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Popular science summary

Proteins are our bodies’ tiny workers. Everything we do, from taking a deep
breath to blinking our eyes or swallowing our favorite food, involves proteins.
Some proteins are like miniature machines, carrying oxygen or pumping water.
Others support our body and give us strength, like our muscles. We also have
guardian proteins that protect us from diseases. All of these proteins work hard
to keep our bodies alive and healthy.

Where do the proteins come from? It all starts with nature’s tiniest building blocks,
atoms! Similar to LEGO pieces, atoms can be joined together in different ways
to form structures called molecules. One group of those structures are the build-
ing blocks of proteins, called amino acids. In our bodies, we have 20 different
kinds of amino acids, each with a unique character! These 20 amino acids, like
beads on a string, can be combined in countless ways to form proteins.

The assembly of those beads is not a random process. Like a modern LEGO
box comes with an instruction manual, every cell in our body carries nature’s
instruction manual: DNA. DNA contains information on how to combine the
amino acids into the correct sequence to form proteins.

Similarly, as each origami pattern creates a specific structure, each unique string
of beads (amino acids) usually folds into a defined 3D structure, determined by
the amino acid sequence itself. This 3D structure is the functional form of most
proteins, allowing it to do the work for which it has evolved. The protein at
heart in my studies is an exception and belongs to a group of proteins with no
3D structure. Instead, such proteins remain unfolded, like silk ribbons dancing
through the air. These proteins are called intrinsically disordered proteins, and
their flexibility is crucial for their tasks.

Although most proteins have their own unique ’origami’ shape, under certain
conditions, they can lose that structure and converge into another kind of struc-
ture called amyloids. Amyloids are remarkable structures that are highly stable
and large on a molecular level. Despite being considered large structures, the
diameter of one amyloid structure can be about 10.000 times smaller than the
diameter of your hair - it is all relative! All amyloids have the same overall struc-
ture, each formed from thousands of identical proteins stacked on top of each
other, like a stack of pancakes. Amyloids can also be visualized as long twisting
ropes. However, although amyloids share the same overall structure, they can
vary on the atomic level and how they are organized inside the rope.

The formation of amyloids can be a toxic process that can result in cell death
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and lead to several serious diseases. For example, in Parkinson’s disease and
Alzheimer’s disease, it can lead to death of neuronal cells within our brain. As
life expectancy increases, these diseases become more prevalent, making it cru-
cial to understand the process underlying the formation of these fascinating yet
very dangerous structures, amyloids.

The key player in my research is the intrinsically disordered protein 𝛼-synuclein.
Under certain conditions, this protein forms amyloid structures in the brain,
which is the hallmark of Parkinson’s disease. The protein consists of 140 con-
nected beads (amino acids). Their arrangement is quite particular, where one
end of the protein has a net positive charge while the other end is very negatively
charged. The protein is thus said to be polar, similar to a rod battery, with one
positive and one negative end.

In my doctoral project, we have worked towards increased understanding of
the behavior of the protein and which factors affect the formation of those large
stable structures, amyloids. From the results, one can conclude that the polarity
of the protein has a significant influence on its behavior, both on its tendency
to form fibrils and on the formation process itself. The project includes studies
on how individual protein molecules and their different ends are attracted to
the surface of fibrils, which can significantly impact their multiplication.

Studies were also conducted to obtain information on differences in the sol-
ubility and stability of different fibrils. The results show that with increasing
time, the systems will consist of the most stable structure. The project also in-
cludes studies on the effects of other proteins, called chaperones, on amyloid
formation. Chaperones are like tiny guardians, and when they are present, 𝛼-
synuclein amyloids form more slowly and form different types of structures.
The project also involved developing and optimizing methods for studying fib-
rils, as well as small toxic structures that form during the process of amyloid
formation.
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Á mannamáli

Prótein vinna verkin í líkama okkar. Allt sem við gerum felur í sér vinnu
próteina, eins og t.d. að anda, blikka augunum, taka bita af mat og að hugsa.
Prótein eru eins og agnarsmáir vinnumenn, þar sem hver og einn hefur sitt hlut-
verk. Sumum próteinum má líkja við litlar fullkomnar vélar sem sjá til dæmis
um að flytja súrefni um líkamann eða dæla vatni yfir himnur. Önnur gefa lík-
ama okkar stuðning og hreyfigetu og enn önnur vernda okkur gegn sjúkdómum.
Próteinin í líkama okkar vinna hörðum höndum að því að halda okkur lifandi
og heilbrigðum, öllum stundum.

En hvernig verða prótein til? Hvaðan koma þau? það má rekja til minnstu
byggingareininga náttúrunnar, atóma! Á svipaðan hátt og LEGO-kubbar, geta
atóm tengst saman á mismunandi hátt og myndað byggingar sem við köllum
sameindir. Ein gerð af þessum sameindum eru byggingareiningar próteina, sem
kallast amínósýrur. Í líkama okkar finnast 20 mismunandi amínósýrur, og hver
og ein hefur sitt sérkenni. Þessar mismundi amínósýrur geta svo tengst saman á
nánast óendanlega marga vegu, eins og perlur á þræði, og myndað það sem við
köllum prótein.

Röðin á perlunum (uppröðun amínósýra) er ekki tilviljunarkennt ferli. Rétt
eins og hver LEGO-kassi kemur með leiðbeiningum, inniheldur hver fruma í
líkama okkar leiðbeiningar, sem við þekkjum sem DNA. DNA-ið inniheldur
upplýsingar um hvaða og hversu margar amínósýrur eigi að tengja saman til að
mynda ákveðið prótein.

Hver einstaka amínósýru röð pakkast svo saman í ákveðna þrívíddarbyggingu
sem er ákvörðuð af amínósýruröðinni sjálfri. Þessi þrívíddarbygging er hið virka
form flestra próteina og gerir þeim kleift að vinna þau verk sem þau hafa þró-
ast til að leysa af hendi. Próteinið sem ég vinn með í verkefninu mínu er hins
vegar undantekning frá þessu og tilheyrir hópi próteina sem hafa ekki neina
ákveðna þrívíddarbyggingu og má því líkja við silkiborða sem sveigist um í loft-
inu. Þessi prótein kallast eðlislega óregluleg (e. intrinsically disordered) prótein
og er sveigjanleiki þeirra nauðsynlegur fyrir þau verk sem þau sinna.

Þrátt fyrir að flest prótein hafi sína sérstæðu byggingu, þá geta flest öll und-
ir ákveðnum aðstæðum tapað þessari eðlislægu byggingu og í staðin farið að
pakkast saman á rangan hátt og myndað gerð af byggingu sem kallast mýlildi
(e. amyloids). Mýlildi eru stórfenglegar byggingar, sem eru einstaklega stöð-
ugar og stórar á sameindastigi (e. molecular level). Þrátt fyrir að mýlildi séu
talin stór, þá getur þvermálið á hárinu okkar verið um 10.000 sinnum stærra en
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þvermálið á einu mýlildi. Heildarbygging allra mýlilda er mjög sambærileg, þar
sem hvert mýlildi er myndað úr þúsundum eins próteina sem raðast hvort ofaná
hvort annað, á svipaðan hátt og bunki af amerískum pönnukökum. Við getum
líka séð mýlildi fyrir okkur sem löng snúin reipi. Þrátt fyrir að heildarbygging
þeirra sé í megindráttum eins, þá getur bygging mýlilda verið mismunandi á
frumeindastigi.

Myndun mýlilda er eitrað ferli og getur leitt til frumudauða. Sem dæmi má
taka að ferlið getur leitt til dauða á taugafrumum í heila okkar og valdið al-
varlegum sjúkdómum eins og t.d. Parkinsonsjúkdómi og Alzheimersjúkdómi.
Með hækkandi meðalaldri eykst tíðni þessara sjúkdóma og það verður sífellt
nauðsynlegra að skilja ferlið sem liggur að baki myndun þessara heillandi, en á
sama tíma stórhættulegu, bygginga.

Próteinið sem fer með aðalhlutverkið í doktorsverkefni mínu heitir 𝛼-synuclein.𝛼-synuclein getur myndað mýlildi í heilanum okkar. Myndun 𝛼-synuclein
mýlilda getur leitt til Parkinson sjúkdóms. Próteinið samanstendur af 140
amínósýrum og er uppröðun þeirra heldur sértæk, þar sem annar endi próteins-
ins hefur jákvæða hleðslu, á meðan hinn endinn er mjög neikvætt hlaðinn.
Próteinið er því sagt vera skautað (e. polar).

Í doktorsverkefninu mínu hef ég unnið að því að auka skilning á því hvaða þætt-
ir hafa áhrif á myndun 𝛼-synuclein mýlilda. Verkefnið inniheldur rannsóknir á
því hvernig einstakar próteinsameindir og mismunandi endar þeirra dragast að
yfirborði mýlilda, sem getur haft mikil áhrif á fjölgun þeirra. Út frá niðurstöðun-
um má draga þá ályktun að skautun próteinsins hafi mikil áhrif á hegðun þess,
bæði á tilhneigingu þess til þess að mynda mýlildi og á myndunarferlið sjálft.
Rannsóknir voru einnig gerðar á stöðugleika mismunandi mýlilda, og niður-
stöðurnar sýna að með auknum tíma munu kerfin alltaf samanstanda af þeirri
byggingu sem hefur hæsta stöðugleikann. Verkefnið inniheldur einnig rann-
sóknir á áhrifum annarra próteina, svokallaðra siðgæsluvarða (e. chaperones), á
myndun mýlilda. Niðurstöðurnar hafa leitt í ljós að í návist þessara siðgæslu-
varða myndast 𝛼-synuclein mýlildi hægar og mynda einnig annars konar bygg-
ingar. Verkefnið felur líka í sér þróun og bestun aðferða til að rannsaka mýlildi,
sem og litlar eitraða byggingar sem myndast á sama tíma og mýlildin.
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Here follows a list of the different abbreviations used within the thesis.

