forming an aggregation nucleus and ultimately amyloid fibrils that is more
stable than its native state*’. Amyloid aggregation follows a nucleation-
dependent polymerization mechanism, where a misfolding event precedes all
further assembly phases?’. The overall process consists of several stages,
including nucleation, elongation and secondary processes (Fig. 1)%%47.
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Figure 1. Representative general model for amyloid fibril formation by
nucleation-dependent mechanism*®.

In the case of spontancous aggregation, the reaction begins with primary
nucleation, where conformational changes of the native monomeric protein
are accompanied by oligomerization, forming a nucleus to which further
monomer incorporation can take place®. This is the rate-limiting stage of the
entire process, since conformational changes in the native protein structure are
thermodynamically unfavorable reactions®®. However, the resulting
aggregation nucleus is usually stable enough to prevent disassembly into its
native arrangement. These protein conformational changes can be initiated by
random mutations, post-translational modifications, cellular stress or protein
quality control dysfunction®*2, In order to accelerate this process during in
vitro studies, proteins are destabilized by increasing temperature, changing the
pH of the solution or using denaturants>. Nucleation can also be accelerated
by promoting interactions between protein molecules (increasing protein
concentration), changing the ionic strength of the solution or using agitation.
However, studies show that in some cases, increasing protein concentration
can also slow down the aggregation process itself, as off-pathway native-like
oligomeric protein structure can be formed or self-stabilization can occur®.
The initial nucleus often acts as a structural template, determining how the rest
of the fibril assembles. Aggregate polymorphism refers to the phenomenon
where the same protein can form multiple distinct aggregate structures (fibril
strains), under different or even identical conditions®”.

The formation of stable critical size aggregation nuclei is followed by the
elongation phase. During it, native monomeric protein molecules bind to the
formed nucleus, and adopt its conformational template®. This process is
typically several orders of magnitude faster than primary nucleation®.
Elongation occurs at fibril ends in either semi- or bi-directional paths*®. The
fibril strains can replicate themselves, maintaining their physical and
structural properties and transferring this “conformational memory” to the
neighboring monomer'**’. This feature of fibrils can be used to initiate protein
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amyloid formation without the rate-limiting nucleation step by adding
preformed fibrils into monomer solution. It is usually called seeded-
aggregation, or just seeding and is a probable mechanism of proteinaceous
infectivity®®>°.

The rapid elongation phase is usually accompanied by additional processes -
fibril fragmentation and fibril surface-mediated nucleation (often referred to
as secondary nucleation)*’. During the reaction, when the resulting fibrils
reach a critical length, they tend to break, thus creating more ends to which
new monomer molecules can bind. This process significantly increases the
rate of aggregation'?. In order to stimulate the fragmentation process in vitro,
various modes of agitation are often used (shaking, glass beads, disruption by
ultrasound)®’. Another secondary process is surface-mediated nucleation. In
this step the surface of fibrils acts as a catalyst for the formation of new
aggregation nuclei®’. Monomeric proteins bind to the hydrophobic surface of
fibrils, change their conformation and form nuclei, which then separate from
the fibril and serve as an additional aggregation center®.

Aggregation monitoring

There are several ways to track the aggregation process in vitro. First dye used
in the studies of amyloid protein aggregation was Congo red. It was invented
in 1884 by the German chemist P. Bottiger®®. However, the discovery of this
dye was accidental, because Bottiger sought to create a new pH indicator, but
synthesized a dye that binds to textile fibers'>. Despite the history of its
discovery, the German doctor Bennhold was the first person who used Congo
red in 1922 to diagnose amyloidosis'®. This dye has a hydrophobic center,
which consists of two phenyl rings, as well as terminal molecule regions,
which contain sulfonic acid and amino groups (Fig. 2A)*. When this dye
binds to amyloid aggregates, a shift in the absorbance peak from 490 nm to
512 nm is observed and a new peak appears at 540 nm®. In addition, an
increase in the optical anisotropy of the aggregates (apple green birefringence)
is visible in polarized light (Fig. 2 B)®. However, the use of this dye has
decreased due to non-specificity, as it also binds to other proteins, such as
collagen and elastin®’.
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Figure 2. Molecular structure of Congo Red (A)® and example of amyloids
stained by it (B)*.

One of the most commonly used dyes for amyloid aggregation tracking is
thioflavin-T, which is quite specific for amyloid aggregates and usually does
not interact with proteins in their native, partially or fully unfolded form®. In
1959 Vassar and Culling were the first researchers who announced the
possibility of using this dye for aggregation analysis’’. Thioflavin-T consists
of a dimethylated benzothiazole ring connected to a dimethylamino benzyl
ring through a single bond (Fig. 3). In aqueous solutions, both rings rotate
freely. This rotational movement is immobilized in the beta-sheet grooves of
the forming aggregates. In this way, an increase in the fluorescence quantum
yield is visible®.
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Figure 3. The principle of thioflavin-T (ThT) fluorescence enhancement via
rotational immobilization®?.

When following the spontaneous aggregation process, a sigmoid-shaped
change in fluorescence intensity is typically observed (Fig. 4 red)*. During
seeded aggregation, when preformed aggregates are present in the reaction
mixture, the lag phase is significantly shortened and aggregation usually is
described as an exponential kinetic curve (Fig. 4 blue)**. However, studies
show that in some cases of spontaneous protein aggregation, a different shape
of the fluorescence intensity curve is possible. There are cases of double
sigmoidal kinetics, in which it is believed that intermediate ThT-positive
aggregates are formed’'. Another possible case is a continuous increase in
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fluorescence intensity, in which neither a clear lag nor a plateau phase is
visible™.
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Figure 4. Graph showing fibril formation via nucleation-dependent manner
(red curve) or seeding (blue curve).

Despite the fact that ThT has been widely used in amyloid aggregation studies
for many years, scientists are always striving to develop a new, more effective
dye to monitor the protein aggregation process. A new dye, YAT2150 (Fig. 5),
was recently introduced, which, according to research results, has high affinity
and selectivity for amyloid aggregates. It can be used both for in vitro studies
and for analyzing cell cultures®. Examples of other newer dyes are
luminescent conjugated oligothiophene dyes (LCOs), marketed under the
trade name Amytracker, and NIAD-4 (Fig. 5), which was developed for optical
amyloid-B imaging and is able to cross the blood-brain barrier’* ¢, However,
these and the previously mentioned dyes are specific for formed fibrillar
aggregates and are unable to detect early soluble oligomeric forms. Studies
show that in some cases, dyes such as aminonaphthalene 2-cyanoacrylate-
spiropyran  (AN-SP) and triazole-containing boron-dipyrromethene
(taBODIPY) (Fig. 5) are able to interact with early-stage amyloid-beta
aggregates’’.
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Figure 5. Molecular structures of YAT21507%, Amytracker™4807,
taBODIPY”’, AN-SP”7, NIAD-47°.

Fibril structure and morphology

One of the main and primary structural features of amyloid fibrils is their
predominantly beta-sheet structure, where intermolecular beta sheets
perpendicular to the fibril axis are formed'®. Since the amount of these
secondary structure elements changes during protein misfolding and
aggregation, various methods are used to track these alterations, including CD,
FTIR and Raman spectroscopies®. Although the beta-sheet structure is
characteristic for different protein amyloid fibrils, its length and distribution
vary depending on the protein®®. Beta-sheets can form several types of
quaternary structures, which are found in amyloid fibrils (Fig. 4).

One example of such structures is the beta-sandwich, where two beta-sheets
are arranged face to face and are often separated by a loop hinge region (Fig.
6 A)®. Studies show that a further arrangement of such motifs is possible,
called a superpleated beta-sheet structure. In this case, several beta-sheets
form a stack aligned in one direction (Fig. 6 C)*'. Another way of beta-sheet
organization in amyloid fibrils is the beta-solenoid. In this structure, the
polypeptide chain forms a fibril layer or rung, which turns around through the
loop and further forms the second layer (Fig. 6 B)*°. Other studies demonstrate
hetero-amyloid or hetero fibrils, which are composed of two different types of
beta-sheets*®. However, in this case, an unusual ladder-shaped stack is formed,
which is stabilized by hydrogen bonds and hydrophobic packing®. This type
of different variability in the distribution of secondary structure motifs
demonstrates the phenomenon of amyloid aggregate polymorphism®.
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Figure 6. Examples of beta-sandwich (A)%, beta-solenoid (B)*® and
superpleated beta-sheet (C)®! structures found in amyloid fibrils.

Mature fibrils have a periodic structure that depends on the protofilament
twisting in relation to one another®®. Since protofilaments can form different
3D structures, depending on how they pack together, aggregates with different
morphological structures are formed (examples of different fibril morphology
is shown in Fig. 7)*. These distinct fibril morphologies can be divided
according to the degree of fibril twisting, their diameter, weight per length or
the number of protofilaments that create the fibril**®. In some cases,
aggregates also tend to associate laterally or form large clusters®. In order to
distinguish morphologically different isoforms, atomic force, cryo-electron or
transmission electron microscopy techniques are often used®%. Aggregate
polymorphism is also observed in cases of neurodegenerative disorders, which
can influence the type and progression of the disease®®. In vitro studies show
that the formation of amyloid aggregates with different structures or
morphologies may depend on multiple environmental factors®. In some cases,
even identical conditions have yielded a mixture of structurally distinct
fibrils®. These data indicate that amyloid aggregate polymorphism may be a
key factor responsible for the variety of neurodegenerative disorders, as well
as one of the main hindrances in elucidating the mechanisms of fibril
formation.
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Figure 7. AFM images (A) and corresponding models (B) of B-lactoglobulin
fibrils with different periods®.

Fibril stability

In aggregation studies, environmental conditions that destabilize the protein
are often used to promote misfolding and fibril formation. Therefore, higher
temperatures, high salt concentrations and denaturants are used. These
conditions also affect the stability of already formed amyloid fibrils®'. This is
one of several parameters that are used in studies to identify different types of
aggregates. The stability of fibrils often depends on several structural
parameters. One of them is the cross-beta structural motif, which, depending
on the number of hydrogen bonds formed, is one of the most important factors
stabilizing the fibril structure®®. This motif is also responsible for the aggregate
partial resistance to proteases'®. Another factor contributing to the stability of
fibrils is the increase in Van der Waals interactions and the reduced exposure
to solvents®,

Although in vivo studies of aggregate stability are not possible, this property
provides many insights into the fibrils which are isolated from patients. During
a fibril denaturation assay with aggregates from a patient with prion disease,
a correlation was observed between fibril stability and the length of the
incubation periods of prion diseases®. The results showed that prions that
were detected in cases with a short incubation period were less stable under
denaturing conditions®. Similar structure-stability correlations were observed
for a number of other amyloid proteins in vitro, such as insulin, lysozyme,
indicating that this parameter can be used to distinguish between different
amyloid fibril strains®®.

Amyloidogenic proteins used in this work

Insulin

Insulin is a hormone that is primarily responsible for regulating blood sugar
levels, as well as carbohydrate, protein, and fat metabolism in the body®’. This
hormone is secreted into the bloodstream by the Langerhans islet beta cells in
the pancreas. Before secretion, insulin is stored in an inactive form — a
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hexamer consisting of three dimer pairs bound to two Zn?" ions®®. In the
bloodstream, the hexamer breaks down into dimers and then into monomers.
The monomeric form of insulin is the active molecule that performs its
function in the body®. Insulin consists of two chains, the secondary structure
of which, in its native state, is dominated by alpha-helices. The two chains
consist of 21 and 30 amino acids, which are connected by two disulfide
bridges!®. In 1921, scientists from Canada - F. Banting, C. Best, J. Macleod,
J. Collip - successfully isolated insulin from the blood and demonstrated its
function in the body'”'. In 1969, D. C. Hodgkin determined the crystal
structure of this protein and was later awarded the Nobel Prize in Chemistry®®.

However, under certain conditions, this globular protein tends to change its
native conformation and form amyloid fibrils. The analysis of its aggregation
process was prompted by the observation of insoluble aggregates around its
injection site in the case of people with type I and type II diabetes'®?. This
disorder was named non-lethal local injection amyloidosis*. In 1940, Waugh
was the first scientist who described the stages involved in this protein’s
aggregation and the resulting fibrils'®. Despite the wide range of
environmental conditions used for in vitro insulin aggregation studies, it is
usually carried out at low or neutral pH and at elevated temperatures. Agitation
is also often used to accelerate the process'®. Due to its low price and simple
aggregation protocol, this protein is often used as a model of amyloid fibril
formation studies. Since it is known that insulin aggregation is characterized
by fibril polymorphism, and these studies are usually performed at low pH,
with different major solution components, this particular protein was chosen
to analyze the complex effect of three environmental factors - pH, ionic
strength, and the major solution chemical component - on the aggregation
process (Publication 4).

Lysozyme

Lysozyme is a globular protein that acts as an enzyme in the body. In 1922, A.
Fleming was the first who isolated lysozyme from human nasal mucosa and
determined its antibacterial function'®. This protein is found not only in the
mucosa, but also in saliva, tears and blood serum'%, Lysozyme hydrolyzes the
B-1,4 glycosidic bond between N-acetylmuramic acid and N-
acetylglucosamine in the peptidoglycan cell wall of gram-negative bacteria,
thereby disrupting their integrity'?. During research, it was observed that a
mutation in the gene encoding lysozyme and its aggregation cause hereditary
systemic lysozyme amyloidosis!®’. As this disease progresses, the
accumulation of lysozyme aggregates damages various organs and causes
their dysfunction'®.
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Hen egg-white lysozyme, which was used in this work, consists of a single
polypeptide chain comprised of 129 amino acids'®. The crystal structure of it
was first determined in 1965'%, This protein is divided into two domains
(alpha and beta), which are connected by four disulfide bridges. These
domains differ in their secondary structure - the alpha region is composed of
four alpha-helices, and the beta - is dominated by antiparallel beta sheets!!°.
Since the lysozyme from hen egg white is an ortholog of human protein
variants associated with amyloidosis, it has a similar sequence, and the
production of this protein is relatively cheap, it is often used for aggregation
studies in vitro. Research shows that this protein tends to easily form fibrils at
low pH or elevated temperatures'®!'°. Other factors, which also enhance its
amyloid aggregation, include: the addition of denaturants or organic solvents,
as well as intensive sample agitation''!. Given that lysozyme aggregation is
characterized by polymorphism of the formed fibrils, and that the melting
point of the native protein is highly dependent on the solution pH, lysozyme
was chosen to analyze the influence of the initial protein folding state at
different pH conditions on the structural and morphological variability of the
formed aggregates (Publications 1 and 2).

Prion protein

Cellular prion proteins are membrane glycoproteins that bind to the lipid
bilayer using a glycosylphosphatidylinositol anchor!!?. Prion proteins are
synthesized and undergo post-translational modifications, such as removal of
signal sequences, attachment of a GPI anchor, formation of disulfide bridges
or N-terminal glycosylation'!'>. The largest amounts of this protein are
synthesized specifically in the central nervous system, but are also found in
other organs''*. Native prion proteins are believed to be involved in the
management of oxidative stress, modulation of signaling pathways and ion
binding processes'’>. Mammalian prion proteins are composed of
approximately 250 amino acids, with signal sequences at the C- and N-
terminals. The native prion protein consists of two regions: an N-terminal
unstructured region and a C-terminal globular domain. The N-terminal protein
end is also divided into two hydrophilic regions and one octapeptide repeat
domain''¢-118,

Conformational changes of prion proteins to their infectious forms are
associated with neurodegenerative diseases called transmissible spongiform
encephalopathies. Examples of such disorders include Creutzfeldt-Jacob
disease, Gersmann-Straussler-Scheinker syndrome, fatal familial insomnia
and Kuru disease!''*. Prions were the first identified proteins that were acting
as a template and initiating further conformational changes of the native
protein molecules!!®. Due to its stability, in vitro aggregation studies require
high concentrations of denaturing agents, such as guanidine hydrochloride,
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urea, as well as elevated temperatures and intensive sample agitation'?’, It has
also been shown that fibrils formed under such conditions in vitro have a
relatively lower amount of beta-sheets in their structure compared to those
isolated from infected mammalian tissues, which greatly reduces their
infectivity'?’, Under identical conditions prion proteins are highly prone to
form structurally distinct aggregates that differ not only in the amount of
secondary structure elements, but also in morphological parameters'?!. This
conformational variability and the protein’s high susceptibility to
environmental factors was the main reason it was chosen for cross-interaction
studies in this work (Publications 6 and 7).

The amino acid sequences of human and mouse prion proteins are more than
90% homologous'?. In addition, both proteins have a similar secondary
structure!?*!24, However, the differences between the human and mouse prion
protein sequences (18 amino acids) determine the emergence of a species
barrier'#>12¢, Studies show that the core of mouse prion protein aggregates
consists of the amino acid sequence 89-230. This sequence remains stable after
protease digestion'?’. For these reasons, this fragment of mouse prion protein
is often used during in vitro studies.

Alpha-synuclein

Alpha-synuclein is a protein, consisting of 140 amino acid residues®’. It
belongs to the synuclein protein family, which is found in vertebrates!?®. This
protein was first discovered in 1988 by the French scientist Maroteaux, who
studied the nuclei and synaptic vesicles of fish cholinergic neurons®’. Because
of its localization, this protein’s name was composed of - “syn” - from the
word synapse and “nuclein” — nucleus'?’. In later years, alpha-synuclein
became the subject of numerous studies where it was shown to be a major
component of Lewy bodies and neurites — the markers of Parkinson's disease
or dementia with Lewy bodies'*.

Predominantly, Asyn is synthesized in the brain, but in smaller quantities it
can also be found in other organs'®'. The N-terminal end of the protein
contains a conserved amino acid sequence. This is followed by a hydrophobic
central domain known as non-amyloid component, which tends to form p-
sheets during aggregation. The flexible C-terminal end of the protein is
dominated by negatively charged amino acid residues and proline!*?. After
translation, the most common post-translational modification of synuclein in
disease-related cases is phosphorylation'*. Although the exact physiological
function of alpha-synuclein is not clear, it is believed that this protein is
responsible for the movement of synaptic vesicles in the synaptic cleft'3*!3>.
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Alpha-synuclein is an intrinsically disordered protein, but when incubated for
longer periods of time under physiological conditions, it tends to aggregate
into amyloid fibrils'*. Studies show that alpha-synuclein forms structurally
different fibril strains based on the environmental conditions and additives
used during the process'>”!3. It has also been observed that this protein is able
to form distinct aggregates under identical experimental conditions'?. For this
reason, alpha-synuclein was chosen in this work to investigate how fibrillar
structures are influenced by changes in environmental conditions or the
addition of potential inhibitor molecules (Publications 3 and 5).

S100A9

S100 are a family of calcium-binding proteins found only in mammals'*. In
1965, B. W. Moore first purified these proteins from bovine brains and named
them S100 due to their solubility in 100% saturated ammonium sulfate
solution at neutral pH'*°. Currently, 25 members of the S100 protein family
have been identified'"!. They are involved in various extracellular and
intracellular regulatory processes, such as apoptosis, differentiation,
proliferation, calcium homeostasis'*. One of the most studied members of this
family, S100A9, is a pro-inflammatory protein also known as calgranulin B or
migration inhibitory factor-related protein 14 (MRP-14). This protein is
mainly produced by neutrophils and, to a lesser extent, by neurons and
microglia'*?. The secondary structure of S1I00A9 is characterized by a long
unstructured C-terminus and four alpha helices, which form two helix-loop-
helix motifs, also known as EF-hands. The ends of these motifs are associated
with hydrophobic protein regions and two calcium ions bind to the EF-
hands'#. Upon binding of calcium ions conformational changes are initiated,
exposing the protein hydrophobic regions to the solution, thereby facilitating
the interaction of SI00A9 with other proteins in the body'*. In vivo, SI00A9
is most often found as a heterodimer with S100A8 (calgranulin A or MRP-8).
Although homodimers of these proteins are also discovered in smaller
quantities, they are less stable than heterodimers’.

In vitro, S100A9 is able to aggregate and form amyloid fibrils under
physiological conditions, without calcium ions in the reaction'*?, This leads to
the loss of its signaling function and the resulting fibrils possess cytotoxic
properties. Studies show that S100A9 aggregation depends on the
concentration of calcium ions, where a higher concentration can completely
suppress its fibrilization'*”. When analyzing atomic force microscopy images
of the formed S100A9 protein fibrils, it is seen that this protein often forms
worm-like aggregates'*?. It has also been observed that during interactions
with other proteins, SIO0A9 can modulate their aggregation propensity and
redirect their fibril formation pathway'*!#. For this reason, S100A9 was
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chosen to investigate its cross-interaction with the previously mentioned prion
protein fragment (Publication 7).

Superoxide dismutase-1

Superoxide dismutase-1 (SOD1) is a highly conserved metalloenzyme found
in the cytosol, outer membrane and intermembrane space of mitochondria'*.
SOD1 is one of the most commonly found proteins in cells, accounting for 1—-
2% of total protein count. It is involved in the scavenging of superoxide
radicals, which are released by mitochondria as byproducts of redox
reactions'?. The enzyme converts these radicals into hydrogen peroxide and
oxygen, which is one of the main protein functions in the body. In addition,
SODI is believed to work as an RNA-binding protein or transcription factor
activator'®®, SOD1 is a 32 kDa homodimer, which is synthesized in various
mammalian tissues. The highest levels of SODI1 are found in the central
nervous system and liver'*’. Monomers of this protein contain one zinc and
one copper ion, as well as an intermolecular disulfide bond that stabilizes the
homodimer structure, in addition to the subunits being held together by
hydrogen bonds and hydrophobic interactions'*’.

Misfolding and aggregation of SODI are associated with the development of
amyotrophic lateral sclerosis (ALS). ALS is a life-threatening
neurodegenerative disorder in which motor neurons die, leading to muscle
atrophy, paralysis and ultimately respiratory failure'*’. Most cases of ALS are
spontaneous and only about 10% are inherited. SOD1 was the first identified
gene, whose mutations were associated with the development of ALS'.
Studies have shown that ALS is characterized by more than 200 different
mutations that destabilize the homodimeric protein structure and thus promote
aggregation'®!. The protein is modified after translation, thereby affecting its
folding and ability to bind metal ions. Post-translational modifications of
SODI can also alter its localization in the cell and its function'*®. Mutations
in the SOD1 gene are also known to result in SOD1 variants with higher
tendencies for aggregation'’. However, studies have shown that not all post-
translational modifications are associated with the development of ALS'#,
Despite mutations, SOD1 aggregation can be induced by removing metal ions
that stabilize the protein homodimeric structure or by breaking the disulfide
bridge. Vigorous mixing of samples is also used to accelerate this process'?’.
During studies with SOD1, it was observed that it can alter the process of other
amyloidogenic protein aggregate formation. For this reason, similarly to
S100A9, it was chosen to investigate its cross-interaction with the previously
mentioned prion protein fragment (Publication 6).
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Environmental factors

Temperature and agitation

Temperature is one of the most frequently changed factors in protein
aggregation studies. Modulation of this experimental condition itself affects
the aggregation process in several aspects - by altering the kinetic parameters
and the structure of the resulting aggregates. Increasing the temperature is
usually used to accelerate this process. In the case of kinetics, higher
temperature accelerates the nucleation process (the lag time is shortened),
because a larger part of the protein molecules are in a partially or fully
unfolded state, which promotes conformational changes and the formation of
aggregation nuclei, as well as an increased molecular motion promotes
monomer interactions and nucleation'*. However, sometimes the effect of
lower temperature on proteins and their aggregation is also observed, called
cold denaturation or cold-unfolding, which promotes the nucleation process
and further protein aggregation'*2.

Temperature also affects the subsequent aggregation stage - elongation. At
higher temperatures, the movement of molecules accelerates, more collisions
and hydrophobic interactions in solution occur, so the reaction rate increases*.
However, temperature affects not only primary processes, but also secondary
ones, such as fragmentation®. In addition to affecting the kinetic parameters
of aggregation, temperature can also alter the structure of the resulting fibrils.
Literature analysis reveals that at higher temperatures, greater variability in
the structures of the formed fibrils can be observed®. Moreover, fibrils formed
under different temperature can vary in their stability, cell toxicity, seeding
efficiency, morphology or number of protofilaments*.

Despite the common use of higher temperature in studies to accelerate the
aggregation process, the publications frequently describe the enhanced
kinetics (lag time, rate constant) without providing the precise mechanistic
cause. However, it is important to understand how subtle shift in the initial
protein folding equilibrium predetermines subsequent fibril variability.
Discovering the influence of this parameter on aggregate polymorphism could
provide important insights into the appearance of distinct disease phenotypes
(e.g., in prionopathies), differences in aggregate toxicity, and the spread of
aggregates in disease. For this reason, part of my work was dedicated to
determining the relationship between the initial protein folding state at the start
of the reaction and the polymorphism of the resulting aggregates. The link
between these two parameters was identified by taking into account the
melting point of lysozyme, while also changing secondary environmental
factor - the solution pH (Publications 1 and 2).
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Another important aspect where literature does not provide sufficient insight
concerns the effect of temperature on already formed aggregates. Often,
studies identify structurally different aggregate strains, which are compared
not only according to their structural and morphological parameters, but also
by their stability against denaturants or resistance to proteolysis, but the effect
of temperature on the structural integrity of fibrils remains unknown. Despite
the possibilities of identifying different strains, many unanswered questions
remain in this area, particularly concerning the dynamic stability of
aggregates. For this reason, part of my work was committed to analyzing how
incubation at higher temperatures affects different alpha-synuclein pre-formed
aggregate strains (Publication 3). In this way, the study provided important
information for understanding the possible propagation and pathology of fibril
strains in vivo during inflammation events.

Another environmental factor - agitation of samples, in addition to
temperature is often used to accelerate and promote the process of protein
aggregation during in vitro studies. There are several methods of agitation,
which include rotating, shaking, stirring and vortexing'®. Aggregation-
inducing factors that arise from various forms of agitation include: additional
liquid-surface or liquid-air interfaces (protein misfolding at interfaces),
sample mixing (higher molecule collision frequency and fibril
fragmentation)*.

pH and ionic strength

Another factor that varies during in vitro aggregation studies is the pH of the
solution. Since proteins are very sensitive to changes in pH, this parameter
affects both the aggregation kinetics and the structure of the resulting fibrils.
First of all, in terms of its influence on the aggregation kinetic parameters, this
environmental factor can promote or slow down the aggregation process*.
Aggregation can be promoted by the following pH-dependent factors: changes
in the protein charge (closer to the pl value, proteins interact more easily,
nucleation and elongation stages are accelerated), decrease in stability
(hydrogen or non-covalent bonds are broken, exposure of hydrophobic regions
to solvent increases, thus promoting conformational changes)'*. However,
aggregation can also be inhibited by altering the pH further away from the
protein pl, thus increasing its net charge. This slows down the aggregation
process (nucleation, elongation) due to increased electrostatic repulsion
between more charged protein molecules'>. In addition to affecting kinetic
parameters, the structure of the resulting fibrils may depend on the pH at which
the aggregation process took place. Studies show that in some cases, the
solution’s pH affects the structural variability of aggregates '3, In case of some
proteins, fibrils formed at lower pH are thinner, more fragmented and less
stable than those formed at neutral pH'>.
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Solution ionic strength can affect the electrostatic interactions between protein
molecules. Therefore, when analyzing the aggregation process, it is important
to evaluate this factor as well. The change in ionic strength itself can affect the
kinetic parameters of aggregation and the resulting fibril structure. The main
factor influencing this process is the protein net charge*®. Higher ionic strength
reduces the electrostatic repulsion between similarly charged protein
molecules, reduces protein stability and enhances hydrophobic interactions by
diminishing the solvation of nonpolar residues, which accelerates the
aggregation process'*. However, anions and cations affect protein aggregation
differently by binding or screening the protein molecules. This effect is largely
dependent on the pH'® Furthermore, the ability of anions to affect
aggregation varies with the electroselectivity and polarizability of the
protein*®. As in the previously discussed case, ionic strength can also affect
the structural and morphological parameters of the resulting fibrils. Studies
show that fibrils formed at higher ionic strength, the are more straight and
rigid'>’. Tonic strength can also affect stability, cytotoxicity and seeding ability
of the resulting fibrils'.

The influence of pH and ionic strength on protein amyloid aggregation is well-
described. Literature shows that the effects of these two environmental factors
are strongly dependent on each other. However, the main problem in studies
remains that these parameters are usually evaluated separately, and their
overall synergistic effect is not determined. For this reason, part of my work
was aimed at analyzing how small changes in pH, ionic strength or the
solution’s main chemical component can affect the structural and
morphological variability of the resulting insulin aggregates (Publication 4).

Other proteins

Other proteins, whether specific interactors, chaperones or random bystanders,
can dramatically alter the aggregation kinetics. Some of these proteins —
molecular chaperones, such as Hsp70, Hsp90, small heat shock (sHsp) — bind
to misfolded proteins or aggregation prone regions'3*!>°. By interacting, they
can slow down or stop the nucleation or elongation stages. These proteins act
mainly by stabilizing the monomers or by disaggregating already formed
oligomeric forms'®. Some proteins can also interact with each other to slow
down the fibrillization process. For example, previous studies have shown that
alpha-synuclein aggregation is slowed down by the presence of the S1I00A9
protein, which interacts with its N-terminus'*. In another case, reports have
demonstrated that the interaction between amyloid-beta and alpha-synuclein
promotes the formation of soluble but toxic beta-sheet rich hetero-oligomers.
This stabilization of oligomeric form slowed down the further process of
amyloid-beta fibrillization'¢!2, However, in some cases, other proteins or
their aggregates can act as a surface and promote the surface-initiated
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nucleation, thereby accelerating the aggregation of this protein. One example
of such interaction is between amyloid-beta and prion protein. /n vitro studies
have shown that amyloid-beta induces prion protein aggregation even at
submicromolar concentrations'®3. Such cross-interactions are also detected in
vivo. One reported example has shown that the fibrillar form of amyloid-beta
accelerated tau aggregation process in vivo'®. In addition, other
macromolecules can act as a molecular crowding agent, which leads to the
formation of high-concentration protein droplets and thus promote the
aggregation'®. All of these interactions can also affect the structural and
morphological parameters of the resulting fibrils, leading to new types or
stabilizing a certain strain.

While numerous studies focus on identifying molecules that modulate
aggregation Kkinetics, the research generally focuses on simplified
identifications of inhibition by seeking compounds that slow down the
aggregation process (e.g., increasing half-time). This approach disregards a
crucial mechanistic detail - the inhibitor's effect on the structural properties of
the resulting aggregate. For this reason, a large part of my work was devoted
to determining how small molecule compounds (imidaziothiazine derivatives)
or proteins involved in the aggregation reaction, in their native or fibril form,
can affect not only the aggregation kinetics, but also the structural or
morphological parameters of the formed aggregates, as well as the variability
of the resulting fibrils strain (Publications 5, 6 and 7).
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METHOD OVERVIEW

Protein purification

In order to perform aggregation studies, it was necessary to first purify the
various recombinant proteins. All proteins used in this work were either
purchased from commercial companies (human recombinant insulin, hen-egg
white lysozyme) or synthesized in E. coli BL21 (DE3) cells (mouse prion
protein fragment 89-230, human alpha-synuclein, human SODI1, human
S100A9). First, the cells were transformed using heat shock and grown in
autoinduction ZYM-5052 or LB medium, induced by IPTG. Since the prion
protein and S100A9 contained a histidine tag, these proteins were purified
using immobilized nickel ion affinity chromatography and eluted from the
sorbent using buffers containing imidazole’'%, Other proteins (SOD1 and
alpha-synuclein) were purified using a combination of ion exchange and size-
exclusion chromatographies'é”-!®, After purification steps, in some cases
proteins (alpha-synuclein, SOD1) were lyophilized and stored at -20°C.
Before use, the protein powder was dissolved in the buffer solution required
for the study. Alternatively, the proteins (MoPrP 89-230, S100A9) were
exchanged into the storage buffer solution, concentrated and frozen at -20°C.
This method was used in all publications included in the dissertation.

Induction of fibrillization

To induce folded protein aggregation, the protein’s native structure must first
be destabilized. This can be achieved by various methods. For instance,
increasing the temperature can lead to partial or complete protein unfolding,
depending on its melting point'®*'". Similarly, a change in pH can destabilize
the protein by altering the charge distribution on its surface, which disrupts
electrostatic interactions. This effect depends on the protein's isoelectric point
(pI) and amino acid exposure to the solvent!*. Chemical denaturants, such as
guanidine hydrochloride (GuHCI) and thiocyanate (GuSCN) or urea, are also
commonly used to destabilize proteins!”'. Other methods include inducing
oxidative stress, using high salt concentrations, or exposing the protein to
metal ions, which can promote aggregation®.

However, many amyloidogenic proteins require specific conditions for their
aggregation. Studies show that in the case of insulin, aggregation is often
carried out at low pH'”?. For lysozyme and prion proteins, neutral pH values
are commonly used, but denaturing agents are necessary to facilitate
misfolding. In addition, the aggregation process of these proteins can be
accelerated by employing higher temperatures!?!"'73, Alpha-synuclein and
S100A9, in contrast to the previously mentioned proteins, are able to
aggregate spontaneously at physiological pH and temperature without
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denaturants’>!*’. Finally, various forms of agitation can also be used to
promote and accelerate the aggregation process. For most protein amyloid
assemblies, it fragments the formed fibrils, thereby creating additional ends
for monomer incorporation'*. This method was used in all publications
included in the dissertation.

Aggregation tracking

The fluorescent dye thioflavin-T (ThT) is one of the most commonly used
tools for monitoring the amyloid aggregation process'’*. The concentrations
of the dye used in aggregation assays varies depending on the protein
concentration involved in the reaction (10-100 uM). However, one drawback
of this method is that the dye becomes hydroxylated at the benzothiazole ring
during prolonged incubation at neutral or alkaline pH and elevated
temperatures, which diminishes its fluorescence potential'”®. The maximum
ThT fluorescence is typically achieved by excitation at a wavelength of 440 -
450 nm, with the maximum emission measured at 480 - 490 nm’. During
aggregation, a change in fluorescence intensity is observed, which correlates
with the number of dye-binding structures. This method was used in all
publications included in the dissertation.

Another dye 1-anilinonaphthalene-8-sulfonate (ANS) is often used not only to
monitor the aggregation process, but also in protein melting assays. This
molecule interacts with the hydrophobic regions of the protein, thus causing a
blue-shift in its fluorescence spectra and an increase in fluorescence
intensity!’®!”’. In addition to these commonly used molecules, the aggregation
process can also be monitored by tracking changes in sample optical density
178 This method was used in publications 1, 2 and 7.

Kinetic analysis

The aggregation curves (monitored using ThT assay), is usually analyzed by
comparing three main factors — lag time, half-time, apparent rate constant. To
determine them, data fitting is first required. In the case of spontaneous
aggregation, which is usually characterized by sigmoidal curves, a Boltzmann
sigmoidal equation is often used. As for seeded aggregation, defined by an
exponential curve, linear fitting is used between the 40 and 60 % total
fluorescence intensity points and the half-time is interpolated. The Boltzmann
equation sigmoidal fit example with calculation of kinetic parameters is shown
in Figure 8. Alternatively, the reaction kinetics can be fit with a variety of
different amyloid aggregation models, which provide reaction rate constants
for each step, such as the widely used online tool — AmyloFit'”. This method
was used in all publications included in the dissertation.
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Figure 8. The Boltzmann equation sigmoidal fit example with calculation of
aggregation kinetic parameters (lag time, apparent rate constant, half-time)®.

Fourier-transform infrared spectroscopy (FTIR)

One commonly applied method to assess the structural differences of the
formed aggregates is Fourier-transform infrared spectroscopy (FTIR). This
technique allows to determine the aggregate secondary structure, regardless of
the protein’s physical form, such as protein solutions, films, crystals,
hydrogels, etc.'®. This methodology is based on specific absorbance spectral
positions related to the vibration of the protein peptide bonds'®'. When
analyzing the secondary structure of aggregates, the main focus is on the
amide I region (1700-1600 cm™). In this region, the spectra have characteristic
maxima positions related to various secondary structure elements, such as
alpha-helices, beta-sheets, random-coil, turns and loops'®?. The FTIR spectra
band positions in D,O corresponding to different secondary structure elements
are shown in Table 2.

Table 2. FTIR spectra band position in D,O corresponding to different
secondary structure elements. Adapted from'.

Secondary structure Band position in D,O
elements
a-helix 1660-1642 cm'!

Parallel B-sheet

Antiparallel p-sheet
B-turn
Random coil

1694-1672 cm’!;
1638-1615 cm’!
1694-1672 cm’!
1691-1653 cm’!
1654-1639 cm’!
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Before scanning the protein FTIR spectra, the samples are usually exchanged
into deuterium oxide in order to avoid water-related signals and to obtain a
good quality spectrum. When analyzing the obtained data, the spectra are first
processed by subtracting deuterium oxide and water vapor spectra.
Afterwards, the spectra are baseline corrected and normalized to the same
Amide I/I’ band area. This procedure is important when comparing the
differences in structural elements between the samples, as it is not influenced
by different protein concentrations in the samples (example of fibril FTIR
spectrum and its second derivative is shown in Fig. 9). In order to quantify the
distribution of alpha-helices, beta-sheets and other secondary structures, the
FTIR spectra are deconvoluted into separate peaks. The peak positions are
chosen based on the spectra second derivative minima positions. This method
was used in all publications included in the dissertation.

; T ; T T T T T : , " T , . . .
1740 1720 1700 1680 1660 1640 1620 1600 1740 1720 1700 1680 1660 1640 1620 1600
Wavenumber (cm-) Wavenumber (cm')

Figure 9. Example of insulin fibril FTIR spectrum and its second derivative.
Adapted from!'3,

Circular dichroism spectroscopy (CD)

Another method for determining the structure of proteins is circular dichroism
spectroscopy. During this analysis, changes in the protein’s secondary and
tertiary = structure, the dynamics of folding/unfolding and binding
characteristics are assessed®™!®3, The principle of this methodology is based
on the differential absorption of circularly polarized light. Molecules absorb
left- or right-handed circularly polarized light, depending on the chiral center
of the molecule or the 3D structure that forms the chiral environment*®'34, The
advantage of this method is that information about the protein’s structure is
obtained in a relatively short time and using a low concentration of it in
solutions that correspond to experimental conditions'®. When studying
conformational changes in amyloid proteins, CD signals are analyzed in the
far UV wavelength region (240-190 nm range)'®>. Characteristic CD spectra
of different secondary structure elements are shown in Fig. 10. This method
was used in publication 3.
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Figure 10. Characteristic CD spectra (A) of different secondary structure
elements (B). Figure shows secondary structures such as a-helix (red), parallel
B-sheet (blue), antiparallel B-sheet (green), polyproline-helix (orange) and
disordered chain (purple)'®.

Atomic force microscopy (AFM)

AFM is often used to assess the morphology of fibrils, by creating 3D maps
of surfaces covered with aggregates at nanometer resolution®. This is
achieved by determining the sample position with respect to the needle,
recording the height of the probe and converting this data into a three-
dimensional image, usually displayed as a color scheme showing the height
differences®. In this way, it is possible to assess the morphological parameters
of the formed fibrils that have covered the mica surface, such as height, width
and periodicity®. In addition, it is possible to see whether the sample contains
a mixture of fibrils or amorphous aggregates. This method also allows to
assess whether the formed fibrils tend to associate laterally, into large clusters
or remain separate (example of fibril AFM image and corresponding cross-
sectional height distributions are shown in Fig. 11). In certain cases, fibrils do
not always adhere to the mica surface due to their charge. In this event, the
mica surface is first treated with (3-aminopropyl)triethoxysilane (APTES) to
improve adhesion before sample application. This method was used in
publication 1-4, 6 and 7.
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Figure 11. Example of fibril AFM image and corresponding cross-sectional
height.

Transmission electron microscopy (TEM)

Another way to assess the morphology of the formed aggregates is by using
TEM. This method is an excellent tool that allows high-resolution
visualization of the formed aggregates at the nanometer scale®’. TEM is based
on the passage of a high-energy electron beam through the sample. Since some
of the electrons interact with the sample, and the other part passes through the
thin surface, an image is obtained in which the aggregates are reconstructed
using contrast®®. This technique allows to determine the size, shape and
distribution of the formed aggregates, but unlike AFM, it does not allow to
assess height and topographic information. When preparing the sample for
TEM analysis, it is applied to a carbon-formvar coated grid. In order to obtain
good contrast and well-preserved morphology, the sample is negatively
stained using metal salts, such as uranyl acetate or phosphotungstic acid.
These materials coat the aggregates and form a layer of radiation-stable and
electron-dense material®’. An advantage of this technique compared to AFM
is the simultaneous capture of a larger area, which allows the determination of
the formed aggregate homogeneity. This method was used in publication 5.

Fluorescence and absorbance

To assess the variability of the formed aggregates, bound-dye excitation-
emission matrices can be measured'®*'®’. Since the excitation and emission
positions at which the fluorescence maximum is observed may vary depending
on the dye binding mode and the corresponding structurally distinct aggregate
strain, this method allows to separate samples that may differ in their structure
187 In order to determine the maximum positions, the fluorescence intensity is
first scanned at a range of excitation wavelengths with a fixed emission
wavelength and vice versa. A 3D map of fluorescence intensity is obtained
(Fig. 12 A). The map is then corrected for the first and second inner filters
effects, which can arise from light reabsorbance by the sample. After this
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correction, it is possible to calculate the positions at which the fluorescence
maximum is observed for each sample (Fig. 12 B). This method was used in
publications 1, 2 and 3.
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Figure 12. Example of excitation-emission matrices (A) % and fibril EEM
maximum position distribution under identical conditions (B) '¥’.

Dye binding can also be assessed using absorbance spectroscopy. By scanning
the absorbance spectra of samples with fibrils and their supernatants, it is
possible to calculate the concentration of the bound dye!®. Additionally, shifts
of the absorbance spectra maximum positions can indicate different dye
binding modes'®®. This method was used in publications 2, 3 and 4.

Fibril stability under denaturing conditions

Another characteristic that can help identify distinct fibril strains is their
stability under denaturing conditions. For this purpose, protein aggregates are
mixed with a range of different denaturant concentrations, where all the
resulting samples have identical initial aggregate concentrations. The samples
are then incubated, and their optical densities are measured (Fig. 13).
Typically, the optical density of the samples decreases in a sigmoidal shape as
a function of denaturant concentration. This data can then be fit using a
Boltzmann sigmoidal equation. The denaturant concentration value, at which
half of the aggregates are dissociated, and the other half are stable, is
considered as the stability midpoint”. According to this parameter, it is
possible to compare different aggregate samples and determine if the formed
structures are more or less resistant to denaturation. This method was used in
publications 2, 4, 6 and 7.
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Figure 13. Optical density dependence on GuSCN concentration. The dotted
line represents the GuSCN concentration at which half of the aggregates have
dissociated.

Cell toxicity

Another property analyzed in aggregate studies is their toxicity to cells. Two
methods are most often used for this. One of them is the MTT assay. This test
establishes mitochondrial activity and is applicable to determining the number
of viable cells. This methodology is based on a color change, which can be
assessed using absorbance spectroscopy, which reflects the number of viable
cells'. During the test, cells are incubated with yellow 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), which is
converted by active mitochondrial succinate dehydrogenase to a blue-violet
product - formazan'!®. Although this method is often used to determine
toxicity, it also has its drawbacks. Cell viability is ascertained indirectly during
the study and is recalculated by taking into account the activity of
mitochondrial enzymes and cell metabolism. For this reason, it is necessary to
assess whether the experimental conditions do not change the metabolic
process and cell proliferation'®’.

Another method used is the LDH release assay.
Similar to the previously mentioned MTT assay, it is also based on
determining the secreted product using absorbance spectroscopy. However,
this technique helps to determine cell death based on the loss of its membrane
integrity'®!. During cell damage, lactate dehydrogenase is released into the
medium. It converts lactate to pyruvate, which interacts with
iodonitrotetrazolium chloride, thus forming formazan. The amount of
formazan formed during this study is directly related to cell viability'**. These
methods can also be applied to examine the cytotoxicity of any potential anti-
amyloid compounds. All toxicity studies in this work were performed using
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SH-SYS5Y neuroblastoma cells. All cell toxicity assays were conducted by R.
Snieckuté. This method was used in publications 5 and 7.

Dynamic light scattering (DLS)

One of the most commonly used techniques to determine particle size
(hydrodynamic radius or diameter) on the nanometer scale is dynamic light
scattering spectroscopy. This is a relatively fast method that does not require
complex sample preparation. The only important aspect of the sample is low
particle concentration'”>. When a beam of monochromatic light encounters
macromolecules in solution, the light is scattered in all directions, depending
on the size and shape of the molecules. This scattering intensity is measured
by a detector and a digital autocorrelator is used to determine how quickly the
intensity of the light scattering fluctuates'®*. Since the intensity fluctuations
occur due to the Brownian motion of macromolecules in solution, analyzing
the obtained data allows us to determine the diffusion coefficient, which is
related to the hydrodynamic size of the molecule'®®. Using this method, not
only the particle size is estimated in the case of a homogeneous population,
but also their polydispersity, which is presented as a standard deviation'*.
When analyzing proteins, this method is often used to evaluate the degree of
protein oligomerization and aggregation. However, when using this method
for particle size determination, it is necessary to take into account
experimental conditions, such as temperature or solvent viscosity, as these
parameters can affect the movement of molecules and the determined size.
This method was used in publication 4.
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RESULT OVERVIEW

Publication 1

Lysozyme Amyloid Fibril Structural Variability Dependence on Initial
Protein Folding State

Aim of the study — to determine the influence of temperature and lysozyme
folding state on the polymorphism of its amyloid fibrils.

Results — according to the lysozyme melting point in the presence of 2M
GuHCI (PBS pH 7.4), 4 temperature values were selected for further studies -
when most of the protein molecules were either mostly folded or unfolded
(50°C, 65°C) and intermediate temperatures (55°C, 60°C) with mixtures of
both protein forms.

When analyzing the kinetic parameters of lysozyme aggregation, it was
observed that with an increase in temperature, the lag times became shorter
and the apparent rate constants - higher. The lag time dependence on
temperature had a point of discontinuity at 57°C, corresponding to the melting
temperature of lysozyme in the presence of the denaturant. For the apparent
rate constant, this point appeared slightly below the lysozyme melting
temperature - 55°C.

To determine the structural variability of the resulting fibrils, EEMs were
scanned and analyzed. This study showed that at temperatures lower than the
protein melting temperature, the maximum ThT intensity excitation and
emission positions were similar and concentrated in one region. However, at
higher temperatures, a significantly larger scatter of positions was observed
with an additional cluster appearance under 65°C conditions.

FTIR spectra of the samples were also determined. When the majority of
lysozyme was in its folded state, the sample FTIR spectra were very similar.
However, higher temperatures resulted in the appearance of different shape
FTIR spectra and higher structural variability. In total, 3 types of aggregates
were identified, where lower temperature assemblies had the highest relative
amount of beta-sheet structures. AFM analysis revealed that Type 1 fibrils
were long and not prone to self-association, Type 2 were predominantly short
and assembled into networks, Type 3 were mostly short aggregates, which
formed large amorphous clusters.

Conclusions — lysozyme unfolding promotes greater variability of fibril
secondary structures, which are characterized by different morphologies.
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Publication 2

Investigating lysozyme amyloid fibril formation and structural
variability dependence on its initial folding state under different pH
conditions

Aim of the study — to determine the influence of solution pH and the initial
lysozyme folding state on the aggregation process and variability of the
resulting fibrils.

Results — during the previous study, it was observed that temperature and the
folding state of lysozyme alter its aggregation process. Since pH can also
influence the protein's stability, the aggregation of lysozyme was investigated
under a range of different pH conditions (2.0-7.0). Similar to the previous
study, a thermal stability assay was employed to determine the melting point
of lysozyme under each condition. Lysozyme aggregation was then carried out
under each pH using temperatures that cause the initial protein to be either in
its folded or unfolded state.

To assess the influence of these factors on the aggregation process, kinetic
parameters such as lag time and apparent rate constant were first determined.
In all cases, the change in temperature (and, accordingly, initial protein folding
state) had a statistically significant influence on both kinetic parameters.
However, the effect of protein folding state on lag time depended on the
solution pH value, while its influence on the apparent rate constant remained
similar under the entire pH range.

Next, to assess the influence of these two factors on the structural parameters
of the formed fibrils, the sample FTIR spectra were scanned and analyzed. The
results showed that FTIR spectra variability depended on both temperature
and pH. The spectra became more diverse when lysozyme aggregated at
temperatures above its melting point and at fringe pH values (2.0 and 7.0).
When analyzing the FTIR spectra of the samples, 6 different fibril types were
identified, and their distribution depended on both pH and the initial protein
state. Based on AFM analysis of the samples, apart from the amorphous
aggregates, the morphologies of fibrils from all samples were similar.
However, the different aggregate types possessed distinct stabilities against
denaturation, as well as ThT-binding properties.

Conclusions — the kinetics of lysozyme aggregation and the structural
variability of the resulting fibrils depend on the solution pH, as well as the
temperature and initial folding state of the protein. The lowest structural
variability was observed at pH 5 and pH 6, with the formation of one type of
aggregate structure, regardless of protein folding.
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Publication 3

Rapid restructurization of conformationally-distinct alpha-synuclein
amyloid fibrils at an elevated temperature

Aim of the study — to determine whether pre-formed alpha-synuclein fibrils
remain structurally stable when incubated at a higher temperature than they
were formed.

Results — to assess elevated temperature effect on fibrils, 96 samples of alpha-
synuclein were aggregated and analyzed. For initial strain separation, sample
excitation-emission matrix maximum intensity positions were used. 8 samples
with different EEM positions were isolated, reseeded and analyzed using FTIR
spectroscopy. Based on the obtained FTIR spectra, 4 types of fibrils were
identified, which were further used to study the effect of elevated
temperatures. For this, fibril samples with distinct secondary structures were
kept at room temperature (control) or 60°C for 24/48 h.

When analyzing the changes in FTIR spectra, it was observed that all four
fibril samples were altered by incubation at an elevated temperature. After
incubation, all four sample spectra overlapped perfectly, indicating that a
single fibril type was stabilized. To clarify whether these spectral changes
were related to alpha-synuclein restructurization or other potential factors
(fibril lateral association, formation of amorphous structures), the incubated
samples were reseeded at their initial preparation temperature. This analysis
revealed that the incubated fibril secondary structure remained stable during
reseeding and the replicated aggregates did not return to their original
conformation.

Finally, UV/Vis spectra showed no significant absorbance changes during
incubation, indicating that alpha-synuclein restructurization did not affect the
number of bound ThT molecules. However, there was a notable change in the
sample EEM maximum positions, which varied mostly during the first 4 hours
and then gradually moved to a similar point. These results indicated that alpha-
synuclein fibril restructurization at elevated temperatures likely occurs over a
short period of time.

Conclusions — restructurization of alpha-synuclein fibrils at elevated
temperatures is a rapid process that results in changes to the fibril secondary
structure by stabilizing a single secondary structure. However, this process
does not have a notable effect on the morphology or ThT-binding capacity of
the aggregates.
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Publication 4

Study of Insulin Aggregation and Fibril Structure under Different
Environmental Conditions

Aim of the study — to determine the influence of solution components, pH
and ionic strength on insulin aggregation and the resulting fibril structure.

Results — different pH and ionic strength reaction solutions were prepared by
using sodium phosphate, acetic acid or hydrochloric acid as the main solution
component. Then, insulin was dissolved in this range of distinct reaction
mixtures and its aggregation kinetics were monitored. The majority of kinetic
curves pertained standard nucleation, exponential growth and plateau phases.
In some cases, however, either double-sigmoidal or curves with a slowly
increasing intensity after the exponential phase were observed.

In the case of the sodium phosphate solution, all ionic strength conditions
resulted in a similar dependence of lag time on solution pH. Lower pH
conditions led to short lag times and higher pH conditions resulted in
significantly longer lag phases, especially under higher ionic strength
conditions. Under Ac conditions, increasing ionic strength led to substantial
reductions in the lag phase. Oppositely, ionic strength had almost no effect on
insulin aggregation under HCI conditions. The aggregation reaction apparent
rate constants did not follow a clear trend under most of the tested conditions.

The resulting samples were then analyzed using FTIR spectroscopy. In the
case of phosphate solution, three types of secondary structures were identified.
Acetic acid conditions resulted in two additional secondary structures. One of
them formed in the lower ionic strength condition, while the other was present
in higher NaCl concentration solutions. Interestingly, the HCI reaction
solutions promoted the formation of the same three types of insulin fibrils,
which were detected in the phosphate buffered solution. The different
secondary structure samples were further analyzed using AFM. In the case of
phosphate solution, three types of fibril distributions were observed — 1)
networks of long intertwined, 2) laterally associated or 3) few visible
individual short fibrils. For acetic acid aggregates, their length and cross-
interactions depended on the NaCl concentration. In the case of HCI, the
formed fibrils had similar morphological tendencies to those in phosphate
solutions.

Conclusions — insulin aggregation is highly sensitive to a range of
environmental factors. Insulin aggregation under phosphate and HCI solution
conditions resulted in fibrils with similar secondary structure and morphology,
while Ac conditions resulted in distinct type of aggregates.
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Publication 5

Imidazo[2,1-b][1,3]tiazine derivatives as potential modulators of alpha-
synuclein amyloid aggregation

Aim of the study — to determine the potential of imidazothiazine derivatives
in modulating alpha-synuclein aggregation.

Results — for this, 21 small molecule compounds were chosen. When
analyzing how they influence the relative aggregation half-time, it was
observed that many of the chosen compounds (10 out of 21) had no effect on
this parameter when compared to the control samples. However, the effect of
11 compounds was statistically significant in altering the aggregation kinetics
of alpha-synuclein. Most of them (10) were characterized by an aggregation
inhibition effect, with some resulting in a 3 times higher aggregation half-time
value. In addition to neutral and aggregation-inhibiting compounds, an
aggregation-promoting effect was also observed in one case.

To assess the effect of these compounds on fibril structural characteristics,
multiple technical repeat samples for each condition were examined using
FTIR spectroscopy. In total, 7 distinct types of spectra were identified among
all the samples. The control repeats were characterized by 3 different spectra.
The greatest variability of structures was observed in the case of compound
5d, where 5 different types of spectra were identified. The least variation of
structures was noticed in the cases of compounds 2c, 2e and 2j, where only
one FTIR spectra type was observed. Interestingly, there also appeared to be a
correlation between the inhibitory effect of the compounds and the resulting
fibril type. It was observed that in the case of aggregation-inhibiting
compounds, the variability of fibril structures decreased.

In addition to changes in secondary structures, morphological differences
between fibril types were also analysed using TEM. In the case of fibril types
I, IL, IIT and VI, a clear aggregate tendency to associate into large clusters was
observed. In addition to large clusters, short fibrils were also visible in the type
II samples. For type VII, small amounts of short fibrils were observed, but a
considerable number of small amorphous aggregates and oligomeric
derivatives were also detected.

Conclusions — small molecular weight imidazothiazine derivatives possess
the ability to inhibit alpha-synuclein amyloid aggregation and also redirect the
reaction, resulting in fibrils with distinct secondary structures and
morphologies.
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Publication 6

Superoxide dismutase-1 alters the rate of prion protein fragment 89-230
aggregation and resulting fibril formation

Aim of the study — to determine whether superoxide dismutase-1 alters the
aggregation process of prion protein, as well as the variability of the resulting
aggregates.

Results — to assess how native superoxide dismutase-1 can affect prion protein
aggregation when they are present together in solution, experimental
conditions were selected which promote PrP fibril formation. When analyzing
the kinetic parameters of this process, it was detected that higher SODI
concentrations resulted in longer lag times and lower apparent rate constants
of prion protein aggregation. In addition, it was observed that higher SODI1
concentrations yielded samples with lower bound-ThT fluorescence
intensities, which indicates the possibility of different aggregate type
formation.

Because of this it was important to determine the possible influence of the
interaction not only on the kinetic parameters, but also on the structural
properties of the resulting aggregates. The resulting prion protein aggregate
samples were analyzed using FTIR spectroscopy. Based on the FTIR spectra,
it was possible to identify four groups of aggregates, characterized by a
different distribution of secondary structure elements. It was observed that
when prion proteins were aggregated in the absence of SOD1, three types of
spectra were detected. When 25 uM SODI1 was present in the reaction
solution, a different variety of FTIR spectra were observed. Interestingly, at
even higher concentrations of SODI1, the variability of structures disappeared,
and all spectra could be attributed to one group. This type of aggregate was
observed under all conditions, however, under lower SOD1 concentrations it
comprised only a small fraction of samples.

Morphological analysis of the samples using AFM revealed that all types of
aggregates had a tendency to assemble into large clusters, however, the fibrils
differed from each other in their morphological parameters, such as cross-
sectional height and width.

Conclusions — superoxide dismutase-1 not only inhibits the processes of prion
protein nucleation but also affects the conformation of the resulting aggregates
in a concentration-dependent manner, leading to the formation of a single type
of aggregates.
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Publication 7

S100A9 inhibits and redirects prion protein 89-230 fragment amyloid
aggregation

Aim of the study — to determine the influence of the pro-inflammatory
S100A9 protein on the aggregation of a mouse prion protein.

Results — to assess the influence of SI00A9 on the aggregation of mouse prion
protein, it was first necessary to select suitable experimental conditions. An
environment was required, which would facilitate rapid prion protein
aggregation, slow down S100A9 aggregation and maintain the stability of
preformed S100A9 fibrils. During the optimization procedure, it was
determined that the prion protein aggregated sufficiently quickly in the
presence of 1.4 M — 3.0 M GuHCI. The S100A9 fibrils remained stable up to
1.5 M GuHCl and S100A9 aggregated slower under 1.5 M GuHCI conditions.
Therefore, this concentration of denaturant was chosen for all further assays.

Prion protein aggregation was analyzed in the presence of different
concentrations (0-50 uM) of non-aggregated S100A9 or its pre-formed fibrils.
In the case of non-aggregated S100A9, the lag time of PrP aggregation
increased as a function of SI00A9 concentration. Conversely, SI00A9 fibrils
had no significant effect on the lag phase. When the experiment was repeated
with the addition of preformed PrP fibrils (seeded aggregation), both forms of
S100A9 inhibited their growth

The influence of S100A9 on the secondary structure of prion protein
aggregates was analyzed using FTIR spectroscopy. FTIR spectra showed that
low concentrations of SI00A9 (both non-aggregated and fibrils) did not
radically change the structure of PrP fibrils and only caused a slight shift in
the main peak position. However, the influence of 50 uM of both S100A9
forms was much greater, promoting the formation of a different type of PrP
fibrils. A similar effect was observed during the seeded aggregation
experiment, suggesting that the presence of any form of SI00A9 can stabilize
a certain PrP fibril type.

Conclusions — both fibrillar and non-aggregated forms of SI00A9 affect the
aggregation process of the prion protein fragment by altering the resulting
fibril secondary structure and stabilizing a specific aggregate type. In addition,
non-aggregated SI00A9 inhibits PrP nucleation.
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DISCUSSION

Role of temperature and protein folding state in amyloid
aggregation

During in vitro aggregation studies, temperature is often changed to accelerate
the fibril formation process, which typically occurs very slowly under
physiological conditions. However, such alterations in conditions are often
made without considering their implication on the reaction mechanism. In
some cases, even small differences in temperature can result in significant
deviations of aggregation kinetics and fibril types!*®!"7.

The first aspect of temperature that we must consider is the change in the
protein’s folding state. The initial folding state can significantly affect the
aggregation kinetic parameters, both in spontaneous and seeded reactions. It
was observed in this work when studying lysozyme aggregation at four
different temperatures, which pertained distinct protein folding state
equilibria. During our study with lysozyme, it was observed that the unfolding
of protein molecules promoted the formation of amyloid nuclei, as well as the
apparent rate constant. Similar results were observed in a study by Andlinger
et al., with human myeloma antibody light chain aggregation at elevated
temperatures. During that research, it was observed that protein unfolding
accelerates the aggregation process, and both unfolding and aggregation
processes are strongly kinetically coupled!®®. Additionally, Simmons et al.
showed that full unfolding (encompassing both head and tail regions)
drastically increased the growth rate of myofibrillar protein aggregates'”. It is
not surprising that increasing the temperature affects the kinetic parameters of
aggregation, because in many cases this is exactly what is sought. However,
usually the factor that is not considered is whether such temperature alterations
will also affect the structure of the resulting fibrils.

When studying the dependence of lysozyme aggregation on the protein
folding equilibrium, a shift in the structure of aggregates was observed.
Analysis of the results showed that the fibril-like structure, which formed at
lower temperatures, contained more beta-sheets than the aggregate strains
generated under higher temperature conditions. Similarly, the work by Cao et
al. demonstrated the importance of lysozyme's folding state in dictating the
structure of fibrils formed during aggregation. The authors demonstrated that
complete or partial protein unfolding can lead to the formation of two distinct
fibril types (reversible/irreversible), characterized by differing proportions of
parallel and anti-parallel beta sheets®®. However, the aggregate types in our
research were not strictly confined to specific conditions, as certain structural
variants formed at more than one temperature. Interestingly, there were also
distinct fibril types observed among technical repeats of the same temperature
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conditions, which displayed different FTIR spectra peak maxima positions.
Previous reports have shown a similar phenomenon when analyzing prion
protein aggregation, suggesting that such structural variability under identical
conditions may be a generic trait of amyloid aggregates®. These results show
that when lysozyme is folded, it forms one dominant fibril strain, alongside a
small amount of other structures, while protein unfolding can lead to
significantly greater structural variability and up to 3 different fibril strains.

In previous studies, it was observed that the binding mode of thioflavin-T and
its fluorescence quantum yield may depend on the structural parameters of
amyloid aggregates'®’. Such effect was also detected in the case of lysozyme.
Since the structure of the formed aggregates depended on the initial protein
folding state, the low temperature condition aggregates possessed a 10-fold
larger bound-ThT fluorescence intensity when compared to their higher
temperature counterparts. In addition, the fluorescence maximum positions of
excitation emission matrices were also different. This lower fluorescence
intensity could be due to the reduced amount of beta sheets in higher
temperature condition fibrils, which was determined during analysis of FTIR
spectra. However, the change in fluorescence intensity is not always directly
related to the beta-sheet content of the fibril structure. An example of such a
phenomenon was presented by Cao et al., where analysis of ThT binding sites
revealed that distinct strains of alpha-synuclein fibrils exhibited varying ThT
fluorescence intensities, despite having similar B-sheet content®®. This
difference in our study could also be explained by the formation of a large
amount of other non-amyloid structures in the samples, observed in AFM
images. This may be attributed to ThT's specificity for amyloid aggregates,
with its interaction with globular proteins or amorphous aggregates often
considered negligible compared to its affinity for amyloid fibrils?’.

Finally, the initial protein folding state also affected the self-replication of the
aggregates. In the case of lysozyme, it was observed that the low-temperature
strain was able to successfully replicate its structure and form long fibrils even
under elevated temperatures. However, a different picture was observed in the
case of high-temperature strains. These aggregates were able to successfully
replicate themselves under the initial fibril formation conditions, but not when
in the presence of fully folded lysozyme at lower temperatures. This effect
could be explained by fibril ends ability to bind only partially or fully unfolded
protein molecules. Previously presented studies also have shown that higher
temperatures and protein unfolding promote the elongation process'**2%2, The
previously mentioned high content of non-amyloid structures in the lysozyme
samples may also have contributed to the poor level of self-replication. This
is supported by previously presented evidence that amorphous aggregates
represent an end-state, incapable of self-replication?®.
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As previously noted, conformational dynamics play an important role in the
aggregation process of lysozyme, as well as other amyloidogenic proteins.
Therefore, it is very important to determine the relationship between the
protein folding state and the structure and morphology of the resulting fibrils.
It can significantly change not only the aggregation kinetics, but also the
variability of the resulting structures, dye binding and self-replication
properties.

These results showed that temperature variations at the beginning and during
aggregation can affect the equilibrium of the protein state and thus alter the
entire process. However, this parameter is also very important for already
formed structures. Previous reports have shown that reduced environmental
temperature can destabilize the formed amorphous aggregates or fibrils?*+205,
On the contrary, high temperature can, in some cases, affect the maturation of
fibrils. Under physiological conditions this process is very slow and, in some
cases, can take several days or even months?*. Studies by Bocharova et al.
indicate that high temperatures can induce a rearrangement of prion protein
fibrils, leading to their annealing and the formation of a larger, proteinase K-

resistant core??’.

In this work, the maturation phenomenon was studied using four structurally
distinct alpha-synuclein fibril samples. When the temperature was raised to
60°C, the restructurization of different alpha-synuclein strains occurred
quickly, with significant shifts in the secondary structure being detected within
24 hours. Based on changes in ThT intensity and EEM maximum fluorescence
positions as a criterion for structural transition, the majority of
restructurization occurred within the first 4 hours of incubation. Interestingly,
all four different types of fibrils rearranged into one common strain during
incubation. These fibrils were able to replicate their structure at 37°C after
incubation at a higher temperature, as were the initial aggregate samples.
Analysis of the sample CD spectra over time showed that the amount of beta-
sheets did not significantly increase, but the existing structural elements
rearranged. This could be explained by the possible metastability of fibrils
formed at 37°C. The existence of these strains at lower temperatures is
facilitated only by the high energy barrier that must be overcome for the
aggregates to transition into a more stable form. Another study investigated
the metastability of hen egg white lysozyme's oligomeric form through
variations in salt and protein concentrations. The authors elucidated the
mechanisms of two types of amyloid fibril formation and demonstrated how
alterations in these conditions can drive the oligomer's transition to a more
stable state 2%, This hypothesis is also supported by the fact that in our research
the FTIR spectra of the aggregates incubated and those initially produced at
60°C were similar. These results further confirm that the effect of temperature
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is very important not only for the initial aggregation reaction, but also for the
stability of preformed aggregates.

pH and folding state correlation

Protein stability is a pH-dependent parameter, and these macromolecules are
often very sensitive to even small changes in pH. This parameter affects the
net charge of the protein, which can, in turn, influence further fibril formation
209 For this reason, it was important to assess how this parameter can influence
their amyloid aggregation. When lysozyme was in its folded state, all tested
pH conditions yielded highly stochastic lag time values. In its unfolded state,
amyloid aggregation proceeded with significantly shorter lag phases
(approximately 3 — 4 times lower average lag times) except for pH 3. Under
this specific condition, both the lag time values, as well as the relative
difference between folded and unfolded reaction lag time values were
considerably higher. Interestingly, the ratio of apparent rate constants
remained similar under all pH conditions, which shows that pH 3 has a
significant impact on the initial protein misfolding and nucleation, but not on
the elongation of fibrils. This effect could be explained by lysozyme’s
deviation from the two-state model under these specific conditions®!,
Empirical application of this model showed that the difference between 7, and
Tonser (temperature at which protein begins to aggregate) is larger precisely
under acidic conditions (pH 2 and 3) compared to others. In addition, this
means that our choice of using 5°C above or below the melting temperature
for this study may lead to a different distribution of folded/unfolded lysozyme
equilibrium between neutral and acidic environments. However, this did not
explain why the lag time ratio was only high in the case of pH 3.0 and not pH
2.0. Further analysis of the samples revealed that under pH 3.0, there was a
large concentration difference of aggregated lysozyme between lower and
higher temperature conditions. This suggested that the observed phenomenon
at pH 3.0 may be related to not just differences between 7T, and Touser, but also
the condition-specific equilibrium between native and aggregated states of the
protein.

The combination of pH and temperature can affect not only the aggregation
kinetics, but also the structure and morphology of the resulting fibrils. During
this study with lysozyme, a large variability of structures was found depending
on the solution’s pH, as well as its folding state. The influence of pH on fibril
polymorphism extends to other proteins as well. For instance, alterations in
the solution's pH within the physiological range of 5.8-7.4 were found to
induce distinct fibril structures and varying levels of structural heterogeneity
in alpha-synuclein?!!. A similar case has also been described for the amyloid-
beta core fragment, where changes in pH and temperature affect peptide
oligomerization and the structure and morphology of the ultimately formed
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fibrils 2'2. Although the morphological parameters in our work did not differ
significantly in most cases, one aggregate sample type was characterized by
short fibrils and a large amount of amorphous assemblies. This type was
specific to only pH 7.0 conditions and only above the protein’s melting
temperature. These specific conditions were also where the highest variability
of FTIR spectra was detected among all samples, likely owing to the presence
of the amorphous structures. These results are also consistent with our
previous observations, where lysozyme aggregation in PBS at pH 7.4 and
above the melting temperature resulted in assemblies with a lower amount of
beta-sheets.

Regardless of pH and temperature, one type of lysozyme aggregates appeared
to be dominant among all conditions. At pH 5 and pH 6, this strain was the
only one which formed, regardless of the protein’s folding state. It was
characterized by the highest relative stability under denaturing conditions and
had only one type of beta-sheet hydrogen bonds in its structure. Similar results
were observed in study by Ziaunys et al. on alpha-synuclein, where fibril
variability depended on the ionic strength of the solution and protein
concentration. During that study, it was observed that under certain conditions,
one fibril strain was stabilized'?’. Taking all these observations into
consideration, the acidic pH or pH 7.4 conditions, which are most often used
in lysozyme aggregation studies, are characterized by high structural
variability of aggregates and may lead to false conclusions. In contrast, pH 6
conditions offered the lowest stochasticity in both kinetic, as well as structural
data and resulted in a single, highly stable strain of fibrils.

Insulin aggregation dependence on reaction conditions

Often, during insulin aggregation studies, the reaction is carried out under
acidic conditions, while disregarding the exact pH or ionic strength of the
solution. In many cases, reaction mechanisms or potential anti-amyloid
compounds are screened and directly compared between research groups
without accounting for the aforementioned parameters. Previously discussed
studies show that these environmental factors can have a huge impact on the
protein aggregation process, affecting not only kinetic parameters, but also the
structure or other properties of the resulting fibrils'>*?!*. Therefore, it was
important to carefully analyze how each combination of conditions affect the
insulin aggregation process. To achieve it, in this work insulin amyloid
formation was examined using a range of pH values (1.0 — 3.0), different ionic
strength solutions (100 mM — 500 mM), as well as three solution components
(acetic acid, hydrochloric acid and sodium phosphate).

First of all, before analyzing the condition influence on the insulin aggregation
process, it was important to evaluate how reaction solution variations affected
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the oligomeric state of the protein. Previously published studies have shown
that this protein is able to exist in various oligomeric forms depending on the
solution’s pH and ionic strength !4, In this work, the influence of ionic
strength on the oligomeric state followed a similar trend between all tested
conditions, regardless of pH or chemical components present in the reaction
solution. Another important aspect was the chemical components in the
reaction solution. In the case of hydrochloric acid, insulin hydrodynamic
diameter differed between all ionic strength conditions, while in acetic acid
the same ionic strength values resulted in very small hydrodynamic diameter
variations. In a previous study of lysozyme aggregation by Zazeri et al., which
analyzed the effect of high concentrations of organic solvents on aggregation
mechanism, a possible role for the oligomerization process was also
observed®'.

Next, insulin aggregation was carried out under all of the aforementioned
conditions to evaluate their influence on the amyloid formation kinetics. At
low pH conditions in sodium phosphate solutions, the reaction kinetic
parameters were similar among all ionic strength conditions. However, the
highest tested pH conditions (2.5 — 3.0) resulted in a drastic increase in the
process lag time. Such results may be related to the previously discussed
insulin oligomeric state and solubility. Under these conditions, the solubility
of insulin was low, and the determined hydrodynamic diameter was large,
which could explain the slow nucleation process. However, in the case of
hydrochloric acid, the highest ionic strength conditions yielded a
comparatively high insulin hydrodynamic diameter, while no pronounced
effect on the lag time was observed. This may indicate that the oligomeric state
of insulin is only one component in determining its amyloid aggregation
propensity. The influence of the oligomeric state is also supported by previous
studies. It has been observed that in some cases, the dissociation of an
amyloidogenic precursor from an oligomeric state is the rate-limiting reaction
and occurs slower than nucleation?'®.

During this examination, a peculiar phenomenon was observed. Under certain
conditions, depending on the pH or ionic strength, the change in bound-ThT
signal intensity did not follow the usual sigmoid-shaped kinetics. Instead,
either double-sigmoidal kinetics or an endlessly increasing fluorescence
intensity was detected. When analyzing the obtained results, it was identified
that these curves only appeared under a few specific conditions. In cases of
low pH, constantly increasing fluorescence curves were observed more often,
while double sigmoidal ones were found under intermediate pH and low ionic
strength conditions. The double sigmoidal kinetics were previously described
in literature as the result of ThT positive intermediates, while the constantly
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increasing fluorescence may be related to fibril maturation or cluster
formation’!-206:217

While it was possible to detect certain trends when analyzing the kinetic data
under various conditions, matters were far more complicated when comparing
the aggregate secondary structures. A large level of FTIR spectra variability
was observed among all conditions and there was no clear condition-
dependent trend. In contrast, when analyzing the morphology of the
aggregates, certain condition-dependent trends could be seen. Under low pH
and ionic strength, long, intertwined structures of relatively low cross-
sectional height were detected with AFM. Higher ionic strength and pH
favored the formation of short fibrils and many amorphous aggregates. Acetic
acid conditions at high NaCl concentrations produced the largest structures,
which consisted of many long filaments connected laterally. The size of all
these fibril structures was also directly related to their stability under
denaturing conditions. The same effect of ionic strength on the lateral
association of insulin fibrils in acetic acid was also observed in another study,

where this effect was believed to arise from the oligomeric state of insulin®'®.

Alpha-synuclein aggregation inhibition by imidazothiazine
derivatives

Currently, scientists are still facing many challenges in finding drugs to treat
various neurodegenerative disorders associated with amyloid protein
aggregation. Often, the goal is to synthesize a small molecule compound that
could cross the blood-brain barrier and stop the protein aggregation process.
Despite a number of compounds often showing inhibitory potential in the
initial stages of screening for aggregation inhibitors, only a few are approved
in the later phases. Therefore, it is important to determine what causes these
failures. When analyzing insulin aggregation under the conditions of different
chemical compounds, it was observed that this factor changes not only the
kinetic parameters of aggregation, but also determines the differences in the
secondary structure and morphology of the resulting fibrils. For this reason,
the next goal was to find out whether potentially inhibitory small molecule
compounds can change the alpha-synuclein aggregation process.

When analyzing the aggregation inhibition-compound structure relationship,
it was observed that the thiazine ring played the most important role in this
process. Compounds lacking this structural element did not alter either the
aggregation half-time or the fluorescence intensity endpoint compared to
controls. In addition to their inhibitory efficacy, in most cases alpha-synuclein
samples exhibited increased fluorescence intensity, although the compounds
themselves did not fluoresce in this excitation-emission region. This effect
could be explained in two ways — either the compound shifted the equilibrium
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between aggregated and native alpha-synuclein in the direction of fibril
formation, or aggregates with different ThT binding modes were formed
during aggregation'**13721° Previous studies have shown that inhibitors can
alter the alpha-synuclein aggregation process by forming different types of
fibrils!'®,

This possibility was further confirmed by analyzing the FTIR spectra of the
formed aggregates. In the case of control samples, three types of spectra were
distinguished. Such polymorphism of alpha-synuclein aggregates was
previously observed under similar conditions by Toleikis et al*?. In our work,
when alpha-synuclein was aggregated together with imidazothiazine
derivatives, four additional FTIR spectra were determined. Interestingly, in the
cases of compounds that increased the aggregation half-time and/or
fluorescence intensity, aggregates with four types FTIR spectra
uncharacteristic of the control samples were most often formed. Such results
demonstrate a possible correlation between the compound inhibitory
efficiency, the type of formed secondary structures and the ThT binding
properties.

Although these compounds exhibit strong anti-amyloid activity, it is important
to consider their cytotoxicity. In the MTT assay, it was observed that all
selected compounds statistically significantly reduced the viability of SH-
SYS5Y neuroblastoma cells in the absence of Asyn fibrils. However, when
analyzing cell viability in the presence of the compound in the sample together
with alpha-synuclein fibrils, it was observed that in some cases the toxicity to
the cells was reduced. Such results indicate a possible dual benefit - the
compound inhibits alpha-synuclein aggregation and at the same time reduces
the harmful effects of the formed fibrils. Similar results were observed in the
study by Seidler et al. When tau protein fibrils were incubated with the small
molecule compound EGCG, their cytotoxicity was reduced compared to
control?*!, However, the results of our study highlight that when developing
new potential anti-amyloid compounds, it is crucial to consider not only how
they inhibit protein amyloid aggregation, but also how they affect the
aggregation mechanism, and potentially impact cells in vivo.

Protein-protein cross-interaction

Amyloid protein aggregation under physiological conditions occurs in an
environment full of various macromolecules, including other proteins. Often,
mechanistic in vitro aggregation studies are performed using only one type of
amyloid protein and do not consider how other molecules could affect this
process. Previous reports have shown that multiple distinct amyloidogenic
proteins can be found within amyloid plaques, as well as affect each other’s
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aggregation kinetics'®2??. This makes it important to further study how
protein-protein interactions can influence the amyloid fibril formation process.

First, these interactions can affect the kinetics of aggregation. This was also
observed in this work. When prion proteins were aggregated in the presence
of SODI, the nucleation process was inhibited and the reaction lag time
increased. A similar effect was previously observed in vivo - when SODI
deficiency accelerated prion protein aggregation??’. The effect on the kinetics
of PrP aggregation was also dependent on the concentration of SOD1. It was
determined that at equimolar concentrations, only the lag time was increased,
but higher concentrations of this protein also lowered the stochasticity of the
results and reduced the apparent rate constant. These differences could be
explained by the possible interaction of SOD1 with prion proteins during the
nucleation phase, which affects the secondary structure and morphology of the
formed fibrils. However, this effect is not characteristic of all protein cross-
interactions. In another study by Honda et al., it was observed that the peptide
amyloid-beta accelerates the amyloid aggregation of prion proteins at
submicromolar concentrations. This accelerating effect of amyloid-beta was

also seen in its interactions with lysozyme and insulin'®.

In this work we also observed the same impact on the nucleation process, when
the interaction between prion proteins and S100A9 was analyzed. The native
form of SI00A9 was capable of inhibiting prion protein nucleation, while its
aggregated form had no notable effect on this process. These results support
the hypothesis that other amyloidogenic proteins can disrupt the PrP
nucleation process by interacting with its monomeric or prefibrillar forms. On
the other hand, S100A9 fibrils were able to enhance the apparent rate constant
of prion protein aggregation. This is likely due to the hydrophobic surface of
S100A9 fibrils, which act as a catalyst for surface-mediated secondary
nucleation®”*. Interestingly, the self-replication of prion protein fibrils also
depended on whether S100A9 was involved in the preparation of the initial
PrP samples or only during reseeding. This shows that this cross-interaction
promotes the formation of only certain PrP nuclei, which can replicate
efficiently only in the presence of the S100A9 protein.

Since it is known that S100A9 can spontaneously aggregate under
physiological conditions, it is possible that the aggregation of this protein is at
least partially associated with the development of prion diseases®*>?%°, These
two proteins are found together in the cerebral cortex and cerebrospinal fluid,
which makes it possible that ST00A9 has a two-fold effect, based on its own
state’>?*". The native form of SI00A9 inhibits the formation of prion protein
nuclei, while its aggregated state serves as a surface for prion protein
nucleation.
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Another important aspect of cross-interaction is the effect on the fibril
structure. Since the participation of another protein in its native or aggregated
form strongly affects the aggregation mechanism, it usually also leads to a
structural change of the resulting fibrils. In this study of PrP and SODI cross-
interaction, an impact on the variability of PrP amyloid structures was
detected. When SODI1 was not involved in the reaction, FTIR analysis
revealed that the prion protein formed three different types of fibrils. In the
case of an equimolar SOD1 concentration, the distribution of aggregates
changed and a new conformation appeared. When the concentration of SOD1
was further increased, the conformational variability disappeared and most of
the FTIR spectra were identical. A similar cross-interaction effect on the
stabilization of one type of aggregate was also observed in a study by Toleikis

et al. when analyzing the interaction of S100A9 with alpha-synuclein®%,

If we assume that the strain of PrP fibrils depends on the conformation of the
initial nuclei, this would mean that the process of the nuclei formation is
directly affected due to the possible interaction of these two proteins. It is
probable that SOD1 disrupts the formation of certain PrP nuclei formation,
thereby shifting the reaction towards a specific PrP conformation. This process
may also be associated with a delayed lag phase, where SOD1 merely prolongs
the time for nucleation of any conformation, thus creating an opportunity for
strains that require a longer time period to form and become the dominant
type. Interestingly, identical concentrations of SOD1 and S100A9 did not
promote the formation of the same strain of PrP fibrils according to FTIR
analysis. This suggests that the presence of different proteins can have distinct
effects on the amyloid aggregation process, similar to other environmental
factors. Such results confirm that when conducting protein aggregation
studies, it is very important to consider other macromolecule participation in
this reaction in order to get as close as possible to the processes occurring
under physiological conditions.
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CONCLUSIONS

1. Lysozyme unfolding accelerates both the nucleation and apparent rate
constant of aggregation. Below its melting temperature, lysozyme
forms beta-sheet rich fibrils prone to lateral association.

2. The structural variability of lysozyme aggregates is dependent on both
pH and the dominant protein folding states during aggregation. The
lowest variability was observed under pH 5 and 6 conditions,
regardless of the protein’s folding state.

3. Incubation of structurally diverse alpha-synuclein aggregates at
elevated temperatures leads to a strain restructurization process,
resulting in an identical secondary structure.

4. Insulin aggregation exhibits peculiar trends influenced by pH, ionic
strength, and the solution's main chemical component, with kinetics
sometimes displaying irregular shapes (double sigmoid, no-plateau)
and both secondary structure and morphology being highly
environment-dependent.

5. Imidazothiazine derivatives influence both the aggregation half-time
and the structural variability of formed aggregates. Notably, a
correlation was identified between a compound's inhibitory effect and
the type of fibrils formed.

6. Protein-protein cross-interaction, specifically with SOD1 or S100A9,
can inhibit prion protein nucleation, though S100A9 fibrils can also
serve as a surface for prion protein surface-initiated nucleation. In
both cases, cross-interaction stabilized a single aggregate strain.

Taken together, these studies of various environmental factors on different
amyloidogenic proteins highlight the complex nature of their condition-
structure relationship.
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IVADAS

Pirmieji amiloidoziy, kurias sukelia baltymy agregacija, atvejai buvo pastebéti
dar XVII amziuje. Siuo metu baltymy agregacija amiloidiniy fibriliy forma
yra siejama su jvairiais neurodegeneraciniais sutrikimais, tokiais kaip
Alzheimerio, Parkinsono ar prioninés ligos.

Amiloidogeniniai baltymai ir peptidai tarpusavyje skiriasi tiek dydziu, tiek
aminorigsciy sekomis, taCiau visi jie pasizymi polinkiu tam tikromis
salygomis pakeisti savo konformacija ir sudaryti amiloidines fibriles. Siy
strukttriniy pokyc€iy metu Zymiai padidéja beta-klos¢iy kiekis. Tokiu biidu
susidariusios fibrilés yra netirpios ir dalinai atsparios proteazéms. Nepaisant
ilgalaikiy ir intensyviy tyrimy S$ioje srityje, yra atrasti tik keli liga-
modifikuojantys vaistai ar gydymo biidai. Siuo metu vis dar ilicka daug
neatsakyty klausimy apie patj baltymy agregacijos mechanizmg ligy atvejais
ir kokie faktoriai gali paveikti §j procesa. D¢l Sios priezasties baltymy
agregacijos tyrimai yra placiai atlickami visame pasaulyje. Vis délto atliekant
ty paciy baltymy agregacijos in vitro tyrimus yra pasirenkama plati
eksperimentiniy salygy jvairove, kuri neretai skiriasi tarp amiloidus tirianciy
laboratorijy.

Vienas jdomiausiy aspekty, budingy amiloidinei agregacijai, yra
polimorfizmas. Tyrimai rodo, kad tas pats baltymas gali sudaryti struktariskai
ar morfologiskai skirtingas amiloidines fibriles, kurios taip pat gali skirtis savo
savireplikacijos greiCiais, stabilumu, fluorescenciniy dazy ar kity
mazamolekuliniy junginiy afiniSkumu, bei toksiskumu lgsteléms. Biitent Sis
susidariusiy agregaty variabilumas gali priklausyti nuo jvairiy aplinkos
faktoriy, tokiy kaip tirpalo pH, joniné jéga ir pan. Taciau ankstesniy tyrimy
rezultatai rodo, kad kai kurie baltymai geba suformuoti skirtingy konformacijy
agregatus net ir identiSkomis salygomis. Toks fibriliy variabilumas yra
budingas ne tik baltymy agregacijai in vitro, taCiau yra pastebimas ir ligy
atvejais, kuomet skirtingy tipy agregatai sukelia skirtinga ligos fenotipa.