A𝛽 amyloid 𝛽
ANS 8-Anilino-1-naphthalenesulfonic acid
APS ammonium persulfate
CD circular dichroism
Cryo-TEM cryogenic transmission electron microscopy
DOSY diffusion order NMR spectroscopy
E. coli Esherichia coli
HPLC high-performance liquid chromatography
HSQC heteronuclear single quantum coherence
IEX ion-exchange chromatography
JB6 DNAJB6b
MS mass spectrometry
NAC non-A𝛽 component
NMR nuclear magnetic resonance
PAGE polyacrylamide gel electrophoresis
PICUP photo-induced cross-linking of unmodified proteins
Ru(II)(bpy)32+ ruthenium (II) tris-bipyridyldication
SDS sodium dodecyl sulfate
SEC size-exclusion chromatography
ThT thioflavin T
UV ultraviolet
wt wild-type
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Amino Acid
Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamic acid Glu E
Glutamine Gln Q
Glycine Gly G
Histidine His H
Isoleucine Ile I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp W
Tyrosine Tyr Y
Valine Val V
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Preface

Looking back, my fascination with amyloids can be traced to my high-school
years when I studied biochemistry. While walking the corridors of the nursing
home where I worked, taking care of people with dementia, I formulated some
of the questions that would later shape my scientific path. Why do some people
get Alzheimer’s disease? Why do others get Parkinson’s disease? What is underlying
these diseases? I did not get the answers I hoped for. The mechanisms behind
the diseases were not fully understood.

This wasn’t satisfactory for someone as deeply curious as I am. I wanted to
understand.

These questions began guiding me toward my bachelor’s in biochemistry, where
protein science and, more specifically, protein folding and unfolding captured
my interest. During this time, I was introduced to amyloids. Those remarkably
stable structures fascinated me. How could different proteins converge to form
such similar structures? From this point, there was no way back. My next
step was a master’s in protein science, which brought me here to Sara Linse’s
research group, where I have been fortunate to spend several years working on
the projects presented in this thesis. Along the way, I’ve begun the long process
of answering some of the questions that went unanswered in the nursing home.
The path to completing this thesis has been challenging and rewarding, and I
can say without doubt that it has been an electrifying journey.

This thesis presents the findings of my doctoral research in Biochemistry. To
guide the reader, I would like to outline the structure of the thesis. The the-
sis starts with giving an introduction to my research work. The introduction
is divided into five chapters: Chapter 1 introduces the journey from proteins
to amyloids through folding and misfolding. This chapter ends by describing
the common structure of amyloids as well as the variations between different
amyloid fibril morphologies.

The aim of chapter 2 is to give an overview of the mechanism and kinetics
behind amyloid formation. The different microscopic kinetic processes and
the formation of pre-nucleation species during the nucleation processes are de-
scribed. The chapter ends by exploring the roles chaperones may play in amy-
loid assembly, with special emphasis on the molecular chaperone DNAJB6.

Chapter 3 introduces 𝛼-synuclein, the protein at the heart of all studies within
this thesis. An insight into the polar nature of the primary structure is provided,
followed by a description of the structure of the protein in solute and solid
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phases. This chapter concludes by giving a brief introduction to the formation
of 𝛼-synuclein fibrils.

Electrostatic interactions, crucial to a large part of my work, are the focus of
chapter 4. The chapter starts by giving an overview of some fundamental and
core concepts, such as pH, pKa values, and pKa perturbations. After that, we
explore the effect of electrostatic interactions on amyloid fibril formation and
how the acidic C-terminal tail may play a crucial role.

The aim of chapter 5 is to give a more detailed insight into the relationship be-
tween solubility and stability of amyloid fibrils. The difference between kinetic
and thermodynamic stability is covered. Furthermore, the solubility and stabil-
ity of different morphologies are introduced, as well as how the solubility and
stability of aggregated structures may change in the presence of chaperones.

The aim of chapter 6 is to give an overview of the developed and applied
methodology within the thesis, focusing on experimental approaches applied
to address the research questions.

The main findings of this thesis are summarized in chapter 7. This thesis is
composed of 5 papers. Paper I focuses on measuring the change in apparent
pKa values upon fibril formation and demonstrates that the pKa values of the
acidic residues become upshifted for 𝛼-synuclein. Paper II presents studies of
two 𝛼-synuclein fibril morphologies of different solubility and stability formed
under identical conditions. It includes studies of the interaction of monomers
with the fibrils and shows that with time, the samples will become dominated
by the more stable morphology. In paper III, we study the role of 𝛼-synuclein-
DNAJB6 co-aggregation in amyloid suppression. The focus of paper IV is to
improve and optimize the cross-linking method PICUP that can be used in the
studies of oligomers. In paper V, we study the effect of the high number of
acidic residues within the C-terminal tail on 𝛼-synuclein aggregation, aiming
to better understand the pH dependence of the aggregation mechanisms. The
thesis ends with chapter 8, where the findings are synthesized.

This thesis follows a top-down structure, starting with broader concepts and
moving to increasingly detailed analysis both within and across chapters. Al-
though the chapters are interconnected, they can more or less stand-alone, al-
lowing readers to focus on specific concepts of interest.

I hope this overview helps you navigate through the journey of my work.
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Chapter 1

From proteins to amyloids

1.1 Proteins

Proteins, the miniature workhorses of life, were first named in 1838 by the
Swedish scientist Berzelius, after the Greek word ”proteios,” meaning ”of first
rank”1,2. These fundamental components of life are crucial for the structure, reg-
ulation, and function of all living organisms. Protein molecules continuously
work to sustain our existence. They have evolved under selective pressure to ful-
fill myriad unique functions, including catalyzing biochemical reactions, regu-
lating their own production through gene expression, facilitating transportation,
signaling, participating in immune responses, providing structural support, and
enabling muscle contraction1.

Proteins are composed of one to several linear and non-branched heteromolecu-
lar chains, termed polypeptide chains. These chains are constructed from build-
ing blocks known as amino acid residues. There are 20 main amino acids, each
with distinct chemical properties. Amino acids are commonly grouped into:
polar-charged, polar-non-charged, and hydrophobic residues. They can be ar-
ranged into diverse sequences of different lengths. Despite the seemingly mod-
est number, the combinations of these building blocks can produce an aston-
ishing variety of polypeptide chains. These linear chains of amino acid residues
is referred to as the primary structure of the proteins1,3,4
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Chapter 1: From proteins to amyloids

1.2 Protein folding and misfolding

Protein folding is a process where the primary structure of a protein, i.e., its
amino acid sequence, dictates the intricate arrangement of its polypeptide chain
into its native tertiary structure1,3–5. Different segments of the polypeptide
chain either locally fold into secondary structures, such as 𝛼-helices and 𝛽-
sheets, or remain largely unstructured (loops or random coils) 1,3,4. While the
native three-dimensional structure is the functional form of most proteins, some
proteins do not fold into well-defined structures and instead stay predominantly
unfolded and unstructured. Such proteins are classified as intrinsically disor-
dered proteins (IDPs) and are commonly found to play important roles in var-
ious essential cellular functions such as signaling and regulation6.

Protein folding is a reversible process, where folded proteins may unfold or
denature under specific conditions7–13. Studying the denaturing propensities of
proteins provides insights into the stability of the protein structure relative to
the unfolded state5. Proteins can also misfold and transit into a separate solid
phase consisting of aggregates, such as amorphous aggregates and amyloids 14,15.

The complex process of protein folding can be conceptually visualized by the
schematic representations of protein folding funnels, where the depth of the
funnel - y-axis - represents the free energy, and the width of the funnel (x-axis)
represents the entropy. This energy landscape contains many energy minimum
of varying stabilities, where the proteins pass through various local minima on
their way toward the energy minima of a native structure. When proteins fold,
they travel from the top of the funnel, from an unfolded conformation with
high free energy and high entropy, down to lower energy minima with narrower
wells, representing lower free energy and entropy14,16,17.

Aggregated states, such as amorphous aggregates and amyloids, are highly stable
and represent separate energy minima from the native structure. At concentra-
tion above the critical aggregation concentration, they can be visualized as a
separate but connected energy funnel, known as the aggregation funnel 14,16–18.
The energy minima of the aggregation funnel can be lower than that of the fold-
ing funnel and may consist of several local minima, representing aggregates of
different structures (different morphologies) of different stabilities 18.
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1.3 Amyloid fibrils

1.3 Amyloid fibrils

Misfolding of proteins into amyloid fibrils is linked to several pathological con-
ditions, such as 𝛼-synuclein in Parkinson’s disease, amyloid-𝛽-peptide (A𝛽) and
tau in Alzheimer’s disease, polyQ in Huntington’s disease and Islet amyloids
polypeptide (IAPP) in type II diabetes 18–25. The word amyloid originates from
early studies on pathologically associated protein aggregates that showed sim-
ilar staining properties to starch (amylose, or in Greek amylon)26–28. As life
expectancy rises, neurological diseases linked to the pathological formation of
amyloid structures are becoming more prevalent. Therefore, an increased under-
standing of the mechanisms and factors underlying these diseases has become
more crucial than ever.

The formation of amyloid fibrils is a reversible, non-covalent, self-assembly pro-
cess. Amyloid fibrils are highly stable, linear, non-branched, and hierarchical
structures 14,18,29–39. The characteristic of amyloid fibrils is their cross-𝛽 X-ray
diffraction pattern that originates from its highly ordered core40. The core is
comprised of monomers that misfold into 𝛽-strands oriented perpendicular to
the fibril axis, which, through intermolecular hydrogen bonding form 𝛽-sheets
aligning parallel to the fibril axis (figure 1.1) 18,29–39. The ability to form this
characteristic cross-𝛽 fibril core has been suggested to be a common inherent
property shared between proteins, and thus independent of the amino acid se-
quence28,41.