Todél Siame darbe buvo siekiama nustatyti kaip jvairiy amilodogeniniy
baltymy agregacijos procesa (kinetikos, susidaranCiy agregaty struktiiros ir
morfologijos, parametrus) gali paveikti daZniausiai tyrimuose in vitro
kintantys aplinkos faktoriai ir identifikuoti salygy-agregaty struktiiros
priklausomybe.
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Tikslas

Nustatyti jvairiy aplinkos faktoriy jtaka baltymy agregacijos procesui.

(98]

UZdaviniai

Nustatyti pradinés baltymo susilankstymo biisenos jtaka lizocimo
agregacijos procesui.

Identifikuoti jvairiy tirpalo salygy poveikj insulino agregacijai.
Ivertinti mazamolekuliniy junginiy efekta alfa-sinukleino agregacijai.
Ivertinti baltymo-baltymo saveikos jtaka prioninio baltymo
agregacijai sgveikaujant su S100A9 ir superoksido dismutaze-1.
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GINAMIEJI TEIGINIAI

Lizocimo amiloiding agregacija veikia pradiné baltymo
susilankstymo biisena. Baltymo iSsilankstymas skatina susidariusiy
fibriliy strukttirinj variabiluma.

Padidéjusi aplinkos temperatiira sukelia alfa-sinukleino fibriliy
restruktiirizacija i vieng konformacija.

Insulino amiloidiné agregacija yra labai jautri tirpalo komponentams,
pH ir joninei jégai. Insulino agregacija fosfato ir HCI tirpalo
salygomis lemia to paties tipo fibriliy susidaryma, o acto rtgsties
salygos skatina skirtingy agregaty izoformy stabilizavima.
Alfa-sinukleino amiloiding agregacija moduliuoja imidazotiazino
dariniai, kurie slopina reakcijg ir skatina skirtingos fibriliy izoformos
susidaryma.

Tarpusavio sgveika su S100A9 ir superoksido dismutaze-1
moduliuoja prioninio baltymo amiloiding agregacija, slopindama
kinetikg ir mazindama susidariusiy fibriliy strukttirinj polimorfizma.
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LITERATUROS APZVALGA

Amiloidy istorija

Amiloidiniy baltymy ir jy sukeliamy ligy atradimo istorija siekia net XVII
amziy. Manoma, kad pirmasis Saltinis, kuriame buvo apraSyti amiloidoziy
atvejai, buvo gydytojo ir dramaturgo N. Fonteyn 1639 metais iSleista knyga.
Joje autorius aprasé autopsijos atvejus, kuriy metu organuose aptiko nejprasty
sankaupy'2. Vis délto pats terminas ,,amiloidas‘ buvo sukurtas tik 1838 metais
vokieciy botaniko M. Schleiden, kai Sis pastebéjo augalo lastelése esancias
krakmolo sankaupas®. Butent dél $ios priezasties ,,amiloidas‘ rei¥kia ,,panaSus
i krakmolg® ir jis sudarytas i§ lotyny ,,amylum® ir graiky ,,amylon“ kalby
7odziy*>. Visgi Zmogaus atveju amiloido terminas buvo pavartotas tik 1854
metais vokie&iy patologo Rudolf Virchow. Sis skrodimo metu organuose
aptiko baltymy sankaupas, kurios nusidazé jodu ir klaidingai palaiké jas
krakmolu®. Pra&jus vos 5 metams Friedreich ir Kekule jrodé, kad Sios
sankaupos skyrési nuo krakmolo ar celiuliozés ir buvo panasios j baltymus®.

Nepaisant ankstesniy amiloidy apra§ymo atvejy, pirmoji iSsamiai aprasyta
amiloidozé yra Scrapie liga”®. Sios ligos pavadinimas kilo nuo Zodzio kasytis
(angl. scrape), nes Anglijoje kilus ligos proverziui tarp aviy, pirmiausia buvo
pastebétas nejprastas jy elgesys’. Sios ligos sukeléjas nebuvo nustatytas iki pat
1967 mety, kol Griffith iskélé hipoteze, kad tai gali buti baltymas®!°. Iki tol
buvo manoma, kad §ig amiloidoze sukelia parazitai, bakterijos ar virusai®!!.
Vis délto tik praéjus 15 mety po ,,tik baltymo* (angl. ,,protein only*‘) hipotezés
paskelbimo, Prusiner kartu su kolegomis jrodé, kad i§ infekuoto ziurkéno
smegeny yra iSskirtos biitent baltyminés kilmés agregaty sankaupos, kurias
véliau pavadino prionais®'2,

Po to kai buvo pastebéta, jog agregaty sankaupos gali buti nudazomos jodu
kaip ir krakmolas, toliau buvo siekiama rasti alternatyvius analizés metodus®.
1922 metais Bennhold pastebéjo, kad amiloidai taip pat gali jungti ir Kongo
raudongji daza. llgg laika biitent Sis dazas buvo naudojamas diagnozuoti
amiloidozes'®. Kadangi skirtingi amiloidai sugebéjo jungti tuos pacius dazus,
buvo manoma, kad jie gali pasizyméti struktiiriniais pana§umais. Sig hipoteze
1959 metais, naudojant elektroning mikroskopijg, patvirtino Cohen ir Calkins.
Jie pastebéjo, kad agregaty méginiai iSgauti i§ jvairiy audiniy ar organy yra
sudaryti i§ filamenty ar fibriliy'>. Praéjus beveik 10 mety tyréjai naudodami
rentgeno spinduliy difrakcija iSanalizavo agregaty antring struktiirg ir
pastebéjo, kad skirtingoms amiloidinéms fibriléms yra biidingi kryZzminiy
beta-klos¢iy struktiiros elementai'®. 1982 metais Prusiner su kolegomis taip
pat pastebéjo, kad amiloidiniai agregatai pasizymi atsparumu proteazéms?!.
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Pastaraisiais metais amiloidogeniniai baltymai ir jy agregacijos procesas
susilauké daug mokslininky démesio. 2006 metais paruosta Chiti ir Dobson
apzvalga parodé, kad skirtingy amiloidiniy baltymy agregacijos procesai
pasizymi bendru mechanizmu??. Praéjus trims metams po $iy mokslininky
izvalgy, 2009 metais Knowles su kolegomis pasitlé teorinj $io proceso
apibudinima, kuris susideda i§ nukleacijos, elongacijos ir antrinés
nukleacijos/fragmentacijos etapy?. Dar vienas svarbus jvykis buvo 2010
metais, kuomet amiloidiniy fibriliy aukstos rezoliucijos struktiiros nustatymui
buvo panaudota kriogenin¢ elektrony mikroskopija, kuri suteiké naudingy
jzvalgy apie fibriliy struktiirinius skirtumus®*?*. Be viso to 2018 metais buvo
pastebéta, kad kai kurie su amiloidozémis siejami baltymai yra linke sudaryti
baltyminius laSelius skys¢io-skyscio faziy atsiskyrimo metu ir $is procesas
gali biiti susijes su jy agregacija®®.

Nepaisant to, kad iki §iol buvo nustatyta daug jvairiy faktoriy, kurie skatina
agregacijos procesa, budy kaip identifikuoti agregatus, taciau efektyviy vaisty
ar gydymo budy rasta vos keli. Vis délto nors daugeliui junginiy vis dar
nepavyksta pereiti visy klinikiniy tyrimy etapy, 2019 metais JAV maisto ir
vaisty administracija patvirtinto vaista ,, Tafamidis®, skirta gydyti su
transtiretinu susijusias kardiomiopatijas, bei 2021 metais ,,Aducanumab“ —
monokloninj  antikiing,  skirta  Alzheimerio  ligos  gydymui®®32
Mazamolekulinis  junginys ,, Tafamidis“ veikia kaip transtiretino
stabilizatorius. Jis sgveikauja su transtiretino tetramero T4 jungimosi vieta,
taip stabdydamas tetramero disociacija ir tokiu buidu uzkirsdamas kelia
tolimesniam agregacijos procesui®. Prieingai nei anks¢iau minéto vaisto,
monokloninio antikiino ,,Aducanumab* taikinys yra amiloido-beta agreguota
forma®!. Vis délto pastarojo gamyba buvo sustabdyta 2024 metais dél
sukeliamy Salutiniy efekty.
Amiloidinés ligos

Amiloidozés yra ligy grupé, kurig sukelia baltymy konformaciniai poky¢iai ir
tolimesnis agregacijos procesas. Jo metu susidaro netirpts fibriliniai
agregatai, kurie kaupiasi ir pazeidzia lasteles, dél ko galiausiai sutrinka jvairiy
organy veikla*'. Amiloidozés yra klasifikuojamos pagal kelis aspektus. Vienas
i§ jy yra agregaty kaupimosi vieta. Pagal §j bruoza amiloidozés gali buti
lokalizuotos (agregatai kaupiasi tik viename organe arba kiino vietoje) arba
sisteminés (iSplite keliuose organuose arba audiniuose)*>. Dar vienas
skirstymo biidas yra pagal ligos atsiradimo principa. Sios ligos gali biti
sporadinés (atsirandancios dél atsitiktiniy geny mutacijy ar kity nezinomy
faktoriy), jgyjamos (i$sivysto dél uzsikrétimo per uZterStus pavirsius, kraujo
perpylima, organy transplantacija) ar paveldimos (geny mutacijos, nulémusios
ligos atsiradimg, yra perduodamos tolimesnéms kartoms)*>. Galiausiai
amiloidozes taip pat galima klasifikuoti pagal baltymg, kurio agregacija
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inicijuoja ligos vystymagsi*!. Nepaisant §iy faktoriy vienos amiloidozés yra
greitai progresuojancios ir sukelia mirtinas pasekmes (Creutzfield-Jacob liga),
kitos pasireiskia tik vélyvame amziuje (Alzheimerio liga)*. Taip pat pasitaiko
ir tokiy sutrikimy, kurie nesukelia jokiy mirtiny pasekmiy ir su jomis Zmonés
gali iSgyventi daug mety (lokali injekciné amiloidozé)*. Siuo metu 42
skirtingi amiloidogeniniai baltymai yra siejami su jvairiomis Zzmoniy ligomis.

Agregacijos mechanizmas

Kad baltymas funkcionuoty tinkamai, dauguma susintetinty polipeptidiniy
grandiniy turi jgyti tam tikra natyvig strukttirg. Pats susilankstymas yra
sudétingas, stochastiskas procesas, kurio metu susidaro tam tikros tarpinés
formos, maziau stabilios nei galutiné natyvi forma*. Vis délto kai kuriais
atvejais baltymai susilanksto neteisingai, pradeda asocijuoti ir galiausiai
sudaro amiloidines fibriles, kurios yra stabilesnés uz baltymo natyvig forma.
Baltymy amiloidiné agregacija yra nuo nukleacijos priklausoma
polimerizacijos reakcija. Sis procesas susideda i§ keliy etapy, jskaitant
nukleacija, elongacijg ir antrines reakcijas (1 pav.).

Nukleacijos Stacionari
fazée Augimo fazé faze
r ! | 1T 1
s Antriné Elongacija
P'"“'"E nukleacija gacl
nukleacija T
Pavnjsmus Fragmentacija
Katalizuota >
S
- <]
Monomerai %
Branduolys a
(oligomerai) <l oo
Amiloidinés
Agregatai Protofibrilés fibrilés
Disociacija

1 pav. Amiloidiniy fibriliy susidarymo mechanizmo schema®®.

Spontaninés agregacijos atveju reakcija prasideda nuo pirminés nukleacijos,
dar vadinamos branduoliy susidarymo arba lag faze*’. Jos metu vyksta
natyvaus monomerinio baltymo konformaciniai pokyciai, susidaro
oligomerinis branduolys, prie kurio toliau jungiasi monomerai. Bitent $is
etapas yra visos reakcijos greitj limituojanti stadija, nes baltymo
konformaciniai struktiros poky¢iai yra nepalanki reakcija®. Vis délto
susidargs agregacijos branduolys yra pakankamai stabilus, kad baltymas
nesugrjzty j savo natyvia konformacija. Siuos baltymo struktiirinius poky&ius
gali inicijuoti atsitiktinés mutacijos, post-transliacinés modifikacijos,
Iastelinis stresas ar baltymy kokybés kontrolés disfunkcija’!>2. Taip pat
siekiant pagreitinti procesa in vitro baltymas destabilizuojamas, padidinant
temperatiirg, pakeiciant tirpalo pH ar panaudojant denatiirantus®. Pagreitinti
branduoliy susidarymg galima ir paskatinant baltymo molekuliy sgveikas
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(padidinant baltymo koncentracija), pakeiciant tirpalo joning jéga ar
panaudojant méginiy maiSyma>’. Pradinis agregacijos branduolys jprastai
veikia kaip Sablonas, kuris nulemia susidaranciy fibriliy strukttrg. Vis délto
pasitaiko ir tokiy atvejy, kai tas pats baltymas skirtingomis ar net identiskomis
salygomis gali sudaryti kelias skirtingas agregaty strukttras (fibriliy
kamienus). Sis reiskinys yra vadinamas polimorfizmu®’.

Kai susidaro stabilus kritinio dydzio agregacijos branduolys, toliau seka
elongacijos fazé. Jos metu monomerinés baltymo molekulés jungiasi prie
susidariusiy branduoliy, taip inicijuojant molekuliy restruktiirizacija ir jgyjant
branduolio izoformg®. Fibriliy kamienai geba save replikuoti, iSlaikant
fizikines, struktiirines savybes ir perduodant §ig ,.konformacing atmintj“
prisijungian¢iam monomerui’’. Nepaisant to, kad $is etapas vyksta Zymiai
grei¢iau nei pirmoji branduoliy susidarymo stadija, jj galima dar pagreitinti.
Tai yra pasiekiama padidinant molekuliy sgveiky skai¢iy arba skatinant
monomerinio baltymo i3silankstymag>>.

Vis délto elongacijos etapo metu vyksta ne tik monomerinio baltymo
jungimasis prie fibriliy galy, bet ir antriniai procesai — fibriliy fragmentacija ir
pavirSiaus inicijuota agregacija*’. Reakcijos metu kai susidarancios fibrilés
pasiekia kritinj ilgj, jos linkusios skilti, tokiu biidu atsiranda daugiau galy, prie
kuriy gali prisijungti ir pakeisti konformacija naujos monomerinés
molekulés'2. Sis procesas Zymiai padidina agregacijos greitj. Dar vienas
antrinis procesas — pavirSiaus inicijuota agregacija. Jos metu kity fibriliy
pavirSius yra naudojamas kaip naujy agregacijos branduoliy susidarymo
katalizatorius®!. Monomeriniai baltymai jungiasi prie hidrofobinio fibriliy
pavirsiaus, kei¢ia savo konformacijg ir sudaro branduolj, kuris véliau atskyla
nuo agregacija iniciavusios fibrilés ir veikia kaip papildomas agregacijos
centras®’.

Agregacijos sekimas

Siuo metu yra atrasti keli biidai sekti baltymy agregacija in vitro. Pirmasis
dazas, naudojamas sekti amiloidiniy baltymy agregacijos procesa buvo Kongo
raudonasis. Jj 1884 metais iSrado vokie¢iy chemikas P. Bottiger®>. O 1922
metais vokieCiy gydytojas Bennhold pirmasis panaudojo Kongo raudonajj
diagnozuoti amiloidozes". Sis daZas turi hidrofobinj centra, kuris susideda i§
dviejy fenilo Ziedy, o molekulés galiniuose regionuose yra sulfono riigsties ir
amino grupés. Siam dazui prisijungus prie amiloidiniy agregaty yra stebimas
sugerties piko poslinkis nuo 490 nm iki 512 nm, bei naujo piko atsiradimas
540 nm bangos ilgyje®. Be to poliarizuotoje $viesoje yra matomas agregaty
optinés anizotropijos padidéjimas (angl. apple green birefringence)®. Vis
délto Sio dazo panaudojimas sumazéjo dél savo nespecifiSkumo, nes jis
jungiasi ir prie kity baltymy, tokiy kaip kolagenas, elastinas®’.
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Vienas dazniausiai agregacijai stebéti naudojamy junginiy yra tioflavinas-T.
Sis dazas yra gana specifiskas amiloidiniams agregatams ir manoma, kad su
natyvios, dalinai ar pilnai iSsilanksCiusios formos baltymais beveik
nesaveikauja®. Sios molekulés panaudojimo galimybes, analizuojant
susidaranc¢ius amiloidinius agregatus, 1959 metais pristaté Vassar ir Culling.
Tioflavinas-T susideda i§ dimetilinto benzotiazolo ziedo per bendra jungtj
sujungto su dimetilamino benzilo Ziedu’®. Vandeniniuose tirpaluose abu Ziedai
vienas kito atzvilgiu laisvai sukasi ir energija yra panaudojama biitent Siam
procesui. Sis rotacinis judéjimas agregacijos metu yra imobilizuojamas
susidaranc¢iy agregaty beta-klos¢iy grioveliuose. Tokiu buidu yra matomas
fluorescencijos kvantinés ieigos padidéjimas®. Sekant spontaninés
agregacijos procesg yra stebimas sigmoidés formos fluorescencijos
intensyvumo pokytis nuo laiko (2 pav. raudona kreivé)*. Savireplikacijos
metu, kuomet reakcijos miSinyje pridedama jau suformuoty agregaty, lag fazé¢
yra zymiai sutrumpinama ir agregacija daznai pasizymi fluorescencijos
eksponentine kreivés forma (2 pav. mélyna kreive)>.

Agregaty
pridéjimas

Nukleacijos \
faze Elongacijos
fazé

Laikas —»

Fluorescencijos intensyvumas ——»

2 pav. Fluorescencijos priklausomybé nuo laiko spontaninés agregacijos
(raudona kreiveé) ir savireplikacijos (mélyna kreivé) metu®,

Fibriliy antriné struktira ir morfologija

Vienas pagrindiniy ir pirminiy amiloidiniy fibriliy struktiiriniy poZymiy yra
dominuojanti beta-klos¢iy struktiira. Kadangi agregacijos metu keiciasi Siy
antrinés struktiiros elementy kiekis, daznai tyrimuose naudojami CD, FTIR ir
Ramano spektroskopijos metodai®®. Nors beta-klos¢iy struktiira yra biidinga
skirtingy baltymy amiloidinéms fibriléms, taciau S$iy klos¢iy ilgis ir
pasiskirstymas fibriliy struktiiroje varijuoja, priklausomai nuo baltymo®.
Beta-klostés gali sudaryti keliy tipy ketvirtines strukttras, kurios yra
sutinkamos amiloidinése fibrilése.
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Viena i$ tokiy struktiiry yra beta-sumustinio (angl. beta-sandwich). Joje dvi
beta-klostés isidésto atsisukus viena j kitg ir daznai yra atskirtos kilpa®.
Tyrimai rodo, kad yra galimas ir tolimesnis tokiy struktiiry iSsidéstymas,
vadinamas superklostuota (angl. superpleated) beta-klos¢iy struktira. Siuo
atveju kelios beta-klostés suformuoja struktiirg sulygiuotg viena kryptimi®!.
Dar viena beta-klosCiy struktiira, randama amiloidinése fibrilése — beta-
solenoidas. Sioje struktiiroje polipeptidiné grandiné sudaro vieng fibrilés
sluoksnj, apsisuka per kilpg ir toliau sudaro antrajj*°. Toks skirtingas antrinés
struktiiros motyvy pasiskirstymo variabilumas parodo daZnai pasitaikant]
amiloidiniy agregaty polimorfizma®’.

Subrendusios fibrilés pasizymi periodiska strukttira, kuri priklauso nuo
protofilamenty susisukimo tarpusavyje. Kadangi protofilamentai gali sudaryti
skirtingas 3D strukturas, priklausomai kaip jie susirenka tarpusavyje, susidaro
agregatai pasizymintys skirtinga morfologija (skirtingy fibriliy morfologijy
pavyzdziai pavaizduoti 3 pav.). Sie fibriliy kamienai gali bti skirstomi pagal
fibrilés sukimosi laipsnj, jy diametra, ar i$ kiek protofilamenty yra sudaryta
fibrile*®®, Taip pat agregatai biina linke asocijuoti lateraliai ar sudaryti
didelius klasterius®. DaZniausiai siekiant i$skirti morfologines izoformas yra
panaudojamos atominés jégos, kriogeninés-elektrony arba transmisijos
elektrony mikroskopijos metodikos®*. Agregaty polimorfizmas yra
pastebimas ir neurodegeneraciniy sutrikimy atvejais, kas gali paveikti ligy tipa
ir progresija®®. Tyrimai in vitro rodo, kad amiloidiniy agregaty, pasizyminciy
skirtinga struktiira ar morfologija, susidarymas gali priklausyti ne tik nuo
aplinkos faktoriy, taciau tam tikrais atvejais yra pastebimas net identiSkomis
sglygomis'?!.

N N\ @
N\

3 pav. AJM paveikslai (A) ir atitinkami f-laktoglobulino fibriliy,
pasizyming¢iy skirtingais periodiskumais, modeliai (B)*.

Fibriliy stabilumas

Agregacijos tyrimuose daznai siekiant paskatinti §j procesa yra naudojamos
aplinkos salygos, kurios destabilizuoja baltymg. Todél yra naudojama
aukStesné temperatira, didelés drusky koncentracijos, denattrantai ar
keiciamas tirpalo pH. Taip pat Sios salygos turi jtakos ir jau susidariusiy
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amiloidiniy fibriliy stabilumui’!. Tai yra dar viena savybé, kuri tyrimuose
naudojama nustatyti skirtingy tipy agregatus. Fibriliy stabilumas daznai
priklauso nuo keliy struktiiriniy parametry. Vienas i§ jy - kryzminis beta-
klos¢iy struktiirinis motyvas, kuris priklausomai nuo sudaryty vandeniliniy
jungciy skaiCiaus, yra vienas svarbiausiy fibriliy struktiirg stabilizuojanciy
faktoriy®®. Jis taip pat yra atsakingas ir uz fibriliy dalinj atsparumag
proteazéms'®. Kitas faktorius, kuris yra atsakingas uz stabiluma, yra Van der
Waals sgveiky skai¢iaus padidéjimas, bei kontakto su tirpikliu sumazéjimas®.

Nors ir agregaty stabilumo tyrimai in vivo néra galimi, taCiau Si savybe
suteikia daug jzvalgy apie organizme susidarancias fibriles. Atlikus i8§
serganc¢io zmogaus iSskirty agregaty stabilumo denatiiruojanciomis saglygomis
tyrimg, buvo pastebéta, kad esama koreliacijos tarp fibriliy stabilumo ir
prioniniy ligy inkubaciniy periody trukmés®. Rezultatai parodé, kad prionai,
kurie buvo aptinkami trumpo inkubacinio ligos periodo atveju, buvo maziau
stabiltis denatiiruojanciomis sglygomis®.

Siame darbe naudoti amiloidiniai baltymai

Insulinas

Insulinas yra hormonas, kuris organizme pagrinde yra atsakingas uz cukraus
kiekj kraujyje bei karbohidraty, baltymy, riebaly metabolizmo reguliavimg®’.
Sj hormona j krauja sekretuoja kasos Langerhanso salelés beta-lastelés.
Insulinas susideda i§ dviejy polipeptidiniy grandiniy, kuriy antringje
struktliroje, esant natyvios biisenos, dominuoja alfa-spiralés. Viena grandine
sudaro 21 aminoriigitis, o antraja — 30. Sios grandinés tarpusavyje yra
sujungtos dviem disulfidiniais tilteliais, o kitas tiltelis jungia dvi aminortigstis
trumpojoje grandinéje!®. 1921 metais mokslininkai i§ Kanados — F. Banting,
C. Best, J. Macleod, J. Collip sékmingai i$skyré insuling i§ kraujo ir parodé jo
funkcijg organizme, o 1969 metais D. C. Hodgkin nustaté Sio baltymo
kristaling struktirg ir uz tai véliau buvo apdovanotas Nobelio premija
chemijos srityje®®!0!,

Vis délto tam tikromis saglygomis Sis globulinis baltymas yra linkgs keisti savo
natyvig konformacijg ir sudaryti amiloidines fibriles. Jo agregacijos procesg
analizuoti paskatino tai, kad [ ir II tipo diabetu sergantiems zmonéms atliekant
insulino injekcijas buvo pastebeta, kad aplink dario vieta susidaro netirpios
agregaty sankaupos'®. Sis sutrikimas buvo pavadintas neletalia lokalia
injekcine amiloidoze*. 1940 metais Waugh pirmasis aprasé $io baltymo
agregacijos etapus ir susidariusias amiloidines fibriles'®®. Nepaisant didelés
aplinkos salygy jvairovés, naudojamos in vitro agregacijos tyrimuose,
dazniausiai Sio baltymo agregacija yra vykdoma Zemame arba neutraliame
pH, esant aukstesnei temperattrai. Taip pat siekiant pagreitinti procesa daznai
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naudojamas purtymas'®, Dél salyginai zemos kainos ir paprasto agregacijos
protokolo, $is baltymas yra daznai naudojamas kaip modelis analizuojant
fibriliy susidarymo procesa. Kadangi yra zinoma, kad insulino agregacijai
btdingas susidariusiy fibriliy polimorfizmas, o insulino agregacijos tyrimai
dazniausiai yra atliekami zemame pH, naudojant skirtingus pagrindinius
tirpalo komponentus, biitent §is baltymas buvo pasirinktas analizuoti trijy
aplinkos faktoriy - pH, joninés jégos ir pagrindinio tirpalo cheminio
komponento - kompleksinj poveikj agregacijos procesui (Publikacija 4).

Lizocimas

Lizocimas yra globulinis baltymas, organizme veikiantis kaip fermentas. 1922
metais A. Flemingas pirmasis i§ Zmogaus nosies gleivinés iSskyré §j baltyma,
bei nustaté jo antibaktering funkcija'®. Sis baltymas yra randamas ne tik
gleivingje, bet ir seilése, asarose ar kraujo serume!®. Lizocimas hidrolizuoja
gram neigiamy bakterijy Iastelés sieneléje esancio peptidoglikano [-1,4
glikozidinj rysj tarp N-acetilmuramo riigSties ir N-acetilgliukozamino, tokiu
bidu suardant sienelés integraluma!%. Atliekant tyrimus buvo pastebéta, kad
mutacija §] baltyma koduojanciame gene ir baltymo agregacija, sukelia
paveldimg sistemine lizocimo amiloidoze!”’. Progresuojant $iai ligai lizocimo
agregaty sankaupos pazeidzia jvairius organus ir sukelia jy disfunkcijg!®.

Vistos kiausinio baltymo lizocima, kuris buvo naudojamas Siame darbe,
sudaro viena polipeptidiné grandin¢, susidedanti i§ 129 aminoraigsciy'®.
Biitent §io baltymo kristaliné struktiira buvo nustatyta 1965 metais!.
Lizocimas yra dalinamas j du domenus (alfa ir beta), kurie yra sujungti
keturiais disulfidiniais tilteliais. Jie skiriasi savo antrine struktiira — alfa
domeng sudaro keturios alfa-spiralés, o beta — antiparalelinés beta-klostés'',

Kadangi vistos kiausinio baltymo lizocimas yra zmogaus baltymo varianty,
susijusiy su amiloidozémis ortologas, pasizymintis panasia seka, o jo gamyba
salyginai pigi, jis yra naudojamas agregacijos tyrimams in vitro. Tyrimai rodo,
kad Sis baltymas yra linkes lengvai sudaryti fibriles esant Zemam pH ar
aukStesnei temperatiirai'®!'%, Taip pat siekiant paskatinti agregacijos procesg
yra naudojami denatiirantai (pvz. guanidino hidrochloridas) arba organiniai
tirpikliai (pvz. etanolis), bei intensyvus méginiy purtymas''!. Kadangi yra
zinoma, kad lizocimo agregacijai yra budingas susidariusiy fibriliy
polimorfizmas, o natyvaus baltymo lydymosi temperatiira labai priklauso nuo
tirpalo pH, lizocimas Siame darbe buvo pasirinktas analizuoti pradinés
baltymo susilankstymo biisenos, esant skirtingiems tirpalo pH, jtaka
susidariusiy agregaty struktiiriniam ir morfologiniam kintamumui
(Publikacija 1 ir 2).
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Prioniniai baltymai

Lasteliniai prioniniai baltymai yra membranos glikoproteinai, kurie
prisijungia prie lipidinio bisluoksnio naudojant glikozilfosfatidilinozitolio
inkarg!!?. Prioniniai baltymai po transliacijos yra modifikuojami, pasalinimos
signalinés sekos, prikabinamas GPI inkaras, sudaromi disulfidiniai tilteliai ar
glikozilinamas N- galas''®. Didziausi kiekiai §io baltymo yra sintetinami
biitent centrinéje nervy sistemoje, bet taip pat randami ir kituose organuose!!*.
Manoma, kad natyvios formos prioniniai baltymai dalyvauja oksidacinio
streso valdyme, signaliniy keliy moduliavime, jony jungimosi procesuose'".
Zinduoliy prioniniai baltymai yra sudaryti i§ mazdaug 250 aminortigi&iy, kur
C- ir N- gale yra signalinés sekos. Natyvios formos prioninis baltymas
sudarytas i§ dviejy regiony — N- galo nestruktiirizuotos srities ir C- galo
globulinio domeno. N- galo regionas taip pat dalinamas j dvi hidrofilines sritis
ir vieng pasikartojancio oktapeptido sritj''¢118,

Prioninio baltymo konformaciniai poky¢iai | infektyviag forma yra susije su
neurodegeneracinémis ligomis, vadinamomis transmisinémis
spongiforminémis encefalopatijomis. Tokiy sutrikimy pavyzdziai yra
Creutzfield-Jacob liga, Gersmann-Straussler-Scheinker sindromas, fataliné
Seimyniné nemiga, Kuru liga!'*. In vitro tyrimuose paskatinti $io baltymo
agregacijos procesg reikalingos didelés denattiranto koncentracijos, aukstesné
temperatiira, bei intensyvus méginio maisymas'?. Sis konformacinis
variabilumas ir didelis baltymo jautrumas aplinkos veiksniams buvo
pagrindiné priezastis, kodél jis buvo pasirinktas baltymo-baltymo tarpusavio
saveikos tyrimams Siame darbe (Publikacija 6 ir 7).

Alfa-sinukleinas

Alfa-sinukleinas yra baltymas, sudarytas i§ 140 aminoriigi¢iy liekany®’. Jis
priklauso sinukleino baltymy Seimai, kuri yra randama stuburiniuose
gyviinuose'?. Pirma kartg § baltymg 1988 metais atrado pranciizy
mokslininkas Maroteaux, kuris tyré zuvy cholinerginiy neurony branduolius
ir sinapsines pusleles®’. Bitent dél savo buvimo vietos, §is baltymas jgavo
savo pavadinimg - ,,syn“ — nuo zodzio sinapsé ir ,,nuclein® — branduolys'?.
Vis délto daugiausiai mokslininky démesio §is baltymas sulauke, kai buvo
pastebéta, kad jis yra pagrindinis Lewy kiineliy ir neurity komponentas, kurie

laikomi kaip Parkinsono ligos ar demencijos su Lewy kiineliais Zymenimis'*’.

Pagrinde Asyn yra sintetinamas smegenyse, taciau mazesniais kiekiais galima
aptikti ir kituose organuose'®!. N- baltymo gale yra konservatyvios
aminoriigsciy sekos pasikartojimai. Toliau seka hidrofobiSkas centrinis
domenas, kuris agregacijos metu metu linkes sudaryti f-klostes. O baltymo
lanks¢iame C- gale dominuoja neigiamai jkrautos aminoriig§¢iy lickanos, bei
prolinas'32. Nors tiksli alfa-sinukleino fiziologiné funkcija néra aiski,

74



manoma, kad jis yra atsakingas uz sinapsiniy pusleliy judéjimg sinapsiniame
plysyje! 3135,

Alfa-sinukleinas fiziologiniame pH yra nestrukttrizuotos formos, taciau
inkubuojant §j baltyma ilgesnj laika, jis linkgs agreguoti amiloidiniy fibriliy
forma'*®. Tyrimai rodo, kad alfa-sinukleinas linkes sudaryti struktiriskai
skirtingus  fibriliy kamienus, kuriy formavimasis priklauso nuo
eksperimentiniy sglygy ar reakcijoje naudojamy papildomy molekuliy!*7-13%,
Be to taip buvo pastebéta, kad Sis baltymas geba sudaryti struktiriskai
skirtingas amiloidines fibriles net identiskomis sglygomis'?®. Dél Sios
priezasties Siame darbe buvo pasirinktas alfa-sinukleinas, siekiant istirti, kaip
susidaranciy fibriliy struktiiros yra paveikiamos aplinkos salygy pokyciy arba
reakcijoje dalyvaujanciy potencialiy inhibitoriy molekuliy (Publikacija 3 ir 5).

S100A9

S100 baltymai yra kalcj suriSanciy baltymy Seima, randama tik Zinduoliy
organizmuose'*’. 1965 metais B. W. Moore pirmasis i§grynino S100 baltyma
i$ jaucio smegeny. Jis biitent ir suteiké Siai Seimai S100 pavadinima, nes Sis
baltymas neutraliame pH buvo tirpus 100% so¢iame amonio sulfato tirpale'.
Siuo metu yra nustatyti 25 S100 baltymy Seimos nariai'*'. Jie dalyvauja
jvairiuose tarplasteliniuose ir vidulasteliniuose reguliaciniuose procesuose,
kaip apoptozé, diferenciacija, proliferacija, kalcio homeostazé ir pan'¥.
Vienas i$ labiausiai istirty Sios Seimos nariy, S100A9, yra prouzdegiminis
baltymas, taip pat zinomas kaip kalgranulinas B arba su migracija slopinanciu
faktoriumi susijes baltymas 14 (MRP-14). Sis baltymas daugiausia
gaminamas neutrofiluose, bet mazesniais kiekiais — neuronuose ir
mikroglijose'*. Antrinei SI00A9 strukturai biidingas ilgas nestrukturizuotas
C- galas ir keturios alfa spiralés, kurios sudaro du spiralés-kilpos-spiralés
motyvus, taip pat Zinomus kaip EF-rankos. Siy motyvy galai yra asocijuoti su
hidrofobiniais baltymo regionais, o prie paciy EF-ranky jungiasi du kalcio
jonai'*3. Biitent prisijungus juos, yra inicijuojami konformaciniai poky¢iai, kai
tirpalui atidengiami baltymo hidrofobiniai regionai ir taip palengvinama
organizme S100A9 saveika su kitais baltymais'*’. In vivo SI00A9 dazniausiai
randamas heterodimero pavidalu su S100A8 (kalgranulinas A arba MRP-8).
Nors §iy baltymy homodimerai taip pat randami mazesniais kiekiais, jie yra
maziau stabilts nei heterodimerai’.

In vitro S100A9 linkes lengvai agreguoti, taip prarandant signaling funkcija
bei tampant citotoksisku'*?. Taip pat tyrimai rodo, kad butent sgveikaujant su
kitais baltymais S100A9 reguliuoja jy polinkj agreguoti'**'#*. Sis baltymas
geba sudaryti amiloidines fibriles fiziologinémis salygomis, reakcijoje
nedalyvaujant kalcio jonams'#2. D¢l Sios priezasties SI00A9 buvo pasirinktas
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tirti jo tarpusavio sgveikg su anksc¢iau minétu prioninio baltymo fragmentu
(Publikacija 7).

Superoksido dismutazé-1 (SOD1)

Superoksido dismutazé-1 (SOD1) yra labai konservatyvus metalofermentas,
randamas  mitochondrijy  citozolyje, iSorinéje = membranoje  ir
tarpmembraninégje erdvéje'. Sis baltymas dalyvauja nukenksminant
superoksido radikalus, kuriuos mitochondrijos i$skiria kaip Salutinius redokso
reakcijos produktus. Juos fermentas pavercia vandenilio peroksidu ir
deguonimi. Tai yra viena pagrindiniy §io baltymo funkcijy organizme'¥’. Be
viso to manoma, kad SODI1 veikia kaip RNR jungiantis baltymas arba
transkripcijos faktoriy aktyvatorius'*. SOD1 yra 32 kDa homodimerinis
baltymas, sintetinamas jvairiuose zinduoliy audiniuose. Didziausias SOD1
kiekis randamas centrinéje nervy sistemoje ir kepenyse'*®. Abu §io baltymo
monomerai turi po viena cinko ir vieng vario jong, taip pat tarpmolekuline
disulfiding jungtj, kuri stabilizuoja homodimero struktiirg, o subvienetus laiko
vandeniliniai ry8iai ir hidrofobiné sgveika'"’.

Neteisingas Sio baltymo susilankstymas ir agregacija yra susije su
amiotrofinés lateralinés sklerozés (ALS) iSsivystymu. ALS yra gyvybei
pavojingas neurodegeneracinis sutrikimas, kurio metu Zzista motoriniai
neuronai, o tai sukelia raumeny atrofija, paralyziy ir galiausiai kvépavimo
sutrikimg'*’. Tyrimai rodo, kad ALS budinga daugiau nei 200 skirtingy
mutacijy, kurios destabilizuoja homodimering baltymo strukttirg ir taip skatina
agregacija'®!. Nepaisant mutacijy, SODI agregacija galima paskatinti
pasalinant baltymo struktiira stabilizuojancius metalo jonus arba nutraukiant
disulfidinj tiltelj'¥’. Tyrimy su SOD1 metu buvo pastebéta, kad jis gali pakeisti
kity amiloidogeniniy baltymy agregaty susidarymo procesa. Dél Sios
priezasties, panasiai kaip ir S1I00A9, jis buvo pasirinktas tirti jo tarpusavio
saveika su anks¢iau minétu prioninio baltymo fragmentu (Publikacija 6).

Aplinkos faktoriai

Temperatura ir purtymas

Temperatiira yra vienas i§ dazniausiai kei¢iamy faktoriy atliekant baltymy
agregacijos tyrimus. Temperatiiros pakélimas dazniausiai yra naudojamas
siekiant pagreitinti §j procesa. Kinetikos atveju didesné temperattira pagreitina
nukleacijos procesa (lag laikas sutrumpéja), nes aukStesnéje temperatiiroje
didesné dalis baltymo molekuliy yra dalinai arba pilnai iSsilanksciusios
busenos, kas paskatina konformacinius pokycius ir agregacijos branduoliy
susidaryma'*. Visgi kartais yra stebimas ir Zemesnés temperatiiros poveikis
baltymams ir jy agregacijai, vadinamas SalCio denatiiracija, kas taip pat
paskatina nukleacijg'>.
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Sis eksperimentinis faktorius taip pat paveikia ir kita agregacijos etapg -
elongacijos fazg. Aukstesnéje temperatiiroje pagreitéja molekuliy judéjimas,
jvyksta daugiau molekuliy susidiirimy tirpale ir hidrofobiniy sgveiky, todél
reakcijos greitis padidéja*®. Vis délto $is aplinkos veiksnys veikia ne tik
pirminius, bet ir antrinius procesus kaip fragmentacija®. Be jtakos agregacijos
kinetiniams parametrams, temperatiira gali paveikti ir susidaranciy fibriliy
strukttra. Tyrimai rodo, kad aukstesnéje temperatiiroje gali biiti pastebimas
didesnis susidariusiy fibriliy struktiiry variabilumas®. Be to priklausomai nuo
temperatiiros, susidariusios fibrilés gali skirstis savo stabilumu, toksiskumu
lasteléms, savireplikacijos efektyvumu, morfologija ar protofilamenty
skai¢iumi*®.

Nors tyrimuose agregacijos procesui pagreitinti daznai naudojama aukstesné
temperatira, literatiiroje dazniausiai apraSomi kinetikos pokyciai (branduoliy
susidarymo laikas, grei¢io konstanta), nenurodant kaip dél to keiciasi
agregacijos mechanizmas. Taciau svarbu suprasti, kaip subtilus pradinés
baltymy susilankstymo pusiausvyros pokytis lemia vélesnj fibriliy struktiirinj
variabiluma. Sio parametro jtakos agregaty polimorfizmui nustatymas galéty
suteikti svarbiy jzvalgy apie skirtingy ligy fenotipy atsiradimg (pvz.,
prionopatijy atveju), agregaty toksiskumo skirtumus ir jy plitimg ligos metu.
Dél sios priezasties dalis mano darbo buvo skirta nustatyti rysj tarp pradinés
baltymy susilankstymo buisenos reakcijos pradzioje ir susidariusiy agregaty
polimorfizmo. RySys tarp Siy dviejy parametry mano darbe buvo nustatytas
atsizvelgiant j lizocimo lydymosi temperatiira, kartu keiciant ir kita aplinkos
veiksnj — tirpalo pH (Publikacija 1 ir 2).

Kitas svarbus aspektas, apie kurj triksta informacijos, yra temperatiiros
poveikis jau susiformavusiems agregatams. Tyrimuose daZnai nustatomi
strukturiskai skirtingi agregaty kamienai, kurie lyginami ne tik pagal jy
strukttrinius ir morfologinius parametrus, bet stabiluma denatiiruojanciomis
salygomis ar atsparumg proteazéms, taCiau temperatiiros pokyciy poveikis
struktiiriniam fibriliy integralumui lieka nenustatytas. Nepaisant galimybiy
identifikuoti skirtingus kamienus, $ioje srityje licka daug neatsakyty klausimy,
ypac susijusiy su agregaty dinaminiu stabilumu. Dél Sios priezasties dalis Sio
darbo taip pat buvo skirta analizuoti, kaip inkubacija aukstesnéje
temperatiroje veikia skirtingus alfa-sinukleino i§ anksto suformuotus
agregaty kamienus (Publikacija 3).

Daznai pagreitinti ir paskatinti baltymy agregacijos procesg in vitro tyrimuose
yra pasitelkiamas méginiy purtymas. Purtymo budy, naudojamy agregacijos
skatinimui yra bent keli — vartymas, purtymas, maiSymas'4. Agregacijg
skatinantys veiksniai, atsirandantys deél jvairiy maiSymo formy, yra Sie:
papildomos skysCio ir pavirSiaus arba skys€io ir oro sgveikos (baltymy
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neteisingas lankstymasis sandiiroje), méginiy maiSymas (didesnis molekuliy
susidiirimy daZnis)*.
pH ir joniné jéga

Dar vienas faktorius, kuris kinta atliekant agregacijos tyrimus in vitro yra
tirpalo pH. Pirmiausia, kalbant apie jtakg agregacijos kinetiniams
parametrams, agregacijos procesas gali skatinamas arba létinamas*,
Agregacija gali biiti skatinama tokiais pH-pokyciy nulemtais faktoriais:
baltymo krtvio pokyciai (esant arCiau pl vertés, baltymai lengviau sgveikauja,
pagreitinami nukleacijos ir elongacijos etapai), stabilumo sumazgjimas
(nutraukiami vandeniliniai arba nekovalentiniai rysiai, padidéja hidrofobiniy
regiony saveika su tirpikliu, tokiu biidu paskatinami konformaciniai
pasikeitimai)'4. Ta¢iau agregacija taip pat gali biti slopinama pH labiau
nukrypstant nuo baltymo pl, tokiu bidu didéjant baltymo pavirsiaus kriiviui.
Sio kriivio padidéjimas létina agregacijos procesa (nukleacija, elongacija) dél
padidéjusios elektrostatinés stiimos tarp labiau jkrauty baltymy molekuliy'>>.
Be jtakos kinetiniams parametrams, pH gali paveikti ir susidaranciy fibriliy
struktira. Tyrimai rodo, kad kai kuriais atvejais tirpalo pH turi jtakos
susidariusiy fibriliy struktiriniam variabilumui'**. Be to fibrilés susidariusios
zemesniame pH kartais buna plonesnés, labiau fragmentuotos, pasizymi
mazZesniu stabilumu, nei susidariusios neutraliame'>>.