Amyloid structures can be visualized as long single stranded ”ropes” twisted
around each other. Each individual ”rope” is built from stacking of identi-
cal planes, where the number of molecules per plane can vary. Stacking the
planes on top of each other generally results in a slight twist with its handed-
ness governed by the peptide chirality, resulting in a overall helical structure
42. The arrangement of molecules within these ”ropes” can vary between differ-
ent amyloid proteins. For instance for 𝛼-synuclein amyloids, each plane usu-
ally consist of one molecule35,36,43 while for instance A𝛽 amyloids often consist
of two molecules per plane44–46. Within the literature, the terms ”filament”
and ”protofilament” are used interchangeably to describe these single-stranded
rope-like structures. A single fibril is most commonly built up by packing of
more than one ”rope” twisting around each other33–36,38,42,43,47. However, single-
stranded fibrils (only one rope or filament) have been documented43. The di-
ameter thus varies and depends on the type of proteins, how the monomer folds
within a filament, the number of monomers within each plane of a filament, and
how different filaments arrange together into the amyloid fibrils. The diameter
of amyloid fibrils is commonly found to be between 5-20 nm and the fibrils can
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Figure 1.1: Schematic illustration of amyloid fibrils, emphasizing their linear, non-
branched and hierarchical structures. A) Cryo-TEM images of a sample consisting of
amyloid fibrils. B) Schematic illustration of a single amyloid fibrils. C) Illustration
showing a cross-section of a fibril consisting of two filaments (view from the top). D)
Illustration of the cross-𝛽-structure in the fibril core. The monomers within a fibril
misfold into 𝛽-strands oriented perpendicular to the fibril axis. Through intermolecular
hydrogen bonding, the 𝛽-strands from neighbouring monomers form 𝛽-sheets running
parallel to the fibril axis.

comprise thousands of monomers and have a length of several micrometers42.

The interior of amyloid fibrils is generally dominated by hydrophobic and polar-
noncharged residues33,36,37,39,42. In literature, hydrophobic interactions and hy-
drogen bonding have been predominantly reported as the two main stabilizing
interactions involved in amyloid fibril formation48,49. However, energy contri-
butions from hydrogen bonds most likely remain relatively unchanged between
the monomeric and fibrillar states as long as the potential hydrogen bonding
sites are satisfied through hydrogen bonding with water or other hydrogen bond-
ing groups in the same or neighboring peptides. Charged and polar residues are,
on the other hand, commonly situated at the fibril surface, where electrostatic
interactions have been found to modulate fibril stability and interactions with
the fibril surface (introduced further in chapter 4)50–56.
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1.4 Amyloid fibril morphologies

Over the last decade, the number of solved structural models of amyloid fibrils
has increased drastically due to advances within structural biology, particularly
in solid state NMR spectroscopy and cryo-electron microscopy33,35–37,43,45,46,57.
Despite the shared characteristics of amyloid fibrils, an enormous conforma-
tional diversity exists among different amyloid structures. This diversity is ob-
served between fibrils originating from different proteins/peptides and among
those formed by the same protein/peptide (figure 1.2). These different amyloid
fibril structures can be referred to as different fibril morphologies42. The for-
mation of the different fibril morphologies is dependent on solution conditions
such as pH, ionic strength, temperature, type of buffer, and presence of other
molecules 18,33,34,43,58.

10Å

Hydrophobic
Polar

Acidic
Basic

A) B) C) D)

E) F) G) H)

Figure 1.2: Comparison of solved high-resolution structural models of 𝛼-synuclein
amyloid fibrils. Examples of the variability within different fibril morphologies of re-
combinant 𝛼-synuclein are shown. PDB-IDs: A) 8pix (ordered residues: 33-97) B)
9ck3 (ordered residues:15-22, 36-97) C) 6h6b (ordered residues: 38-95) D) 6cu8 (ordered
residues: 48-83) E) 9fyp (ordered residues: 35-98) F) 6sst (ordered residues: 14-25, 36-
98), G) 8pk4 (ordered residues: 2-96), H) 2n0a (ordered residues:(27-30, 43-97). All
models were solved using cryo-electron microscopy exept for model H that was solved
using solid state NMR spectroscopy and only shows a single filament. All structures are
of a full-length 𝛼-synuclein, exept for C that is of a 1-121 mutant. All illustrations are
obtained from the Amyloid Atlas 202442,57.

5



Chapter 1: From proteins to amyloids

Different morphologies may have different intra- and/or inter-molecular con-
tacts, which can be seen by differences in packing of the monomer into fila-
ments (on an atomic level) and/or by differences in packing of filaments into
the mature fibrils (figure 1.2) 18,34,42,43,57,59. Such differences may result in fibril
structures with different characteristics, which can be seen as differences in the
node-to-node distance (e.g., straight or curly), length, filament packing, and
the number of filaments within the mature fibrils (diameter) 18,34,58,60,61. Amy-
loid fibrils of different morphology can thus have different surface properties;
this was documented in paper II.

The formation of different morphologies from identical proteins can also oc-
cur under identical conditions, in cases of similar nucleation barriers for the
morphologies. Samples consisting of more than one morphology are termed
polymorphic (paper II) 33,34,43,59,61,62.
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Chapter 2

Amyloid fibril formation

Extensive research has been done in the last decades to understand the micro-
scopic processes underlying amyloid fibril formation63–66. The focus of this
chapter is to introduce the different macroscopic and microscopic kinetic pro-
cesses that may exist, as well as introducing the formation of pre-nucleation
species during amyloid fibril formation. The effect of molecular chaperones on
the aggregation of amyloidogenic proteins will also be covered, with a specific
focus on DNAJB6b.

2.1 Mechanism and kinetics of amyloid formation

Kinetic analyses provide a fundamental framework to conceptualize and mech-
anistically understand the self-assembly process of amyloid fibril formation
66,67. Using various in vitro bulk measurement techniques, such as fluorescence
and NMR spectroscopy, the accumulation of fibril mass or decrease in free
monomer concentration can be monitored over time. A macroscopic charac-
terization of the aggregation can be obtained from such measurements. The
formation of amyloid fibrils generally follows a sigmoidal curve, which can, on
a macroscopic level, be divided into a lag phase, a growth phase, and a plateau
phase (figure 2.1). The midpoint of the sigmoidal curve corresponds to the half-
time (t1/2) and can be defined as the time it takes to reach 50% of the total signal
change. This is, in principle, the same as the time point at which the concentra-
tion of monomers incorporated into fibrils reaches 50% of the total change in
monomer concentration between the initial state and the final plateau.65,66,68

(figure 2.1). Throughout the aggregation process, the system is predominantly
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Figure 2.1: Schematic representation of a sigmoidal aggregation curve that reports on
the accumulation of fibril mass. Such an aggregation curve can be obtained for example
by monitoring a change in the fluorescence of a reporter dye, e.g., Thioflavin T (ThT).
In such case, the monomer concentration at each given time point is proportional to the
inverse of the fluorescence intensity, relative to the initial signal, plus the solubility. The
y-axis represents the fluorescence intensity, where Imax corresponds to the fluorescence
intensity at the plateau phase (the maximum amplitude). The x-axis represents the time,
where t1/2 corresponds to the time it takes to reach 50% of the maximum amplitude signal
relative to the initial signal.

populated by monomers and fibrils, while the concentration of other species,
such as oligomers, is much lower65.

The formation of amyloid fibrils involves several dynamic microscopic processes
that can be divided into primary nucleation, secondary nucleation, fragmenta-
tion, and elongation (figure 2.2). The different microscopic processes can occur
simultaneously during all three different macroscopic phases of amyloid forma-
tion, i.e., all the microscopic processes can co-occur from the initial formation
of the first nucleus69. The different macroscopic kinetic parameters, e.g., lag-
time, maximal growth rate, and half-time, therefore, depend on the rate con-
stants of the different microscopic processes. The extent (rates) to which each
microscopic process occurs varies across the macroscopic phases of the aggrega-
tion64,65. Kinetic analysis is a valuable tool for studying the effect of intrinsic
and extrinsic factors on the aggregation mechanism. Some examples of extrinsic
factors include pH, temperature, ionic strength, small molecules, chaperones,
nanoparticles, and other surfaces. Intrinsic factors involve aspects regarding the
protein sequence itself, like truncation and mutations65,70.
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2.1 Mechanism and kinetics of amyloid formation

Amyloid fibril formation is a linear non-covalent self-assembly process and can
be viewed as a phase transition, where the protein or the peptides transition
from a solution phase (monomers) to a solid phase (fibrils) 15,71.

2.1.1 The microscopic kinetic processes

The nucleation process involves the formation of a critical nucleus, defined
as the smallest nucleated unit that can further grow into mesoscopic struc-
tures. Nucleation occurs when a system is put into a non-equilibrium state;
for instance, a protein solution becomes unstable at conditions where the total
monomer concentration exceeds the solubility (S) - the critical concentration
(𝑐c) - of the protein molecule. Above the solubility limit, the most stable state
consists of monomers in solution, at the critical concentration, coexisting with
aggregated species (fibrils) (introduced further in chapter 5)68,72. This section
focuses on introducing the different nucleation and growth processes involved
in amyloid fibril formation, when the total concentration of the amyloidogenic
protein is above its solubility limit.

Primary nucleation involves the spontaneous formation of stable critical nuclei
from monomers, where the addition of monomers is more favorable than dis-
sociation of the monomers. Primary nucleation depends on the monomer con-
centration66 and can be either homogeneous or heterogeneous. Homogeneous
primary nucleation occurs in bulk, and heterogeneous primary nucleation oc-
curs on external surfaces or interfaces, such as liquid-air interfaces, liquid-liquid
interfaces, lipid membranes, sample container surfaces, and fibril surfaces orig-
inating from other proteins68,73–82.

Another type of homogeneous nucleation process is secondary nucleation. It
occurs on the surface of existing fibrils formed from identical monomers. Sec-
ondary nucleation is dependent on both the monomer concentration and the
fibril concentration. Due to the increase in fibril concentration throughout the
aggregation process, secondary nucleation becomes an auto-catalytic process,
resulting in a close to exponential growth66,69,83. This is in contrast to hetero-
geneous primary nucleation that occurs on an external surface and is not an
auto-catalytic process66,68,76,84,85. Another secondary process is the fragmenta-
tion of already existing fibrils, resulting in an increased number of fibril-ends.
Fragmentation is only dependent on the fibril mass66. Lastly, the fibril growth
process, elongation, involves the addition of monomers to fibril ends and is
therefore dependent on both the monomer concentration and the concentra-
tion of fibril ends66.
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Figure 2.2: A schematic illustration of the microscopic kinetic processes of amyloid fib-
ril formation: primary nucleation, secondary nucleation, elongation, and fragmentation.
Monomers free in solution are represented by red curved lines, monomers within pre-
nucleation species (such as oligomers and liquid condensates) are represented as green
spheres, and blue ellipsoids represent monomers within post-nucleation species (amy-
loid fibrils).

Primary nucleation and elongation are the two microscopic processes that are
essential for fibril formation to occur from a pure monomeric sample (Figure
2.2). However, secondary processes significantly enhance the rate of amyloid
fibril formation by affecting the number of existing fibrils, and thereby increas-
ing the fibril surface and fibril ends65.

Due to the secondary nucleation aggregation mechanism being an auto-
catalytic process, the generation of nuclei from secondary nucleation can
quickly exceed the number of nuclei generated through primary nucleation.
A consequence of this is that the addition of pre-formed fibrils, referred to as
seeds, to a supersaturated monomeric solution in vitro bypasses the need for
primary nucleation to happen, as the seeds serve as templates, which can lead
to exponential growth through secondary nucleation19,86. This can be further
explained by the energy barriers for primary nucleation being higher than for
secondary nucleation and elongation (figure 2.3)87.

There is strong evidence that secondary nucleation also occurs in vivo76,88,89,
which thus can lead to an exponential increase of pathological amyloids within
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Figure 2.3: Schematic illustration showing the energy barriers of the individual molec-
ular mechanisms. The energy barriers differ, where the activation energy for primary
nucleation is higher than for secondary nucleation and elongation.

living systems. Increased knowledge of ways to slow down and inhibit sec-
ondary nucleation is therefore crucial for drug development.

2.2 Pre-nucleation species

As mentioned earlier, amyloid fibril formation can be viewed as a phase tran-
sition, where protein or peptides transition from a solution phase (monomers)
to a solid phase (fibrils) 15,71. Nucleation is the first step in the transition of the
monomers from a solution phase to a solid phase. We have all witnessed phase
transitions in our everyday lives. A common example of a gas-liquid phase tran-
sition is the water droplets we see on our windows after a cold night. The water
droplets result from a phase transition of water vapor in the air to a liquid phase
due to cooling at night. The liquid water can then further transit into a solid
phase during freezing. The nucleation of water molecules into water droplets is
a one-step process that follows the classical nucleation theory, where the energy
landscape has only one transition state, and the molecules are, thus, either in
the gas phase or a part of the liquid phase68,90.

However, the nucleation of amyloid proteins is more complex and does not fol-
low the classical nucleation theory. It follows a non-classical nucleation theory
where the energy landscape is characterized by multiple transition states, involv-
ing the formation of various transient intermediates or pre-nucleated species,
such as oligomers and liquid condensates68. These intermediates modify the
free energy landscape so that the free-energy barriers for nucleation become
lower, leading to a phase transition of monomers from a solution phase into a
solid phase via the formation of a critical nucleus. However, not all intermedi-
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Chapter 2: Amyloid fibril formation

ates do promote an easier way of nucleation. These concepts will be introduced
further in the following paragraphs.

2.2.1 Oligomers

Studies suggest that oligomers play a significant role as intermediate species in
the nucleation processes (figure 2.2). Oligomers form through the self-assembly
of monomers into various structures that are transient in nature as well as smaller
and structurally distinct from the amyloid fibrils 85,91–96. Compared to amyloid
fibrils, oligomers are usually less structured, consisting of fewer 𝛽-sheets and
having more hydrophobic surface85,94,97. The lifetime or the kinetic stability
differs over oligomeric species where the relative values of the association and
dissociation rate varies96. Oligomers are heterogeneous species, and different
oligomeric structures with distinct characteristics are found within the same
system93,95,96.

Oligomers can be viewed as pre-nucleation species where structural conversion
steps are essential in order for them to nucleate into a critical nucleus. The
structure of a critical nucleus is compatible with amyloid fibrils and can thus
further grow through elongation93. The growth rate of oligomers is lower than
for the post-nucleated species, and the concentration of oligomers relative to
monomers and fibrils is low93,96.The likelihood of structural conversion to oc-
cur varies between the different oligomeric structures95,96,98. This phenomenon
has recently been described by a new quantitative framework where different
oligomeric structures can be given a value (pathway index) on the scale of 0 to
1, representing how much they contribute to amyloid fibril formation95. The
monomers found within oligomeric structures with a low chance of undergoing
structural conversions are thus more likely to end up within an amyloid fibril
structure through dissociation from such oligomeric structures and the forma-
tion of new oligomeric structures with a higher propensity of structural conver-
sion. The structural conversion of oligomers in solution into more ordered and
stable amyloid structures can be viewed as a liquid-solid phase transition, where
the oligomeric structures transit from solution into a solid phase68.

Oligomers can form within the process of both homogeneous and heteroge-
neous primary nucleation as well as secondary nucleation. As secondary nu-
cleation is an auto-catalytic process, the number of oligomers formed through
secondary nucleation can be many times the number of oligomers originating
from primary nucleation83,85,87,98,99.

In contrast to monomers and fibrils, oligomers are believed to be central to the
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pathology of amyloid diseases where they have been identified as the primary
toxic species in amyloid aggregation91,99–104. The different oligomeric structures
have been found to differ in toxicity. Properties such as the hydrophobic nature
of oligomers have been found to disrupt membranes and thus are a potential
cause of their toxicity 101,104,105. An increased understanding of oligomers and
their link to cell toxicity is, thus, essential. Ways to suppress the number of
oligomers formed through, for example, secondary nucleation, are, thus, im-
portant for limiting disease progression. However, the detection and character-
ization of oligomers are challenged by their transient nature and low abundance
relative to monomers and fibrils (chapter 6.8)83,93,97. Differences in the lifetime
of the various oligomeric species can result in oligomeric species of higher sta-
bility and longer lifetime being more accessible and thus more easily examined
by the experimental method, causing a bias towards such oligomers97. Meth-
ods that can be used for capturing the different oligomeric structures are thus
necessary (see more chapter 6.8). Utilizing various methods within the study of
oligomers can be helpful as established methods could report on distinct groups
of oligomers93. This concept is central to paper IV, where we optimized and
improved a previously established method that can be used to study oligomers
formed during the process of amyloid fibril formation. This method is named
Photo-Induced-Crosslinking of Unmodified Proteins (PICUP)106,107.

2.2.2 Liquid like condensates

The formation of liquid condensates is an example of a liquid-liquid phase sep-
aration of a dilute liquid phase and a dense liquid phase108–111. In recent years,
such phase separation has more frequently been found to be involved in numer-
ous cellular functions; for example, liquid condensates play a role in the organi-
zation of intracellular spaces within the cell and function as non-membrane
bound organelles 112–115. Liquid condensates are dynamic and transient self-
assemblies, and within the cell, they can consist of various bio-molecules, such
as protein and RNA109,112–114.

Lately, liquid condensates have also been associated with human diseases, where
they have, for example, been recognized as playing a part in the nucleation pro-
cess of amyloidogenic proteins 114,116,117. Proteins with intrinsically disordered
regions have been found to be prone to undergo liquid-liquid phase separa-
tion, and many of these proteins are linked to amyloid diseases, such as tau in
Alzheimer’s and 𝛼-synuclein in Parkinson’s disease79,112,114,116,118–120. This devel-
opment brings a fresh perspective to the amyloid field, where the formation of
liquid condensates is associated with nucleation and phase transition of amy-
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loidogenic proteins, reshaping how we think about the underlying processes
involved in nucleation.

Compared with the dilute phase (bulk), the increase in local protein concen-
tration within the liquid condensates leads to an increased chance of protein-
protein interaction. Liquid condensates of high concentrations of amyloido-
genic proteins can, therefore, increase the chance of liquid-to-solid phase tran-
sition - nucleation68,79. The interactions between the molecules at an interface
differ from those in the dilute phase (bulk). The presence of liquid condensate
provides a interface that can serve as new heterogeneous nucleation points by af-
fecting the orientation of the molecules and thereby promoting conformational
changes and inducing nucleation68,79. Similar phenomena have been seen for
amyloidogenic proteins at fibril and lipid-vesicle surfaces, where particular ori-
entation is preferred and interaction of the molecules are affected78,121–126. There
is evidence that the nucleation of amyloidogenic proteins is prone to start at the
interface of the condensates and then grow towards the middle of the conden-
sate, giving rise to an in-homogeneous phase of liquid (monomers) and solid
species (fibrils) (until the condensate becomes a gel) 109. By that said, conden-
sates have also been found to suppress aggregation and stabilize amyloidogenic
proteins68,79.

2.3 Amyloid formation in the presence of chaperones

Molecular chaperones are a group of proteins that play an essential role within
the protein quality system by promoting protein folding and preventing mis-
folding and protein aggregation127–131. Molecular chaperones have also been
found to slow down the process of amyloid fibril formation in vitro and in vivo
130,132–144. Which microscopic steps are predominantly affected is dependent on
both the type of the chaperone and the type of the amyloid protein, and which
species along the reaction pathway the chaperone binds to136–139,142–145. Chaper-
ones can also affect the solubility of the amyloid proteins as well as contributing
to the dissociation of already formed amyloid fibrils 130,144–149.