Agregacijos tyrimuose tirpalo joniné jéga gali paveikti tarp baltymo molekuliy
vykstancias elektrostatines sgveikas, dél to Sis parametras taip pat yra svarbus
analizuojant §j procesa. Pagrindinis faktorius nulemiantis agregacijos procesa
kei¢iant tirpalo joning jégg yra baltymo pavirSiaus kriivis*®. Didesné joniné
jéga sumazina elektrostatinj atstimima tarp panaSiai jkrauty baltymo
molekuliy, mazina baltymo stabiluma, bei padidina hidrofobines sgveikas, dél
ko agregacijos procesas yra pagreitinamas'®. Vis délto anijonai ir katijonai
paveikia baltymo agregacija skirtingai. Bitent Sis efektas labai priklauso nuo
tirpalo pH'*. Kaip ir anksCiau aptartu atveju joniné jéga gali paveikti ir
susidaranc¢iy fibriliy struktiirinius ir morfologinius parametrus, joms yra
budingas variabilumas. Tyrimai rodo, kad kartais didesnés joninés jégos atveju
susidaran¢ioms fibrilés yra labiau tiesios'*’. Taip pat joniné jéga gali turéti
jitakos susidaranciy fibriliy stabilumui, citotoksiskumui bei savireplikacijos
savybéms'4,

pH ir joninés jégos jtaka baltymy amiloidinei agregacijai yra iSsamiai
aprasyta. Literatiiroje teigiama, kad $iy dviejy aplinkos veiksniy poveikis labai
priklauso vienas nuo kito. Ta¢iau pagrindiné tyrimy problema islieka ta, kad
Sie parametrai paprastai vertinami atskirai, o jy bendras sinerginis poveikis
nenustatomas. D¢l Sios priezasties dalis mano darbo buvo skirta iSanalizuoti,
kaip nedideli pH, joninés jégos ar tirpalo pagrindinio cheminio komponento
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poky¢iai gali paveikti susidariusiy insulino agregaty strukttirinj ir morfologinj
variabilumg (Publikacija 4).

Kiti baltymai

Kiti baltymai — ar tai biity specifiskai sgveikaujantys, Saperonai ar atsitiktiniai
— gali smarkiai pakeisti baltymy agregacijos kinetika. Vieni i§ tokiy baltymy
— molekuliniai Saperonai, tokie kaip Hsp70, Hsp90, jungiasi prie neteisingai
susilankséiusiy baltymy ar agreguoti linkusiy regiony!'>1%, Sgveikaudami su
amiloidiniais baltymais jie gali létinti nukleacijos arba elongacijos etapus arba
juos visai sustabdyti. Sie baltymai veikia daZniausiai stabilizuodami
monomerinj baltymg arba iSardydami jau susidariusias oligomerines
formas'®’. Taip pat kai kurie baltymai gali sgveikaudami tarpusavyje sulétinti
agregacijos procesa. Viena i$ tokios sgveikos pavyzdziy yra tarp S100A9 ir
alfa-sinukleino. Ankstesni tyrimai parodé, kad alfa-sinukleino agregacija yra
léetinama reakcijoje dalyvaujant S100A9 baltymui, kuris saveikauja su
pastarojo N- galu'*. Taip pat buvo apraSyta ir sgveika tarp amilodo-beta ir
alfa-sinukleino. Siuo atveju tyrimai parodé, kad buvo paskatintas tirpiy, bet
toksiSky, daug beta-klos¢iy struktiiroje turiniy hetero-oligomery
susidarymas, tacCiau sulétintas tolimesnis amiloido-beta fibrilizacijos
procesas!®t162 Vis délto kai kuriais atvejais kiti baltymai ar jy agregatai gali
veikti kaip pavirSius ir paskatinti pavirSiaus inicijuotg nukleacijos procesa.
Vienas i$ tokiy pavyzdziy yra tarp amiloido-beta ir prioninio baltymo. n vitro
tyrimai parodé, kad amiloidas-beta paskatina prioninio baltymo agregacija net
esant mikromolinéms koncentracijoms'®. Tokios sgveikos yra nustatomos ir
in vivo. Tai buvo stebima amiloido-beta fibriliy atveju, kurios paskatino tau
baltymo agregacija in vivo'®. Be to kiti baltymai kai kuriais atvejais gali veikti
kaip molekuliniai reakcijos apkrovos (angl. crowding) agentai, dél ko susidaro
didelés koncentracijos baltyminiai laSeliai ir taip paskatinama agregacija'®.
Visos $ios saveikos gali paveikti ir susidaranéiy agregaty struktiirinius,
morfologinius parametrus, tokiu biidu susidarant naujo tipo agregatams ar
stabilizuojant tam tikra kamieng.

Nors daugelyje tyrimy daugiausia démesio skiriama agregacijos kinetika
moduliuojanciy molekuliy nustatymui, tyrimai paprastai remiasi supaprastintu
mechanizmu, ieSkant junginiy, kurie tik sulétina agregacijos procesa (pvz.,
didina agregacijos puslaikj). Sis metodas neatsizvelgia j esmine agregacijos
mechanizmo detale — inhibitoriaus poveikj susidariusiy agregaty
struktiirinéms savybéms. Dél §ios priezasties didel¢é mano darbo dalis buvo
skirta nustatyti, kaip mazamolekuliniai junginiai (imidaziotiazino dariniai)
arba baltymai, dalyvaujantys reakcijoje, esant natyvios arba fibrilinés formos,
gali paveikti ne tik agregacijos kinetikg, bet ir susidariusiy fibriliy
struktiirinius ar morfologinius parametrus, bei jy kamieny variabilumag
(Publikacija 5, 6, 7).
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METODU APZVALGA

Baltymy gryninimas

Siekiant atlikti agregacijos tyrimus pirmiausia reikéjo iSsigryninti jvairius
rekombinantinius baltymus. Visi Siame darbe naudojami baltymai buvo jsigyti
i§ komerciniy jmoniy (Zmogaus rekombinantinis insulinas, viStos kiauSinio
baltymo lizocimas) arba susintetinti E. coli BL21 (DE3) Iastelése (pelés
prioninio baltymo fragmentas 89-230, zmogaus alfa-sinukleinas, zmogaus
SODI1, zmogaus S100A9). Pirmiausia Igstelés buvo transformuojamos
naudojant kars¢io Sokg ir auginamos autoinduktyvioje ZYM 5052 arba LB
terpéje, indukuojant sinteze su IPTG. Kadangi prioninis baltymas ir SI00A9
tur¢jo histidino zymenj, jie buvo gryninami naudojant imobilizuoty nikelio
jony afining chromatografija ir atplaunami nuo sorbento, naudojant buferinius
tirpalus su imidazolu’'%, Kiti baltymai (SODI ir alfa-sinukleinas) buvo
gryninami naudojant jony mainy chromatografijg'¢”-!%®. Siekiant gauti maZiau
priemaiSy turintj baltymg, papildomai buvo naudojama gelfiltracijos
chromatografija'®’. Baltymai (alfa-sinukleinas, SOD1) po gryninimo buvo
liofilizuojami ir laikomi -20°C temperatiiroje. PrieS naudojimg baltymy
milteliai buvo tirpinami tyrimui reikalingame buferiniame tirpale. Kitais
atvejais baltymai (MoPrP89-230, S100A9) buvo sukoncentruoti ir uzsaldyti -
20°C temperatiiroje. Sis metodas buvo naudojamas visose j disertacija
jitrauktose publikacijose.

Fibriliy susidarymo skatinimas

Siekiant paskatinti baltymo agregacija ir kad jis pakeisty savo konformacija,
pirmiausia reikia, kad baltymas buty destabilizuojamas. Temperatiiros
pakélimas atsizvelgiant j baltymo lydymosi temperatiirg sukelia jo dalinj arba
pilng iSsilankstyma'¢*!7°. Panasiai staigus pH pakeitimas, priklausomai nuo
baltymo pl, pakeicia kriiviy pasiskirstyma baltymo pavirsiuje, dél ko sutrinka
elektrostatinés sgveikos'*. Taip pat daznai Siam procesui yra naudojami
denatiirantai, tokie kaip guanidino hidrochloridas ar uréja. Be Siy biidy, taip
pat naudojamas oksidacinis stresas, didelés drusky koncentracijos ar metalo
jony sukeliama agregacija'”.

Visgi kiekvienam baltymui reikia optimizuoti agregacijos salygas. Tyrimai
rodo, kad insulino atveju daZnai agregacija yra atlickama Zemame pH'’%.
Lizocimui ir prioniniams baltymams naudojamos daugiausiai arc¢iau
neutralaus pH vertés, taciau biitinos denattiruojancios salygos. Be to Siems
baltymams greitiau agreguoti naudojama aukstesné temperatiira'?'»'73, Alfa-
sinukleinas ir S100A9, prieSingai nei anksCiau jvardinti baltymai, geba
agreguoti spontaniskai be denatliranty jsikiSimo, neutraliame pH ir
fiziologinéje temperatiroje’>!3’. Papildomai, kad paskatinti ir pagreitinti
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agregacijos procesg, tam yra naudojamas purtymas, kuris suskaldo
susidarancias fibriles, tokiu budu atsirandant daugiau fibriliy galy
monomerinio baltymo prisijungimui'*. Sis metodas buvo naudojamas visose j
disertacijg jtrauktose publikacijose.

Agregacijos sekimas

Dazniausiai agregacijai sekti yra naudojamas fluorescencinis daZzas
tioflavinas-T. Naudojamo dazo koncentracijos agregacijos tyrimuose varijuoja
priklausomai nuo reakcijoje dalyvaujancio baltymo koncentracijos (10-100
uM). Vis délto Sis dazas yra hidroksilinamas benzotiazolo ziede ilgesnj laiko
tarpa inkubuojant ji neutraliame ar Sarminiame pH ir aukStesné¢je
temperattiroje, tokiu bidu paveikiant jo sugertj ir emisijg!”®. DidZiausia ThT
fluorescencija dazniausiai pasieckiama suzadinant 440 nm bangos ilgyje, o
maksimali emisija matuojama 480 nm bangos ilgyje’®. Agregacijos metu
did¢jant dazui specifisky struktiry kiekiui stebimas fluorescencijos
intensyvumo pokytis. Sis metodas buvo naudojamas visose j disertacija
jitrauktose publikacijose.

Kitas dazas 1-anilinonaftalen-8-sulfonatas daznai yra naudojamas ne tik sekti
agregacijos procesa, bet atliekant baltymo lydymosi tyrima. Si molekulé
sgveikauja su hidrofobinémis baltymo sritimis, tokiu btudu atsirandant
maksimalios sugerties piko pasislinkimui link mélynosios Sviesos ir
fluorescencijos padidéjimui'’®!”’. Be $iy daZniausiai naudojamy molekuliy
agregacijos procesa galima stebéti ir sekant optinio tankio poky¢ius'?. Sis
metodas buvo naudojamas 1, 2 ir 7 publikacijose.

Kinetikos duomeny analizé

Agregacija dazniausiai analizuojama lyginant pagrindinius tris faktorius — lag
laika, puslaikj, greicio konstanta. Norint nustatyti Siuos parametrus pirmiausia
reikia atlikti duomeny apdorojima ir gluodinimg. Spontaninés agregacijos
atveju, kuriam yra btidingos sigmoidinés kreivés, duomeny gluodinimui yra
naudojama Boltzmann sigmoidiné funkcija. Savireplikacijos kinetikos atveju,
kuriai biuidinga eksponentiné kreivé, yra naudojamas linijinis gluodinimas,
iSvedant liesting tarp 40 ir 60% fluorescencijos intensyvumo tasky, pries tai
atlikus duomeny normalizavimg ir galiausiai yra nustatomas agregacijos
puslaikis. Sis metodas buvo naudojamas visose j disertacija jtrauktose
publikacijose.

Furje-transformacijos infraraudonyjy spinduliy spektroskopija
(FTIR)

Norint jvertinti susidariusiy agregaty struktiirinius skirtumus, tam daznai yra
pasitelkiama Furje-transformacijos infraraudonyjy spinduliy spektroskopija.
Sis metodas leidzia nustatyti susidariusiy agregaty antring struktiira, nepaisant
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baltymo fizinés formos, kaip pvz. baltymo tirpalai, plévelés, kristalai,
hidrogeliai ir pan'®’. Si metodika paremta specifinémis sugerties spektro
pozicijomis, susijusiomis su baltymo peptidiniy jungéiy vibracija'®!.
Analizuojant agregaty antring struktiirg daugiausia démesio skiriama amido I
regionui (1700-1600 c¢m™). Amido I regione spektrams yra budingi
maksimumai, susij¢ su jvairiais antrinés struktiiros elementais, tokiais kaip
alfa-spiralés, beta-klostés, nestruktiirizuota dalis, kilpos'®?. Prie§ skanuojant
FTIR spektrus, agregaty méginiai yra kelis kartus resuspenduojami j deuterio
oksida, siekiant iSvengti su vandeniu susijusiy signaly ir gauti geros kokybés
spektra. Analizuojant gautus duomenis pirmiausia spektrai yra apdorojami
atimant deuterio oksido ir vandens gary spektrus. Pasalinus su Siais elementais
susijusius intensyvumus, toliau koreguojama spektry baziné linija ir jie
integruojami. Tai yra atlieckama, kad biity galima palyginti struktiiros elementy
kiekiy skirtumus tarp méginiy, nepaisant fibriliy koncentracijos. Sis metodas
buvo naudojamas visose i disertacija jtrauktose publikacijose.

Apskritiminio dichroizmo spektroskopija (AD)

Dar vienas metodas nustatyti baltymo struktiirg yra apskritiminio dichroizmo
spektroskopija. Sio tyrimo metu yra nustatomi baltymo antrinés ir tretinés
struktiros pokyciai, baltymo susilankstymo/i$silankstymo dinamika,
jungimosi charakteristikos®®'®. Si metodika yra paremta diferencine
apskritiminés poliarizuotos Sviesos sugertimi. Molekulés sugeria kairio arba
desinio sukimo apskritiming poliarizuotg $viesa, priklausomai nuo molekulés
chiralinio centro arba 3D struktiiros*®'®. Sio metodo pliusas, kad yra gaunama
informacija apie baltymo struktiira, naudojant maza baltymo koncentracija,
tirpaluose, kurie atitinka eksperimentines salygas, per gana trumpa laiko
tarpg'®. Tiriant amiloidiniy baltymy konformacinius poky¢ius yra
analizuojami AD signalai tolimajame UV bangy ilgio regione (240-190 nm
ruozas)'®?. Sis metodas buvo naudojamas 3 publikacijoje.

Atominés jégos mikroskopija (AJM)

Norint jvertinti fibriliy morfologija, daznai naudojama yra AJM. Sis metodas
leidzia sudaryti agregaty, padengusiy Zérucio pavirSiy, 3D Zemélapius®. Tai
pasiekiama nustatant méginio padétj adatos atzvilgiu, jrasant zondo aukstj ir
Siuos duomenis paverciant trimaciu vaizdu, dazniausiai atvaizduojant spalvine
schema, parodancia auks¢io skirtumus®. Tokiu biudu galima jvertinti
susidariusiy fibriliy, kurios padengusios Zzéru¢io pavirsiy, morfologinius
parametrus, tokius kaip aukstis, plotis, periodiskumas®®. Be visa to galima
pamatyti ar méginyje yra susidariusiy fibriliy ar amorfiniy agregaty misinys.
Taip pat Sis metodas leidzia jvertinti ar susidariusios fibrilés yra linkusios
asocijuoti lateraliai, j didelius klasterius ar i§likti pavienés. Kadangi ne visada
fibrilés linkusios prikibti prie zérucio pavirSiaus dél fibriliy kriivio, pries
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méginio aplikacijg, pirmiausia zérutis yra apdorojamas APTES siekiant
pagerinti prikibima. Sis metodas buvo naudojamas 1-4, 6 ir 7 publikacijose.

Transmisijos elektrony mikroskopija (TEM)

Dar vienas biidas jvertinti susidariusiy agregaty morfologinius parametrus yra
naudojant TEM. Sis metodas yra puikus jrankis, kuris leidZia susidariusiy
agregaty auks$tos rezoliucijos vizualizavimg®’. TEM yra paremta didelés
energijos elektrony spindulio peréjimu per meéginj. Kadangi dalis elektrony
sgveikauja su méginiu, o kita dalis pereina per plong paviriy, gaunamas
vaizdas, kuriame naudojant kontrasta atkuriami agregatai®>. Si metodika
leidzia nustatyti susidariusiy agregaty dydj, forma ir jy pasiskirstyma, taciau
priesingai nei AJM neleidZia jvertinti aukscio ir topografinés informacijos.
Siekiant gauti gera kontrasta, méginys yra neigiamai dazomas, naudojant
metaly druskas, tokias kaip uranilo acetatas ar fosfotungstiné rigstis®’. Dar
vienas §ios metodikos privalumas, lyginant su AJM, yra didesnio ploto tuo
paciu metu fiksavimas, kuris leidzia nustatyti susidariusiy agregaty
homogeniskuma. Sis metodas buvo naudojamas 5 publikacijoje.

Fluorescencijos ir sugerties spektroskopija

Kad jvertinti susidariusiy agregaty variabilumga daZznai yra matuojamos
méginio suzadinimo-emisijos matricos'®!¥7, Kadangi suzadinimo ir emisijos
pozicijos, kuriose stebimas fluorescencijos maksimumas, gali skirtis
priklausomai nuo dazo jungimosi biido ir atitinkamai strukttriskai skirtingo
agregaty kamieno, §is metodas leidzia iSskirti méginius, kurie galimai skiriasi
savo struktiira'®’. Siekiant nustatyti maksimumo pozicijas, pirmiausia yra
skanuojamas fluorescencijos intensyvumas esant suzadinimo bangy ilgiy
ruozui, o emisija matuojama viename taske ir atvirk§¢iai. Gaunamas
fluorescencijos intensyvumo 3D Zzemélapis. Pirmiausia apdorojant Siuos
duomenis reikia atsizvelgti | galimg vidinio filtro efekta, kuris sukelia
fluorescencijos sumazéjima dél méginio sugerties. Sis parametras priklauso
nuo Sviesos kelio, kurj ji turi praeiti per méginj iki pasiekiant detektoriy.
Pasalinus §j efekta, galima apskaiCiuoti kiekvienam méginiui biidingas
pozicijas, kuriose matomas fluorescencijos maksimumas. Sis metodas buvo
naudojamas 1, 2 ir 3 publikacijose.

Dazo jungimgsi galima vertinti ir naudojant sugerties spektroskopija.
Skanuojant sugerties spektrus méginiy su fibrilémis ir jy supernatantus,
galima apskaiCiuoti prijungto dazo koncentracija'®®. Taip pat atsirandantys
sugerties maksimumo pozicijos poslinkiai gali reiksti skirtingg dazo jungimosi
biida'*®. Sis metodas buvo naudojamas 2, 3 ir 4 publikacijose.
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Fibriliy stabilumas denatiiruojanciomis salygomis

Kaip dar vienas i§ pozymiy, kuriuo tarpusavyje gali skirtis jvairiy kamieny
fibrilés yra stabilumas denattiruojanc¢iomis salygomis. Tam baltymo agregatai
yra sumaiSomi su denatiiranto skirtingy koncentracijy tirpalais. Méginiai kurj
laikg inkubuojami ir tuomet yra matuojamas meginiy optinis tankis.
Dazniausiai tyrimo metu stebimas optinio tankio sumazgjimas sigmoidés
forma didéjant denatiiranto koncentracijai. Atlikus $iy duomeny gluodinima,
naudojant Boltzmann sigmoiding funkcijg, gaunama denatliranto
koncentracija, kurioje pusé¢ agregaty yra disocijave, o kita pusé isliecka
stabili”’. Pagal §ig verte, galima nustatyti ar susidare agregatai yra
labiau/maziau atspariis denatiiranto jtakai. Sis metodas buvo naudojamas 2, 4,
6 ir 7 publikacijose.

ToksiSkumas lasteléms

Dar viena daznai analizuojama amiloidiniy fibriliy savybé yra jy toksiskumas
lasteléms. Tam dazniausiai yra pasitelkiami du budai. Vienas i§ jy yra MTT
tyrimas. Jo metu yra vertinimas mitochondrijy aktyvumas ir jis pritaikomas
gyvy lasteliy skaiiaus nustatymui. Si metodika yra paremta spalvos
pasikeitimu, kurj galima jvertinti panaudojant sugerties spektroskopija ir
apskaiCiuoti gyvybingy lgsteliy skai¢iy'®®. Tyrimo metu Igstelés yra
inkubuojamos  su  geltonos  spalvos  3-(4,5-dimetiltiazol-2-yl)-2,5-
difeniltetrazolo bromidu (MTT), kurj aktyvi mitochondrijy sukcinato
dehidrogenazé pavercia mélynai violetinés spalvos produktu — formazanu'®.
Nors §is metodas daznai taikomas siekiant nustatyti toksiskuma lasteléms, vis
délto jis turi ir trikumy. Lasteliy gyvybingumas tyrimo metu yra nustatomas
netiesiogiai, o perskaiCiuojamas atsizvelgiant ] mitochondrijy fermento
aktyvumg ir lasteliy metabolizmg. Dél Sios priezasties bitina jvertinti ar
eksperimentinés sglygos nepakeidia §io proceso'®.

Dar vienas naudojamas metodas yra LDH i§skyrimo tyrimas. Si metodika kaip
ir pries tai minétas MTT tyrimas, yra paremta iSskiriamo produkto nustatymu,
naudojant sugerties spektroskopija. Visgi §is metodas padeda nustatyti Iastelés
mirtj, remiantis jos membranos integralumo praradimu'®'. Lastelés paZzeidimo
metu j terpe yra iSskiriama laktato dehidrogenaze, kuri laktata vercia piruvatu,
o Sis sgveikauja su jodo nitrotetrazolo chloridu, tokiu budu susidarant
formazanui. Sio tyrimo metu susidares formazano kiekis yra tiesiogiai susijes
su lasteliy gyvybingumu'®2. Sie metodai taip pat gali bati naudojami
analizuojant potencialiy anti-amiloidiniy junginiy citotoksi§kumg. Visi §iame
darbe toksiskumo tyrimai buvo atlickami naudojant SH-SYS5Y
neuroblastomos Igsteles. Visi lgsteliy toksiSkumo darbai buvo atlikti R.
Sniec¢kutés. Sis metodas buvo naudojamas 5 ir 7 publikacijose.
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Dinaminé Sviesos sklaida

Viena dazniausiai naudojamy techniky nustatyti daleliy dydj (hidrodinaminj
spindulj arba skersmenj) yra dinaminés Sviesos sklaidos spektroskopija. Tai
yra santykinai greitas metodas, nereikalaujantis sudétingo méginio paruoSimo.
Vienintelis svarbus méginio aspektas yra maza daleliy koncentracija'®®. Kai
monochromatinés $viesos spindulys susiduria su tirpale esanciomis
makromolekulémis, Sviesa yra i§sklaidoma visomis kryptimis, priklausomai
nuo molekuliy dydzio ir formos. Butent Sis sklaidos intensyvumas yra
matuojamas detektoriumi, o skaitmeninio autokoreliatoriaus pagalba yra
nustatoma kaip greitai §viesos i§sklaidymo intensyvumas svyruoja'®*. Kadangi
intensyvumo svyravimai atsiranda dél makromolekuliy Brauno judéjimo
tirpale, analizuojant gautus duomenis galima nustatyti difuzijos koeficienta,
kuris yra susijes su molekulés hidrodinaminiu dydziu'®®. Naudojant §j metoda
yra nustatomas ne tik daleliy dydis homogeniskos populiacijos atveju, bet ir
daleliy polidispersiskumas, kuris pateikiamas kaip standartinis nuokrypis'*.
Analizuojant baltymus $is metodas daznai taikomas nustatyti baltymo
oligomerizacijos laipsnj bei agregacija. Vis délto naudojant $j metoda daleliy
dydzio nustatymui yra biitina atsizvelgti ] eksperimentines salygas, kaip
temperatiira ar tirpiklio klampa, nes Sie parametrai gali paveikti molekuliy
judéjima ir galiausiai nustatomg jy dydj. Sis metodas buvo naudojamas 4
publikacijoje.
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REZULTATU APZVALGA

Publikacija 1

Lizocimo amiloidiniy fibriliy struktiirinio variabilumo priklausomybé
nuo pradinés baltymo susilankstymo biisenos

Tyrimo tikslas — nustatyti temperattros ir lizocimo susilankstymo biisenos
jtaka jo amiloidiniy fibriliy polimorfizmui.

Rezultatai — remiantis lizocimo lydymosi temperattira (2M GuHCI, 1x PBS
pH 7.4), tolesniems tyrimams buvo pasirinktos 4 temperatiiros vertés: kai
dauguma baltymy molekuliy buvo daugiausia susilanksCiusios arba
i§silanksciusios (50 °C, 65 °C), ir tarpinés (55 °C, 60 °C) su abiejy baltymy
formy misSiniais.

Analizuojant lizocimo agregacijos kinetinius parametrus, pastebéta, kad
did¢jant temperatiirai, lag laikas trumpéjo, o greicio konstanta — padidéjo. Lag
laiko priklausomybé nuo temperatiros tur¢jo luzio taSka ties 57 °C,
atitinkanc¢iu lizocimo lydymosi temperatiira. Greicio konstantos atveju Sis
taskas buvo Siek tiek zemiau lizocimo lydymosi temperatiiros — 55 °C.

Siekiant nustatyti gauty fibriliy struktiirinj kintamuma, buvo nuskaitytos ir
isanalizuotos suzadinimo-emisijos matricos. Sis tyrimas parodé, kad esant
zemesnei nei baltymy lydymosi temperatiirai, maksimalaus ThT intensyvumo
suzadinimo ir emisijos pozicijos buvo panasios ir sutelktos viename regione.
Tacdiau aukstesnéje temperatiiroje pastebétas Zymiai didesnis pozicijy
i$sibarstymas su papildomo klasterio atsiradimu 65 °C salygomis.

Taip pat buvo nustatyti méginiy FTIR spektrai. Kai didzioji dalis lizocimo
buvo sulankstytoje buisenoje, méginiy FTIR spektrai buvo labai panasSis.
Taciau aukstesnés temperatiros lémé skirtingos formos FTIR spektry
atsiradima ir didesnj struktiirinj kintamuma. Remiantis visy méginiy FTIR
spektrais, buvo identifikuoti 3 agregaty tipai, kur Zemesnés temperatiiros
méginiai tur¢jo didZiausig santykinj beta-klosciy kiekj. AJM analiz¢ parode,
kad 1 tipo fibrilés buvo ilgos ir nebuvo linkusios tarpusavyje asocijuoti, 2 tipo
fibrilés buvo daugiausia trumpos ir susitelkusios j tinklus, o 3 tipo atveju
daugiausia buvo trumpi agregatai, kurie sudaré didelius amorfinius klasterius.

ISvados — lizocimo issilankstymas paskatina didesnj fibriliy antriniy strukttry
variabilumg ir morfologijos pasikeitimus.
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Publikacija 2

Lizocimo amiloidiniy fibriliy susidarymo ir struktiirinio variabilumo
priklausomybés nuo pradinés susilankstymo biisenos tyrimas
skirtingomis pH salygomis

Tyrimo tikslas — nustatyti tirpalo pH ir pradinés lizocimo susilankstymo
biisenos jtaka agregacijos procesui ir susidariusiy fibriliy kintamumui.

Rezultatai — ankstesnio tyrimo metu buvo pastebéta, kad temperatiira ir
lizocimo susilankstymo biisena keicia jo agregacijos procesa. Kadangi pH taip
pat gali turéti jtakos baltymo stabilumui, lizocimo agregacija buvo tirta esant
skirtingoms pH salygoms (2,0-7,0). PanaSiai kaip ir ankstesniame tyrime,
lizocimo lydymosi temperatirai kiekvienomis salygomis nustatyti buvo
naudojamas terminio stabilumo tyrimas. Lizocimo agregacija buvo atlikta
kiekvieno pH atveju esant temperatiiroms, kuriose pradinis baltymas yra arba
sulankstytas, arba i§lankstytas.

Siekiant jvertinti $iy veiksniy jtaka agregacijos procesui, pirmiausia buvo
nustatyti tokie kinetiniai parametrai kaip lag laikas ir greiio konstanta. Visais
atvejais pradiné baltymo susilankstymo biisena turé¢jo statistiSkai reikSminga
jtakg abiem kinetiniams parametrams. Taciau baltymo susilankstymo biisenos
itaka lag laikui priklausé nuo tirpalo pH vertés, o jos jtaka greicio konstantai
iSliko panasi visame pH ruoze.

Toliau, siekiant jvertinti $iy dviejy veiksniy jtaka susidariusiy fibriliy
struktiriniams parametrams, buvo naudojama FTIR spektroskopija.
Rezultatai parodé¢, kad FTIR spektry kintamumas priklausé¢ tiek nuo
temperattros, tieck nuo pH. Spektrai labiau varijavo, kai lizocimo agregacija
vyko aukstesnéje nei lydymosi temperatiira ir esant ribinéms pH vertéms (2,0
ir 7,0). Analizuojant méginiy FTIR spektrus, i§ viso buvo identifikuoti 6
skirtingi fibriliy tipai, o jy pasiskirstymas priklausé tiek nuo pH, tiek nuo
pradinés baltymo biisenos. Remiantis méginiy AJM analize, visy méginiy
fibriliy morfologija buvo panasi. Taciau agregaty tipai pasizyméjo skirtingu
stabilumu denattiruojanc¢iomis salygomis, taip pat ThT jungimosi savybémis.

ISvados — lizocimo agregacijos kinetika ir susidariusiy fibriliy struktiirinis
kintamumas priklauso nuo tirpalo pH ir pradinés baltymo susilankstymo
blisenos. Maziausias strukttrinis kintamumas buvo pastebétas pH 5 ir 6
atvejais, susidarant vienam agregaty tipui, nepaisant lizocimo pradinés
susilankstymo biisenos.
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Publikacija 3

Greita skirtingy alfa-sinukleino amiloidiniy fibriliy kamieny
restruktiirizacija aukStoje temperatiiroje

Tyrimo tikslas — nustatyti, ar i§ anksto susiformavusios alfa-sinukleino
fibrilés iSlieka struktiiriSkai stabilios, inkubuojant jas aukstesnéje
temperatiiroje nei susidare.

Rezultatai — siekiant jvertinti aukstesnés temperatiiros poveikj fibriléms,
buvo i8analizuotas didelis kiekis alfa-sinukleino méginiy. Remiantis EEM ir
FTIR spektrais, buvo identifikuoti 4 fibriliy tipai, kurie toliau buvo panaudoti
aukstesnés temperatiiros poveikiui tirti. Tuo tikslu skirtingy tipy fibriliy
méginiai buvo laikomi kambario temperatiiroje (kontrolé) arba 60 °C
temperatiroje 24/48 val.

Analizuojant FTIR spektrus, pastebéta, kad visi keturi fibriliy méginiai pakito
inkubacijos metu, jy spektrai galiausiai sutapo, o tai rodo, kad buvo
stabilizuotas vienas fibriliy tipas. Siekiant iSsiaiskinti, ar Sie spektriniai
pokyc¢iai buvo susije¢ su alfa-sinukleino restruktiirizacija ar kitais galimais
veiksniais (fibriliy lateraline asociacija, amorfiniy struktiiry susidarymu),
inkubuoti méginiai buvo pakartotinai savireplikuojami pradinéje paruo$imo
temperatiiroje. Sis tyrimas parodé, kad inkubuoty fibriliy antrin¢ struktiira
isliko stabili, o replikuoti agregatai negrizo j prading konformacija.

Galiausiai, inkubacijos metu buvo nustatytas méginio EEM maksimaliy
pozicijy poslinkis, kuris buvo didziausias per pirmasias 4 valandas, o véliau
palaipsniui judéjo j vieng taska. Sie rezultatai rodo, kad alfa-sinukleino fibriliy
restruktiirizacija aukstoje temperatiiroje greiciausiai vyksta per trumpa laika.

ISvades — alfa-sinukleino fibriliy restruktiirizacija aukstoje temperatiiroje yra
greitas procesas, kurio metu yra stabilizuojama viena fibriliy antring¢ strukttira.
Taciau Sis procesas neturi pastebimo poveikio agregaty morfologijai ar ThT
jungimuisi.
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Publikacija 4

Insulino agregacijos ir susidariusiy fibriliy struktiiros tyrimas
skirtingomis aplinkos salygomis

Tyrimo tikslas — nustatyti tirpalo komponenty, pH ir joninés jégos jtaka
insulino agregacijai ir susidaranciai fibriliy strukturai.

Rezultatai — naudojant natrio fosfatg, acto arba druskos rugsti kaip
pagrindinius tirpalo komponentus, buvo paruosti skirtingo pH ir joninés jégos
reakcijos tirpalai. Tuomet insulinas buvo iStirpintas Siame skirtingy reakcijos
misiniy diapazone ir analizuojama jo agregacijos kinetika. Dauguma kinetiniy
kreiviy pasizyméjo sigmoidés formos fluorescencijos intensyvumo
pasikeitimu nuo laiko. Taciau kai kuriais atvejais buvo stebimos dvigubos
sigmoidés arba kreivés su nesibaigiancia stacionaria faze.

Natrio fosfato tirpalo atveju visos joninés jégos salygos lémé panasia lag laiko
priklausomybe nuo tirpalo pH. Mazesnio pH salygos 1émé trumpesnj lag laika,
o didesnio pH — Zymiai ilgesnes lag fazes, ypacC esant didesnei joninei jégai.
Ac salygomis didéjanti joniné jéga 1émé lag fazés sumazéjima. PrieSingai,
joniné jéga beveik neturéjo jokios jtakos insulino agregacijai HCI salygomis.
Agregacijos grei¢io konstantos daugumoje iSbandyty salygy nesilaiké aiskios
tendencijos.

Gauti méginiai buvo analizuojami naudojant FTIR spektroskopija. Fosfato
tirpalo atveju buvo identifikuotos trijy tipy antrinés struktiiros. Acto rugsties
salygos lémé dviejy papildomy antriniy strukttiry susidaryma. Jdomu tai, kad
HCI reakcijos tirpalai skatino visy trijy tipy insulino fibriliy susidaryma,
kurios buvo aptiktos fosfato tirpale. Skirtingos antrinés strukttiros méginiai
buvo toliau analizuojami naudojant AJM. Fosfato tirpalo atveju buvo stebimas
trijy tipy fibriliy pasiskirstymas: 1) ilgy susipynusiy fibriliy tinklai, 2)
lateraliai asocijuotos arba 3) kelios matomos atskiros trumpos fibrilés. Acto
rugsties agregaty ilgis ir asociacija priklausé nuo NaCl koncentracijos. HCIl
atveju susidariusios fibrilés turéjo panasias morfologines tendencijas kaip ir
fosfato tirpaluose.

ISvados — insulino agregacija yra labai jautri jvairiems aplinkos veiksniams.
Insulino agregacija fosfato ir HCI tirpaluose skatina fibriliy, pasiZyminciy
panasia antrine strukttra ir morfologija, susidaryma. Tafiau Ac tirpaluose
susidaro kito tipo kamienai.
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Publikacija 5

Imidazo[2,1-b][1,3]tiazino dariniai potencialiis alfa-sinukleino
amiloidinés agregacijos moduliatoriai

Tyrimo tikslas — nustatyti mazy molekuliniy junginiy, priklausanciy
imidazotiaziny grupei, potencialg moduliuoti alfa-sinukleino agregacija.

Rezultatai — tam buvo pasirinktas 21 mazamolekulinis junginys.
Analizuojant, kaip keiciasi santykinis agregacijos puslaikis, pastebéta, kad
daugelis junginiy (10 i§ 21) neturéjo jokio poveikio Siam parametrui, lyginant
su kontroliniais meéginiais. Tac¢iau kiti 10 imidazotiazino dariniy sulétino alfa-
sinukleino agregacija. Kai kurie i$ jy lémeé net 3 kartus didesnj agregacijos
puslaikj. Be neutraliy ir agregacija slopinanciy junginiy, vienu atveju taip pat
buvo pastebétas agregacijg skatinantis poveikis.

Siekiant jvertinti $iy junginiy poveikj fibriliy struktirinéms charakteristikoms,
méginiai toliau buvo analizuojami, naudojant FTIR spektroskopija. IS viso
buvo identifikuoti 7 skirtingi spektry tipai. Kontroliniai méginiai pasizyméjo
3 skirtingais spektrais. Didziausias struktiry kintamumas pastebétas 5d
junginio atveju, kur buvo identifikuoti 5 skirtingi spektry tipai. MaZziausias
struktiry kintamumas pastebétas 2c¢, 2e ir 2j junginiy atveju, kur buvo
nustatytas tik vienas kamienas. [domu tai, kad taip pat buvo pastebéta
koreliacija tarp junginiy slopinamojo poveikio ir susidariusio fibriliy tipo.

Be antriniy struktiry pokyc¢iy, TEM metodu taip pat buvo analizuojami
morfologiniai skirtumai tarp fibriliy tipy. I, II, III ir VI tipy fibriliy atveju
pastebéta aiski agregaty tendencija jungtis j didelius klasterius. Be dideliy
klasteriy, II tipo méginiuose taip pat buvo matomos trumpos fibrilés. VII tipo
méginiuose pastebétas nedidelis kiekis trumpy fibriliy, taCiau aptikta ir
nemazai mazy amorfiniy agregaty bei oligomeriniy dariniy.

ISvadoes — mazos molekulinés masés imidazotiazino dariniai pasizymi
geb¢jimu slopinti alfa-sinukleino amiloiding agregacija ir nukreipti reakcija
kita linkme, todél susidaro fibrilés su skirtingomis antrinémis struktiiromis ir
morfologijomis.
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Publikacija 6

Superoksido dismutazé-1 keicia prioninio baltymo fragmento 89-230
agregacijos greitj ir susidaranciy fibriliy variabiluma

Tyrimo tikslas — nustatyti, ar superoksido dismutazé-1 keicia prioninio
baltymo agregacijos procesa, bei susidariusiy agregaty variabiluma.

Rezultatai — siekiant jvertinti, kaip natyvi superoksido dismutazé-1 gali
paveikti prioninio baltymo agregacija, kai jie yra kartu tirpale, buvo parinktos
eksperimentinés salygos, kurios skatina PrP fibriliy susidaryma. Analizuojant
Sio proceso kinetinius parametrus, nustatyta, kad didesnés SODI
koncentracijos 1émé ilgesnj prioninio baltymo agregacijos lag laika ir mazesne
greifio konstanta.

Gauti prioninio baltymo agregaty meéginiai toliau buvo analizuojami
naudojant FTIR spektroskopija. Remiantis gautais FTIR spektrais, buvo
nustatytos keturios agregaty grupés. Pastebéta, kad kai prioninis baltymas
agregavo be SODI1, buvo nustatyti trijy tipy spektrai. Kai reakcijos tirpale
buvo 25 uM SOD1, buvo stebima skirtinga FTIR spektry jvairové. [domu tai,
kad esant dar didesnéms SODI1 koncentracijoms, struktiiry kintamumas
iSnyko ir visus spektrus buvo galima priskirti vienai grupei.

Morfologiné méginiy analizé naudojant AJM parodé, kad visy tipy agregatai
turéjo tendencija suformuoti didelius klasterius, taciau fibrilés skyrési viena
nuo kitos savo morfologiniais parametrais, tokiais kaip aukstis ir plotis.

ISvados — superoksido dismutazé-1 ne tik slopina prioninio baltymo
branduoliy susidaryma, bet ir veikia susidariusiy agregaty konformacija,
priklausomai nuo SOD1 koncentracijos.
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Publikacija 7

S100A9 slopina prioninio baltymo 89-230 fragmento amiloidine
agregacija

Tyrimo tikslas — nustatyti uzdegima skatinanc¢io S100A9 baltymo jtaka pelés
prioninio baltymo 89-230 fragmento agregacijai.

Rezultatai — norint jvertinti galimg S100A9 jtaka pelés prioninio baltymo
agregacijai, pirmiausia reikéjo parinkti tinkamas eksperimentines sglygas.
Reikejo sukurti aplinka, kuri skatinty greita prioninio baltymo agregacija,
sulétinty S100A9 baltymo agregacija, bei iSlaikyty i§ anksto suformuoty
S100A9 fibriliy stabilumg. Optimizavimo procediiros metu nustatyta, kad
optimali denatiiranto koncentracija, naudojama tolimesniems tyrimams, yra
1,5 M GuHCL

Prioninio baltymo agregacija buvo analizuojama esant skirtingoms (0-50 uM)
neagreguoto S100A9 arba jo i§ anksto suformuoty fibriliy koncentracijoms.
Neagreguoto S100A9 atveju PrP agregacijos lag laikas didéjo priklausomai
nuo S100A9 koncentracijos. PrieSingai, SI00A9 fibrilés neturéjo reikSmingos
jtakos Siam parametrui.

S100A9 jtaka prioninio baltymo agregaty antrinei struktiirai buvo
analizuojama, naudojant FTIR spektroskopija. FTIR spektry analizé parodé,
kad mazos S100A9 koncentracijos (tiek neagreguoto, tiek fibriliy) radikaliai
nepakeité PrP fibriliy struktiiros ir sukélé tik nedidelj pagrindinio maksimumo
pozicijos poslinkj. Taciau 50 pM abiejy S100A9 formy jtaka buvo daug
didesné, skatinanti kitokio tipo PrP fibriliy susidaryma.

ISvados — tiek fibrilinés, tiek neagreguotos S100A9 formos veikia prioninio
baltymo fragmento agregacijos procesa, keisdamos susidariusig fibriliy
antring struktiira ir stabilizuodamos specifinj agregato tipa. Be to,
neagreguotas S100A9 slopina PrP nukleacija.
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DISKUSIJA

Temperatiiros ir baltymy susilankstymo biisenos vaidmuo

amiloidinéje agregacijoje

Agregacijos tyrimy in vitro metu temperatira daznai keiCiama, siekiant

pagreitinti fibriliy susidarymo procesa, kuris fiziologinémis salygomis

paprastai vyksta labai létai. Taciau tokie salygy pakeitimai daznai atliekami

neatsizvelgiant | jy jtaka reakcijos mechanizmui. Kai kuriais atvejais net ir

nedideli temperatiiros skirtumai gali sukelti reikSmingus agregacijos kinetikos

ir susidariusiy fibriliy struktiirinius nukrypimus'*®!%7,

Pirmas temperatiiros aspektas, | kuri turime atsizvelgti, yra baltymo
susilankstymo biisenos pokytis. Pradiné sulankstymo biisena gali reikSmingai
paveikti agregacijos kinetinius parametrus tiek spontaninés, tiek
savireplikacijos reakcijose. Tokio tipo jtaka buvo pastebéta Siame darbe,
tiriant lizocimo agregacija keturiose skirtingose temperatiirose. Lizocimo
tyrimo metu buvo pastebéta, kad baltymy molekuliy i$silankstymas skatina
amiloidiniy branduoliy susidaryma, taip pat ir grei¢io konstanta. Panasis
rezultatai buvo gauti Andlinger tiriant zmogaus mielomos antikiiny lengvosios
grandinés agregacija aukstoje temperatiiroje. Sio tyrimo metu buvo pastebéta,
kad baltymy iSsivyniojimas pagreitina agregacijos procesa, ir tiek
iSsivyniojimo, tiek agregacijos procesai yra stipriai kinetiskai susije'*®. Be to,
Simmons su kolegomis analizuojant miofibrilinio baltymo agregacija,
pastebéjo, kad visiSkas i$sivyniojimas (apimantis ir galvos, ir uodegos sritis)
drastiskai padidino agregacijos greitj'”. Nenuostabu, kad temperatiiros
didinimas turi jtakos agregacijos kinetiniams parametrams, nes daugeliu
atvejy to ir siekiama. Tadiau dazniausiai neatsizvelgiama ] tai, ar tokie
temperatiiros poky¢iai taip pat paveiks susidariusiy fibriliy struktiirg.

Tiriant lizocimo agregacijos priklausomybe nuo baltymy susilankstymo
pusiausvyros, buvo pastebétas agregaty antrinés struktiiros poslinkis.
Rezultaty analizé parodé, kad Zemoje temperatiroje susidariusiy fibriliy
struktiroje buvo daugiau beta-klosCiy nei agregaty, gauty aukstoje
temperatiiroje. Kitame Cao ir jo kolegy tyrime buvo nustatyta lizocimo
sulankstymo biisenos svarba agregacijos metu susidaranciy fibriliy struktiirai.
Autoriai parodé, kad visiSkas arba dalinis baltymy iSsilankstymas gali sukelti
dviejy skirtingy fibriliy tipy (grjztamyjy / negriztamyjy) susidaryma, kuriems
bidingos skirtingos paraleliniy ir antiparaleliniy beta-klos¢iy proporcijos®.
Idomu tai, kad miisy tyrime tarp techniniy pakartojimy tomis paciomis
temperattros sglygomis taip pat buvo pastebéti skirtingi fibriliy tipai, kurie
pasizymejo  skirtingomis FTIR spektry maksimaliomis pozicijomis.
Ankstesniuose tyrimuose buvo parodytas panasus reiSkinys analizuojant
prioninio baltymo agregacija, o tai rodo, kad toks strukttrinis kintamumas
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identiskomis salygomis gali bati bendras amiloidiniy agregaty bruozas'?'. Sio
darbo rezultatai rodo, kad kai lizocimas yra i$ dalies/visiskai susilankstes, jis
gali sudaryti vieng dominuojantj fibriliy kamiena kartu su nedideliu kiekiu
kity struktiiry, o baltymy susilankstymas gali lemti Zymiai didesnj struktiirinj
variabiluma.

Ankstesniuose tyrimuose buvo pastebéta, kad tioflavino-T prisijungimo biidas
ir jo fluorescencijos kvantiné iSeiga gali priklausyti nuo amiloidiniy agregaty
struktiiriniy parametry'®’. Toks efektas buvo nustatytas ir lizocimo atveju.
Kadangi susidariusiy agregaty struktiira priklausé nuo pradinés baltymo
susilankstymo biisenos, zemos temperatiiros salygomis susidarg agregatai
pasizyméjo 10 karty didesniu prijungto ThT fluorescencijos intensyvumu,
palyginti su aukstesnés temperattiros salygomis susidaranciais agregatais. Be
to, suzadinimo-emisijos matricy maksimalios fluorescencijos pozicijos taip
pat skyrési. Toks mazesnis fluorescencijos intensyvumas gali buti dél
sumazgejusio beta-klosciy kiekio aukstesnés temperatiiros fibrilése, kuris buvo
nustatytas analizuojant FTIR spektrus. Taciau fluorescencijos intensyvumo
pokytis ne visada tiesiogiai susijgs su beta-klosCiy kiekiu. Tokio reiskinio
pavyzdys buvo pateiktas Cao analizuojant skirtingy alfa-sinukleino agregaty
izoformy ThT prisijungimo vietas. Sis tyrimas atskleidé, kad skirtingos alfa-
sinukleino fibriliy izoformos pasizyméjo skirtingu ThT fluorescencijos
intensyvumu, nepaisant panasaus p-klos¢iy kiekio?®. Sj skirtumg miisy darbe
taip pat galima paaiskinti dideliu kiekiu kity neamiloidiniy struktiiry
susidarymu méginiuose, kuris buvo pastebétas AJM vaizduose. Tai gali buti
siejama su ThT specifiSkumu amiloidiniams agregatams, nes jo saveika su
globuliniais baltymais arba amorfiniais agregatais daznai laikoma
nereikSminga, palyginti su jo afiniskumu amiloidinéms fibriléms®"!.

Galiausiai, pradine baltymy susilankstymo biisena taip pat paveiké agregaty
savireplikacija. Lizocimo atveju pastebéta, kad zemos temperatiiros kamienas
sugebéjo sékmingai atkartoti savo struktiirg ir suformuoti ilgas fibriles net ir
esant aukstesnei temperatiirai. Ta¢iau aukStos temperatiiros kamieny atveju
pastebétas kitoks vaizdas. Sie agregatai sugebéjo sékmingai replikuotis
pradinémis fibriliy formavimosi salygomis, bet ne esant visiskai
susilanks¢iusiam lizocimui Zemesnéje temperatiiroje. Sj efekta galima
paaiskinti tuo, kad fibriliy galai gali prisijungti tik i§ dalies arba visiskai
susilanksciusias baltymy molekules. Ankstesni tyrimai taip pat parode¢, kad
aukStesné¢ temperatira ir baltymy iSsilankstymas skatina elongacijos
procesg'®®22 Anks¢iau minétas didelis neamiloidiniy struktiry kiekis
méginiuose taip pat galéjo prisidéti prie prasto savireplikacijos lygio. Tai
patvirtinty anksciau pateikti jrodymai, kad amorfiniai agregatai yra galutiné

biisena, negalinti saves replikuoti®.
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Kaip minéta anksc¢iau, konformaciné¢ dinamika vaidina svarby vaidmenj
lizocimo, kaip ir kity amiloidogeniniy baltymy, agregacijos procese. Todél
labai svarbu nustatyti ry$j tarp baltymo susilankstymo biisenos ir susidariusiy
fibriliy struktiiros bei morfologijos. Sis parametras gali reik§mingai pakeisti
ne tik agregacijos kinetikos parametrus, bet ir susidariusiy struktiry
kintamuma, dazy suri§imo ir savireplikacijos savybes.

Sie rezultatai parodé, kad net ir nedideli temperatiiros svyravimai agregacijos
pradzioje ir jos metu gali paveikti visg procesa. Taciau Sis parametras taip pat
labai svarbus jau susiformavusioms struktiroms. Ankstesniuose tyrimuose
buvo parodyta, kad sumaZzéjusi aplinkos temperatira gali destabilizuoti
susidariusius amorfinius agregatus arba fibriles?**?%, PrieSingai, auksta
temperattra kai kuriais atvejais gali paveikti fibriliy brendimg. Fiziologinémis
salygomis $is procesas yra labai létas ir kai kuriais atvejais gali uztrukti kelias
dienas ar net ménesius**®. Bocharova tyrimai rodo, kad auksta temperatiira gali
sukelti prioninio baltymo fibriliy persitvarkyma, dél ko susidaro didesné,
proteinazei K atspari Serdis*"’.

Siame darbe fibriliy brendimo reiskinys buvo tirtas naudojant keturis
strukturiskai skirtingus alfa-sinukleino fibriliy méginius. Pakélus temperatiira
iki 60 °C, skirtingy alfa-sinukleino kamieny restruktiirizacija jvyko labai
greitai, o reikSmingi antrinés struktiiros pokyciai buvo pastebéti per 24
valandas. Jdomu tai, kad inkubacijos metu visy keturiy skirtingy tipy fibrilés
persitvarké j vieng bendrg kamieng. Méginiy CD spektry analizé inkubacijos
metu parodé, kad beta-klos¢iy kiekis reik§mingai nepadidéjo, taciau esami
struktiriniai elementai persitvarké. Tai galima paaiskinti galimu 37 °C
temperatiiroje susidariusiy fibriliy metastabilumu. Siy kamieny egzistavima
zemesngje temperatiiroje palengvina tik didelis energijos barjeras, kurj reikia
jveikti, kad agregatai pereity j stabilesne forma. Kitame tyrime buvo tiriamas
vistos kiauSinio baltymo lizocimo oligomerinés formos metastabilumas,
atsizvelgiant j druskos ir baltymo koncentracijy pokycius. Autoriai iSaiSkino
dviejy tipy amiloidiniy fibriliy susidarymo mechanizmus ir parodé, kaip $iy
salygy poky¢iai gali lemti oligomery peréjima j stabilesne biisena®®®. Sia
hipotezg taip pat patvirtina tai, kad inkubuoty ir i§ pradziy 60 °C temperattiroje
susidariusiy agregaty FTIR spektrai yra panasiis. Tokie rezultatai dar kartg
patvirtina, kad temperatiiros poveikis yra labai svarbus ne tik pradinei
agregacijos reakcijai, bet ir i§ anksto susidariusiy agregaty stabilumui.

pH ir susilankstymo biisenos koreliacija

Baltymy stabilumas yra nuo pH priklausomas parametras. Sis parametras turi
jtakos baltymo kriiviui, kuris savo ruoztu gali paveikti tolesnj fibriliy
formavimasi®®. Sios makromolekulés daznai yra labai jautrios net ir maziems
pH poky¢iams, todél buvo svarbu jvertinti, kaip $is parametras gali paveikti jy
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amiloiding agregacijg. Kai lizocimas buvo sulankstytoje biisenoje, visy tirty
pH salygy atvejais buvo nustatyti labai iSsibarstg lag laikai.
Nesusilanksciusioje biisenoje amiloidiné agregacija vyko esant Zymiai
trumpesnéms lag fazéms (mazdaug 3—4 kartus trumpesni vidutiniai lag laikai),
iSskyrus pH 3. Idomu tai, kad grei¢io konstanty santykis iSliko panasus
visomis pH salygomis, o tai rodo, kad pH 3 turi didele jtaka pradiniam
branduoliy susidarymui, bet ne fibriliy ilgéjimui. Sj poveikj galima paaiskinti
lizocimo nukrypimu nuo dviejy buseny modelio Siomis specifinémis
sglygomis?'®. Empirinis §io modelio pritaikymas parodé, kad skirtumas tarp
Tya ir Tyraazios (temperatira, kurioje baltymas pradeda agreguoti) yra didesnis
bitent riigstinémis sglygomis (pH 2 ir 3), palyginti su kitomis. Be to, tai
reiSkia, kad misy pasirinkimas Siame tyrime naudoti 5 °C aukS$tesn¢ arba
zemesne nei lydymosi temperatiirg gali lemti skirtingg sulankstyto/i§lankstyto
lizocimo pusiausvyros pasiskirstyma tarp neutralios ir rigstinés aplinkos.
Taciau tai nepaaiSkino, kodél lag laiko santykis buvo didelis tik esant pH 3,0,
o ne esant pH 2,0. Tolimesné méginiy analizé parodé, kad esant pH 3,0,
agreguoto lizocimo koncentracija zemesnés ir aukStesnés temperatiiros
salygomis labai skyrési. Tai reiskia, kad stebétas reiskinys esant pH 3,0 gali
biiti susijes ne tik su skirtumais tarp Tpq it Tpraazios, bt ir su eksperimentinéms
salygoms biidinga pusiausvyra tarp nattiralios ir agreguotos baltymo biisenos.

pH ir temperattros derinys gali paveikti ne tik agregacijos kinetika, bet ir
gauty fibriliy struktiira bei morfologija. Sio lizocimo tyrimo metu nustatytas
didelis struktiiry kintamumas, priklausantis nuo tirpalo pH ir jo susilankstymo
bisenos. pH jtaka fibriliy polimorfizmui buvo pastebéta ir kitiems baltymams.
Pavyzdziui, nustatyta, kad tirpalo pH pokyciai fiziologiniame 5,8-7,4
diapazone sukelia skirtingas fibriliy struktiiras ir skirtingus struktiirinio
heterogeniskumo lygius alfa-sinukleino atveju®!'!. PanaSus atvejis apraSytas ir
amiloido-beta Serdies fragmentui, kai pH ir temperatiiros pokyciai turéjo
jtakos peptido oligomerizacijai ir galiausiai susidariusiy fibriliy struktiirai bei
morfologijai*'2. Nors morfologiniai parametrai miisy darbe daugeliu atvejy
reik§mingai nesiskyré, vienam agregaty tipui buvo biidingos trumpos fibrilés
ir didelis amorfiniy dariniy kiekis. Toks tipas buvo budingas tik pH 7,0
salygoms ir tik aukstesnei nei baltymo lydymosi temperatiirai. Siomis
salygomis taip pat buvo nustatytas didziausias FTIR spektry kintamumas tarp
visy méginiy, greidiausiai dél minéty amorfiniy struktiiry susidarymo. Sie
rezultatai taip pat atitinka musy ankstesnius pastebéjimus, kai lizocimo
agregacija PBS pH 7.4 ir esant aukstesnei nei lydymosi temperatiirai, [émé
dariniy, struktiiroje turin¢iy mazesnj beta-klos¢iy kiekj, susidaryma.

Nepriklausomai nuo pH ir temperatiiros, vienas lizocimo agregaty tipas atrodé
dominuojantis tarp visy salygy. Esant pH 5 ir pH 6, Sis kamienas buvo
vienintelis, kuris susiformavo, nepaisant baltymo susilankstymo biisenos. Jam
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buvo bidingas didziausias santykinis stabilumas denatiiruojanciomis
salygomis ir jos struktiiroje buvo tik vieno tipo beta-klosCiy vandeniliniai
rySiai. PanaSiis rezultatai buvo gauti Ziaunys alfa-sinukleino tyrime, kur
fibriliy wvariabilumas priklaus¢é nuo tirpalo joninés jégos ir baltymo
koncentracijos. To tyrimo metu pastebéta, kad tam tikromis salygomis vienas
fibriliy kamienas buvo stabilizuotas'®’. Atsizvelgiant j visus Siuos stebéjimus,
rigstinio pH arba pH 7.4 salygos, kurios dazniausiai naudojamos lizocimo
agregacijos tyrimuose, pasizymi dideliu agregaty struktiiriniu kintamumu ir
gali lemti klaidingas i§vadas. PrieSingai, pH 6 sglygos pasiZzyméjo maziausiu
stochastiSkumu tiek kinetikos, tiek struktiiros atvejais ir 1émé viena, labai
stabily fibriliy kamieng.

Insulino agregacijos priklausomybé nuo reakcijos salygu

Daznai atliekant insulino agregacijos tyrimus, reakcija vykdoma rugstinéje
aplinkoje, neatsizvelgiant j tiksly tirpalo pH ar jonineg jéga. Daugeliu atvejy
reakcijos mechanizmai arba potencialiis antiamiloidiniai junginiai yra
atrenkami ir tiesiogiai palyginami tarp tyrimy grupiy, neatsizvelgiant i
minétus parametrus. AnksCiau aptarti tyrimai rodo, kad Sie aplinkos veiksniai
gali turéti didziule jtakg baltymy agregacijos procesui, paveikdami ne tik
kinetinius parametrus, bet ir susidariusiy fibriliy struktirg ar kitas
savybes!3*213_ Todél buvo svarbu atidziai iSanalizuoti, kaip kiekvienas sglygy
derinys veikia insulino agregacijos procesa. Siekiant to, Siame darbe insulino
amiloidiné agregacija buvo tiriama naudojant jvairias pH vertes (1,0-3,0),
skirtingos joninés jégos tirpalus (100 mM-500 mM), taip pat tris tirpalo
komponentus (acto riigstj, druskos riigst] ir natrio fosfatg).

Visomis minétomis sglygomis buvo atlikta insulino agregacija, siekiant
jvertinti jy jtaka fibriliy susidarymo kinetikai. Esant Zemam pH natrio fosfato
tirpaluose, reakcijos kinetiniai parametrai buvo gana panasiis visose joninés
jégos salygose. Taciau didziausios iSbandytos pH salygos (2,5-3,0) léme
drastiska proceso lag laiko padidéjima. Tokie rezultatai gali buti susije su
insulino oligomerine biisena ir tirpumu. Siomis salygomis insulino tirpumas
buvo mazas, o nustatytas hidrodinaminis skersmuo buvo didelis, o tai galéty
paaiskinti létg branduoliy susidarymo procesa. Taciau druskos riigsties atveju
didziausios joninés jégos salygos davé palyginti didelj insulino hidrodinaminj
skersmenj, o ry§kaus poveikio lag laikui nepastebéta. Sie rezultatai rodo, kad
insulino oligomeriné biisena yra tik vienas i§ komponenty, lemianciy jo
polinkj amiloidinei agregacijai. Oligomerinés buisenos jtaka taip pat patvirtina
ankstesni tyrimai. Pastebéta, kad kai kuriais atvejais amiloidogeninio
pirmtako disociacija i§ oligomerinés blisenos j monomering yra greitj ribojanti
reakcija ir ji vyksta Ié¢iau nei branduolio susidarymas®'6,
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Sio tyrimo metu taip pat buvo pastebétas jdomus reiskinys. Tam tikromis
salygomis, priklausomai nuo pH arba joninés jégos, suriSto ThT signalo
intensyvumo pokytis neatitiko jprastos sigmoidés formos kinetikos. Vietoj to,
buvo aptikta arba dviguba sigmoidiné kinetika, arba be galo didéjantis
fluorescencijos intensyvumas. Analizuojant gautus rezultatus, nustatyta, kad
Sios kreivés atsirado tik esant kelioms specifinéms sglygoms. Esant Zemam
pH, daZniau buvo stebimos nuolat didéjancios fluorescencijos kreivés, o
dvigubos sigmoidinés — esant tarpiniam pH ir maZos joninés jégos salygoms.
Dviguba sigmoidiné kinetika anksCiau literatiroje buvo aprasyta kaip
teigiamu-ThT pasizyminciy tarpiniy agregacijos produkty rezultatas, o nuolat
didéjanti fluorescencija gali buti susijusi su fibriliy brendimu arba klasteriy
susidarymu’!-206:217,

Nors analizuojant kinetinius duomenis jvairiomis sglygomis buvo jmanoma
nustatyti tam tikras tendencijas, lyginant agregaty antrines struktiiras, padétis
buvo daug sudétingesné. Tarp visy salygy pastebétas didelis FTIR spektry
variabilumas ir nebuvo aiSkios nuo salygy priklausancios tendencijos,
priesingai nei analizuojant agregaty morfologija. Esant Zemam pH ir joninei
jégos, AJIM metodu buvo aptiktos ilgos, susipynusios struktiiros, kuriy aukstis
buvo santykinai mazas. Didesné joniné jéga ir pH buvo palankiis trumpy
fibriliy ir didelio skaiiaus amorfiniy agregaty susidarymui. Acto rugsties
salygos ir didelés NaCl koncentracijos sudaré didziausias struktiiras, kurias
suformavo daug ilgy, lateraliai asocijuoty filamenty. Visy $iy fibriliy strukttry
dydis taip pat buvo tiesiogiai susijes su jy stabilumu denatiiruojanciomis
salygomis. Toks pats joninés jégos poveikis insulino fibriliy Soninei
asociacijai acto riigStyje buvo pastebétas ir kitame tyrime. To tyrimo autoriai
mano, kad is poveikis susijes su insulino oligomerine biisena®'®.

Alfa-sinukleino agregacijos slopinimas imidazotiazino dariniais

Siuo metu bandant surasti vaistus jvairiy su amiloidine baltymy agregacija
susijusiy neurodegeneraciniy sutrikimy gydymui, mokslininkams vis dar
iSkyla labai daug problemy. Daznai yra siekiama susintetinti mazamolekulinj
junginj, kuris galéty pereiti kraujo-smegeny barjera ir sustabdyti baltymy
agregacijos procesa. Nepaisant to, kad nemazai junginiy daznai parodo
inhibicijos potencialg pradiniuose agregacijos slopikliy atrankos etapuose,
taciau tik ne daugelis buna patvirtinti tolimesnése fazése, todél svarbu
nustatyti kas lemia Sias nesékmes. Analizuojant insulino agregacija skirtingy
cheminiy junginiy kaip pagrindiniy tirpalo komponenty salygomis buvo
pastebéta, kad §is faktorius pakei¢ia ne tik agregacijos kinetinius parametrus,
bet ir nulemia susidaranc¢iy fibriliy antrinés struktiiros, bei morfologijos
skirtumus. Todél toliau buvo siekiama iSsiaiSkinti ar potencialiai slopinantys
mazamolekuliniai junginiai gali pakeisti alfa-sinukleino agregacijos procesa.
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Analizuojant agregacijos slopinimo-junginio struktiiros santykj, buvo
pastebéta, kad svarbiausig vaidmenj Siame procese atliko tiazino Ziedas.
Junginiai, kurie neturéjo Sio struktiiros elemento, nepakeité nei agregacijos
puslaikio, nei fluorescencijos intensyvumo galutinio taSko lyginant su
kontroliniais méginiais. Neskaitant savo slopinimo efektyvumo, daugeliu
atveju alfa-sinukleinui agreguojant su imidazotiazinais, méginiai pasizymejo
padidéjusiu fluorescencijos intensyvumu, nors patys junginiai tokiame
suzadinimo-emisijos ruoze nefluorescavo. Tokj efekta galima bty paaiSkinti
dviem biidais — arba dalyvaujant junginiui pusiausvyra tarp agreguoto ir
natyvaus alfa-sinukleino buvo pastumta fibriliy susidarymo kryptimi, arba
agregacijos metu susidaré agregatai, pasizymintys skirtingu ThT jungimosi
biidu'3*137219 Ankstesniuose tyrimuose buvo pastebéta, kad inhibitoriai gali
pakeisti alfa-sinukleino agregacijos procesa susidarant skirtingo tipo
fibrilems'3®.

Si galimybé toliau buvo patvirtinta analizuojant susidariusiy agregaty FTIR
spektrus. Kontroliniy méginiy atveju buvo isskirti trys tipai spektry. Toks alfa-
sinukleino agregaty polimorfizmas buvo pastebétas anksCiau panaSiomis
sglygomis Toleikis ir jo kolegy tyrime***. Misy darbe alfa-sinukleinui
agreguojant kartu su imidazotiazino dariniais, buvo nustatyti keturi papildomi
FTIR spektrai. Jdomu tai, kad junginiy, kurie padidino agregacijos puslaikj
ir/arba fluorescencijos intensyvuma, atvejais dazniausiai susidaré agregatai,
kuriy FTIR spektrai buvo nebudingi kontroliniams méginiams. Tokie
rezultatai aprodo galimg koreliacija tarp junginio slopinimo efektyvumo,
susidaranciy fibriliy antriniy strukttiry tipo, bei ThT jungimo savybiy.

Nors §ie junginiai pasiZymi stipriu anti-amiloidiniu aktyvumu, taciau svarbu
atsizvelgti ir j jy citotoksiSkuma. Atlikus MTT tyrima buvo pastebéta, kad visi
atrinkti junginiai statistiSkai reikSmingai sumazino SH-SY5Y neuroblastomos
lasteliy gyvybinguma. Vis délto analizuojant lgsteliy gyvybinguma meéginyje
esant junginiui kartu su alfa-sinukleino fibrilémis, buvo pastebéta, kad kai
kuriais atvejais toksiSkumas Igsteléms sumazéjo. Tokie rezultatai rodo galima
dviguba naudg — junginys slopina alfa-sinukleino agregacijg ir tuo paciu
mazina susidariusiy fibriliy zalinga poveikj. Panass rezultatai buvo pastebéti
Seidler tyrimo metu, kai tau baltymo fibriles painkubavus su mazamolekuliniu
junginiu EGCG, jy citotoksiskumas sumazéjo lyginant su kontrole*!. Vis
delto miisy tyrimo rezultatai parodo, kad kuriant naujus potencialius anti-
amiloidinius junginius yra biitina atsizvelgti ne tik kaip jie slopina baltymy
amiloiding agregacija, taCiau ir kaip paveikia agregacijos mechanizmg, bei
lasteles in vivo.
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Baltymo-baltymo sgveika

Amiloidiniy baltymy agregacija fiziologinémis salygomis vyksta aplinkoje,
kurioje gausu jvairiy makromolekuliy, jskaitant kitus baltymus. Daznai
mechanistiniai in vitro agregacijos tyrimai atliekami naudojant tik vieno tipo
amiloidinj baltyma ir neatsizvelgiama j tai, kaip kitos molekulés gali paveikti
§i procesg. Ankstesniuose tyrimuose buvo parodyta, kad amiloidinése
plokstelése gali buti randama daug skirtingy amiloidogeniniy baltymy, taip
pat jie gali paveikti vienas kito agregacijos kinetikg'®**?2, Todél yra svarbu
toliau tirti, kaip baltymo-baltymo sgveika gali paveikti amiloidiniy fibriliy
susidarymo procesa.

Visy pirma, toks procesas gali pakeisti agregacijos kinetikg. Tai buvo
pastebéta ir Siame darbe, tiriant prioninio baltymo ir SOD1 saveika. Kai
prioninis baltymas agregavo esant SODI1, branduoliy susidarymo procesas
buvo slopinamas, o reakcijos lag laikas pailgéjo. PanaSus poveikis anks¢iau
buvo pastebétas in vivo — kai SOD1 trikumas pagreitino prioninio baltymo
agregacija®®. Siame darbe poveikis PrP agregacijos kinetikai taip pat priklausé
nuo SODI1 koncentracijos. Pastebéta, kad esant ekvimolinéms
koncentracijoms, padidéjo tik lag laikas, taciau didesnés S§io baltymo
koncentracijos taip pat sumazino rezultaty stochastiSkuma ir grei¢io konstants.
Siuos skirtumus bty galima paaiskinti jmanoma SOD]1 sgveika su prioniniu
baltymu branduoliy susidarymo fazés metu, kuri veikia susidariusiy fibriliy
antring struktira ir morfologija. TaCiau §is poveikis nebtudingas visoms
baltymy saveikoms. Kitame Honda tyrime pastebéta, kad amiloidas-beta
pagreitina prioninio baltymo amiloiding agregacija esant mikromolinéms
koncentracijoms'®.

Siame darbe, analizuodami prioninio baltymo ir SI00A9 saveika, steb&jome
tokj patj poveikj branduoliy susidarymo procesui. Natyvi S100A9 forma
slopino prioninio baltymo branduoliy susidaryma, o agreguota forma neturéjo
jokio pastebimo poveikio §iam procesui. Sie rezultatai patvirtina hipoteze, kad
ir §ivo atveju natyvi SI00A9 baltymo forma gali sutrikdyti PrP branduoliy
susidarymo procesa, sgveikaudama su monomeriniu PrP arba jo prefibriline
forma. Taciau S100A9 agregatai padidino prioninio baltymo agregacijos
greiio konstantg. Tai grei¢iausiai lemia hidrofobinis S100A9 fibriliy
pavirsius, kuris veikia kaip katalizatorius pavir§iaus inicijuojamai antrinei
nukleacijai®*,

Kadangi zinoma, kad S100A9 fiziologinémis salygomis gali savaime
agreguoti, tikétina, kad Sio baltymo agregacija bent i§ dalies susijusi su
prioniniy ligy i$sivystymu??>?°, Sie du baltymai randami kartu smegeny
zievéje ir skystyje, todél jmanoma, kad S100A9 turi dvejopa poveikj, pagrista
savo biisena’> %", Natyvi S100A9 forma slopina prioninio baltymo
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branduoliy susidaryma, o agreguota biisena tarnauja kaip pavirSius naujiems
PrP branduoliams.

Kitas svarbus aspektas yra poveikis fibriliy struktiirai. Kadangi kito baltymo
dalyvavimas natyvia arba agreguota forma stipriai veikia agregacijos
mechanizma, jis paprastai taip pat sukelia struktiirinius poky¢ius. Siame PrP
ir SOD1 saveikos tyrime buvo nustatytas poveikis PrP amiloidiniy struktiiry
kintamumui. Kai reakcijoje nedalyvavo SODI1, FTIR analizé¢ parodé, kad
prioninis baltymas suformavo trijy skirtingy tipy fibriles. Esant ekvimolinei
SOD1 koncentracijai, agregaty pasiskirstymas pasikeité ir susidaré nauja
izoforma. Kai SOD1 koncentracija dar labiau padidéjo, konformacinis
variabilumas iSnyko ir dauguma FTIR spektry buvo identiski. Panasus
saveikos poveikis vieno tipo agregaty stabilizavimui buvo pastebétas Toleikis

ir jo kolegy darbe analizuojant SI00A9 sgveikg su alfa-sinukleinu®*.

Jei darytume prielaida, kad PrP fibrily kamienas priklauso nuo pradiniy
branduoliy konformacijos, tai reiksty, kad pradiniy agregacijos branduoliy
susidarymo procesas yra tiesiogiai paveiktas dél galimos $iy dviejy baltymy
saveikos. Tikétina, kad SODI1 sutrikdo tam tikry PrP branduoliy susidaryma,
taip pakeisdamas reakcija link specifinés konformacijos. Sis procesas taip pat
gali biiti susijes su uzdelsta lag faze, kai SODI1 tik pailgina bet kokios
konformacijos nukleacijos laikg, taip sudarydamas galimybe atsirasti
kamienams, kuriems susidaryti ir tapti dominuojanciu tipu reikia ilgesnio
laiko. Idomu tai, kad identiskos SOD1 ir S100A9 koncentracijos neskatino to
pacio PrP fibriliy kamieno susidarymo. Tai rodo, kad poveikis amiloidinés
agregacijos procesui gali priklausyti nuo papildomai reakcijoje dalyvaujanc¢io
baltymo. Tokie rezultatai patvirtina, kad atlickant baltymy agregacijos tyrimus
labai svarbu atsizvelgti j kity makromolekuliy dalyvavima Sioje reakcijoje,
siekiant kuo labiau priartéti prie procesy, vykstanciy fiziologinémis
salygomis.
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ISVADOS

1. Lizocimo iSsivyniojimas pagreitina tiek nukleacijos procesa, tiek
padidina agregacijos grei¢io konstanta. Zemesnéje nei lydymosi
temperattroje lizocimas sudaro beta-klostémis praturtintas fibriles,
linkusias j Sonine asociacija.

2. Lizocimo agregaty struktirinis kintamumas priklauso tiek nuo pH,
tiek nuo dominuojancios baltymo susilankstymo busenos agregacijos
metu. Maziausias struktiirinis variabilumas pastebétas esant pH 5 ir 6,
nepriklausomai nuo baltymo susilankstymo biisenos.

3. Strukturiskai skirtingy alfa-sinukleino agregaty inkubavimas
aukstesnéje temperatiiroje sukelia restruktirizacijos procesa, dél
kurio susidaro identiSka antrin¢ struktiira.

4. Insulino agregacija pasizymi savitomis tendencijomis, kurioms jtakos
turi pH, joniné jéga ir pagrindinis tirpalo cheminis komponentas, o
kinetinés kreivés kartais btina netaisyklingos formos (dviguba
sigmoidé, nuolat kylanti fluorescencija). Be to tiek antriné struktiira,
tiek morfologija labai priklauso nuo aplinkos salygy.

5. Imidazotiazino dariniai daro jtaka tiek agregacijos puslaikiui, tiek
susidariusiy agregaty struktiiriniam variabilumui. Taip pat nustatyta
koreliacija tarp junginio slopinamojo poveikio ir susidariusiy fibriliy
tipo.

6. Baltymo-baltymo tarpusavio saveika, ypa¢ prioninio baltymo su
SOD1 arba S100A9, gali slopinti branduoliy susidarymo procesa, o
S100A9 fibrilés taip pat gali veikti kaip pavirSius prioninio baltymo
pavirSiaus inicijuotam branduoliy susidarymui. Abiem atvejais $i
tarpusavio sgveika stabilizavo vieng agregaty kamieng.

Apibendrinus, Sie tyrimai analizuojant jvairiy aplinkos veiksniy poveikj
skirtingy amiloidogeniniy baltymy agregacijos procesams parodo sudétinga
agregacijos aplinkos salygy ir susidaranc¢iy amiloidiniy fibriliy struktiiry
sarysj.
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Abstract: Amyloid fibril formation is associated with several amyloidoses, including neurodegener-
ative Alzheimer’s or Parkinson’s diseases. The process of such fibrillar structure formation is still
not fully understood, with new mechanistic insights appearing on a regular basis. This, in turn, has
limited the development of potential anti-amyloid compounds, with only a handful of effective cures
or treatment modalities available. One of the multiple amyloid aggregation factors that requires
further examination is the ability of proteins to form multiple, structurally distinct aggregates, based
on the environmental conditions. In this work, we examine how the initial folding state affects the
fibrilization of lysozyme—an amyloidogenic protein, often used in protein aggregation studies. We
show that there is a correlation between the initial state of the protein and the aggregate formation
lag time, rate of elongation, resulting aggregate structural variability and dye-binding properties, as
well as formation lag time and rate of elongation.

Keywords: amyloid; protein aggregation; lysozyme; fibril

1. Introduction

Protein aggregation in the form of amyloid fibrils is linked with the onset and progres-
sion of several amyloidoses [1], including neurodegenerative Alzheimer’s or Parkinson’s
disease [2]. Despite decades of intense research and countless studies [3], a full under-
standing of such aggregate formation remains elusive [4]. This, in turn, has significantly
complicated the search for potential anti-amyloid compounds and there are currently very
few drugs or treatment modalities available [5,6]. The constantly increasing number of
affected individuals and projected further growth in cases [7,8] make it vitally important to
obtain a better understanding of the amyloid fibril formation process.

In general, the mechanism of protein aggregation can be broken down into multiple
basic parts. First, proteins have to undergo a misfolding event, during which they form the
initial amyloid nuclei (primary nucleation) [9,10]. These nuclei then grow by incorporating
other homologous protein molecules into their structure, forming elongated aggregates—
fibrils [11-13]. Once sufficiently sized aggregates form, secondary processes can also occur
during the elongation phase, which include fibril fragmentation [14] and surface-mediated
nucleation (fibril surface acts as a catalyst for new nuclei formation) [15-17]. Apart from
this general mechanism, there are also multiple additional events proposed, such as fibril
maturation over a long time period [18], as well as lateral association and aggregate cluster
formation [19].

The structure of amyloid fibrils has been studied using a wide range of techniques.
These include solid state nuclear magnetic resonance (ssNMR), cryo-electron microscopy
(cryo-EM), atomic force microscopy (AFM), Fourier-transform infrared spectroscopy (FTIR),
as well as small-angle X-ray scattering (SAXS). These methods have also been utilized to
track and analyse the formation of amyloid fibrils and to determine the various types of
intermediate species present during the aggregation reaction [20-23]. While most protein
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aggregation events follow a similar mechanism, there is a wide variety of structurally and
morphologically distinct fibrils formed, depending on the initial protein and the reaction
conditions, such as ionic strength, pH, temperature or protein concentration [24-28]. It
was even shown that amyloid-beta (which is associated with Alzheimer’s disease) [29],
alpha-synuclein (Parkinson’s disease) [18], prion proteins (prionopathies) [30] and Tau
proteins (tauopathies) [31] can aggregate into multiple distinct structures under the same
environmental conditions. Structural polymorphism is considered to be related to fibril
toxicity, replication rates and could explain the onset of different diseases, originating
from the same precursor protein [32]. While the ability of identical proteins to form
conformationally distinct amyloid fibrils is an interesting phenomenon, it significantly
complicates the search for potential anti-amyloid compounds or treatments.

We recently observed that prion protein polymorphism depends on the folding state
of the initial protein, with distinct types of fibril structures being formed above and below
the melting temperature [30]. Similarly, the formation of aggregates with higher cytotoxic
properties at higher temperatures [33] was reported for lysozyme—a model amyloidogenic
protein, commonly used in aggregation studies [34]. Considering that temperature is
often modulated to alter the rate of protein aggregation in vitro [35,36] and that lysozyme
amyloid formation is known to have a condition-structure relationship [37,38], it was
important to examine the phenomenon in greater detail. In this work, large sets of iden-
tical hen egg-white lysozyme samples were aggregated under a range of temperatures,
from lower, where most protein molecules were folded, to higher, where they were fully
unfolded. The generated aggregates were then examined and compared based on their
secondary structure and dye-binding properties. We show that lysozyme amyloid fibril
polymorphism exists both below and above the melting temperature and that there is a
significant shift in the variability of structures associated with the folding state of the initial,
non-aggregated protein.

2. Results

All details regarding sample preparation, experiments and data analysis are reported
at the end of the article. In order to determine the melting point of lysozyme under the
selected experimental conditions (phosphate-buffered saline (PBS) solution, containing 2 M
guanidine hydrochloride, pH 7.4) and select a range of temperatures for the aggregation
experiments, an 8-anilinonaphthalene-1-sulfonic acid (ANS) protein melt assay was carried
out (Figure 1A). Up to 50 °C, it was observed that the dye signal intensity gradually
decreased due to a temperature-related reduction in fluorescence quantum yield. After
this point, the ANS emission intensity began rising to a maximum point at 65 °C, after
which it rapidly decreased. These results show that the majority of lysozyme was folded
up to 50 °C and it is fully unfolded at 65 °C (Ty, = (57 £ 1) °C). Based on this information,
four different temperature conditions were chosen for further examination (marked with
colour-coded dashed lines in Figure 1A).

For each temperature, full 96-well plates of identical lysozyme samples were incubated
under constant agitation (as described in the Materials and Methods section) and their
fibrillization reactions were tracked by measuring the fluorescence emission intensity of
fibril-bound thioflavin-T (ThT) (examples of aggregation reaction kinetic curves are shown
in Appendix A Figure Al). At 50 °C, the aggregation lag time (t},¢) had an average value of
~1300 min (Figure 1B), and a temperature increase of 5 °C caused a 3-fold decrease in tj, to
~400 min. Further changes to the reaction temperature had a less significant effect on the
tag value (~190 min at 60 °C and ~160 min at 65 °C), with a point of discontinuity detected
between 55 °C and 60 °C, which was similar to the Tp, value of lysozyme under these
experimental conditions. The apparent rate constant of aggregation had the most significant
change between the two lowest tested temperatures (2-fold increase from ~0.01 to ~0.02),
while the values between 55 °C and 65 °C followed a linear trend in a semi-logarithmic
plot (Figure 1C). Similar to the lag time values, there was also a point of discontinuity;
however, in this case, it was detected closer to 55 °C (slightly below the Ty, value). Despite
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the massive differences in both t|,; and apparent rate constant values in this temperature
range, there were no detectable sub-groups of samples with specific aggregation kinetic
parameters and all data followed a normal distribution.
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Figure 1. Lysozyme aggregation kinetic parameters depended on folding state. 8-anilinonaphthalene-
1-sulfonic acid (ANS) signal intensity under a range of temperatures and in the presence of 200 uM
lysozyme in PBS with 2 M guanidine hydrochloride (GuHCI) (pH 7.4). (A) Colour-coded dashed
lines indicate temperatures chosen for further analysis. Lysozyme aggregation reaction tj,, (B) and
apparent rate constant (C) values under the four selected temperature conditions (all data are colour-
coded). Panel B and C box plots indicate the interquartile range and error bars are one standard
deviation (1 = 96). ANS protein melt and aggregation assay procedures are described in the Materials
and Methods section. Raw data are available as Supplementary Materials.

During the aggregation assay, a substantial difference between the end-point ThT
fluorescence emission intensity values of samples generated at low and high-temperature
conditions was observed. There was also a significant variation in these values between
samples from the same aggregation conditions. Such distinct bound-ThT fluorescence
intensities can be associated with the existence of fibrils with different secondary structures
or morphologies [30,39]. These ThT-binding modes are usually accompanied by specific
maximum excitation and emission wavelength positions, which can be used to differentiate
between fibril types [40].

Each sample’s excitation/emission matrix (EEM) was scanned and their “center of
mass” positions, as well as their correlation to the signal intensity, were compared. In the
case of lysozyme aggregates prepared at 50 °C and 55 °C, the EEM maxima positions were
clustered at a specific area (449451 nm excitation and 480483 nm emission wavelengths),
with only a small amount of samples deviating from this position (Figure 2A,B). When the
aggregation temperature increased past the T, value, a sizeable portion of sample EEM
maxima positions deviated from the main cluster, with certain positions being located as
far as 5 nm from the cluster excitation or emission wavelength values (Figure 2C). Matters
became even more interesting when the majority of initial lysozyme monomers were in their
unfolded state during aggregation. In this case, a new main cluster formed at 444-446 nm
excitation and 481-483 nm emission wavelengths, with the large dispersion of positions
persisting (Figure 2D), as was the case for the 60 °C samples (Figure 2C).