2.3.1 The molecular chaperone DNAJB6b

DNAJB6b (JB6) belongs to the family of DNAJ/Hsp40 molecular chaperones
135,150. In the human body, JB6 is present within multiple organs, including
brain neurons, where it has been found within the cytosol and the nucleus151–153.
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JB6 has been identified as a promiscuous inhibitor of amyloid fibril formation,
and in vitro it has been found to suppress the aggregation of several amyloido-
genic proteins, including A𝛽 peptide138,139,142–144,154,155 and polyglutamine pep-
tide140,143, by both decreasing the rate of aggregation and affecting the apparent
solubility 144. JB6 has been found to both interfere with the primary nucleation
and the secondary nucleation140,142–145. The decreased rate of primary nucle-
ation has been linked to the interaction between JB6 and oligomers of amy-
loidogenic proteins. These interactions may stabilize the oligomers and hinder
or slow down the structural conversion steps of primary nucleation138,142,145. The
potential effect of the chaperone JB6 on the stability and solubility of amyloido-
genic proteins will be further introduced in chapter 5.4.

JB6 has been found to form large polydisperse oligomers at concentra-
tions above its critical aggregation concentration143,156. Its smallest subunits
(monomers or dimers) have been found to exhibit the capacity to suppress
amyloid fibril formation138,154,156. The sequence and structure of JB6 can be
divided into three domains: the N-terminal domain (J-domain, residues 1-71),
a flexible linker (residues 72-184) and the C-terminal domain (residues 185-241)
139,143,157,158. The structure of the 𝛼-helical N-terminal domain and the 𝛽-sheet
rich C-terminal tail have been determined by NMR spectroscopy157. On the
other hand, the linker is less structured and has low sequence complexity. A
region corresponding to residues 155-195 contains a high number of serine and
threonine residues and is referred to as the S/T-rich region144,158. Previous in
vitro studies of JB6 have revealed that the elimination of serine and threonine
residues from this region reduces its ability to suppress the amyloid formation
of A𝛽40, A𝛽42 and polyglutamine peptides 138,144,159.

JB6 has been linked to reduced risk of Parkinson’s disease, with studies showing
reduced disease pathology and cell death in mouse and cellular models 132,160,161.
JB6 has been identified as a component within the core of Lewy bodies, and its
expression levels have been found to be elevated in Parkinson’s disease patients
151. The effect of the molecular chaperone JB6 on the aggregation of the amy-
loidogenic protein 𝛼-synuclein, linked to Parkinson’s disease (see chapter 3) was
studied in paper III. We compare the effect of the wild-type to that of a mu-
tant, where 18 serine and threonine residues have been substituted with alanine
residues. Furthermore, we study the effect of the chaperone on the apparent sol-
ubility of 𝛼-synuclein and detect the presence of co-aggregates of 𝛼-synuclein
and JB6.

15





Chapter 3𝛼-synuclein

The human 𝛼-synuclein is the protein of interest in this thesis. It is widely dis-
tributed within the nervous system, with a particularly high concentration in
the presynaptic terminals. 𝛼-synuclein has been found to interact with lipid
membranes, synaptic proteins, and synaptic vesicles 162–166. This is in accor-
dance with in vivo studies of 𝛼-synuclein, suggesting an involvement in diverse
functions, such as synaptic plasticity, neurotransmitter release, and regulation
of synaptic vesicle recycling. 162,167–171. The sequence of 𝛼-synuclein is highly
conserved within vertebrates; however, studies indicate that 𝛼-synuclein is not
essential for basal neuronal activity but instead plays an important role in main-
taining long-term normal neuronal function162,172.

Apart from its normal functions, the protein can also misfold, forming amyloid
fibrils and toxic oligomers. Within the nervous system, 𝛼-synuclein amyloid fib-
rils tend to accumulate into intracellular inclusion bodies, called Lewy bodies,
which are the pathological hallmark of synucleinopathies, such as Parkinson´s
disease 162,169. A progressive depletion of dopaminergic neurons in the substantia
nigra is characteristic of Parkinson´s disease, leading to a decrease in dopamine
production. The symptoms include decreased motor system function, such as
muscular rigidity and tremors. Examples of symptoms that do not regard the
motor system are sleep problems, reduced sense of smell, depression, and de-
mentia 168,173.
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Figure 3.1: Sequence and structure of 𝛼-synuclein. A) amino acid sequence, where
acidic residues are shown in red, basic in blue, hydrophobic in orange, and polar-non-
charged in black. B) Schematic representation of the distribution of the acidic (red),
basic (blue), hydrophobic (orange), and non-charged-polar residues (white). Above the
residue-illustration, the sequence is divided into three regions according to the properties
and residue distribution within the sequence: The N-terminal amphipathic region, the
central hydrophobic NAC region, and the C-terminal tail. At the bottom of the residue-
illustration, the sequence is divided into three regions according to how the monomer
misfolds into the fibril structure: the N-terminal tail, the fibril core, and the C-terminal
tail. The part of the sequence corresponding to the fibril core varies between solved
structures, ranging from residue 2 to 104. The C-terminal tail remains unstructured in
all solved structures (written at the end of 2024). C) A filament structure (PDB: 2n0a)
colored according to the distribution of acidic (red: Glu and Asp) and basic (blue: Lys
and His) residues. D) A filament structure is colored according to the three different
regions: N-terminal tail (blue), fibrils core (gold), and C-terminal tail (red). E) The
Schematic illustration of 𝛼-synuclein fibrils shows the tails forming a fuzzy coat around
the fibril core.
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3.1 The sequence of 𝛼-synuclein

3.1 The sequence of 𝛼-synuclein𝛼-synuclein consists of 140 residues and has a molecular weight of 14.5 kDa
172. The primary structure of 𝛼-synuclein is characterized by its asymmetric
charge distribution. Accordingly, the sequence can be divided into three regions:
a basic N-terminal amphipathic region (residues 1-65), a hydrophobic central
NAC (non-amyloid 𝛽 component) region (residues 66-95) and the acidic C-
terminal tail (residues 96-140) (figure 3.1) 172,174,175. The positive residues of the
sequence are mainly found within the N-terminal region, giving the region a
net positive charge (at pH below 9.5). There is a historical reason for the name
of the NAC region. A peptide with the corresponding sequence was found
within amyloid plaques purified from Alzheimer´s disease patients, and as not
being part of the A𝛽 sequence, it was thus consequently given the name non-A𝛽
component (NAC)176. The central NAC region mainly consists of hydrophobic
and non-charged polar residues, making it on overall hydrophobic. The C-
terminal tail, on the other hand, has a high number of acidic residues, or 15
acidic group (including the C-terminal end). This gives the C-terminal tail a
high negative charge at neutral pH, or -14. Even at pH 3.5, the net charge of the
tail is still slightly negative (see figure 4.2). The C-terminal tail has been found to
contribute significantly to charge regulation upon fibril formation, modulating
pH dependence and rate of aggregation, and to play an important role in intra-
and intermolecular interactions of 𝛼-synuclein (discussed further in chapter 4,
and paper I, II and V) 31,32,50,52,53,56,122,123,177–184. The distinct charge distribution
within the sequence, and thus the different net charge of the individual regions,
makes the protein highly polar.

Another characteristic feature of the 𝛼-synuclein sequence is that it consists of
seven imperfect repeats of eleven residues. The repeats span the N-terminal
and NAC region and are linked to the ability of 𝛼-synuclein to bind to lipid
membranes164,170,185.

3.2 The structure of 𝛼-synuclein

In its monomeric form, free in solution, the protein is intrinsically disordered
186. In contrast, when bound to membranes, a large part of the protein (or up
to the first ca. 95 residues) folds into an amphipathic 𝛼-helix 124,126,164,185,187,188.
Interaction and binding of 𝛼-synuclein to membranes is be believed to both
play a role in its normal and abnormal functions162,164,165,170,189–192.
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When considering 𝛼-synuclein in its fibrillar form, it is logical to divide the se-
quence based not only on its primary structure but also on how the monomers
assemble into fibrils or into the N-terminal tail, the fibril core, and the C-
terminal tail (figure 3.1) 32,37,42,43. This makes it easier to refer to the different
parts of the protein in its fibrillar form. The hydrophobic core has the structural
characteristic of amyloid fibrils described in chapter 1, with a cross-𝛽-structure.

The structure of the fibrils can vary between different morphologies, where the
exact packing of the monomers into the filaments (figure 1.2), as well as the
higher-order arrangement of the filaments into the mature fibrils, is dependent
on solution conditions, such as pH and ionic strength32,35–37.

The comparison of reported 𝛼-synuclein structural models (when this thesis was
written) reveals significant variability in the extension of the ordered fibril core
(figure 1.2)42,57. The starting residue can range from residue 2 to residue 43,
demonstrating considerable polymorphism among different fibril morpholo-
gies. The length of the N-terminal tail, thus, differs between reported structural
models but most commonly comprises residues 1 to ca. 37 (in recombinant
structures). In contrast, the C-terminal tail remains disordered and excluded
from the fibril core in all reported structural models. The exclusion of the highly
acidic C-terminal tail from the core appears to be a recurring feature. The ex-
act start of the C-terminal tail varies only slightly, and it is most commonly
found to start around residue 97-99. Figure 3.1 illustrates these variations, with
dashed lines representing the range of each region observed between different
structures.