When examining the correlation between sample EEM positions and fluorescence
intensity (Figure 2E), the high-intensity samples appeared near the lower-temperature
cluster position (observed in Figure 2A,B), while the lower-intensity samples gathered
around the higher-temperature cluster position (observed in Figure 2D). There was also a
clear dependence between the distribution of sample fluorescence intensity values and the
temperature used in their preparation (Figure 2F). When most lysozyme monomers were
folded, the resulting ThT fluorescence intensity had an average value of ~440 a.u. with a
relatively small dispersion. At55 °C, the average value decreased to ~360 a.u. and there was
a significant increase in the signal intensity deviation. When the aggregation temperature
passed the Ty, value, there was a substantial reduction in average signal intensity (~110 a.u.),
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while the high level of dispersion persisted. At the highest tested temperature, where most
lysozyme monomers were unfolded, the average fluorescence intensity was even lower
(~40 a.u.) and the value dispersion mirrored the 50 °C condition samples.
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Figure 2. Correlation between sample fluorescence parameters and lysozyme aggregation tempera-
tures. Bound ThT excitation-emission matrix (EEM) “center of mass” positions of samples prepared
under 50 °C (A), 55 °C (B), 60 °C (C) and 65 °C (D) conditions. EEM position and signal intensity
correlation of 50 °C and 65 °C samples (E). Fluorescence intensity value distribution of samples
prepared under different aggregation conditions (F). Box plots indicate the interquartile range and
error bars are for one standard deviation. All data acquisition and analysis procedures are described
in the Materials and Methods section. Raw data are available in the Supplementary Materials.

Interestingly, conditions below the Ty, value did not result in a single EEM position
located at the high-temperature cluster, while 60 °C and 65 °C led to samples with positions
at both cluster areas. This suggests that specific aggregate structures or morphologies
require the initial protein to be unfolded. The fluorescence intensity distributions displayed
that all temperature conditions caused the formation of samples with significant deviation
from the average values (low-intensity samples at low temperatures and large-intensity
samples at high temperatures). This hints at a possibility of mixtures, composed of different
types of aggregates, which have specific ThT-binding parameters.

Since the EEM data suggested a possible high variety of lysozyme aggregate structures,
each sample was replicated and examined using Fourier-transform infrared spectroscopy
(FTIR). In the case of 50 °C (Figure 3A) and 55 °C (Figure 3B) samples, the FTIR spectra
shared similarities, between both different temperature conditions as well as between each
other. At 60 °C (Figure 3C), there appeared to be a mixture of distinct secondary structures,
with some spectra being similar to those observed at lower temperatures. At the highest
temperature (Figure 3D), the variability decreased and most samples had FTIR spectra
dissimilar to ones that were present at lower temperatures.

Peak fitting for the FTIR spectra revealed that there were three dominant secondary
structures (Figure 3E-]), with distinct peak maxima positions and areas. The Type 1
aggregates were the main structure at 50 °C and 55 °C, while making up only a fraction
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of 60 °C samples and being nearly non-existent at 65 °C. Conversely, the Type 2 and 3
aggregates were only present at 60 °C and 65 °C temperature conditions. Comparing the
peak maxima positions and areas revealed that all three fibril types had similar maximum
position peaks at 1614-1615 cm ! (associated with strong hydrogen bonding in the beta-
sheet structure [41]) and 1627 cm ™ (associated with weaker hydrogen bonding). While the
1614-1615 cm™! position peaks had similar areas among all aggregate types, the 1627 cm™!
peaks were significantly smaller in the case of Type 2 and 3 aggregates. Overall, Type 1 had
the highest percentage of cross-beta structures, Type 2 had less and Type 3, a minimum
amount of such beta sheets. A small peak at 1637 cm™! in the FTIR spectrum of Type 2
aggregates can be attributed to the weak hydrogen bonding of beta sheets, while significant
peaks at 1642-1643 cm ™! in Type 1 and 3 sample FTIR spectra and at 1648 cm ! in the case
of Type 2 aggregates is associated with the presence of unstructured regions. The rest of
the peaks in all spectra most probably arise from different turn/loop motifs, though there
is a possibility that peaks at the highest wavenumbers could mean the presence of some
antiparallel beta sheets.
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Figure 3. Fourier-transform infrared (FTIR) spectra of lysozyme aggregates prepared under different
temperature conditions. Spectra of lysozyme aggregates prepared at 50 °C (A), 55 °C (B), 60 °C (C)
and 65 °C (D), with all sample (11 = 96) spectra superimposed and colour-coded. Peak-fit of Type 1 (E),
Type 2 (F) and Type 3 (G) aggregate spectra and peak position/area distributions (H-J). The peak-
fitting procedure was performed on 50 °C and 65 °C condition spectra. Table inserts display the
peak positions and areas of all three aggregate-type FTIR spectra. Raw data are available in the

Supplementary Materials.

Since the higher-temperature aggregate FTIR spectra displayed smaller peaks, asso-
ciated with beta-sheet hydrogen bonding and more unstructured regions, their ability to
form fibrillar structures was examined using atomic force microscopy (AFM). In order to
facilitate the formation of elongated structures, the samples were reseeded under quies-
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cent conditions at their respective temperatures. For all three aggregate types, the ThT
fluorescence intensity signal growth proceeded with no lag phase (Figure 4), indicating
aggregation self-replication. In the case of Type 2 and Type 3 aggregates (Figure 4B,C), the
end-point fluorescence intensity was significantly lower than Type 1 (Figure 4A), as was
observed with the initial samples.
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Figure 4. Self-replication kinetics (A-C) and atomic force microscopy images (D-F) of three types
of lysozyme aggregates. Kinetic curves are from three repeats (different symbols represent separate
samples). Self-replication and AFM imaging procedures are described in the Materials and Methods
section. Raw data are available in the Supplementary Material.

The Type 1 AFM image displayed long (3-5 um) fibrillar structures, with an average
cross-sectional height of 10 nm (Figure 4D). The Type 2 aggregates were significantly shorter
(~0.3 um), with a lower average height of 2 nm and they were associated into web-like
systems (Figure 4E). This sample also contained a number of small, round structures, which
may be short lysozyme oligomers or amorphous aggregates. Unlike the previous two cases,
the Type 3 sample contained mostly short aggregates (Figure 4F), which associated into
larger clusters and very few elongated structures were observed. These images suggest
that the higher temperature resulted in lysozyme aggregates, which had lower stability
and likely formed a considerable number of amorphous structures, coinciding with the
significantly reduced beta-sheet-related peaks in their respective FTIR spectra.

In order to determine whether the lower-temperature fibrils were capable of replicating
their structure at higher temperatures and vice versa, a reseeding experiment was carried
out, as described in the Materials and Methods section. When the Type 1 fibrils were
reseeded at 65 °C, the resulting aggregate FTIR spectra was nearly identical to the original
(Figure 5A), showing that the fibrils were capable of replicating their structure and that
the increased temperature had no effect on them. Conversely, when the Type 2 and 3
aggregates were reseeded at 50 °C, there was a significant change in their FTIR spectra
(Figure 5B,C). In both cases, the resulting spectra became similar to the Type 1 aggregates
and to one another.
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Figure 5. Fourier-transform infrared (FTIR) spectra of Type 1 (A), Type 2 (B) and Type 3 (C) lysozyme
aggregates before and after the reseeding reaction and their respective aggregation kinetic curves
(D-F). The reseeding procedure is described in the Materials and Methods section. Kinetic curves
are from three repeats (different symbols represent separate samples). Raw data are available in the
Supplementary Materials.

Based on the aggregation kinetic data, the Type 1 fibril reseeding reaction had practi-
cally no lag time and proceeded immediately (Figure 5D). This was not the case for both
Type 2 and 3 aggregates (Figure 5E,F), where a considerable lag period was observed.
Despite the aggregates causing a significant reduction in lag time (~200 min, as opposed to
~1500 min during spontaneous reaction), the change in FTIR spectra suggested that they
were not efficient at replicating their structure at 50 °C. This reduced lag time may be due
to the Type 2 and 3 aggregates acting as a surface for secondary nucleation, which would
explain the formed aggregate FTIR spectra similarity to Type 1 fibrils.

3. Discussion

Based on the results from this study, it is clear that the initial folding state of lysozyme is
an important factor for multiple amyloid aggregation aspects, including lag time, resulting
structural variability, bound-ThT fluorescence intensity and self-replication. In all cases, a
discontinuity of kinetic or structural parameters was observed to occur in the relatively
small gap between temperatures where lysozyme transitioned from folded to unfolded
states. The complex effect of this transition has to be taken into account during studies of
lysozyme amyloid aggregation.

The first notable aspect was the significant temperature-related shift in aggregate sec-
ondary structure. Atlower temperatures, the sample FTIR spectra displayed a considerably
larger content of beta-sheet structures, when compared to the two different aggregate types
formed above the melting temperature. This transition, however, did not occur instantly,
as we observed Type 1 fibrils present at higher-temperature conditions as well, with their
number decreasing significantly when lysozyme was unfolded. Interestingly, there was a
minor level of structural variability, even under identical conditions, most visible based
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on the FTIR spectra peak area value deviations (Figure 3H-J). Such variability was also
previously observed for prion protein amyloid fibrils [30]. These results suggest that when
lysozyme is (partially) folded, it can only transition to one dominant amyloid aggregate
(Type 1, Figure 3E), with a minor level of structural variability. However, once lysozyme
becomes unfolded, it can form up to three different aggregate types with characteristic
peak positions/areas.

Another point worth noting is the self-replication properties of the three different
structures. In the case of aggregates formed under conditions where lysozyme was pre-
dominantly folded, they were able to easily replicate their structure at the highest tested
temperature (Figure 5A,D). They also formed long fibrils when replicated under quiescent
conditions (Figure 4D). This suggests that they could incorporate lysozyme monomers,
regardless of their folding state. Conversely, this was not the case for the aggregate types
that were formed at higher temperatures. While they appeared to be able to self-replicate
under their initial preparation conditions (Figure 4B,C), they were unable to do so under
a temperature, where lysozyme was folded. One possibility is that such aggregate types
are only capable of incorporating partially or fully unfolded protein molecules. Another
likely explanation is that the higher temperature samples contained a significant number of
non-amyloid structures, as seen in Type 2 and especially Type 3 AFM images (Figure 4E,F).

The final significant observation from this study is the remarkably high correlation
between the structure of lysozyme aggregates and their ThT-binding characteristics. The
transition from Type 1 (at 50 °C) to Type 2 and 3 (at 65 °C) structures caused a 10-fold
decrease in the average fluorescence intensity values (Figure 2F). This was also followed by
a shift in the bound-ThT EEM maxima positions, which signifies a different dye binding
mode (Figure 2A-D) [40]. Such a massive decrease in signal value may be related to the
reduction in the aggregate beta-sheet content, which was evident based on the sample
FTIR spectra (Figure 3A-D) or the formation of non-amyloid structures (Figure 4E,F). The
intermediate temperature aggregates also had a very large ThT fluorescence intensity
value deviation, with a several-fold difference between samples from identical conditions.
Taking into consideration that ThT fluorescence intensity is often used as a parameter of
the relative abundance of amyloid aggregates, such variations can have drastic effects on
the conclusions drawn from experimental data.

Opverall, these results highlight the importance of the folding state of lysozyme on its
amyloid aggregation kinetic and structural parameters, as well as their variability. Taking
into account that a similar relationship exists for the neurodegenerative-disease-related
prion protein, it suggests that this is a significant influencing factor for amyloid fibril
formation and should be taken into account during protein aggregation studies.

4. Materials and Methods
4.1. Lysozyme Aggregation Kinetics

Hen egg-white lysozyme powder (Sigma-Aldrich, St. Louis, MO, USA, cat. No. L6876)
was dissolved in 1 x PBS buffer (pH 7.4) containing 2 M guanidine hydrochloride (GuHCI)
to a protein concentration of 300 uM (eag9 = 37,970 M~lem™1). Thioflavin-T (ThT) powder
(Sigma-Aldrich, St. Louis, MO, USA, cat. No. T3516) was dissolved in MilliQ H,O to
a concentration of ~11 mM and filtered through a 0.22 um pore size syringe filter. The
concentration of the ThT solution was determined by diluting an aliquot of the dye solution
100 times with H,O and scanning its absorbance at 412 nm (g4 = 23,250 M~ lem™1). The
final ThT stock solution concentration was then set to 10 mM. The lysozyme, ThT and
reaction buffer (1 x PBS (pH 7.4) with 2 M GuHCl) were combined to result in a solution
with 200 uM lysozyme and 100 1M ThT. In order to avoid batch-to-batch variability, 80 mL
of this solution was divided into 20 mL portions and frozen at —20 °C prior to use in
kinetic experiments.

To measure lysozyme aggregation kinetics, 20 mL of frozen reaction solution was
thawed at room temperature and distributed to a 96-well plate (200 pL final volume, each
well contained one 3 mm glass bead), after which it was sealed with Nunc-sealing tape. Ag-
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gregation kinetics were monitored in a ClarioStar Plus (BMG Labtech, Ortenberg, Germany)
plate reader by measuring sample fluorescence emission intensity (excitation wavelength—
440 nm, emission—480 nm) every 5 min, with constant 600 RPM orbital shaking between
measurements. The experiment was conducted under four different temperatures based
on the lysozyme melt assay (from 50 °C to 65 °C). Reaction lag times, rates and end-point
fluorescence values were determined as shown previously [27]. All data processing was
done using Origin (OriginLab Corporation, Northampton, MA, USA) software.

4.2. Lysozyme Melt Assay

8-anilinonaphthalene-1-sulfonic acid (ANS) powder (Sigma-Aldrich, St. Louis, MO,
USA, cat. No. A1028) was dissolved in MilliQ H,O at room temperature under dark
conditions. The solution was then filtered through a 0.22 pm pore size syringe filter. The
concentration of the ANS solution was determined by diluting an aliquot of the dye solution
100 times with H,O and scanning its absorbance at 351 nm (351 = 5100 M~ lem™1). The
final ANS stock solution concentration was then set to 10 mM and stored at 4 °C under
dark conditions prior to use. For the melt assay, lysozyme was prepared as described in
the aggregation kinetics method section with ANS added instead of ThT. The lysozyme
samples were then placed in 3 mm pathlength cuvettes (200 uL volume each) and sealed
with plug caps.

The melt assay was conducted by placing the cuvettes in a Varian Cary Eclipse (Agilent,
Santa Clara, CA, USA) spectrofluorometer and measuring sample fluorescence intensity (ex-
citation wavelength—370 nm, emission—470 nm) under a range of temperatures (starting
temperature—25 °C, end temperature—90 °C, incubation at starting temperature—5 min,
temperature change rate—2 °C/min, measurements every 30 s).

4.3. Excitation—Emission Matrices

After aggregation reaction kinetic measurements, the 96-well plates were cooled
down to 25 °C. In order to account for ThT hydroxylation under neutral pH and elevated
temperatures, each well was supplemented with 1 uL of the ThT stock solution (additional
50 uM ThT in each sample). The plates were then placed in the plate reader and incubated
at 25 °C for 10 min under constant 600 RPM shaking. Immediately after agitation, each
well’s ThT excitation—emission matrix (EEM) was scanned. This was done by measuring
sample fluorescence at a constant 485 nm emission wavelength under a range of excitation
wavelengths (from 430 nm to 460 nm) and measuring sample fluorescence under a range of
emission wavelengths (from 470 nm to 500 nm) at a constant 445 nm excitation wavelength.
The data were then combined into an EEM using the ClarioStar MARS 3D spectra function.
Each EEM maximum intensity position was determined by calculating the “center of mass”
of the highest 10% intensity value positions as described previously [27].

4.4. Fourier-Transform Infrared Spectroscopy

An aliquot (100 pL) from each aggregation reaction kinetics plate well was removed
and combined with 900 uL of initial reaction solution (prepared as described in the aggre-
gation kinetics method section) and placed in a 1.5 mL test tube. Each test tube contained
two 3 mm glass beads and was sealed with parafilm. The test tubes were then incubated
in a dry-bath incubator under constant 600 RPM agitation at their respective temperature
(based on initial sample preparation temperature). After 24 h of incubation, the samples
were cooled down to room temperature and centrifuged at 12 500 RPM for 15 min. After
this, the supernatant was removed and the aggregate pellets were resuspended into 500 uL
of D,0, containing 400 mM NaCl (replacement of H,O with D,O helps to avoid H-O-H
bands, which overlap with the Amide I region and the addition of NaCl improves fibril sed-
imentation [39]). The samples were then mixed, centrifuged, and resuspended into 200 uL
D, O with 400 mM NaCl. The centrifugation and resuspension procedure were repeated
4 times in total. After the final supernatant removal, the fibril pellets were resuspended
into 50 uL of D,O with 400 mM NaCl.
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Samples were placed between two CaF, transmission windows separated by a 0.05 mm
teflon spacer. FTIR spectra were scanned using a Bruker Invenio S FTIR spectrometer,
equipped with a liquid-nitrogen-cooled mercury cadmium telluride detector, at room tem-
perature and constant dry-air purging. For every sample, 256 interferograms were recorded
at 2 em™ resolution and averaged. D,O and water vapour spectra were subtracted from
the sample spectra, which were then baseline corrected and normalised to the same band
area in a range between 1700 cm ! and 1590 cm ™. Spectra decomposition was done by
using a Peak Fitting function (mixed Gaussian-Lorentzian) in a range between 1590 cm ™!
and 1700 cm 1. For each spectrum, the maximum peak number was set to 6 and RMS
Noise was set to 0.04 when applying the fit. Peak parameter (maximum position and area)
correlation graphs were then plotted for each sample and superimposed for comparison.
All data processing was done using GRAMS software.

4.5. Aggregate Reseeding

Based on the results of the FTIR measurements, three distinct secondary structure
samples were chosen for reseeding under different temperatures. Aliquots of lysozyme
aggregate samples (80 pL) were combined with the initial reaction solution (720 pL) and
incubated as described in the lysozyme aggregation kinetics section (200 pL final volume
with a 3 mm glass bead in each well). Seeds prepared at 50 °C were incubated at 65 °C and
samples prepared at 65 °C were incubated at 50 °C. After aggregation had occurred, the
samples were cooled down to 25 °C and their FTIR spectra were measured as described
previously. For sample reseeding under their respective initial preparation temperatures
under quiescent conditions, the procedure was done without agitation or the addition of
glass beads.

4.6. Atomic Force Microscopy

Aliquots of samples from the reseeding experiment (30 L, after 800 min of quiescent
incubation at their respective temperatures) were gently mixed by repetitive pipetting,
placed on freshly cleaved mica and left to adsorb for 3 min. The samples were then
gently washed with 3 mL of H,O and dried using airflow. Further, 1024 x 1024 pixel
three-dimensional images were obtained using a Dimension Icon atomic force microscope
(Bruker, Billerica, MA, USA) as described previously [40]. Aggregate cross-sectional heights
were determined by tracing line profiles perpendicular to the fibril axes. All data processing
was done using Gwyddion software.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms23105421/s1. The supplementary material includes raw
data of lysozyme aggregation kinetics, ANS protein melt assay, fibril FTIR spectra, EEM spectra and
different fibril type AFM images.
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Figure A1. Examples of lysozyme aggregation kinetic curves at 50 °C (A), 55 °C (B), 60 °C (C) and
65 °C (D). Kinetic curves are from three repeats (different symbols represent separate samples).
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ABSTRACT

Protein aggregation in the form of amyloid fibrils is linked with the onset and
progression of more than 30 amyloidoses, including multiple neurodegenerative
disorders, such as Alzheimer’s or Parkinson’s disease. Despite countless studies and
years of research, the process of such aggregate formation is still not fully understood.
One peculiar aspect of amyloids is that they appear to be capable of undergoing
structural rearrangements even after the fibrils have already formed. Such a
phenomenon was reported to occur in the case of alpha-synuclein and amyloid beta
aggregates after a long period of incubation. In this work, we examine whether
incubation at an elevated temperature can induce the restructurization of four
different conformation alpha-synuclein amyloid fibrils. We show that this structural
alteration occurs in a relatively brief time period, when the aggregates are incubated
at 60 °C. Additionally, it appears that during this process multiple
conformationally-distinct alpha-synuclein fibrils all shift towards an identical
secondary structure.

Subjects Biochemistry, Biophysics, Molecular Biology
Keywords Amyloid, Alpha-synuclein, Protein aggregation, Protein fibrils, Fibril structure

INTRODUCTION

Protein aggregation into highly-structured amyloid fibrils is linked with the onset and
progression of over 30 amyloidoses, including neurodegenerative Alzheimer’s or
Parkinson’s diseases (Knowles, Vendruscolo ¢ Dobson, 2014; Chiti ¢& Dobson, 2017).
Currently, the process of fibril formation is still not completely understood (Lee ¢
Terentjev, 2017; Chaudhuri et al., 2019), which, in turn, has resulted in very few approved
drugs or treatment modalities (Mehta et al., 2017; Doig et al., 2017; Maurer et al., 2018;
Cummings et al., 2020). It is projected that the already high number of patients afflicted
with these disorders will continue to rise in the upcoming years (Brookmeyer, Gray ¢
Kawas, 1998; Arthur et al., 2016). In order to prevent this and discover potential cures, a
better understanding of both the formation pathways (Brinnstrom et al., 2018), as well as
the resulting aggregates (Findrich et al., 2018) is necessary.

Protein misfolding and association into fibrillar structures proceeds through multiple
stages. The first step in amyloid aggregation is primary nucleation—a process during
which native protein molecules misfold and assemble into a stable, B-sheet-rich nucleus
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(Buell et al., 2014; Meisl et al., 2014). Once a stable nucleus is formed, it can then
incorporate other, homologous protein molecules into its structure and elongate into a
protofibrillar aggregate. The process of elongation occurs at the ends of the fibrillar
structure, which act as both a catalyst and template for the conversion of native protein/
peptide molecules (Milto, Botyriute ¢ Smirnovas, 2013; Gurry & Stultz, 2014; Rodriguez
et al., 2018). When amyloid fibrils reach a critical length, they can experience
fragmentation—a process during which the aggregate breaks into two shorter fibrils, each
with its own aggregation-catalyzing ends. The incidence of fragmentation depends on both
the structural stability of the aggregate, as well as the environmental conditions (Nicoud
et al., 2015). Another process, which occurs once amyloid fibrils form, is surface-mediated
nucleation (also referred to as secondary nucleation) (Fodera et al., 2008; Gaspar et al.,
2017; Tornquist et al., 2018). During this step, the surface of aggregates acts as a catalyst for
the formation of new amyloid nuclei. Unlike elongation at fibril ends, this process does not
template the aggregate’s structure onto the nuclei, but only increase their probability of
formation (Sneideris, Milto ¢ Smirnovas, 2015).

It is usually considered that once the aggregation reaction uses up all or most of the
available monomers, then the amyloid formation process is complete, with only certain
other events occurring, such as fibril lateral association (Fujiwara, Matsumoto ¢
Yonezawa, 2003) or large cluster formation (Manno et al., 2006). However, this may not be
the case. It was shown that during a long incubation time, alpha-synuclein (Sidhu et al.,
2017) and amyloid beta fibrils (Ma et al., 2013) experienced structural alterations. It was
hypothesized that this type of aggregate “maturation” may also be required for fibrils to
obtain a higher level of infectivity (Yamaguchi et al., 2005). If this restructurization occurs
for other amyloids as well, then it may also have an impact on in vitro experiments, making
incubation time (Morel et al., 2010) a crucial factor. Even if the exact same reaction
solution and protocol is used, the aggregates may undergo structural rearrangement after
their formation (Mahdavimehr, Katebi & Meratan, 2018). If the assay employs a set
timeframe of fibrillization, then uninhibited aggregation would yield fibers sooner than in
the inhibitor reaction solution and they would incubate for a relatively longer time. This
could result in aggregates with seemingly different structural aspects (Pellarin et al., 2010)
and skew the experimental data, as well as conclusions of the study.

In this work, we generated alpha-synuclein fibrils under previously reported
experimental conditions, which yield multiple structurally-distinct aggregates from an
identical protein solution (Toleikis et al., 2021). The resulting four distinct fibril solutions
were then incubated at 60 °C and their structural alterations were observed using CD,
infrared and UV/Vis spectroscopy, atomic force microscopy, as well as ThT-binding assays
(Hoyer et al., 2002; Ziaunys, Sakalauskas & Smirnovas, 2020). We show that all four
different types of fibrils rapidly converge into aggregates with similar secondary structures
and that this change occurs in the matter of hours.
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MATERIALS AND METHODS

Initial fibril preparation

Alpha-synuclein (a-syn) was purified as described previously (Sneideris et al., 2015),
lyophilized, and stored at —20 °C prior to use. Further fibril preparation procedures were
done under similar conditions as described previously (Toleikis et al, 2021). The a-syn
powder was dissolved in a phosphate-buffered saline (PBS, pH 7.4) and filtered through a
0.22 pm syringe filter, after which the protein concentration was determined using a
Shimadzu UV-1800 spectrophotometer (e,g9 = 5,960 M lem™). The protein solution was
then combined with a 10 mM thioflavin-T (ThT) solution and PBS to result in a final
protein concentration of 70 and 100 uM ThT. The solution was then distributed to 96-well
half-area non-binding plates (cat. No 3881, Fisher Scientific, Hampton, NH, USA) (each
well contained 100 uL of the solution and one 3 mm diameter glass-bead (cat. No 104015,
Merck, Kenilworth, NJ, USA) and sealed with Nunc sealing-tape. The 96-well plates were
incubated at 37 °C in a ClarioStar Plus plate reader, under constant 600 RPM agitation for
48 h, with measurements taken every 5 min (excitation wavelength was 440 nm, emission —
480 nm). For aggregation monitoring under 60 °C, all sample preparation and incubation
procedures, apart from the set temperature, were identical. After aggregation, the plates
were cooled down to room temperature prior to further examination. Aggregation lag time
and apparent rate constants were determined as described previously (Ziaunys et al.,
2021a).

Excitation-emission matrices (EEM)

The procedure of EEM acquisition was based on a previous study on alpha-synuclein
aggregation (Ziaunys et al., 2021a). In short, 96-well plates containing the fibril samples
were placed in a ClarioStar Plus platereader and incubated at 25 °C for 5 min. Bound-ThT
excitation-emission matrices (EEM) were obtained by first scanning the sample
fluorescence emission intensity at a fixed wavelength (485 nm), using a range of excitation
wavelengths (430-460 nm). Afterwards, the intensity was scanned under a range of
emission wavelengths (470-500 nm), using a fixed excitation wavelength (445 nm).

The data was combined into an EEM by using ClarioStar MARS 3D spectrum function.
EEM “centers of mass” were calculated as described previously (Ziaunys & Smirnovas,
2019). In short, the center of mass was calculated for the top 10% intensity values from
each EEM. All the maximum position values were then plotted in a single graph for
comparison. Since alpha-synuclein and other amyloid fibril ThT-binding characteristics
can be related to their structure/morphology (Sidhu et al., 2018; Ziaunys et al., 2021a;
Ziaunys et al., 2021b), eight out of the 96 samples with distinct EEM maximum positions
were selected for further replication and analysis. This selection procedure was done in
order to improve the likelihood of obtaining different types of alpha-synuclein fibrils,
without the necessity to analyze the entirety of the large number of samples.

Fibril reseeding
In order to generate a higher quantity of aggregates, the eight selected samples (100 uL)
were each combined with 400 uL of the initial reaction solution, containing 70 uM a-syn
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monomers. The resulting solutions were placed in 1.5 mL test-tubes (each containing two
3 mm glass beads) and incubated at 37 °C with constants 600 RPM agitation for 24 h in a
Digital Heating Shaking Dry bath (Fisher Scientific, Hampton, NH, USA). The resulting
aggregate solutions were then combined with 2 mL of the initial reaction solution, divided
into 1.5 mL test-tubes (500 pL each) and incubated identically for another 24 h.

The resulting 2.5 mL solutions were combined with 2.5 mL of initial reaction solutions and
incubated as described previously, resulting in 5 mL volume a-syn aggregate solutions,
which were then cooled down to room temperature.

Each fibril solution was then distributed to 1.5 mL test-tubes (1 mL each) and
centrifuged at 10,000xg for 15 min, after which the supernatant (900 uL) was removed and
replaced with an identical volume of the initial buffer solution, which did not contain
a-syn monomers. These centrifugation and fibril pellet resuspension steps were repeated
three times, in order to remove non-aggregated protein monomers. This was done in case
the aggregation reactions at 37 °C did not use up all available monomers (the resulting
samples may also contain a fraction of monomers due to an equilibrium between native
and aggregated proteins). Afterwards the samples were combined to a final volume of 5
mL. All further experimental procedures were performed using only these replicated and
resuspended samples.

Fibril incubation

Each 5 mL fibril sample was vigorously agitated for 10 s and then distributed to sets of
three 1.5 mL test-tubes (1.5 mL solution volume, each test-tube contained two 3 mm glass
beads). The first set was kept at room temperature, while the other two sets were incubated
at 60 °C under constant 600 RPM agitation for either 24 or 48 h. During the incubation
procedures, aliquots of each sample were taken for further analysis by Fourier-transform
infrared (FTIR) and circular dichroism (CD) spectroscopies, atomic force microscopy
(AFM) and UV/Vis spectroscopy.

To measure the changes in bound-ThT EEM positions, the selected samples were placed
into 96-well half-area non-binding plates (100 uL volume, one 3 mm glass bead in each
well) and incubated in a ClarioStar Plus plate reader at 60 °C under constant 600 RPM
agitation. EEMs were scanned every hour. Both the scanning and analysis procedure was
identical to the one described in the previous method section.

Fourier-transform infrared (FTIR) spectroscopy

For FTIR measurements, 500 L of each aggregate sample was centrifuged at 10,000 x g for
15 min, after which the supernatant was removed and replaced with 500 uL D,O
(containing 400 mM NaCl in order to improve fibril sedimentation (Mikalauskaite et al.,
2020)). The centrifugation and resuspension procedure was repeated four times. After the
final step, the fibril pellet was resuspended into 50 uL D,O and mixed vigorously for 10 s.
FTIR spectra were acquired as described previously (Mikalauskaite, Ziaunys & Smirnovas,
2022), which were then baseline corrected and normalized to the same band area in a range
between 1,700 and 1,595 cm™. All data processing was done using GRAMS software.
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Circular dichroism (CD) spectroscopy

For CD spectroscopy measurements, aliquots of each fibril sample (50 uL) were taken
every hour for the first 10 incubation hours, then after 24 and 48 h. The samples were
cooled down to 25 °C and placed in a 0.1 mm pathlength cuvette. The CD spectra were
measured between 200 and 250 nm, using a Jasco J-815 spectropolarimeter. For each
sample, three spectra were recorded and averaged, after which a PBS solution spectrum
was subtracted from each sample spectrum. The data was then analyzed using BeStSel
Protein Circular Dichroism (Micsonai et al., 2015) spectra analysis software, in order to
determine the content of secondary structures.

Atomic force microscopy (AFM)

AFM sample preparations and measurements were performed as described previously
(Ziaunys et al., 2021a). Before sample deposition, freshly cleaved mica surface was
modified with (3-aminopropyl) triethoxysilane (APTES). 0.5% (% v/v) APTES solution
(30 uL) was spread on the surface of the mica, incubated at room temperature for 5 min,
gently washed with 2 mL of H,O and dried using airflow. 30 pL aliquots of each sample
were placed on APTES-modified mica and left to adsorb for 60 s. The mica were then
gently washed with 3 mL of H,O and dried using airflow. AFM images were acquired using
a Dimension Icon (Bruker) atomic force microscope and analyzed using Gwyddion 2.5.5
software as described previously (Ziaunys et al., 2021a).

UV/Vis spectroscopy

Each fibril sample (500 pL) was supplemented with 5 pL. 10 mM ThT and vigorously
agitated for 10 s. The samples were then placed in a 3 mm pathlength cuvette and sample
absorbance spectra were scanned in the 200-600 nm range using a Shimadzu UV-1800
spectrophotometer (three repeats were scanned for each sample and averaged). After this,
200 pL of each sample was centrifuged at 10,000xg for 15 min and 100 uL of the
supernatant was carefully removed. The supernatant absorbance spectra were scanned as
described previously. In order to determine the absorbance spectra of bound-ThT
molecules, the supernatant spectra were subtracted from the fibril-ThT spectra and
baseline corrected between 300 and 550 nm using Origin 2018 software baseline
subtraction function with three anchor points at each side of the peak.

RESULTS

In order to test the effect that an elevated temperature has on alpha-synuclein («-syn) fibril
structure, different conformation aggregates were first generated. Since a-syn is capable of
spontaneously forming structurally distinct fibrils under identical experimental conditions
(Toleikis et al., 2021; Ziaunys et al., 2021a) at random, a large number of samples (n = 96)
was aggregated for an initial assessment. Potential conformationally-distinct fibrils were
then identified by scanning their bound-ThT excitation-emission matrices (EEM) and
selecting eight samples from the set, based on their unique EEM positions (Fig. 1A)
(Ziaunys et al., 2021a). This was done in order to increase the likelihood of obtaining
different structure samples, without the necessity to analyze the entire set. The selected
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Figure 1 Excitation-emission matrix (EEM) positions of fibril-bound ThT fluorescence (A) and selected fibril sample FTIR spectra (B) and
their second derivatives (C). EEM maximum positions were determined as described in the Materials and Methods section (96 samples) after
sample aggregation. Red color-coded circles marked with Roman numerals represent samples chosen for further analysis.
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samples were then replicated as described in the Materials and Methods section in order to
generate a higher quantity of aggregates. To determine which of the samples contained
significantly different secondary structures, an aliquot from each was scanned using
Fourier-transform infrared spectroscopy (FTIR).

Five of the samples contained aggregates with similar secondary structures (Figs. 1B,
1C), with the FTIR spectrum main maximum at 1,627 cm ™ and a shoulder at 1,636 cm™
(same position minima in the second derivatives, which are positions associated with
hydrogen bonds in the beta-sheet structure (Barth, 2007)). They also had a minimum in
the second derivative at 1,666 cm™", which is related to turn/loop motifs. Due to their
similarities, these five samples were regarded as Type 1 fibrils. The VI sample shared some
similarities to Type 1 aggregates in the turn/loop motif position (1,666 cm™"), however, the
main maximum was shifted to 1,624 cm™’, suggesting a different type of hydrogen bonding
in the beta-sheet structure. Since this sample FTIR spectra was different from all other
seven and had a main maximum position between other two group spectra positions, it
was regarded as consisting of Type 2 fibrils. The other two remaining samples (VII and VIII)

shared a similar main maximum position at 1,623-1,624 cm™!

, with significant variation in
the turn/loop motif regions (minima at 1,662 and 1,673 cm™! for Type 3, 1,668 cm™ for Type
4). These four replicated fibril types were then used in all further experimental procedures.

Before incubating the selected fibrils at an elevated temperature, the aggregates were
first centrifuged and resuspended into their initial buffer solution, in case they contained a
significant concentration of non-aggregated protein. This was done to avoid any possible
additional aggregation occurring during the incubation procedure. The resuspended fibrils
were then incubated at 60 °C with constant agitation for 24 or 48 h as described in the
Materials and Methods section. After this step, a portion of each sample was used to scan
their FTIR spectra.

In the case of Type 1 fibrils (Figs. 2A, 2E) after 24 h of incubation, there was a shift of the
FTIR spectrum main maximum position towards 1,625-1,626 cm ™! and a reduction of the
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shoulder at 1,636 cm™ with minimal changes in the region associated with turn/loop
motifs. This suggests that incubation at an elevated temperature resulted in the reduction
of weaker hydrogen bonds and the formation of stronger ones. Further incubation at an
elevated temperature did not yield any notable changes. An opposite effect was observed
for the Type 3 and Type 4 samples (Figs. 2C, 2D, 2G, 2H). Here, the main maximum
positions shifted towards a larger wavenumber (from 1,623-1,624 to 1,625-1,626 cm ™).
Surprisingly, the resulting FTIR spectra were almost completely identical to the one which
formed when Type 1 fibrils were incubated (Figs. 2A, 2E). The Type 2 sample spectrum
(Figs. 2B, 2F) experienced only very minor changes during incubation, which was to be
expected, as it had a similar spectrum to the incubated fibril spectra, as seen for Type 1, 3
and 4 fibrils. Taken together, this indicates that the a-syn fibril polymorphism, which
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existed when aggregation occurred at 37 °C, was completely negated when the fibrils were
incubated at an elevated temperature.

In order to verify if this newly-formed fibril type is the result of restructurization or
simply a temperature-induced association/clumping, each 48 h incubation sample was
reseeded at 37 °C as described in the Materials and Methods section and the resulting
aggregate FTIR spectra were scanned. Interestingly, all four of the a-syn samples retained
the same identical spectra as were obtained after incubation at 60 °C. This suggests that the
newly-formed fibril type is capable of templating its structure under lower temperature
conditions as well and does not revert back to its original state. Comparing all four FTIR
spectra before and after incubation shows how they all become practically identical and
overlap with each other (Figs. 2L, 2J).

Considering that an elevated temperature resulted in the formation of aggregates with
an identical secondary structure, it was interesting to compare them to fibrils which
originally formed at 60 °C. Based on the kinetic data, alpha-synuclein aggregation
proceeded significantly quicker when subjected to a higher temperature. The process
average lag time was reduced three times (Fig. 3A) and the apparent rate constant of fibril
elongation increased two times (Fig. 3B). The formed aggregate FTIR spectra were almost
completely identical to the incubated fibril spectra, with the same main maximum position
and overlapping spectra in the turn/loop motif region. This indicates that an elevated
temperature leads to the same specific alpha-synuclein conformation, regardless if the
aggregates were prepared at 37 °C or 60 °C.

Since incubation led to changes in fibril secondary structure, it was important to also
analyze any possible morphological differences. Comparing the AFM images of all three
fibril Types (Figs. 4A-4D, with their 48 h incubation counterparts (Figs. 4E-4H)), it can be
observed that both the initial and incubated samples contained long fibers with some of
them having periodicity patterns. Based on a visual inspection, it may appear that the
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incubated samples contained a larger number of fibrils with periodicity patterns, however,
such a conclusion is difficult to make based on AFM images alone.

Comparing the heights of fibrils (Fig. 41) revealed that in all three cases, the average
values were slightly higher for incubated samples (1-2 nm difference). This could be the
result of the aforementioned morphological changes or fibril lateral association, however,
the small difference in average values, coupled with no differences in fibril width (Fig. 4])
led to an assumption that incubation had no substantial effect on these parameters.
Interestingly, the distances between periodic repeats of fibrils also did not change upon
incubation (Fig. 4K), which means that the alterations in secondary structure did not have
an influence on this morphological parameter. Additionally, all four cases (control and
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Figure 5 Alpha-synuclein fibril secondary structure element distribution during incubation at 60 °C.
The secondary structures for Type 1 (A), Type 2 (B), Type 3 (C) and Type 4 (D) fibrils were determined
by scanning each sample’s CD spectra after different periods of incubation and fitting the data using
BeStSel Protein circular dichroism spectra analysis software. The normalized root mean square deviation
(NRMSD) of each sample’s secondary structure element distribution is displayed under their respective
distribution graphs. Full-size B4 DOI: 10.7717/peerj.14137/fig-5

incubated), did not have a homogenous distribution, as both non-periodic and periodic
fibrils could be detected in all samples. This suggests that the restructurization may not
affect certain subgroups of aggregates, which may require a significantly longer time to
change, as shown by Sidhu et al. (2017).

Since there was a slight increase in fibril height, there existed a possibility that parts of
the unstructured protein region became incorporated into the aggregate core region.
In order to examine this possibility, CD spectra of all four fibril types were scanned after
each hour of incubation for 10 h, as were the 24 and 48 h samples. When comparing the
initial and end-point samples, for Type 1 (Fig. 5A) and Type 3 fibrils (Fig. 5C) there was a
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slight increase in the fraction of beta-sheets and a reduction in either turn or unstructured
regions. For the other two fibril types (Figs. 5B, 5D), there were no notable deviations
observed. In all cases, however, the change was rather marginal and, due to the relatively
large normalized root mean square deviation values (NRMSD) (Micsonai et al., 2015),
could not be considered as statistically significant.

Examining the absorbance spectra of fibril-bound ThT (Figs. 6A-6D) revealed that
there were no sizeable variations in either the maximum absorbance value position or the
maximum absorbance itself. This indicates that the structural rearrangements did not
cause significant changes to the amount of bound ThT molecules. Interestingly, the same
cannot be said about the sample optical density. There was a clear disparity between the
Type 2 fibril sample and the rest (Fig. 6E), where the Type 2 sample had an ODgq, of 0.18,
while for Type 1, 3 and 4 it was 0.10-0.12. After 24 h of incubation, there was only a
minimal increase in ODgqq for the Type 2 sample, while the other three aggregate samples
experienced a substantial ODg increase to 0.16-0.17. Additional incubation caused a
further convergence of the ODgy, values. Considering that the fibrils were resuspended
into the initial reaction solution, which did not contain «-syn monomers, additional
aggregation can be ruled out as a cause of such a significant increase in optical density. This
leaves the possibility that aggregate structural rearrangement caused an increase in the
sample light scattering properties. This is further supported by the fact that the Type 2

Ziaunys et al. (2022), Peerd, DOI 10.7717/peerj.14137 11/16

166



PeerJ

sample experienced the least significant change in ODgq, similarly to it having the least
notable FTIR spectrum shift.

In order to examine whether there was also a shift in bound-ThT EEM maximum
positions, the four different fibril types were incubated as described in the Materials and
Methods section at 60 °C and their EEM spectra were scanned every hour. The initial scans
were performed after the samples reached 60 °C (after 10 min of incubation). During the
first 4 h, the EEM positions shifted significantly (Fig. 6F), suggesting a change in the
ThT-binding properties of the aggregates (as a note, the 60 °C EEM positions do not
correlate to the Fig. 1 positions due to the elevated sample temperature, which reduces the
dye’s fluorescence quantum yield and may influence the mode of binding). After 5-6 h of
incubation, all four fibril type bound-ThT EEM positions converged to a similar position,
which falls in line with the FTIR results. Comparing this information to the minimal
change observed in ThT absorbance spectra, it appears that the structural alterations
mainly affect the dye’s mode of binding, rather than the quantity of surface-associated
molecules. These results suggest that most major changes to the fibril structures occur
during the initial 4 h of incubation.

DISCUSSION

Taking into consideration all the results presented in this work, it appears that different
conformation a-syn fibrils undergo rapid restructurization at an elevated temperature.
While physiological temperatures were also reported to cause aggregate maturation, the
process spanned over several days or even months (Ma et al., 2013; Sidhu et al., 2017).
In this case, based on changes in FTIR spectra and sample optical density, significant
alterations to the secondary structure occurred in less than 24 h. If we use ThT
fluorescence as an indicator of distinct structure aggregates, then the ThT
excitation-emission matrix assay displays that most of the significant changes happened
during the initial 4 h of incubation. If this is the case, then it is possible that a-syn fibril
maturation is a condition-dependent process, which is greatly escalated at higher
temperatures.