To sum up, from reported structural models of 𝛼-synuclein fibrils it can be seen
that the highly acidic C-terminal tail, and most often a part of the slightly basic
N-terminal domain, are not a part of the ordered fibril core and instead form
a fuzzy coat around the fibril core32,35–37,57 The acidic C-terminal tail is of par-
ticular interest in this thesis (papers I, II, and V), as it is believed to contribute
significantly to electrostatic interactions during the amyloid formation of 𝛼-
synuclein. The contribution of the C-terminal tail to electrostatic interactions
and its different interaction modes will be introduced in further detail in chap-
ter 4, focusing on its role in electrostatic interactions in 𝛼-synuclein amyloid
fibril formation.
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3.3 The formation of 𝛼-synuclein fibrils

The rates of heterogeneous nucleation and homogeneous secondary nucleation
are much higher than the rate of primary nucleation. The rate of homogeneous
primary nucleation of 𝛼-synuclein is so extremely low50,73,80 that spontaneous
nucleation of 𝛼-synuclein in bulk has up to my knowledge only been detected at
extreme conditions: such as at high ionic strength (400 mM sodium phosphate)
193 or high concentrations of 𝛼-synuclein within liquid condensates (in the mM
range) 120. On the other hand, heterogeneous primary nucleation and homoge-
neous secondary nucleation has been well documented, where the presence of
heterogeneous surfaces (e.g., nano-particles75, liquid-liquid and air-water in-
terfaces73,79,80, and lipid membranes81,82,194) and existing fibril surface (seeds)
50,53,195 has been found to catalyze nucleation.

Elongation and secondary nucleation are the main microscopic processes
present at quiescent conditions. The aggregation kinetics of 𝛼-synuclein is
highly dependent on solution conditions, where the secondary nucleation rate
is strongly dependent on pH. In contrast, the rate of elongation is altered to a
lesser extent50,53,195,196. The pH dependence of fibril formation of 𝛼-synuclein
will be addressed further in chapter 4, focusing on the role of electrostatic inter-
actions.
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Chapter 4

The role of electrostatic interac-
tions in 𝛼-synuclein fibril forma-
tion

Electrostatic interactions are essential in protein studies. Although hydrophobic
interactions are the most significant contributors to protein folding and stabil-
ity, electrostatic contributions can be crucial for the solubility of proteins and
intrinsic and extrinsic protein interactions, modulating their stability, structure,
flexibility, and function197–202.

“Since proteins are only marginally stable at room temperature,
no type of molecular interaction is unimportant, and even small
interactions can contribute significantly (positively or negatively)
to stability5” (Dill, 1990).

Electrostatic interactions are manifested in different ways, and are highly de-
pendent on pH and ionic strength by affecting the charge state of interacting
species and modulating the strength of the interactions5. In the context of pro-
teins, charges are usually found on the surface5. Electrostatic interactions can
be long-range, short-range, attractive and repulsive. Long-range electrostatic
interactions depend more on the net charge of the protein while short-range
electrostatic interactions depend more on the charge distribution of the pro-
tein. Electrostatic interactions have been found to have a significant role in
the stability and formation of large self-assembled protein structures, such as
amyloid fibrils and virus capsids50,54,202.
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Long-range repulsive and non-specific electrostatic interactions (Coulombic in-
teractions) between like charges can be essential for the solubility and stability
of proteins in opposite means. Increased electrostatic repulsions within a pro-
tein molecule most often destabilize the folded protein, promoting unfolding.
At the same time, increased electrostatic repulsions between protein molecules
stabilize the protein towards aggregation. In other words, increased electrostatic
repulsions counterbalance attractive interactions between protein molecules, de-
creasing their propensity to aggregate and thus increase their solubility5,200. In
the case of amyloid fibrils, increased electrostatic repulsions may both decrease
the chance of monomer-monomer association as well as decrease the stability
of the amyloid structure, shifting the monomer-fibril equilibrium towards free
monomers, and thus increasing the solubility.

Electrostatic interactions can be crucial for protein function5,200. For example,
enzyme activity and ligand binding can be modulated by changes in electro-
static interactions200,203. The formation of ion pairs (e.g., salt bridges) between
oppositely charged amino acid residues is an example of short range interac-
tions200. The contribution of short-range charge-charge interactions to protein
stability is debated. However, studies have shown that an increased number
of favorable charge-charge interactions (salt bridges) are generally found within
proteins from thermophiles (organisms adapted to higher temperatures) com-
pared to proteins from mesophiles (organisms adapted to moderate tempera-
tures), contributing to higher stability200,202,204,205. Attractive patchy protein-
protein interactions are another example of attractive electrostatic interactions
206–208.

Electrostatic interactions between protein molecules can also be highly direc-
tional207. Such directionality can, for example, be seen in the case of 𝛼-
synuclein, where preferential interactions have been found between the N-
terminal region of the monomers with the negatively charged fibril surface and
vesicles 53,121–123. The highly segregated primary structure and polarized nature of𝛼-synuclein, thus, results in a complex combination of electrostatic interactions
that affect the misfolding of the protein into amyloid fibrils. A fundamental un-
derstanding of those interactions can thus be crucial for understanding the amy-
loid formation of 𝛼-synuclein. In this thesis, the role of electrostatic interaction
in the amyloid fibril formation of 𝛼-synuclein is of particular interest.
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4.1 The fundamentals of pH and pKa values

In this part of this chapter, fundamental concepts for understanding electro-
static interactions will be introduced. This includes a general description of
acid-base equilibrium, auto-ionization of water, the definition of pH, pKa val-
ues of amino acid residues and pKa perturbations.

4.1.1 Acid-base equilibrium

According to the definition of acids and bases given by the Swedish scientist
Svante Arrhenius in 1880, the concentration of H+ increases while acids are
dissolved in water and the concentration of OH- increases while bases are dis-
solved in water. Later, or in 1923, a more general definition of acids and bases
was given by the Danish scientist Johannes Brönsted and the English scientist
Thomas Lowry. The Brönsted-Lowry theory describes that acid-base reactions
involve a transfer of protons between compounds, where an acid is the proton
donor and a base is the proton acceptor:209,210

HA(aq) +H2O(l) −−−⇀↽−−− H3O
+(aq) + A−(aq) (4.1)

Equation 4.1 is a simple example of such an acid-base reaction where the acid
HA (proton donor) reacts with water (proton acceptor) and forms the conju-
gated base A- (proton acceptor) and hydronium ion (proton donor). The equi-
librium of a chemical reaction is given by its equilibrium constant, 𝐾, which
gives the amount of each reaction component at equilibrium and is a measure
of the tendency of a compound to donate or accept a proton. In the case of
acids and bases, the equilibrium constant is referred to as the acidic dissocia-
tion constant, 𝐾a, and the basic dissociation constant, 𝐾b. The equilibrium of
the acid-base reaction shown in equation 4.1 is described as209,210:

𝐾T
a = {H3O

+(aq)}{A−(aq)}{HA(aq)} (4.2)

where 𝐾T
a is the thermodynamic acid dissociation constant and { } denotes ac-

tivities. Calculating the equilibrium constants from activities corrects for inter-
actions between ionic groups and incomplete hydration that can occur at higher
concentrations. However, with dilution the system approaches ideal behavior
and the concentration-based acid dissociation constant, 𝐾C

a , approaches the
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thermodynamic acid dissociation constant, 𝐾T
a

211,212. At infinite dilution the
concentration-based constant is equal to the thermodynamic constant:

𝐾T
a = 𝐾C

a = [H3O
+(aq)][A−(aq)][HA(aq)] (4.3)

where [ ] denotes concentrations.

4.1.2 Auto-ionization of water

Water is an amphiprotic solvent, meaning it can behave as an acid and a base
(see equation 4.1. This property makes water the most common acid and base
in living systems. Water can thus ”react” with itself - which is referred to as the
auto-ionization of water:

2 H2O −−−⇀↽−−− H3O
+ +OH− (4.4)

The equilibrium constant for the auto-ionization reaction of water, referred to
as 𝐾w can be described as:

𝐾w = [H3O
+][OH−] = 1.008 × 10−14 (at 25°C) (4.5)

The equilibrium constant, 𝐾w, is very low, which means that a very low fraction
of water is ionized. This means that in pure water (55.5 M) at neutral pH, the
concentration of H3O+ equals 1.0× 10−7 M. Despite this low molar ratio, this
is a critical phenomenon (see 4.1.3)209,210,213.

4.1.3 pH values

The equilibrium constant for auto-ionization of water is the foundation of the
pH scale. The pH is the negative logarithm of the concentration/activity of
hydronium ions [H3O+]:

pH = − log10[H3O
+] (4.6)

In neutral solutions, where the concentration/activity of H3O+ and OH- is
equal, the pH is 7:

26



4.1 The fundamentals of pH and pKa values

pH = − log10[1.0 × 10−7] = 7 (4.7)

The concentration of hydronium ions increases while weak acids are dissolved in
water, opposite to when weak bases are dissolved in water. The concentration of
[H3O+] in a system is determined by the dissociation constants of all ionizable
groups in a system4,209,213.

Hydronium ions and hydroxide ions move extremely fast in solution. Their
movement has been described as ”proton” hopping. Individual ions do not
move; instead, the protons ”jump” and are relayed over the hydrogen-bonded
water network, making the net movement over a long distance very fast. Due to
this fast movement, acid-base equilibrium in solution is reached very fast, and
pH can thus be described as a system property4.

4.1.4 The relationship between pH, Ka and pKa

The pKa values of ionizable groups are defined as the negative logarithm of the
acid-dissociation constant, Ka;

p𝐾a = − log10[𝐾a] (4.8)

Acids and bases can be categorized as either strong or weak. Strong acids and
bases dissociate nearly completely into their ionized forms, thus having a very
high equilibrium constant. An example is the strong acid HCl, that has an Ka
of 1.3 × 106 and thus a very low pKa value of -6. This is different from weak
acids that do not fully dissociate in water. An example is acetic acid that has an
Ka of 1.8 × 10-5 of and a pKa value of 4.7. As acids and bases become stronger,
the conjugate bases and acids become weaker, respectively209,213.

The determination of pKa values is based on the measurement of pH as a func-
tion of a certain parameter; a common example is potentiometric titration. Po-
tentiometric titration is a method where the pH of a sample containing the
solute of interest is measured upon known additions of a titrant (commonly
strong acids or bases), resulting in a characteristic sigmoid curve. An example
of a titration of acetic acid, where the pH of the sample was measured upon
known addition of HCl, is shown in figure 4.14,209,214.

The midpoint of the titration curve (the inflection point) is where half of the
acid has dissociated into its conjugate base, i.e., where the degree of protonation
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[ CH3COOH] = [ CH3COO-]
p!a = 4.7
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volume of titrant (0.1M NaOH)
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Figure 4.1: Potentiometric titration of 10 mM acetic acid. The part of the titration
curve corresponding to the the buffer region is marked with a gray box. The pKa value
of acetic acid corresponds to the pH valule at the inflection point of the sigmoidal curve
(red dashed line), where [CH3COOH] = [ CH3COO-], or pH = 4.7 (this is experimental
data).

is 0.5. The degree of protonation (Q) of an acid is defined as:

𝑄 = [HA][HA] + [A−] = [H+][H+] + [𝐾a] (4.9)

The pH at the point where Q = 0.5 corresponds to the pKa value of the acid.

This is expressed with the Henderson-Hasselbalch equation that gives the re-
lationship between pH and pKa values as well as the ratio of the acid and its
conjugate base in dilute solutions214:

pH = p𝐾a + log [A−][HA] (4.10)

From equation 4.10 it can be seen that 90% of a acid is dissociated at one pH
unit above the pKa, while only 10% is dissociated at one pH unit below the pKa.

28



4.1 The fundamentals of pH and pKa values

While 99% and 1% is dissociated at 2 pH units above and below, respectively.
The part of the titration curve corresponding to the resistance to pH change is
referred to as the buffer region and is fundamental when making a buffer system
(gray box in figure 4.1). The width of the buffer region may change in coupled
systems containing more than one titrating group (cf. below).

4.1.5 pKa values of amino acid residues

Electrostatic interactions within and between proteins are predominantly due
to the titratable side chain groups (as well as the C- and N-termini). Seven of
the 20 amino acids are weak acids or bases with a titratable side-chain group.
Those are the acidic residues: aspartic acid (Asp, D) and glutamic acid (Glu,
E); the basic residues: lysine (Lys, K), arginine (Arg, R), and histidine (His,
H); the hydrophobic and hydroxyl-containing residue tyrosine (Tyr, Y); and
the thiol group-containing residue cysteine (Cys, C). The N- and C-terminus
of proteins also have a titratable group. For residues Asp, Glu, Tyr, and Cys, the
degree of negative charge species becomes greater at pH above their pKa value.
The opposite holds for His, Lys and Arg, where the degree of positively charged
species is greater at pH below their pKa value4,199,213,215,216.

Proteins are thus large heteropolymers that can consist of numerous ionizable
groups. The charge state of individual titratable residues and thus the net charge
of the protein is determined by their pKa values, which are also affected by the
electrostatic environment (such as pH, ionic strength, and proximity of other
ions) (see chapter 4.1.6) 199,216. The surface of folded proteins and amyloid fib-
rils can thus consist of regions of different charge and hydrophobicity. Such
anisotropic patterns have been found to affect protein-protein interaction, as
well as result in direction-dependent inter-molecular interactions53,207,208. De-
termination of the pKa values of protein molecules provides valuable informa-
tion and can be important for understanding their behavior, as well as getting
insightful information about their electrostatic environment.

4.1.6 pKa perturbations

Despite the pKa value being referred to as the negative logarithm of the disso-
ciation ”constant”, it can be highly influenced by the presence of other ions,
the type of solvent, and temperature214. Such changes in pKa values are of-
ten referred to as pKa perturbations or pKa shifts216. Perturbations on pKa
values of amino acid residues within proteins have been studied substantially
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Table 4.1: Comparison of unperturbed and perturbed pKa values of amino acid
residues. A) Values were determined using various model compounds and corrections
were done to yield pKa values of unperturbed groups 219. B) Values were determined
using uncharged alanine pentapeptide ala-ala-X-ala-ala 215,216 C) Values were determined
using a random coil model peptide (linear tetrapeptides H-Gly-Gly-X-Ala-OH)220. D)
Average values of 78 folded protein 216.

A) B) C) D)
Intrinsic pKa In alanine In random coil In folded

values pentapeptides model peptide proteins
Asp 4.0 3.9 3.9±0.1 3.5±1.2
Glu 4.4 4.3 4.3±0.1 4.2±0.9
Tyr 9.6 9.8 10.3±0.1 10.3±1.2
Cys 9.5 8.6 – 6.8±2.7
His 6.3 6.5 7.0±0.1 6.6±1.0
Lys 10.4 10.4 11.1±0.2 10.5±1.1
Arg 12 – – –
C-term 3.8 3.7 – 3.3±0.8
N-term 7.5 8.0 – 7.7±0.5

since 1924 when Linderstrøm-Lang discovered that pKa values of amino acid
can be affected by the net charge of the protein217. This behavior was also em-
phasized by Tanford and Kirkwood (1957), who showed that titration curves of
proteins (containing many acidic and basic side chains) are flatter or less steep
compared to a mixture containing identical proportions and concentration of
single amino acids218. This behavior can be explained by differences in the elec-
trostatic environment (electrostatic coupling) between individual residues and
their pKa values being perturbed (down-shifted or up-shifted) compared to their
intrinsic pKa values, to a different extent218.

While studying perturbations of amino acids within proteins, it is valuable to
compare apparent pKa values to the intrinsic pKa values. Intrinsic pKa values
can be defined as the pKa value of a single amino acid residue that is not per-
turbed by any neighboring charges or changes in electrostatic environment218.
Those values are obtained from model compounds, such as an alanine pen-
tapeptide (Ala-Ala-X-Ala-Ala) (see table 4.1). Model peptides yield values that
exclude perturbations both from charge-charge interactions (from end charges
and neighboring groups) as well as perturbations from burial within the protein
core, while including the effects of the peptide bonds (see table 4.1) 199,215. As can
be seen from table 4.1, the pKa value of amino acid residues can be up-shifted
or down-shifted in comparison to their intrinsic values.

The three main factors contributing to changes in electrostatic environments
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4.1 The fundamentals of pH and pKa values

and thus to pKa perturbations are charge-charge interactions, charge-dipole in-
teractions and dehydration, where charge-charge interactions contribute the
most to pKa perturbations on protein surfaces 199,216. The pKa values of the
amino acid residues in proteins can become shifted due to charge-charge inter-
actions with neighboring ions, biomolecules, or ligands. The pKa values of the
ionizable groups in a negatively charged environment get upshifted. The close
proximity between negative charges (acidic residues) is energetically unfavor-
able, which can result in a decreased tendency to give away a proton (being in
a charge state) and, thus, up-shifts in the pKa values. On the other hand, pKa
values of groups in the positively charged environment get downshifted, which
can be explained by an increased tendency to donate a proton199,216.

The degree of pKa value perturbations of amino acid residues positioned on
protein surfaces are commonly found to be within two units221. An upshift of a
pKa value to 6.5 of Glu positioned at the calcium site of S100G (calbindin D9K)
is an example of an upshift in a pKa value of a surface localized residue222,223.
On the other hand, pKa values of residues with lower solvent accessible surface
area, often found within enzymes active sites, can be perturbed to a larger extent.
Such perturbations have been found to play an essential role in their catalytic
activity221. pKa perturbations due to electrostatic interactions between charges
become less pronounced at higher ionic strength due to charge screening by salt,
macro-molecular ions, and their counter-ions. 51,108,224,225.

Perturbations of pKa values have been detected within self-assembling systems,
such as upon Fmoc-diphenylalanine fibers and hydrogel formation, and dur-
ing the assembly of fatty acids into membranes. These pKa perturbations can
be explained by the decreased distance between molecules during self-assembly
226–228. This shows that studying pKa perturbations can provide fundamental
insights into the role of electrostatic interactions within various systems and
provide valuable insights into protein behavior.
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4.2 Electrostatic interactions and 𝛼-synuclein fibril for-
mation

In addition to the contribution of electrostatic interactions to optimal protein
function, they also play a significant role in modulating self-assembling pro-
cesses, such as amyloid formation. Studies of the effect of aggregation rate as a
function of pH and ionic strength have shown that aggregation kinetics and the
different microscopic mechanisms can be strongly affected by changes in elec-
trostatic interactions50,51,53,229,230. Electrostatic effects on the stability of amyloid
fibrils have also been documented, where manipulation of electrostatic interac-
tions can result in fibril dissociation54,55,231–233 . Furthermore, fibril morphology
has also been found to be affected by changes in electrostatic interaction43,50,230.
This part of the chapter focuses on the role of electrostatic interaction in 𝛼-
synuclein aggregation.

4.2.1 The C-terminal tail

The C-terminal tail of 𝛼-synuclein is of particular focus in this thesis and central
to paper I, paper II and paper V. The C-terminal tail is highly acidic, containing
15 acidic groups (including the C-terminal end) among its ca. 40 residues (figure
3.1 and 4.2). The tail is unstructured in both the monomeric form and fibrillar
form31,32. It is, therefore, not a part of the fibril core, and instead, it forms a
fussy coat around the fibrils (see figures 3.1 and 4.3).