Another interesting aspect was the apparent convergence of multiple distinct
conformation fibrils into one type of dominant aggregate with the increase of the solution’s
temperature. The four fibril types with distinct FTIR spectra all rapidly changed into one
specific conformation, which was also capable of replicating its structure at the initial 37 °C
temperature, similarly to the initial four aggregate types. The structural alterations also do
not appear to be caused by a significant increase in the fibril beta-sheet content (as seen
during CD analysis), but rather due to a restructurization of existing secondary structure
elements. This hints at a possible meta-stability of the fibrils generated at 37 °C and that
their existence is only facilitated by a high energy barrier needed to cross into the higher
stability structure. Such a hypothesis is supported by the FTIR spectra similarity of
incubated fibrils and aggregates prepared at 60 °C (Fig. 3C). However, while this may be
the case for pre-existing fibril conversion, the barrier does not appear to prevent the initial
formation of such aggregates (Type 2 fibrils). In the AFM images, we can observe each
initial sample containing fibrils with periodicity patterns. Such fibers seem to be the
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dominant type of structure after incubation and their presence in each sample suggests that
they can readily form at 37 °C as well. Despite this appearance, it is difficult to
quantitatively verify such an observation due to the nature of AFM imaging.

While this, in itself, is an interesting phenomenon, such a rapid aggregate
restructurization may have a negative impact both during in vitro drug screenings and may
even have certain physiological implications. If ThT fluorescence intensity or sample
optical density are used as a means of identifying changes in aggregate concentration, then
such restructurization events may provide false-negative or false-positive results, as seen in
the ODgqp (Fig. 6E) and ThT (Fig. 6F) assays. If experimental procedures involve the
characterization of fibril structural parameters, then this type of rapid change to secondary
structure may also lead to skewed experimental results and conclusions. Finally, if elevated
temperatures can increase the incidence of the restructurization events, then this may be
one of the many possible factors that influence the onset of neurodegenerative disorders,
by stabilizing a certain fibril conformation.

CONCLUSIONS

Overall, it is apparent that an elevated temperature can not only significantly enhance the
rate of alpha-synuclein fibril restructurization/maturation, but also result in the
stabilization of a certain aggregate structure. This process also leads to changes in
bound-ThT signal intensity and optical density, as well as alterations in fibril secondary
structure, which should be taken into account during studies of both alpha-synuclein and
other amyloid proteins.
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Abstract: Protein amyloid aggregation is linked with widespread and fatal neurodegenerative
disorders as well as several amyloidoses. Insulin, a small polypeptide hormone, is associated with
injection-site amyloidosis and is a popular model protein for in vitro studies of amyloid aggregation
processes as well as in the search for potential anti-amyloid compounds. Despite hundreds of
studies conducted with this specific protein, the procedures used have employed a vast array of
different means of achieving fibril formation. These conditions include the use of different solution
components, pH values, ionic strengths, and other additives. In turn, this variety of conditions
results in the generation of fibrils with different structures, morphologies and stabilities, which
severely limits the possibility of cross-study comparisons as well as result interpretations. In this
work, we examine the condition-structure relationship of insulin amyloid aggregation under a
range of commonly used pH and ionic strength conditions as well as solution components. We
demonstrate the correlation between the reaction solution properties and the resulting aggregation
kinetic parameters, aggregate secondary structures, morphologies, stabilities and dye-binding modes.

Keywords: amyloids; environmental conditions; fibril structure; insulin; protein aggregation

1. Introduction

Protein aggregation into amyloid fibrils is associated with the onset and progression
of several amyloidoses, including the neurodegenerative Alzheimer’s or Parkinson’s dis-
eases [1]. Despite various anti-amyloid compound screenings and a plethora of studies,
there are still only a handful of anti-amyloid compounds available for a limited number of
disease-associated proteins [2]. Considering that the incidence of amyloid-related disorders
is still rising [3,4], there is a need for a better understanding of the protein aggregation
process, which would reduce the number of failed clinical trials conducted on seemingly
effective drug molecules [5].

One of the few possible reasons for the lack of effective treatment modalities is the
high level of structural variety of the formed amyloid fibrils, which persists both in vivo
and in vitro [6-8]. It has been observed that amyloid-beta variants [8], Tau protein [9],
prion proteins [10] and alpha-synuclein [11], as well as insulin [12], lysozyme [13] and,
likely, many other proteins [14] can form fibrils with distinct secondary structures and
morphologies. Interestingly, these structural aspects can influence their affinity towards
amyloid-specific molecules [12], including aggregation inhibitors [15]. This suggests that
structural variability may be an important factor in determining the effectiveness of the
tested drug molecules, and it may also explain the high number of failed clinical trials.

In vitro studies of amyloidogenic protein aggregation have demonstrated that environ-
mental conditions have a profound effect on not only the rate of amyloid fibril formation
but also their resulting secondary structure and morphology. Since mimicking in vivo
conditions would result in unreasonably long protein aggregation times, alterations are
often made that greatly accelerate the process [16]. These include changes in protein con-
centration [17], solution ionic strength [18] and pH values [19], the addition of denaturants,
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the inclusion of agitation [20] and above-physiological temperatures [21]. In some cases,
these differences in conditions are quite extreme, such as prion protein fibrillisation under
high concentrations of denaturants [22] or insulin aggregation in acidic solutions [23,24].
Despite being advantageous for quick screening procedures, there is still a lack of informa-
tion regarding the relation between the various deviations from physiological conditions
and the resulting aggregate types.

The aforementioned insulin is a small polypeptide hormone that acts as a regulator
of carbohydrate, fat and protein metabolism [25]. Its aggregation into amyloid fibrils is
associated with localised amyloidosis at sites of repeat injections [26]. Despite being the
cause of a relatively rare disorder, it is often used in protein aggregation studies, especially
when analysing amyloid aggregation mechanisms [27,28] and screening for potential anti-
amyloid compounds [29-31]. While most of these studies are conducted under acidic
conditions, a wide variety of different low-pH reaction solutions have been used. These
range from simple diluted acids (hydrochloric acid [32,33], acetic acid [34,35]) to buffered
solutions (sodium phosphate [36,37], sodium acetate [38,39]). The ionic strength of the
reaction solutions also differs significantly between each study, where the addition of
sodium chloride is often used to enhance the rate of fibril formation [40,41]. In addition,
insulin aggregation studies are often conducted in the presence of various additives, such
as nanoparticles [42], lipids [43], organic solvents [44], surfactants [45] and many other
compounds [46]. Considering that insulin is known to form multiple distinct fibril types
under different conditions [12] and that even relatively small changes in pH [19] or ionic
strength [47] can influence their structural variability, this may pose an issue when analysing
and comparing data obtained from different studies.

In this work, we examined insulin aggregation under a range of different low-pH
conditions and conducted an in-depth analysis of both the fibrillisation process and the
resulting fibril structures. The results revealed that there was a highly complex relationship
between the reaction solution conditions and the aggregation kinetic parameters as well as
with fibril secondary structures and morphologies. These findings highlight the importance
of insulin aggregation condition selection and the high level of variability stemming from
even small changes in a solution’s ionic strength or pH value.

2. Results

The insulin samples prepared under various conditions were first examined using
dynamic light scattering (DLS) to determine their dominant oligomeric state. In the case
of sodium phosphate solutions with the lowest total ionic strength (Figure 1A), the pH
value had minimal effect on the oligomeric state of insulin, and the particle diameter
was within the margin of error throughout the entire range (3.2-3.7 nm, comprising
monomeric/dimeric insulin [48]). At 300 mM total ionic strength, all the samples had
significantly higher particle diameter values compared with using 100 mM NaCl (p < 0.01,
n = 12), and the solution’s pH value played a more prominent role (Figure 1B). In this
case, the pH 2.0-condition insulin particles had the lowest average hydrodynamic diameter
(4.0 nm), while this was significantly higher under pH 1.0 (4.4 nm) and pH 3.0 (5.0 nm)
conditions. At this ionic strength, the samples were likely composed of dimeric/tetrameric
insulin [48]. At 500 mM ionic strength (Figure 1C), the average particle diameter was even
higher, with pH 1.0-2.0 having a comparable average value of 4.7-4.9 nm, pH 2.5 having
an average of 5.4 nm and pH 3.0 having an average of 5.7 nm. In this case, the largest
average-particle-diameter samples likely contained even higher oligomeric states of insulin,
such as tetramers or hexamers [48].

Under 20% acetic acid conditions (Ac; Figure 1D) and 25 mM HCl conditions (HC;
Figure 1E), there was also a NaCl-concentration-induced increase in particle diameter. In
the case of Ac, the difference was less notable, with the average value ranging from 3.6 nm
(100 mM NaCl) to 4.3 nm (500 mM NaCl). Interestingly, despite the pH-meter readout
of ~1.8 for Ac conditions, the particle diameter was higher than both pH 1.5 and pH 2.0
sodium phosphate conditions at 100 mM and lower at 500 mM. For HCl, the difference
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in particle size was considerably more substantial: from 3.5 nm (100 mM NaCl) to 4.8 nm
(500 mM NaCl). Unlike Ac conditions, all three ionic strength conditions (with a measured
pH value for the HCl solutions of ~1.5) resulted in comparable diameters to the sodium
phosphate samples at pH 1.5. This suggests that the presence of 20% acetic acid plays a role
in determining the oligomeric state of insulin in solution. A previous study on lysozyme
aggregation with high concentrations of organic solvents also displayed its possible role in
determining the oligomeric state by affecting the protein’s solvation [44].

100 mM 300 mM 500 mM Ac HCI
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Figure 1. Insulin sample dynamic light scattering (DLS) measurements. The dependence of the insulin
hydrodynamic diameter on the sample pH value in sodium phosphate solutions of 100 mM (A),
300 mM (B) and 500 mM (C) total ionic strength. Dependence of the insulin hydrodynamic diameter
on the sample ionic strength in 20% acetic acid (D) and 25 mM HCI (E) solutions. Box plots indicate
the interquartile range, and the error bars represent one standard deviation (n = 10).

Another interesting aspect was that the diameter of insulin had a significant depen-
dence on the solution’s pH value, with the 500 mM ionic strength pH 3.0 sample having
the highest particle diameter out of all the conditions. Coincidentally, the solubility of
insulin during sample preparation was also noticeably lower under these conditions when
compared with other pH values or ionic strengths.

The aggregation of all the different insulin samples was conducted identically as
described in the Section 4. During the analysis of kinetic data, it was observed that, despite
the majority of aggregation curves possessing a typical sigmoidal shape with a lag phase,
exponential signal increase and a plateau (60.5% of a total of 828 curves), there were two
different types of curves present (Figure Al). The first type of irregular kinetics had a
characteristic double-sigmoidal shape (13.4%), which can be attributed to the formation of
ThT-positive insulin aggregation intermediates [49]. The second type of irregular kinetic
curves had a gradual and seemingly unending signal increase after the exponential growth
phase (26.1%). Such changes in fluorescence intensity could be related to multiple factors,
including amyloid fibril maturation [11] (resulting in different ThT binding characteristics),
aggregate lateral association and clumping into clusters (ThT entrapment in the structures)
or the dissociation of amorphous, ThT-negative structures and their incorporation into
amyloid fibrils.

Due to the relatively large number of such irregular curves (39.5%), it was not possible
to fit all the data using a standard sigmoidal function. For this reason, the lag time of
insulin aggregation was deemed as the time between the start of the reaction and the
first notable increase in signal intensity (four times higher signal than the average baseline
value). For all three different total ionic strength sodium phosphate solutions (Figure 2A-C),
the lag times only experienced minor variations in the majority of samples with pH values
from 1.0 to 2.3-2.5, after which they were all considerably higher. Comparing 100 mM
(Figure 2A) and 300 mM conditions (Figure 2B), the lag time values overlapped, and the
only notable difference was the seemingly higher stochasticity of the 100 mM condition
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value distribution. Unlike both of these conditions, a total ionic strength of 500 mM resulted
in a significantly (n = 12, p < 0.05) higher pH 3.0-condition average lag time when compared
with lower ionic strength values (Figure 2C). These conditions also had the highest particle
hydrodynamic diameters at higher pH values (Figure 1), suggesting a possible correlation
between insulin oligomeric states and their lag times in sodium phosphate solutions. In
the case of Ac (Figure 2D), higher NaCl concentration conditions resulted in considerably
shorter lag time values (300 mM NaCl—70 min; 500 mM NaCl—60 min), when compared
with the 100 mM NaCl conditions (130 min). In contrast, under HCI conditions (Figure 2E),
the different ionic strengths had the least notable effect, with no significant differences
observed between all three NaCl concentrations.
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Figure 2. Insulin aggregation kinetic parameters and curve types. The lag time and apparent rate of
insulin aggregation under different pH conditions in sodium phosphate solutions of 100 mM (A F),
300 mM (B,G) and 500 mM (C,H) total ionic strength. The lag time and apparent rate of insulin
aggregation under different NaCl concentrations in 20% acetic acid (D,I) and 25 mM HCI (E,J) solu-
tions. The distribution of double-sigmoidal (upper panel) and unending signal increase (lower panel)
curves for 100 mM (K), 300 mM (L), 500 mM (M) total ionic strength sodium phosphate solutions,
as well as for 20% acetic acid (N) and 25 mM HCI (O) solutions. Box plots indicate the interquartile
range, and the error bars represent one standard deviation (n = 12).

Examination of the apparent rate constants displayed a far more complicated picture,
with each set of conditions showing different changes in this parameter. In the case of the
100 mM total ionic strength sodium phosphate solution (Figure 2F), there was a significant
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increase between the pH 1.0 and pH 1.1 conditions, a gradual decrease between pH 1.1
and pH 1.8, an increase between pH 1.8 and pH 2.6 and a sharp drop between pH 2.6
and pH 3.0. For this ionic strength condition, the apparent rate constant and, to a certain
extent, the lag time values at pH 1.0 and from 1.5 to 2.5 could have been influenced by the
presence of double-sigmoidal aggregation kinetics (Figure 2K). At a 300 mM ionic strength
(Figure 2G), the apparent rate constant gradually increased between the pH 1.0 and pH
2.4 conditions, followed by a sharp decrease between pH 2.4 and pH 3.0. Under these
conditions, while the prevalence of double-sigmoidal kinetics was quite low, there was an
abundant amount of the second type of irregular curves with an unending signal growth
phase (Figure 2L). This phenomenon was highly prevalent at the lowest pH conditions
(pH 1.0-1.3) and relatively small at the other marked conditions (Figure 2L), which may
explain the low apparent rate constants of these samples. At 500 mM NaCl (Figure 2G),
the pH 1.0-1.5 conditions all suffered from a high number of the aforementioned irregular
curves (Figure 2M), resulting in a low calculated apparent rate constant. Under higher
pH-value conditions (pH 2.0-3.0), the constant had comparable values to the 300 mM NaCl
conditions.

Conditions with acetic acid (Figure 2I) had a relatively low number of irregular curves,
with the occasional unending plateau at 100 mM and 300 mM NaCl (Figure 2N). The
apparent rate constant at 300 mM NaCl was roughly 25% higher than at 100 mM and
was within the margin of error for the 500 mM NaCl conditions. The HCI conditions
(Figure 2J) resulted in a couple of double-sigmoidal curves at the lowest ionic strength and
an abundance of unending plateau kinetics at 300 mM and 500 mM NaCl (Figure 20). The
apparent rate constant under these conditions was lower at higher NaCl concentrations, a
factor which may also be linked with the presence of the aforementioned irregular curves.
Interestingly, only a few out of all the tested conditions resulted in all twelve aggregation
curves having a regular sigmoidal shape. While this does not appear to cause significant
variations in the process lag time values, it is very prevalent when determining the apparent
rate constants.

In order to determine the condition-structure relationship of insulin amyloid fibrils,
the sample FTIR spectra were acquired. To account for possible structural variability among
the repeats, all twelve samples from each of the selected conditions were replicated and
analysed. The dominant FTIR spectra from each condition were chosen and displayed in
Figure 3. The spectra were then compared against each other, and the ones that shared
similarities were assigned into variant groups (Figure 3; lowercase letters indicate the
group). The five variant FTIR spectra and their second derivative minima positions are
displayed in Figure A2.

Under 100 mM total ionic strength conditions, the main maximum position in the
insulin FTIR spectra was at 1628 cm™! (related to beta-sheet hydrogen bonding [50])
throughout the entire pH range (Figure 3A). However, between the pH 1.0 and pH 3.0
conditions, the bands at 1659 cm ™! and 1640 cm ™! became more expressed, which was
also visible in the spectra’s second derivatives (Figure 3E). The latter FTIR spectra were
nearly identical to previous reports of insulin fibrils generated under pH 2.0 [19]. When the
aggregation was conducted under a 300 mM total ionic strength, there was a significantly
higher level of variation in the dominant fibril secondary structure (Figure 3B,F). Unlike the
100 mM conditions, the main maximum position ranged from 1628 cm~! to 1632 cm ™! at
different pH conditions. The pH 1.5 spectrum was identical to the lower-pH-value 100 mM
condition spectra, while pH 3.0 spectrum had similarities to the higher-pH-value 100 mM
condition spectra, albeit with a higher level of unstructured regions (possibly related
to the presence of amorphous aggregates at 1650 cm~! [50]). The remaining 300 mM-
condition spectra were different from the 100 mM conditions, while possessing a high
level of similarity among each other. This third variant was previously observed when
aggregation was conducted under conditions of 100 mM sodium phosphate supplemented
with 100 mM NaCl (pH 2.4) [12]. In the case of a 500 mM total ionic strength (Figure 3C,G),
the pH 1.0-2.5-condition spectra all shared similarities with minor variations in the main
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maximum position. The FTIR spectrum of the pH 3.0 sample was comparable to the
300 mM pH 3.0-condition spectrum, with a considerably higher level of noise and more
amorphous structures (relatively lower peak in the region associated with beta-sheet
hydrogen bonding).
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Figure 3. Comparison of insulin aggregate secondary structures. FTIR spectra of insulin aggregates
formed in sodium phosphate solutions of 100 mM (A), 300 mM (B) and 500 mM (C) total ionic
strength (pH values are indicated on the left sides of the spectra). FTIR spectra of aggregates formed
in Ac and HCI conditions (D; ionic strengths are indicated on the left side of the spectra). Second
derivatives of the FTIR spectra (E-H) are colour-coded and displayed below their respective FTIR
spectra. FTIR spectra variants are indicated by lowercase letters on the right side of the spectra.

For Ac conditions (Figure 3D,H), the lowest NaCl concentration spectrum shared
some similarities to the 100 mM pH 2.5 and 3.0 spectra, with a notable difference in the
region associated with turns/loops (second derivative minima at 1663 cm ™!, as opposed
t0 1659 cm~1). At higher NaCl concentrations, the fibril FTIR spectra had a reduced band
at 1641 cm ™! and an increase in the 1620 cm ™! position. We have previously reported
a nearly identical shift in a study that demonstrated a protein-concentration-dependent
change in the insulin fibril secondary structure [51]. Here, an increase in NaCl concentra-
tion, accompanied by a change in particle hydrodynamic diameter, resulted in the same
effect on aggregation as a higher concentration of the protein. Finally, in the case of HCI
(Figure 3D,H), the three different NaCl concentration conditions yielded three distinct FTIR
spectra, which shared similarities to the spectra of the 100 mM pH 1.0, 100 mM pH 3.0 and
300 mM pH 1.0 fibrils, respectively.

Analysis of insulin aggregate sample atomic force microscopy images (AFM, Figure 4A)
revealed that there were three types of fibril distributions in the sodium phosphate solutions
of varying ionic strength and pH values. At 100 mM pH 1.5 and pH 2.0, as well as in the
300 mM pH 1.0 conditions, the fibrils formed long intertwined networks, and there was
minimal lateral association or aggregate clumping. In contrast, at 300 mM pH 3.0 and 500
mM pH 3.0, very few aggregates could be detected during the AFM scanning procedure.
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100 mM

300 mM

500 mM

Combined with the FTIR results of these two conditions, it appears that insulin may have
formed either amorphous (multiple large clusters were observed on the mica) or unstable
aggregates, which would explain the lack of fibrillar structures in the AFM images. Finally,
all other conditions resulted in a similar aggregate distribution, with 3-4 pum length fibrils
forming lateral associations rather than intertwined networks.
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Figure 4. Morphology of insulin aggregates prepared in sodium phosphate solutions. The atomic
force microscopy (AFM) images of different condition insulin aggregates (A) and their cross-sectional
heights (B) and widths (C). For each condition, 30 traces were taken to determine the height and width
values. Box plots indicate the interquartile range, and the error bars represent one standard deviation.

Examining the cross-sectional height (Figure 4B) and width (Figure 4C) distribution of
the formed fibrils revealed that the average height varied between 4 nm and 8 nm, while
their width ranged from 26 nm to 34 nm. The lowest cross-sectional heights were measured
for the 100 mM pH 1.5 and 2.0 and the 300 mM pH 1.0 and pH 3.0 conditions. Three out of
these four lowest-height fibrils were also the ones that formed the previously mentioned
intertwined networks. The largest average height was determined as belonging to the
500 mM pH 1.0 fibrils, with all other conditions falling in between the two fringe values.
The average cross-sectional width was highest for the 100 mM pH 1.0 and 300 mM pH 1.5
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conditions and lowest for the 100 mM pH 1.5 and pH 2.0 and 300 mM pH 1.0 conditions,
with all other fibrils having intermediate widths.

In the case of insulin fibrils prepared under acetic acid conditions (Figure 5A), the
solution ionic strength played a role in determining their morphology. Under 100 mM NaCl
conditions, the fibrils were relatively short and laterally associated, while under 300 mM
and 500 mM NaCl, they were long and formed intertwined networks. This difference was
also evident based on the significantly higher cross-sectional heights (Figure 5B) and widths
(Figure 5C) of the Ac-condition aggregates. In contrast, a change in NaCl concentration did
not have any significant effect on either the height or width of the insulin fibrils when they
were aggregated under HCl conditions, and the morphologies shared similarities to the
majority of fibrils under sodium phosphate conditions.
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Figure 5. Morphology of insulin aggregates prepared in 20% acetic acid (Ac) and 25 mM hydrochloric
acid (HCI) solutions. The atomic force microscopy (AFM) images of insulin aggregates under different
conditions (A) and their cross-sectional heights (B) and widths (C). For each condition, 30 traces were
taken to determine the height and width values. Box plots indicate the interquartile range, and the
error bars represent one standard deviation (n = 30).

Since the generated fibrils differed in both their secondary structure and morphology,
further investigation was dedicated to determining if they also had distinct structural sta-
bilities or dye-binding properties. Analysis of the aggregate stability against denaturation
by guanidinium thiocyanate (GuSCN) revealed that most of the aggregates had a similar
1.9-2.1 M denaturation midpoint (Figure 6A-E), with some outliers. The highest stability
was observed in the case of the Ac 300 mM and 500 mM NaCl conditions, which corre-
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sponded with them having the largest morphological structures. The lowest stabilities were
determined for the higher pH and ionic strength conditions, especially for the pH 2.5 and
pH 3.0 sodium phosphate solutions. For the 500 mM pH 3.0 condition, it was not possible
to calculate the dissociation midpoint due to a very low concentration of stable aggregates.
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Figure 6. Insulin aggregate stability and bound-ThT fluorescence quantum yield. The midpoint of the
aggregate denaturation curves of insulin aggregate samples prepared under 100 mM (A), 300 mM (B),
500 mM (C) total ionic strength sodium phosphate conditions, as well as under acetic acid (D) and
hydrochloric acid (E) conditions. The average bound-ThT fluorescence quantum yield of insulin
aggregate samples prepared under 100 mM (F), 300 mM (G), 500 mM (H) total ionic strength sodium
phosphate conditions, as well as under acetic acid (I) and hydrochloric acid (J) conditions. For each
condition, three measurements were taken and averaged. The error bars represent one standard
deviation (n = 3).

The dye binding/fluorescence properties (Figure 6F-J) were much more varied, with
the highest average quantum yield observed in the case of the Ac 300 mM and 500 mM
NaCl conditions (similarly to them having the highest structural stability and fibril size),
as well as for the HCI 100 mM NaCl conditions. The lowest average quantum yields of
ThT fluorescence were determined for the 100 mM pH 3.0, 300 mM pH 1.5, 500 mM pH
3.0, Ac 100 mM NaCl and HCI 300 mM NaCl conditions, with all other conditions having
intermediate values. Considering that there was no clear trend observed under any of the
conditions, it is likely that the dye-binding properties of the generated aggregates were
structure-specific, as was shown previously [12].

3. Discussion

In most insulin aggregation studies, the process of fibril formation is carried out under
acidic conditions, with limited regard to the solution’s exact pH or ionic strength values.
In this work, we have conducted an examination of insulin amyloid aggregation under a
range of different solutions, which encompass most of the commonly used conditions. The
results demonstrate that small changes in pH, ionic strength or the solution component
type strongly influence the aggregation kinetics, resulting altered fibril secondary structure,
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morphology, stability and dye-binding properties. These observations exemplify the impor-
tance of environmental conditions on in vitro insulin fibrillisation and how the conclusions
drawn from the aggregation assays may be influenced by small variations in the chosen
reaction solutions.

The first notable aspect is the influence of the reaction solution on the oligomeric state
of insulin. Previous reports have demonstrated that insulin may exist in various oligomeric
states based on either the solution’s pH or ionic strength conditions [24]. In this study, we
observe that both of these factors, as well as the type of the solution’s components, all play
a mutual role in determining the association of insulin molecules. While the solution’s
ionic strength had a similar influence in increasing the protein’s oligomeric state under
all of the chosen pH (1.0-3.0) and solution component (sodium phosphate, acetic acid,
hydrochloric acid) conditions, matters were more complex in the case of the other two
parameters. Changes in pH values had no effect at low ionic strength conditions, while they
had a profound influence under both the 300 mM and 500 mM conditions. The solution
components also played a role in determining how the ionic strength can change insulin’s
oligomeric state, which is best exemplified in the Ac and HCl solutions. Under hydrochloric
acid conditions, the particle hydrodynamic diameter was significantly different among
all three NaCl concentrations, while the difference was only minor in the case of acetic
acid conditions.

The aggregation kinetics of insulin were also heavily influenced by the type of reaction
solution. While the lag times were similar at lower pH conditions, in the case of sodium
phosphate solutions, at higher pH conditions, they were significantly longer. Under all
three ionic strength conditions, pH 3.0 reaction solutions yielded lag times that were 6 to
10 times larger than their lower-pH-condition counterparts. This may be related to the
oligomeric state of insulin and its solubility. During the preparation of the initial samples, it
was observed that insulin solubility was particularly low under pH 3.0 conditions. Coupled
with the relatively high particle hydrodynamic diameter under these conditions, it may
explain why the primary nucleation reactions proceeded at such a slow rate. However,
the HCl solutions with 500 mM NaCl displayed similar insulin hydrodynamic diameters
without having such a profound effect on lag times, suggesting that the oligomeric state of
the protein may not be the most important aspect in this matter.

Another highly peculiar aspect of insulin aggregation was also observed when con-
ducting this large fibrillisation condition screening assay. Under certain sets of pH and
ionic strength values, the aggregation reactions resulted in irregular kinetic curves, which
were either double-sigmoidal or had gradual unending signal intensity increases after
the exponential growth phase. Such irregularities were previously reported for certain
specific types of aggregation conditions [49,52]. In this case, we observed that the irregular
curves were highly condition-dependent, such as endless plateaus at low pH values and
double-sigmoidal curves at intermediate pH values and low ionic strengths. While the
double-sigmoidal kinetics can be easily explained by the presence of ThT-positive aggrega-
tion intermediates [52], the unending plateau ones can be caused by a number of different
factors ranging from fibril maturation to aggregate cluster formation. The relatively high
abundance of such irregular curves may influence the aggregation kinetic parameters
derived from the data, as there is no definitive way to fit all three curve types using the
same kinetic model or function.

Exploring the correlation between aggregation conditions and the secondary structure
of insulin aggregates revealed that there were no clearly defined “borders” between aggre-
gate types, with gradual structure-condition changes observed throughout the range of
reaction solutions. Analysis of all the dominant secondary structures showed that each one
was similar to one of the few previously described structures, with moderate variability in
band positions/intensities. The most peculiar FTIR spectra were obtained under pH 3.0
conditions, where the signal to noise ratio was relatively high, and the beta-sheet hydrogen
bonding peaks were relatively small, suggesting the presence of a high number of amor-
phous aggregates. This conclusion was also supported by other assays, including AFM
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images and the stability assay. It is also worth noting that not a single condition yielded
completely identical FTIR spectra and there was a similar level of variability in each case.

Morphological analysis of all the dominant secondary structures indicated that there
were, in general, four different classes of morphologies. In most cases, insulin aggregates
formed 2-3 um length structures with a moderate level of lateral association. Fibrils under
lower pH and ionic strength conditions assembled into long intertwined structures and had
relatively low cross-sectional heights. The largest structures, composed of multiple laterally
associated long filaments, formed under higher ionic strength acetic acid conditions. Finally,
higher ionic strength and pH conditions yielded low amounts of short fibrils, with most of
the aggregates assembling into amorphous structures, as observed in other assays and as
indicated by the comparatively low number of structures visible in the AFM images.

The two other aggregate parameters, namely stability against denaturation and dye-
binding properties, were closely related to either their structure or morphology. Fibrils
that formed larger structures had significantly higher stability against denaturation (best
exemplified in the case of Ac 300 mM and 500 mM conditions), while the stability of
aggregates formed under higher pH and ionic strength sodium phosphate conditions was
either very low or impossible to determine accurately. The average bound-ThT fluorescence
quantum yield did not display any clear tendencies with either increasing pH or ionic
strength, leading to the conclusion that this parameter was highly dependent on the fibril
surface type and ThT binding modes resulting from their distinct secondary structures [12].

In conclusion, this study demonstrates the high level of insulin amyloid aggregation
variability and highlights the condition-structure relationships of the resulting fibrils. It
shows that even minor alterations throughout the entire tested pH and ionic strength range,
as well as the solution component type, can modulate the aggregation kinetic curve type,
lag time and apparent rate constant, as well as the resulting aggregate secondary structure,
morphology, stability and dye-binding properties. This work encompasses many of the
most commonly used insulin aggregation conditions and fills in the gaps between them to
create a clearer picture of insulin amyloid formation.

4. Materials and Methods
4.1. Reaction Solution Preparation

To prepare low-pH-value thermodynamically corrected buffer solutions with identi-
cal ionic strengths, the recipes were based on Professor Robert ] Beynon’s on-line buffer
calculator (http://phbuffers.org/BuffferCalc/Buffer.html (accessed on 25 March 2023)).
Phosphoric acid and sodium phosphate (final concentration—100 mM), as well as sodium
chloride (final concentrations were determined from the online calculation tool) were
dissolved in MilliQ H,O at 22 °C. The pH of the solution was determined using a Ther-
moFisher (Waltham, MA, USA) pH meter (Orion 9110DJWP), and corrections were made
using concentrated hydrochloric acid or sodium hydroxide. The solutions were then filtered
through 0.22 um pore-size syringe filters and stored at 4 °C (for up to 24 h before use). The
resulting buffer solutions had pH values in the range from 1.0 to 3.0 in 0.1 increments and
total calculated ionic strengths of 100 mM, 300 mM and 500 mM.

The other two types of reaction solutions used in this work were 20% acetic acid and
25 mM HCl solutions with different NaCl concentrations. The appropriate volume of 99.5%
acetic acid was diluted to 20% using MilliQ H,O. Concentrated HCI (25%) was diluted to
25 mM using MilliQ H,O. Both solutions were supplemented with either 100 mM, 300 mM
or 500 mM NaCl. The solutions were then filtered through 0.22 pm pore-size syringe filters
and stored at 4 °C (for up to 24 h before use).

4.2. Insulin Aggregation

Human recombinant insulin powder (Sigma-Aldrich, St. Louis, MO, USA, cat. No. 91077C)
was dissolved in the previously prepared reaction solutions to a final protein concentration
of ~300 uM. The solutions were then filtered using 0.22 um pore-size syringe filters and
the protein concentration was determined by scanning the sample absorbance at 280 nm
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(€280 = 6335 M~1em 1) using a Shimadzu (Kyoto, Japan) UV-1800 spectrophotometer in
3 mm pathlength cuvettes. Thioflavin-T powder (ThT, Sigma-Aldrich, cat. No. T3516)
was dissolved in Milli-Q H,O to a concentration of ~11 mM, filtered through a 0.22 um
pore-size syringe filter, diluted to 10 mM (e41, = 23,250 M~lem 1) and stored at —20 °C
under dark conditions. The insulin solutions were then combined with ThT and their
respective reaction solutions to result in mixtures with 100 uM ThT and 200 uM insulin. To
prevent batch-to-batch variability, all protein solutions were prepared simultaneously using
the same insulin powder batch. The solutions were then frozen at —80 °C and thawed prior
to the aggregation experiments.

The insulin reaction solutions were distributed into 96-well plates (Greiner, Kremsmun-
ster, Austria, cat. No. 11877192; final volume in each well—200 pL) in an alternating
placement and avoiding corner wells to account for the plate-edge-effect during the aggre-
gation process [53] (an example is shown in Figure A3). The plates were then sealed using
Nunc sealing tape (ThermoFisher, Waltham, MA, USA, cat. No. 10265411) and incubated
in a ClarioStar Plus plate reader (BMG Labtech, Ortenberg, Germany) with a constant
60 °C temperature and no agitation. Sample measurements were taken every 5 min using
440 nm excitation and 480 nm emission wavelengths (0.1 s settling time, 50 flashes per
sample). For each condition, a total of 12 samples were aggregated (4 samples per run).
After aggregation, the plates were cooled down to room temperature prior to further use.
Due to the sample incubation being at an elevated temperature, small deviations from
the initial reaction conditions (pH, ionic strength and protein concentration) may have
occurred during the procedure.

4.3. Dynamic Light Scattering

The non-aggregated insulin samples (200 M protein concentration, 20 uL volume)
were placed in 1 mm pathlength quartz cuvettes and covered with plug caps. The protein
hydrodynamic diameter was then measured using a Malvern Panalytical (Malvern, UK)
Zetasizer pV light-scattering detector at a constant 22 °C temperature. For each sample, ten
technical replicates (each composed of ten scans over the span of 1 min) were measured.
The thermal equilibration time was set to 1 min, and the total scan time was 10 min.

4.4. Kinetic Data Analysis

Under multiple conditions, the aggregation kinetic data could not be fit using standard
sigmoidal curves, due to either requiring double-sigmoidal kinetic curves or there being
a gradual shift in the signal intensity after the main exponential growth phase. For this
reason, the extent of the lag phase was determined as the time period, during which the
sample signal intensity remained below a set intensity value for each sample (average value
of the initial baseline (10 points) multiplied by 4 (to exclude random signal variations)).
An example of the lag time determination is show in Figure A4. To obtain the maximum
apparent rate constants, first-order derivatives were calculated for each reaction curve
as described previously [52]. The maximum point value from each derivative was then
divided by the signal intensity at the end of the reaction (the end-point fluorescence
intensity was determined at the same time for each set of conditions; an example is shown
in Figure A4).

4.5. Fourier-Transform Infrared Spectroscopy (FTIR)

Aliquots of 100 uL were taken from each sample and centrifuged at 10,000 RPM
(Fisherbrand™ High-Speed Mini-Centrifuge, ThermoFisher, Waltham, MA, USA, cat. no
12972041) for 15 min. The supernatants were then removed, and the aggregate pellets were
resuspended into 200 uL D,O with 400 mM NaCl (addition of NaCl improves insulin fibril
sedimentation [54]). The centrifugation and resuspension procedures were repeated an
additional two times. After the final centrifugation, the aggregate pellets were resuspended
into 40 uL DO with 400 mM NaCl, resulting in a final protein concentration of ~500 M
(assuming the majority of insulin was in its aggregated state). The sample FTIR spectra
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were acquired and analysed as described previously [55]. In short, the fibril FTIR spectra
were scanned using an Invenio S infrared spectrometer (Bruker, Billerica, MA, USA). For
every sample, 256 interferograms were recorded at a 2 cm ™! resolution and averaged. The
D,0 and water vapour spectra were then subtracted from the sample spectra, which were
then baseline-corrected and normalised to the same Amide I/I’ band area (17001595 cm™1).
Data analysis was performed using the GRAMS software Version 9.3 SP1, (ThermoFisher,
Waltham, MA, USA).

4.6. ThT-Binding Assay

Samples from each set of conditions were chosen based on which FTIR spectra were
the most common among the 12 repeats. The samples (100 pL) were then combined with
their initial reaction solutions (900 uL) and incubated at 60 °C for 24 h in non-binding 2.0 mL
volume test-tubes to increase the number of fibrils for further experimental procedures. To
mitigate the effect of solution pH and ionic strength on the dye-binding parameters, the
samples were centrifuged as described previously, and the aggregates were resuspended
into an equivalent volume of 100 mM sodium phosphate (pH 2.0, adjusted to a total ionic
strength of 300 mM using NaCl).

Aliquots of 200 uL of each sample were supplemented with 2 uL of a 10 mM ThT
stock solution, mixed and incubated at 22 °C for 1 h. The samples were then centrifuged
at 10,000 RPM for 10 min and resuspended into 200 uL of the pH 2.0 buffer solution,
which did not contain ThT. This centrifugation and resuspension procedure was repeated
3 times to remove non-bound ThT molecules from the solution. After the final resuspension
step, the aggregate samples were placed in 3 mm cuvettes, and their absorbance spectra
were scanned using a Shimadzu UV-1800 spectrophotometer (200-600 nm range, 1 nm
steps). The fluorescence of bound-ThT molecules was scanned using a Varian CaryEclipse
spectrofluorometer (Agilent Technologies, Santa Clara, CA, USA, 440 nm excitation, 480 nm
emission wavelengths, 2.5 s signal averaging time). For each sample, three technical
replicates were scanned, and the spectra were averaged.

The absorbance spectra were baseline-corrected between 300 nm and 600 nm using the
Origin Software 2018 (OriginLab, Northampton, MA, USA). Baseline correction function (B-
spline with 4 anchor points at each end of the spectrum). The spectra were then integrated
between 340 nm and 520 nm to obtain the areas of the bound-ThT absorbance spectra.
ThT fluorescence intensities were corrected for the inner filter effect using their respective
absorbance values at 440 nm and 480 nm as described previously [56].

4.7. Atomic Force Microscopy (AFM)

Aliquots of each sample were diluted to a 40 1M protein concentration, placed on
freshly cleaved mica and incubated at room temperature for 5 min. The micas were then
gently washed with 2 mL of H,O and dried using airflow. The AFM image acquisition
procedure was performed as described previously [55] using a Dimension Icon atomic
force microscope (Bruker, Billerica, MA, USA). The AFM images were analysed using the
Gwyddion 2.57 software (http://gwyddion.net, accessed on 28 December 2020). From
each image, 30 fibril cross-sectional heights and widths were determined by tracing lines
perpendicular to the fibril axes. The lines were only traced on fibril ends, which were not
part of aggregate clusters, to reduce the effect of lateral association on the calculated height
and width parameters. Data were compared using one-way ANOVA Bonferroni means
comparison (p < 0.01, n = 30).

4.8. Aggregate Denaturation Assay

Aliquots of each sample (46 x 10 uL) were combined with a range of guanidinium
thiocyanate (GuSCN) solutions of different concentrations (90 uL of pH 2.0, 100 mM sodium
phosphate; total ionic strength without GuSCN was adjusted to 300 mM using NaCl). The
final sample GuSCN concentrations ranged from 0 to 4.5 M in 0.1 M increments. The
prepared solutions were then incubated at 22 °C for 24 h, after which they were placed
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into 96-well non-binding plates (cat. No 3881, Fisher Scientific, Hampton, NH, USA, final
volume was 100 pL in each well). The sample optical densities at 600 nm were scanned
using a ClarioStar Plus plate reader (BMG Labtech, Ortenberg, Germany) with 0.1 s settling
time and 50 flashes per sample. Each sample was scanned three times and the plates
agitated for short periods in between (10 s, 600 RPM orbital agitation). The data was fitted
using a Boltzmann sigmoidal equation to determine the mid-point of insulin aggregate
denaturation (Figure A5).
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Figure A1l. Examples of regular, double-sigmoidal and no-plateau insulin aggregation kinetic curves.
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Figure A2. Different insulin fibril FTIR spectra variants, their second derivatives, second-derivative
minima positions and their relation to beta-sheets and turns/loops.
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Figure A3. Insulin reaction solution placement in the 96-well plate. Green-coloured wells indicate
where the insulin reaction solutions were placed during aggregation. The marked wells provide an
example of the sample placement (samples A, B and C).
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ABSTRACT: Insoluble amyloid fibrils accumulate in the intercellular
spaces of organs and tissues, leading to various amyloidosis-related
disorders in the human body. Specifically, Parkinson’s disease is associated R s |

a-syn aggregates
Synthesis of | Boc.\y &

with the aggregation of alpha-synuclein. However, current treatments for

O T = m}*ourze
Parkinson’s primarily focus on managing motor symptoms and slowing | - i iz 8 oW versus
disease progression. Efforts to prevent and halt the progression of these N A
diseases involve the search for small molecular compounds. In this work,
we synthesized imidazo(2,1-b][1,3]thiazines in an atom-economic way by

T
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cyclization of 2-alkynylthioimidazoles using 10% AuCl as the catalyst. We

identified several compounds with specific functional groups capable of both inhibiting the aggregation of alpha-synuclein and
redirecting the fibril formation pathway. The investigation into how these substances function revealed that imidazo[2,1-
b][1,3]thiazine derivatives can influence alpha-synuclein aggregation in several ways. They not only inhibit the primary nucleation
process and maintain a balance toward nonaggregated protein states but also stabilize smaller oligomeric species of alpha-synuclein
and cause the formation of fibrils with unique structures and forms. These imidazo[2,1-b][1,3]thiazines could potentially be used in
developing highly efficient, small molecular weight protein aggregation inhibitors.

KEYWORDS: alkynes, Au catalysis, cyclization, imidazoles, alpha-synuclein, amyloid aggregation

B INTRODUCTION

Amyloid protein aggregation in the form of insoluble fibrils is
associated with multiple widespread and mcurable disorders,
such as Alzheimer’s or Parkinson’s disease.”” More than 30
different proteins and peptides have been identified, whose
cytotoxic aggregates accumulate in the intercellular spaces of
organs and tissues.' Despite decades of research and enormous
effort in deciphering the amyloid aggregation process, there are
still very few known treatment modalities,”* and the number of
affected individuals is projected to increase further in the
foreseeable future.”® Efforts to prevent and halt the
progression of these diseases involve the search for various
types of inhibitors, which range from small molecular weight
compounds’ to monoclonal antibodies* or complex drug
mixtures.”'”

In the case of small molecules, a number of different class
compounds have been identified as having antiamyloid
potential by either directly inhibiting the fibril formation
process or targeting factors that create conditions suitable for
amyloid aggregation. These compounds include various
polyphenols (galhc acid,"! §allocatechm -3-gallate'), alka
loids (tolaenne, galantamine'*) terpenmds (1.8-cineole,'®
pinene'®), and polyketides (hlspldll’l 7). Several small molec
ular weight compounds have progressed to clinical trials, such
as Anleb138b and NPT100-18A." Anleb138b has been found
to inhibit alpha-synuclein (a-syn) oligomer formation,'” while

© XXXX The Authors. Published by
American Chemical Society
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NPT100-18A interferes with a-syn aggregation by displacing
the protein from membranes.”’ Minzasolmin, currently in
Phase 2 clinical trials, stands out as one of the most promising
potential disease-modifying therapeutics for Parkinson’s
disease.”' Biophysical evaluations revealed that this compound
acts early in the aggregation process by displacing membrane-
bound oligomeric a-syn and returning it to a monomeric form,
thus preventing the formation of larger protein aggregates and
eventually Lewy bodies.”" However, despite hundreds of such
potential antiamyloid compounds, the success rate in clinical
trials remains very low, with most molecules failing at the
initial phases.””

To expand the list of potential amyloid aggregation
inhibitors, this work was dedicated to analyzing the activity
of a previously unexplored small molecular weight compound
group — imidazo[2,1-b][1,3]thiazines. These molecules are
synthetically novel and have not been observed in nature,
which has limited extensive investigations of their properties.
Despite no prior research on their antiamyloid potential, it has
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Table 1. Au(I)Cl Initiated Cyclization Reactions of Various 2-A1kynylthioimidazoles

abc

s // AuCl (10 mol%)
N=( DCE, MW
1aj Za-i
. . Temp. Time Yield
Entry Starting Material c) (h) Product %)
1 R =4-Me 1a 50 2.3 2a 88
2 [N\%s R =4-OMe 1b 50 2.3 2b 82
3 N R =4-OEt 1c 50 23 2c 69
4 A // R =4-OCH,COOEt 1d 50 15 2d 90
5 A R =4-NHBoc le 50 123 2e 92
6 R = 4-N(Boc)CH,CONHCH,CH(CHs), 1f 50 23 2f 76
N
7 )I -5 R = 4-OFt 1g 80 23 2 68
N /
8 2 R = 4-OCH,CONHCH,CH(CH3), 1h 80 23 2h 52
Ar
gb @[“\%S R = 4-OFt 1i 40 2 2 69
N
H
10 / R = 4-N(Boc)CH,CONHCH,CH(CHs), 1j 50 23 2j 88
A
11c R = 4-NHCH,CONHCH,CH(CHs), 2j 3 61

“In an MW vial, compound 1 (from S0 mg to 200 mg, 0.17—0.45 mmol) was dissolved in S mL of DCE, and AuCl (10 mol %) was added under an
argon atmosphere. The sealed vial was subjected to microwave irradiation until full conversion of the starting material. “Substrate 1i (80 mg, 0.30
mmol) was dissolved in S mL of DCM, then 10 mol % of AuCl was added, and the reaction mixture was refluxed under an argon atmosphere.
“Deprotection conditions: to the solution of 2j (140 mg, 0,28 mmol, 1.0 equiv) in DCM (S mL), TFA (1 mL) was added dropwise. The reaction
mixture was stirred at room temperature overnight until full conversion of the starting material.

been shown that compounds bearing a 1,3-thiazine moiety
exhibit a wide range of biological activities,” including
antimicrobial, anti-inflammatory, antidiabetic, analgetic, and
anticancer properties. To evaluate their possible influence on
amyloid fibril formation, we synthesized 21 compounds and
examined their effect on the aggregation process of a-syn — an
intrinsically disordered protein related to the onset and
progression of Parkinson’s disease.”*

We discovered that some of the imidazo[2,1-b][1,3]thiazine
derivatives possessed strong antiamyloid properties, which
resulted in significantly longer aggregation lag phases. The
inhibitor compounds also redirected the aggregation pathway,
causing the formation of fibrils with different secondary
structures and morphologies. Additionally, the presence of the
imidazo[2,1-b][1,3]thiazine framework also shifted the a-syn
monomer-fibril equilibrium toward the nonaggregated state.
Together with previous reports of various positive biological
activities, these results indicate that imidazo[2,1-b][1,3]-
thiazine derivatives are promising candidates for both synthetic
and pharmaceutical applications.

B RESULTS AND DISCUSSIONS

Compound Synthesis. The synthesis of imidazo[2,1-
b][1,3]thiazines 2 was carried out under the conditions
established in our previous work.”> Various functionalized
alkynes were selected as starting materials for the gold(I)
chloride-promoted nucleophilic closure reaction in a micro-
wave (MW) synthesizer. The synthesis of 2-alkynylthioimida-
zoles 1 typically began with the Sonogashira cross-coupling
reaction of aryl iodides, followed by bromination of the
hydroxyl group, and was concluded with nucleophilic
substitution with the desired thioimidazole (see the Supporting

Information). However, using 4-iodoaniline as the starting
compound, the Sonogashira reaction did not proceed as
expected. Therefore, a tert-butyloxycarbonyl (Boc) protective
group was introduced into the molecule, allowing for selective
alkylation and the Sonogashira reaction. The synthesis of
imidazo[2,1-b][1,3]thiazines was generally carried out in a
MW synthesizer at 50 °C for 140 min. Adjustments to these
conditions were made, depending on the thioimidazole moiety
in the starting material (Table 1). For instance, 2-alkynylthio-
4,5-dimethylimidazoles 1g,h required higher reaction temper-
atures to fully convert the starting materials while maintaining
similar reaction time to those of compounds la—cf (Table 1,
entries 1-3, 6), and the cyclization of compound le (Table 1,
entry S) required a prolonged reaction time of up to 12.3 h.
Compounds 2a, 2¢, 2d, 2g, and 2i (Table 1, entries 1, 3—4, 7,
9) were synthesized and isolated in our previous work.”® To
evaluate the impact of the protecting group on a-syn
aggregation, the Boc group was removed from compound 2j
(Table 1, entry 11). The deprotection was carried out under
acidic conditions using TFA in DCM, resulting in compound 3
with a 61% yield.

To broaden the scope of the compounds for investigation,
ester 2d was modified by substituting it with an amide group.
This modification can be achieved from either an ester or an
acid. To streamline the process and minimize the number of
reaction steps, reactions involving ester 2d were prioritized.
According to the literature,”® amides can be synthesized from
esters in ethanol using an appropriate amine. However, this
method yielded only 33% of the desired amide. Another
method suggested that esters and amines could react in DMF
at 35—40 °C;*” however, after S days of heating, only a small
amount of product was detected by TLC, leading to the
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Table 2. Synthesis of Amides S from Ester 2d“

v
Y

Oj/OH
O

Rq
Oj/N;RZ
O

(0]
Amine
NaOH EDCI-HCI
HOBt, DCM
EtOH y
N S N S N?J\S
2d 4,72% 5a-f
Entry Amine (NHRR,) Product Yield (%)
1 HQN/Y 5a 47
2 HN/\ ) 79
o
3 /\H/\ 5c 73
4 HoN : 5d 75
5 HQN/\© Se 73
6 H,N 5f 98
o~

“Reaction condition for acid 4: into a solution of 2d (883.2 mg, 2.79 mmol, 1.0 equiv) in 20 mL of EtOH, NaOH (111.7 mg, 2.79 mmol, 1.0
equiv) was added. The reaction mixture was stirred at room temperature overnight. Reaction conditions for amides §: into a solution of compound
4 (50 mg, 0.17 mmol, 1 equiv) in S mL of DCM, EDCI-HCI (49.9 mg, 0.26 mmol, 1.5 equiv), HOBt (35.2 mg, 0.26 mmol, 1.5 equiv), and
appropriate amine (0.21 mmol, 1.2 equiv) were added. The reaction mixture was stirred at room temperature overnight.

termination of this reaction. Subsequent attempts to synthesize
amides using excess amine as both a reagent and solvent also
failed. Consequently, ester 2d was hydrolyzed to its
corresponding acid 4, and a more sophisticated approach
was employed using EDCI (l-ethyl-3-(3-
dimethylaminopropyl)carbodiimide) and HOBt (1-hydroxy-
benzotriazole)™ as coupling reagents. Although the yield of
amide formation with isobutylamine was modest, superior
yields exceeding 70% were achieved with the corresponding
amines (Table 2). Notably, compound 2h was synthesized
from the corresponding 2-alkynylthio-4,5-dimethylimidazole.
Both methods are viable, depending on whether the goal is to
modify an existing compound rapidly or to obtain a specific
target compound.

To investigate the necessity of the imidazothiazine ring for
a-syn aggregation, it was decided to synthesize compounds 6
and 7 while retaining the imidazole ring and maintaining the
same distance to the functional group as in the imidazothiazine
Sa. The mentioned compounds were obtained under classical
alkylation and acylation conditions (Scheme 1). These
molecules exhibit structural similarities to oxindoles, which
have been studied for their effects on amyloidogenic protein
aggregation by Kimura and colleagues.””

Alpha-Synuclein Aggregation Inhibition. The aggrega-
tion-inhibiting potential of the 18 synthesized imidazo[2,1-
b][1,3]thiazine derivatives was determined (Figure S1) was
examined by combining them with an equimolar concentration
of a-syn and monitoring the formation of amyloid fibrils
(Figure 1). During this research, the main attention was
focused on substituents to the condensed heterocyclic system
and additional functional groups in the phenyl para position of
S-arylimidazo[2,1-b][1,3]thiazines. First, the influence of
substituents on the imidazole ring on a-syn aggregation was

191

Scheme 1. Synthesis of Compounds 6 and 7

R K,CO3 R
—
DMF N
H
N [N/>
Br [ /> 6, 12%
or — N |
o] o R
RoLE
DCM N
7,13%

R = OCH,CONHCH,CH(CH3),

investigated. Imidazo[2,1-b][1,3]thiazine 2c and benzimidazo-
[2,1-b][1,3]thiazine 2i resulted in aggregation curves with
significantly higher , values (Bonferroni means comparison, n
= 6, p < 0.01), while for 2,3-dimethylimidazo[2,1-b][1,3]-
thiazine 2g, the values were only slightly above the control but
were not statistically significant (Figure 1A). Interestingly, all
three molecules resulted in a significant increase in the sample
end-point ThT fluorescence intensity values (Figure 1B),
which would suggest an opposite effect to inhibition.
According to the results, it was evident that the strongest
aggregation reduction was achieved with compound 2¢ bearing
an unsubstituted imidazo[2,1-b][1,3]thiazine heterocyclic
system. An additional comparison of compounds 2h and Sa
confirmed the decrease in activity resulting from the
introduction of methyl groups to the imidazole ring. 2,3-
Dimethylimidazo[2,1-b][1,3]thiazine 2h did not affect either
the t5, values or the sample fluorescence intensity, while
imidazo[2,1-b][1,3]thiazine Sa displayed a significant effect on
both parameters. However, it was considerably lower than that
in the case of 2c.
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Figure 1. a-Syn aggregation kinetics in the presence of different imidazothiazine derivatives. (A) Aggregation half-time (t;,) ratios (sample ts,
values divided by control ¢, values) of a-syn samples containing equimolar concentrations of different compounds (100 uM, n = 6, error bars are
combined standard deviations). (B) End-point sample ThT fluorescence intensity value distribution (n = 6, box plots indicate the interquartile
range, error bars are for one standard deviation). Significant differences were determined using ANOVA Bonferroni means comparison, ** p <
0.01, *** p < 0.001. (C—H). Rescaled images of kinetics with compound 2e are shown below in panel C. Example kinetic curves of a-syn
aggregation in the presence of compounds that inhibit or enhance the reaction.

The crucial role in reducing a-syn aggregation of the
thiazine ring was confirmed by tests with compounds 1c, 6,
and 7. All of them resulted in aggregation curves with similar
ts, values. The 2-((3-(4-ethoxyphenyl)prop-2-yn-1-yl)thio)-
1H-imidazole 1c, the starting material of imidazothiazine 2c,
exhibited tg, values that were almost identical to the control.
Compounds 6 and 7 affected a-syn aggregation significantly
less than the corresponding imidazothiazine Sa and were not
significantly different from the control. Similar to the lack of

influence on a-syn aggregation, these three compounds also
did not cause any end-point sample fluorescence value
deviations from the control samples (Figure 1B). From these
results, it is evident that the imidazothiazine fragment forms an
appropriate angle for the aryl substituent in the molecule and
also may take part in interaction with the protein.

Next, the impact of the R group at the para position on the
phenyl substituents in S-arylimidazo[2,1-b][1,3]thiazines was
examined. Even a single carbon difference had a notable

D https://doi.org/10.1021/acschemneuro.4c00451
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Figure 2. a-Syn aggregate secondary structure dependence on the presence of compounds. (A, B) Seven different a-syn fibril FTIR spectra (FTIR)
and their second derivatives detected after aggregation with or without compounds. (C) Fibril type distribution in samples without (control #1,
control #2) or with different compounds (color-coded boxes indicate the number of each specific type of fibril). (D) Different fibril FTIR spectra
second-derivative minimum positions related to parallel beta-sheets, antiparallel beta sheets, random-coil, and turn/loop motifs. (E, F) t5, and end-
point ThT fluorescence intensity value distribution of different fibril type aggregation curves. Significant differences were determined using

ANOVA Bonferroni means comparison, ** p < 0.01, *** p < 0.001.

outcome on a-syn aggregation. Comparing compound 2c, with
an —OEt group, and compound 2b, with an —OMe group,
revealed that a shorter chain decreased the average aggregation
half-time ratio from 1.75 to 1.3. Compound 2a differed from
compound 2b only in having a —Me group instead of an
—OMe. This small structural change did not significantly
impact a-syn aggregation reduction as the average values were
1.5 and 1.3, respectively. Despite these differences, all three
compounds (2a, 2b, 2c) resulted in a significant increase in
both the reaction t5, values, as well as the end-point
fluorescence intensities (Figure 1A,B). Additionally, the
functionalization of the phenolic group with an ester moiety
in compound 2d showed minimal change in a-syn aggregation,
with t5o and fluorescence intensity values being similar to those
of the control. The corresponding acid 4 appeared to even
enhance the aggregation process. However, the change was not
statistically significant. Replacing the ester group with various
amides (compounds Sa, 5c, and Se—S5f) increased activity
compared to compounds 2d and 4, while activity remained the
same for compounds Sb and Sd. The best result was achieved
with amide Se, which yielded an average half-time ratio of 1.8,
while the introduction of an additional —OMe group in benzyl

(amide 5f) resulted in a similar activity to compound 2c, with a
half-time ratio of 1.6 (Figure 1A). Of all amides Sa—f, only Sa
and Se caused significantly higher end-point fluorescence
intensity values (Figure 1B).

Replacing the phenolic group with substituted anilines
resulted in enhanced activity of the corresponding compounds.
Compound 2e, bearing only the Boc group on aniline,
unexpectedly demonstrated the largest half-time ratio value
(Figure 1A). Unlike all other inhibitors, 2e caused a massive
reduction in the sample end-point fluorescence intensity
(Figure 1B). While the addition of the —CH,CONHCH,CH-
(CHs;), group in compound 2f did not enhance the s, value as
expected and even lowered it, compared to lose aniline 2e and
mimicked compound Sa. Maintaining this additional group
while changing the imidazole ring to benzimidazole 2j resulted
in an increased average half-time ratio of 1.8, similar to
compounds 2¢ and Se. The role of the protecting group in a-
syn aggregation reduction was crucial, as the activity was
completely diminished in the case of compound 3.

In summary, 21 compounds were tested for their ability to
inhibit a-syn aggregation. The highest half-time ratios were
achieved with imidazo[2,1-b][1,3]thiazines 2e, Se, and 2c and

https://doi.org/10.1021/acschemneuro.4c00451
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Figure 3. Electron microscopy (EM) images of a-syn aggregates with seven distinct FTIR spectra. (A—G) Two 4096 X 4096 pixel resolution
representative images for each fibril type. The scale bar (presented in the top left image) is identical for all images.

benzimidazo[2,1-b][1,3]thiazines 2j (Figure 1C—G), while
acid 4 displayed a possible aggregation-enhancing effect
(Figure 1H). The presence of the imidazo[2,1-b][1,3]thiazine
fragment was crucial for improved protein aggregation
reduction. Particularly, the best results were achieved with
Boc protected aniline 2e. However, the addition of extra groups
to this structure led to a drastic drop in the efficiency.
Nonetheless, the benzimidazole moiety helped to mitigate the
impact of additional groups.

Effect on Fibril Structure and Morphology. Despite the
positive antiamyloid activity of the compounds, a majority of
them yielded samples with a significantly higher ThT
fluorescence intensity (Figure 1B). Since none of these
compounds possess an intrinsic fluorescence capacity under
the ThT-specific excitation and emission wavelengths (Figure
S2), the observed phenomenon had two possible explanations.
Either the compounds shifted the equilibrium between the
native and aggregated states of @-syn in favor of amyloid fibrils,
or the resulting structures had different ThT binding modes.*’
We have previously observed a similar event, where
antiamyloid compounds redirected a-syn aggregation into
fibrils with different secondary structures,”’ which, in turn, can
affect their dye-binding properties.”>**

To examine this possibility, all samples (n = 6 for each
compound) were tested using Fourier-transform infrared
(FTIR) spectroscopy. The resulting spectra of the amide I
region and their second derivatives were compared against
each other and grouped based on similarities in their peak and
minima positions (Figure 2A,B). In the case of samples from

both control runs, the FTIR spectra were divided into three
distinct types: I, II, and III (Figure 2C). Such random
polymorphism has been shown in previous studies under
similar conditions.”* Type I fibril FTIR spectra second
derivatives contained two minima at 1631 and 1620 cm™
(Figure 2D), associated with two different strengths of
hydrogen bonding in the beta-sheet structure® and a
minimum at 1665 cm™ (turn/loop motif). Type II displayed
a single minimum related to beta-sheets at 1625 cm™ and a
minimum identical to type I at 1665 cm™. Type III fibril FTIR
derivatives had minima at 1622 cm™ (beta-sheets), 1651 cm™
(random-coil), and 1668 cm™ (turn/loop motif).

When a-syn was aggregated in the presence of exploratory
compounds, four additional types of FTIR spectra were
observed. Type IV was only detected in one out of the six
repeats for samples containing compounds 1¢, 3, 5d, Se, and 5f
(Figure 2C). Its second derivatives had minima at 1624 cm™,
with a shoulder at 1636 cm™ (two different strength hydrogen
bonding types in the beta-sheet structure) and minima at 1651
cm™ (random-coil), 1666 cm™ (turn/loop motif). Type V, on
the other hand, was the most abundant spectral type detected
among all of the samples (Figure 2C). It had minima related to
beta-sheets at 1641 and 1623 cm™, turn/loop motifs at 1660
and 1672 cm™!, as well as a minimum associated with
antiparallel beta-sheets at 1690 cm™ (Figure 2B,D). Type VI
fibril FTIR spectra were detected only for a small number of
samples containing 2b, 2d, 2g, 2i, Sa, and 5d compounds
(Figure 2C). Their second derivatives had minima at 1621
cm™ (beta-sheets), 1645 cm™' (random-coil), 1665 cm™
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(turn/loop motif), and 1691 cm™ (antiparallel beta-sheets).
Finally, type VII spectra were observed only in the case of the
strongest inhibitor compound 2e. Their second derivatives had
minima at 1625 cm™ with a shoulder at 1614 cm™ (two types
of hydrogen bonding strength in the beta-sheet structure),
1640 cm™" (weak beta-sheet hydrogen bonding), 1649 cm™
(random-coil), and 1666 cm™ (turn/loop motif).

Based on the FTIR spectral distribution, it was clear that
imidazo[2,1-b][1,3]thiazine derivatives could influence the
secondary structure of the formed aggregates. In some cases,
such as with compounds 2c, 2e, and 2j, the aggregation
reaction was redirected to produce fibrils with a single FTIR
spectrum across all six repeats. Interestingly, the compounds
that increased t5, and/or fluorescence intensity were also, for
the most part, the ones that promoted the formation of these
four different secondary structures (Figures 1A and 2C). These
findings suggest a possible correlation among the inhibitory
effect, the resulting aggregate structures, and their ThT-
binding ability.

In order to test this hypothesis, the sample aggregation t;,
values and end-point fluorescence intensities were grouped
based on their respective FTIR spectrum type. Surprisingly, the
spread of data was minimal for almost all types, further
supporting the aforementioned correlation. In the case of t5,
value distributions (Figure 2E), samples resulting in type I-III
FTIR spectra did not have any significant differences between
them (ANOVA Bonferroni means comparison). Conversely,
type V—VII samples all displayed significantly different ts,
value distributions. The type IV sample t5, values were
significantly different from those of only one of the three types
detected in the control samples. A similar tendency was
observed for the fluorescence intensity distributions (Figure
2F). Type V—VII samples were significantly different from
either all or two of the three control sample types. However,
unlike the tg, values, the three control samples also did not
display nearly identical distributions, with type III having a
mean value significantly higher than that of the type I samples.
Finally, type IV sample fluorescence intensities were
comparable to two of the three control samples and shared a
dissimilarity to the type III samples.

Taken together, these data revealed that there was a strong
correlation between the aggregate secondary structures and
their formation time, as well as ThT-binding parameters. This
could be achieved either by the compounds promoting the
formation of certain fibril nuclei or by selectively inhibiting the
assembly of type I-III aggregate nuclei. Considering that all
samples with type IV=VII FTIR spectra had larger t, values,
the selective inhibition hypothesis seemed like the most likely
explanation.

Since different a-syn secondary structures are often an
indicator of distinct fibril morphologies, the seven fibril types
were further examined using electron microscopy (EM). Based
on the results, four unique morphological aspects were
observed. Type I, II, III, and VI fibrils displayed a high level
of self-association, yielding large aggregate clusters (Figure
3A—C and F). Type IV and V fibrils, despite possessing similar
lengths to the aforementioned types, were less prone toward
such clump formation and associated into intertwined
networks (Figure 3D,E). Type II aggregates, along with their
tendency of cluster formation, also displayed an abundance of
short (<1 um) fibrils (Figure 3B, second image). Finally, type
VII samples were composed of a low concentration of fibrillar

structures and a relatively high amount of small amorphous
aggregates or oligomeric species (Figure 3G).

These results were correlated with the previously described
sample fluorescence intensity values. The type VII samples
displayed the least amount of fibrillar structures, and they also
pertained the lowest fluorescence intensities. Type I, II, III, and
VI fibrils formed large aggregate clusters, which likely impeded
the ability of ThT to bind on some parts of the structures. Due
to this reason, the type V and VI fibrils, which formed
intertwined networks, were also the ones with the highest ThT
fluorescence intensity. These morphological distinctions
indicate that the inhibitory compounds can affect a-syn fibril
self-association tendencies and length as well as the appearance
of oligomeric or amorphous structures and the resulting overall
sample ThT fluorescence intensity.

Mechanism of Inhibition. Despite these observations,
two important questions remained: what is the mechanism of
inhibition, and how do the imidazo[2,1-b][1,3]thiazine
derivatives affect the monomer-fibril equilibrium. In order to
gain deeper insight into the process and answer these
questions, five compounds (2c, 2e, 2j, 4, and Se) were
selected for further study (Figure 4). According to the
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Figure 4. Structures of selected active compounds 2e, 2, 2j, 4, and

Se.

Boc

obtained experimental data, compound 2e was chosen as the
strongest inhibitor, and compounds 2c, 2j, and Se were
selected as moderate inhibitors. Imidazothiazine 2c¢ represents
the simplest active structure with an ethoxy substituent.
Compound 2j bears a benzimidazothiazine moiety with an
amide substituent like imidazothiazine Se. Imidazotiazinylphe-
noxyacetic acid 4 was also additionally tested as the only
compound that displayed a possible aggregation-enhancing
activity. To determine which fibrillization step was influenced
by these compounds, a-syn aggregation was carried out under
different compound concentrations. The resulting aggregation
curves were fit using a Boltzmann sigmoidal equation, and
three parameters were calculated, which included the reaction
lag time (affected by primary nucleation), apparent rate
constant (affected by the rate of elongation, secondary
nucleation, and fragmentation), and end-point fluorescence
intensity (affected by aggregate structure and quantity).

In the case of all four inhibitors, there was an increase in
reaction lag times based on the concentration of the
compounds (Figure SA, 2c, 2e, 2j, and Se). Interestingly,
each compound displayed different tendencies in how the lag
times changed. In the case of compound 2¢, both 50 and 100
UM concentrations resulted in an almost identical value, while
200 pM yielded a considerably higher level of inhibition. For
compound 2e, the inhibitory effect became saturated at 100

https://doi.org/10.1021/acschemneuro.4c00451
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Figure 5. a-Syn aggregation kinetic parameter dependence on different concentrations of compounds. (A—C) Lag time, apparent rate constant,
and fluorescence intensity value distribution of a-syn aggregation curves in the presence of different compound concentrations. Significant
differences were determined using ANOVA Bonferroni means comparison, n = 6, ** p < 0.01, *** p < 0.001. (D) Sample supernatant SDS-PAGE
gel and a-syn band area distribution, “R” — reference 50 uM monomeric a-syn sample, “C” — control fibril sample supernatant, and numbers
indicate the calculated concentration of a-syn based on the reference band.

uM and a higher concentration did not result in any notable
effect. Compound 2j only displayed an inhibitory effect at 100
and 200 pM, which was also similar under both conditions.
Out of the four inhibitors, Se demonstrated the most linear

196

dependence between the aggregation lag time and compound
concentration. The previously detected aggregation-enhancing
compound 4 resulted in reduced reaction lag times under S0
and 100 yM concentrations. However, this effect was not
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Figure 6. Effect of imidazo[2,1-b][1,3]thiazine derivatives on SH-SYSY human neuroblastoma cells. MTT viability assay of the selected
compounds (20 #M) in the absence (A) or presence (B) of a-syn amyloid fibrils (20 uM). For each condition, three independent assays were
carried out (each with three sample repeats), and error bars represent one standard deviation (n = 9). One-way ANOVA Bonferroni means
comparison was conducted to determine differences between samples (ns — not significant, * p < 0.0, ** p < 0.01, *** p < 0.001).

statistically significant. Interestingly, 200 uM of the compound
yielded a significantly higher reaction lag time, suggesting that
it may act as an enhancer or inhibitor based on its
concentration.

Examination of the reaction apparent rate constants (Figure
SB) revealed that all four inhibitors (2c, 2e, 2j, Se) induced a
concentration-dependent decrease in their average value,
where the 200 uM compound concentration samples displayed
a 2-fold lower rate constant than the control. In the case of the
possible enhancer, the average apparent rate constant decrease
was not as intense. However, due to the large stochasticity of
this parameter, statistically significant differences could only be
determined for compound 2c.

The end-point fluorescence data presented an even more
complicated picture (Figure SC). Compound 2c resulted in an
arc-shaped fluorescence intensity dependence on its concen-
tration, with SO and 100 uM condition samples having
significantly higher average values, while 200 M condition
samples were similar to the control. In the case of 2e, the
fluorescence intensity was significantly higher under conditions
with SO uM compound, while both higher concentrations
yielded samples where the ThT signal was almost completely
quenched. Compound 2j produced samples with highly
variable fluorescence intensities, with all condition values
within the margin of error. For compound Se, both 100 and
200 uM conditions resulted in an almost identical and
significantly higher fluorescence intensity. The enhancer
compound resulted in a linear dependence between its
concentration and the average sample fluorescence intensity
values. However, only the 200 #M condition samples were
significantly different.

A possible explanation for these highly stochastic results is
the previously shown correlation between fibril types and their
fluorescence intensities. If lower compound concentrations are
not sufficient to redirect all nuclei formation to a certain
structure, then each condition results in a different distribution
of fibril types, each with its own specific fluorescence intensity.
To determine if the significant differences in end-point
fluorescence intensity were purely related to distinct fibril
structures or a shift in monomer—aggregate equilibrium, the
highest compound concentration samples were centrifuged,
and their supernatants were examined with SDS-PAGE. As two

reference points, a SO uM a-syn sample (Figure SD, marked as
“R”, 50 uM concentration was used to avoid signal overflow
during gel analysis) and a control a-syn fibril sample
supernatant (Figure SD, marked as”C”) were used. The dyed
gel was imaged and analyzed by using GelAnalyzer software.

In the case of the control fibril sample, the band was almost
nondetectable, indicating an efficient conversion of the
majority of a-syn into its aggregated state (90 uM out of
100 uM). Surprisingly, all tested compounds resulted in a
similar residual concentration of a@-syn regardless of the
inhibitory effect or the end-point fluorescence values. In all
cases, the nonaggregated a-syn composed approximately 40%
of the total protein content in the samples, which was
considerably higher than under conditions with no imidazo-
[2,1-b][1,3]thiazine derivatives. This result suggests that the
fluorescence signal was almost entirely related to the types of
fibrils that were formed and not due to their quantity. Another
interesting aspect was the presence of bands between 25 and
40 kDa markers in samples with compounds 2, 2j, Se, and 4.
Since this band is not observed in either the monomeric or
control sample, it suggests that the compounds may have been
capable of stabilizing dimeric and trimeric forms of a-syn.

Compound Toxicity. To determine whether the com-
pounds with the highest antiaggregation effects can also
counteract the cytotoxic effects of a-syn fibrils, an MTT assay
was performed using SH-SYSY human neuroblastoma cells.
When 20 M of each compound was introduced to the
medium without a-syn aggregates, all of them caused a
statistically significant reduction in cell viability (Figure 6A, n =
9, ANOVA Bonferroni means comparison). The chosen
concentration of compounds for the cell viability assay was
much higher than the concentration that would likely exist at
target locations after compound administration. However, it
was required to compare the relative toxicity of each
compound, as lower concentrations do not significantly deviate
from the buffer solution control (Figure S3).

The negative effect on cell viability was significantly greater
for compounds 2c ((41 + 4)% cell viability) and Se ((41 =
4)%) when compared to the buffer solution control ((69 +
4)%). In contrast, the reduction in cell viability was less
pronounced for compounds 2e ((56 + 6)%) and 2j ((S0 +
7)%), with 2e having the smallest impact. When the medium
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contained both a-syn fibrils and the compounds (Figure 6B),
2j stood out by markedly reducing aggregate-induced
cytotoxicity. The effects of compounds 2c ((40 + 4)%), 2e
((38 + 4)%), and Se ((43 + 4)%) were similar to the fibril
control ((4S + 5)%), while neuroblastoma cell viability in the
presence of 2j was significantly higher ((59 % 6)%). Given the
compound’s 2j dual effect in inhibiting aggregation and
reducing cytotoxicity, these results suggest that this compound
decreases not only the rate of aggregate formation but also the
cytotoxic effects of aggregates themselves.

Considering all the aforementioned results, imidazo[2,1-
b][1,3]thiazine derivatives appear to have multiple effects on
a-syn aggregation. Not only do they inhibit primary nucleation
and shift the monomer-fibril equilibrium toward the non-
aggregated state, but they also can stabilize small oligomeric
states of a-syn and redirect the aggregation reaction toward
fibrils with distinct secondary structures and morphologies. It
is important to note that the best results were achieved with
imidazo[2,1-b][1,3]thiazines containing phenylcarbamate frag-
ments (2e, 2j). Further modification of the core structure of
compound 2e, resulting in the more substituted benzimidazo-
[2,1-b][1,3]thiazine 2j, led to a statistically significant
reduction in the cytotoxic effects of the aggregates. However,
compound 2j still negatively affected cell viability at relatively
high concentrations. Therefore, future studies should focus on
further structure modifications to improve compound’s
antiamyloid activity and physicochemical properties as
potential drug candidates while minimizing their cytotoxicity.

B CONCLUSIONS

In summary, we synthesized 18 compounds containing an
imidazothiazine framework (2a—j, 3, 4, and 5a—f) under mild
conditions using AuCl as a catalyst. A diversity of functional
groups was obtained by modifying the formed 5-arylimidazo-
[2,1-b][1,3]thiazines at their para-phenyl positions. The
significance of the imidazo[2,1-b][1,3]thiazine framework
was demonstrated through inhibition activity comparison
with two synthesized model compounds, 6 and 7. The highest
half-time ratios were achieved with compounds 2e, 2j, Se, and
2c¢, with the best results observed for Boc-protected aniline 2e.
However, further adding extra groups to the aniline or its
deprotection led to a decreased efficiency. Nonetheless, the
benzimidazole moiety helped mitigate the impact of additional
groups. Based on the FTIR spectra distribution, it was evident
that imidazo[2,1-b][1,3]thiazine derivatives influenced the
secondary structure of the formed aggregates. The study of
the inhibition mechanism revealed that imidazo[2,1-b][1,3]-
thiazine derivatives may have multiple effects on a-syn
aggregation. These compounds not only inhibit primary
nucleation and shift the monomer-fibril equilibrium toward
the nonaggregated state but also stabilize the oligomeric states
of a-syn and redirect the aggregation reaction toward fibrils
with distinct secondary structures and morphologies. Addi-
tionally, one compound (2j) could reduce the cytotoxic effects
of a-syn fibrils. These findings suggest that compounds
containing the imidazo[2,1-b][1,3]thiazine framework could
serve as potential a-syn aggregation inhibitors.

B MATERIALS AND METHODS

Compound Preparation. Detailed compound synthesis proto-
cols and their NMR spectra are provided as Supporting Information.
All reagents and solvents were dried commonly before use, according
to standard procedures. Commercially available reagents were used
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without further purification, unless otherwise noted. Oxygen- and
moisture-sensitive reactions were carried out under an argon
atmosphere. "H and 3C NMR spectra were recorded in deuterated
solvents on a Bruker Ascened 400 MHz spectrometer. High-
resolution mass spectra (HRMS) were recorded on an Agilent LC/
MSD TOF mass spectrometer by electrospray ionization time-of-
flight (ESI-TOF) reflection experiments. Infrared spectra were
recorded on a PERKIN-ELMER 1000 FT-IR spectrometer with a
UATR annex. Microwave (MW) irradiation reactions were carried
out using a CEM Discover SP microwave synthesizer. Reactions were
monitored by thin layer chromatography (TLC) carried out on 0.25
mm Merck silica plates (60 F,g,), using UV light as the visualizing
agent and/or vanillin and heat as a developing agent. Column
chromatography was performed with Kieselgel 60 (40—63 ym) silica
gel. Melting points were measured on a Student SMP10 instrument
and were uncorrected. Here are the general methods of the main
reactions used for the synthesis of targeted compounds.

Synthesis of Imidazo[2,1-b][1,3]thiazine Framework 2. The
solution of 2-alkynylthioimidazole 1 (1.0 equiv) in DCE was stirred
under an argon atmosphere at room temperature in a microwave Vlal
for 15 min, then AuCl (10 mol %) was added, and the sealed vial was
subjected to microwave irradiation. The reaction was carried out using
a dynamic method at constant temperature (four cycles: three times
for 40 min and one time for 20 min). If the reaction was not
completed during this time, the cycles were repeated. After reaction
completion, monitored by TLC, the solvent was evaporated under
reduced pressure, and the product 2 was isolated by column
chromatography.

Synthesis of Amides 5. To the solution of acetic acid 4 (1.0
equiv) in DCM, EDCI-HCI (1.5 equiv), HOBt (1.5 equiv), and
appropriate amine (1.2 equiv) were added. The reaction mixture was
stirred at room temperature overnight. After reaction completion,
monitored by TLC, the mixture was diluted with H,O and extracted
with DCM. The combined organic layers were washed once with
brine, dried with anhydrous Na,SO,, and concentrated under reduced
pressure. The product 5 was isolated by column chromatography
using the eluent CHCl;:CH,CN (4:1).

Alpha-Synuclein Aggregation Assay. Alpha-synuclein was
purified based on a previously described protocol,”® exchanged to
PBS (pH 7.4), concentrated to 600 uM, and stored at —20 °C prior to
use. The compounds were dissolved in 99.9% dimethyl sulfoxide
(DMSO) to a final concentration of 10 mM. Thioflavin-T (ThT)
powder (Sigma-Aldrich cat. no. T3516) was dissolved in Milli-Q H,0
to a concentration of ~11 mM and filtered through a 0.22 ym pore-
size syringe filter. The exact concentration of the dye was determined
by diluting a small aliquot (10 L) to 1 mL of Milli-Q H,O and
scanning its absorbance at 412 nm using a Shimadzu UV-1800
spectrophotometer. The final concentration of the ThT stock solution
was then set to 10 mM. Both the compound and ThT stock solutions
were used immediately after preparation, flash frozen, and stored at
—20 °C under dark conditions to be used in further experimental
procedures.

To conduct the aggregation assays, a-syn, compound, ThT, 10X
PBS, and 1X PBS solutions were combined to result in final reaction
solutions containing 100 M a-syn, 100 yM compound, 100 xM
ThT, and 1X PBS. The protein concentration of 100 #uM was chosen
to reduce the aggregation reaction stochasticity.”> For the initial
assessment, both the dye and compound concentrations were set to
be equimolar to a-syn. Control solutions were supplemented with
99.9% DMSO instead of the compound solution. The reaction
solutions were then distributed to 96-well nonbinding half-area plates
(Fisher Scientific, cat. no 3881, 100 uL volume, 6 repeats for each
condition, each well contained one 3 mm glass bead) in an alternating
pattern to account for uneven temperature distribution.”” The
aggregation reactions were monitored by incubating the plates in a
ClarioStar Plus plate reader at 37 °C with 600 rpm agitation between
readings. ThT fluorescence measurements were taken every S min
using 440 nm excitation and 480 nm emission wavelengths. For
aggregation conditions with different compound concentrations, the
samples were prepared as described previously. To account for the
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different concentrations of DMSO added to the compound stock
solution, all reaction solutions were supplemented with DMSO to a
final concentration of 2%.

The aggregation reaction curves were fitted using a Boltzmann
sigmoidal equation (Origin 2018 software). Reaction half-time (t),
lag time, apparent rate constant, and end-point fluorescence
intensities were determined from the fitted data as shown
previously.” Statistical analysis of the reaction parameters was done
by using a one-way ANOVA Bonferroni means comparison (Origin
2018 software).

Compound Fluorescence Assay. Each compound stock
solution was diluted to 100 M using 1X PBS. The resulting
solutions were then placed in 96-well nonbinding half-area plates
(Fisher Scientific, cat. no 3881, 100 uL volume, 3 repeats for each
condition) and incubated at room temperature for 10 min. The
sample fluorescence intensities were scanned by using 440 nm
excitation and 480 nm emission wavelengths with a ClarioStar Plus
plate reader. As a control, the ThT stock solution was diluted with 1X
PBS and supplemented with 1% DMSO to a final dye concentration
of 100 uM.

Fourier-Transform Infrared Spectroscopy (FTIR). After the
aggregation assay, the 96-well plates were cooled to 22 °C and fibrils
in each well were resuspended by pipetting, after which aliquots of 80
puL were recovered for the FTIR assay. To exchange H,O for D,0, the
fibril solutions were centrifuged at 9000g for 15 min, and the pelleted
aggregates were resuspended into 200 L of D,0O, supplemented with
400 mM NaCl (to improve sedimentation®®). The centrifugation and
resuspension procedure was repeated an additional two times. After
the final centrifugation step, the fibrils were resuspended in 30 uL of
D,0, supplemented with 400 mM NaCl. The sample FTIR spectra
were then scanned as described previously,*” using a Bruker Invenio S
FTIR spectrometer. D,O and water vapor spectra were subtracted
from the sample spectra, which were then baseline corrected and
normalized to the same area between 1700 and 1595 cm™'. Data
processing was performed using GRAMS software.

To determine the different types of aggregate structures present in
the samples, second-order derivatives were calculated for each
spectrum, which were then compared and grouped based on
similarities in their minimum positions. The grouping procedure
was semisubjective due to possible a-syn fibril polymorphism, with
some samples containing mixtures of different secondary structure
aggregates.

Transmission Electron Microscopy (TEM). The a-syn fibril
samples were diluted five times using 1X PBS (final concentration 20
uM). Before sample application, 300 mesh Formvar/carbon coated
copper grids (Agar Scientific, UK.) were UV irradiated. S uL of
diluted a-syn aggregate solutions was then placed on the grids for 1
min, followed by drying with filter paper. The grids were negatively
stained with S uL of 2% (w/v) uranyl acetate for 1 min, after which
the excess solution was dried with filter paper. Finally, the grids were
washed with § uL of Milli-Q water, and this washing/drying
procedure was repeated 3 times. All TEM images were recorded
using a Talos 120C (Thermo Fisher) transmission electron
microscope operating at 120 V and equipped with 4k X 4k Ceta
CMOS Camera. After acquisition, images were analyzed by using
Image] software.

Residual Monomer Quantification. a-Syn samples from the
200 M compound concentration conditions were pooled together (6
X 100 uL) and centrifuged at 14 000g for 1S min. Part of the
supernatant (100 L) was carefully removed for analysis by SDS-
PAGE electrophoresis. For control samples, the same procedure was
carried out with the control fibril and 50 #M nonaggregated a-syn
samples. 30 uL of aliquots of each supernatant was combined with a 4
times concentrated SDS-PAGE sample buffer solution (10 L) and
incubated at 98 °C for 10 min. The samples and a Spectra Multicolor
Low Range Protein Ladder (ThermoFisher Scientific, cat. no. 26628)
were then loaded on a 16% acrylamide gel (S uL of each). The gel was
stained with GelCode Blue Safe Protein Stain. The concentration of
residual monomers was calculated with GelAnalyzer 23.1.1 software
using the 50 #M nonaggregated @-syn sample band as a reference.

Cell Viability Assay. The MTT assay was performed as previously
described.*” In brief, SH-SYSY cells were seeded in a 96-well plate
(~15 000 cells/well) and were incubated overnight. After incubation,
the medium was changed to one containing either 20 uM of each
selected compound or 20 uM of a-syn fibrils (from the control
aggregation samples) with 20 uM of each compound. The medium
also contained 0.2% DMSO from the compound stock solutions. For
the control, the medium was supplemented with an equal
concentration of PBS solution with DMSO. After 48 h of incubation,
10 uM of 3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) reagent (12.1 mM in PBS) was added to each well,
followed by 2 h of incubation. To dissolve formazan crystals, 100 uL
of 10% SDS with a 0.01 N HCl solution was added to each well. After
2 h, the absorbance was measured at 570 and 690 nm (as reference
wavelength) using a ClarioStar Plus plate reader. Three separately
prepared sets of samples with three repeats for each condition were
used. Statistical analysis of the results was conducted by using Origin
2018 software one-way analysis of variance (ANOVA) Bonferroni
means comparison (n = 9).
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