The conformation of the tails, or how much they extend from the fibril core,
is dependent on solution conditions, such as pH and ionic strength, which
affect its charge state and electrostatic screening. As an example, at neutral
pH, the net charge of the tail itself is calculated to be -14 in the monomeric
form and -13 in the fibrillar form (figure 4.2). At such conditions, where it is
highly charged, it has been found to extend from the fibril core like a polymer
brush due to high degree of electrostatic repulsion between the charged acidic
residues (figure 4.3) 31,32,177,178. On the other hand, with lower charge (lower pH)
or with increased screening (higher ionic strength), there is less electrostatic
repulsion within and between individual tails at the fibril surface, resulting in
more collapsed conformation of the tails (see figures 4.2 and 4.3) 178.
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Figure 4.2: Theoretical titration curve of the C-terminal tail of 𝛼-synuclein in the
monomeric (red) and fibrillar (blue) form. Previously determined pKa values of the
acidic groups of the monomers were used for the calculation in the monomeric form
225. The upshift in the pKa values of the acidic residues of the C-terminal tail upon fibril
formation were taken into account in the calculation of the fibrillar form180. Ionizable
groups of residues between 101 to 140 were included in the calculations.

4.2.2 Electrostatic effects on the aggregation mechanism

It has been established that the aggregation rate of 𝛼-synuclein, and more specif-
ically, the secondary nucleation rate, is highly dependent on pH. The secondary
nucleation rate is about four orders of magnitudes higher at mildly acidic pH
(below pH 5.8) than at neutral pH. The elongation rate is also affected by a de-
crease in pH, but to a lower extent, where the rate only increases about one order
of magnitude50,195. This pH dependence of secondary nucleation has been sug-
gested to be linked to the neutralization of the high number of acidic residues
within the C-terminal tail at mildly acidic pH50.

The effect of a decreased density of acidic residues within the C-terminal tail
on the aggregation of 𝛼-synuclein at various pH values was studied in paper V.
The results showed that removal of negative charges from the C-terminal tail
affects the aggregation profile at both mildly acidic and neutral pH.

Truncations at the C-terminal tail of 𝛼-synuclein have also been found to have
profound effects on the aggregation propensity and mechanism of 𝛼-synuclein,
with higher aggregation rate at neutral pH52,56,181,182. At the same time, trunca-
tion mutants show opposite behavior at mildly acidic pH, with slower aggrega-
tion rates compared to wild-type52,56. This can be explained by the C-terminal
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pH 5.5 pH 7.0

Figure 4.3: Schematic illustration of the conformation of the C-terminal tails forming
a fuzzy coat around the fibril core at pH 5.5 and 7.0. The circles represent a cross-section
of the core of a filament 178.

truncations shifting the optimal pH range for secondary nucleation towards
higher pH56.

Aggregation kinetics of 𝛼-synuclein are also highly dependent on ionic strength.
Charge screening at neutral pH is linked to higher aggregation rates of 𝛼-
synuclein52,193,234. On the other hand, the aggregation rate of 𝛼-synuclein at
pH 5.5 in the presence of seeds or anionic lipid vesicles is lower at higher
ionic strength. Such anomalous behavior indicates a complex interplay between
short-range attractive and long-range repulsive electrostatic interactions, high-
lighting the role of short-range interactions in secondary nucleation53. Further-
more, interactions of divalent ions (e.g., Ca2+ and Mg2+) and polyamines with
the C-terminal tail have shown an increase in the aggregation propensity at
neutral pH52,166,179,235,236. Studies of the interaction of 𝛼-synuclein with Ca2+

suggest more specific ion effects 166,237–239.

Furthermore, the formation of higher-order aggregates, for example gels, has
also been found to be dependent on pH and ionic strength50,240.

4.2.3 pKa upshift of acidic residues of 𝛼-synuclein

For 𝛼-synuclein, the apparent pKa values of all groups that ionize below pH
7 have been determined by NMR225. The results showed that the ionizable
residues that are part of the first 100 residues are down-shifted compared to in-
trinsic values and values obtained from a random coil model peptides, indicat-
ing favorable interaction between acidic and basic groups. On the other hand,
the pKa values of the residues within the C-terminal tail are measured to be up-
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shifted compared to intrinsic values. The up-shifts can be explained by the high
charge density of acidic residues, resulting in greater affinity for protons225. At
low ionic strength. the average pKa values of Asp and Glu, in the C-terminal tail
of monomers, have been determined to be 4.2±0.3 and 4.6±0.2, respectively
(see intrinsic values in table 4.1)225. The pKa values were still measured to be
perturbed at physiological ionic strength (150 mM salt) but to a lower extent.

In paper I , we show that the consequence, or the effect on the pKa values, is
even more significant upon fibril formation, where the average pKa value of the
acidic residues gets up-shifted by 1.1 unit 180. The measured average up-shift can
be explained by the close proximity of the acidic tails at the fibril surface.

4.2.4 Transient intra- and inter-molecular interactions of the C-
terminal tail

The highly acidic C-terminal tail has been shown to play a role in the
monomeric form of the protein. Transient interactions between the C-terminal
tail and the N-terminal tail, as well as between the C-terminal tail and the
NAC region, have been established both at neutral and low pH177,179,183. Such
transient contacts within the monomer result in a lower radius of gyration of𝛼-synuclein monomers in comparison to a random coil 179,183,241,242. With in-
creased ionic strength at neutral pH, the radius of gyration increases, which
has been linked to faster aggregation52. It has thus been proposed that these
transient contacts may limit interactions between NAC regions of different
monomers, which might result in a lower possibility of nucleation and growth
to occur179.

The correlation of higher aggregation rates and the disruption of the intra-
molecular transient interactions due to neutralization, removal, and shielding of
the acidic residues at the C-terminal tail thus indicates that the C-terminal tail
might have a protective role against 𝛼-synuclein amyloid formation at neutral
pH179,181,243.

In addition to intra-molecular interactions, inter-molecular interactions of the
N-terminal end, of free 𝛼-synuclein monomers in solution, with the negatively
charged fibril surface (presumably the negatively charged C-terminal tail) have
also been established (paper II) 121–123. Interactions of the N-terminal region
of monomers with the fibril surface might disrupt the ”protective” N- to C-
terminal transient interactions within the monomers, as well as increasing the
local concentration. Additionally, the orientation of the monomers interacting
with the fibril surface could potentially favor NAC-NAC interactions between
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different monomers sitting at the fibril surface, which might increase the chance
of interaction between different monomers occurring at the fibril surface.

Interactions of 𝛼-synuclein monomers with fibrils of two different morpholo-
gies were studied in paper II. There, we show that the N-terminal end of the
monomers of both morphologies interacts more strongly with the fibril surface
relative to the rest of the protein.

Furthermore, the interaction of the N-terminal region and the acidic surface of
the amyloid fibrils can, to some extent, be compared to the interaction between𝛼-synuclein monomers and negatively charged phospholipid vesicles 53,124–126,244.
Studies of these systems do show attractive interactions between the N-terminal
end of the monomers and the anionic lipid vesicles, and suggest that specific
binding modes of the N-terminus to the phospholipid vesicles can promote
interactions between the NAC regions of different monomers and thus acceler-
ating their aggregation at low lipid to protein ratios.
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Chapter 5

Stability and solubility of amyloid
fibrils

Amyloid fibrils are large, non-covalent self-assemblies, and their formation is
thus a reversible process245. As mentioned in chapter 2, if the monomer con-
centration exceeds the solubility limit (supersaturated solution), the system be-
comes unstable, and the thermodynamically most stable state consists of amy-
loid fibrils in dynamic equilibrium with monomers in solution. The solubility
limit (S, or the critical concentration, 𝑐c) can thus be defined as the monomer
concentration at thermodynamic equilibrium68,72,77.

At conditions where the total monomer concentration is slightly above the sol-
ubility limit (the 𝑐mon/𝑆 is low), the aggregation occurs slowly and is often
not detectable within the experimental time frame. This concentration range
is defined as the metastable zone. At infinite time, a closed system will be in
thermodynamic equilibrium and the monomeric concentration will equal the
solubility limit (S)72,246.

5.1 Relationship between solubility and stability

The chemical potential of monomer free in solution can be determined from its
intrinsic energy and the activity 149:𝜇𝑚 = ℰ𝑚 + 𝑅𝑇 ln(𝑎𝑚) (5.1)
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Figure 5.1: Schematic representation of solubility and the metastable zone. A)
Schematic representation of solubility. Free monomer concentration (red) and
monomer concentration within fibrils (blue) is shown as a function of total monomer
concentration within the system. All monomers remain soluble at total monomer con-
centration below the solubility (S) of the protein or the critical concentration (cc). Above
the solubility of the protein, the monomer concentration (red) remains constant, and
fibrils start to form (blue). B) Representation of the metastable zone. At conditions
where the total monomeric concentration is below the solubility limit, the sample is
thermodynamically stable and stays monomeric. At conditions where the monomeric
concentration is slightly higher than the saturation concentration, the nucleation event
is rare, and the solution can remain monomeric for a prolonged time. At such condi-
tions, the solution is termed to be metastable.

where intrinsic energy of the monomers is represented by ℰ𝑚 and the activity
as 𝑎𝑚. At infinite dilution, the activity term approaches the concentration, [m].
When working with dilute solutions, it can thus be approximated to:𝜇𝑚 = ℰ𝑚 + 𝑅𝑇 ln [𝑚] (5.2)

In the same way, the chemical potential of the monomers within fibrils is:𝜇mf = ℰmf + 𝑅𝑇 ln [𝑚𝑓] (5.3)

where intrinsic energy of the monomers within fibrils is represented by ℰmf and
the concentration of monomers within fibrils as [mf ]. As mentioned earlier,
amyloid fibrils can be seen as a separate solid phase68, and in such cases, the
contribution of translational energy is minimal. The chemical potential of the
monomers within fibrils can, thus, be approximated to equal to:𝜇mf = ℰmf (5.4)

From this, we can see that the chemical potential of the monomers within fibrils
is not dependent on concentration, different from the chemical potential of
monomers in solution, which is concentration dependent (figure 5.2) 121,149.
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Figure 5.2: Schematic illustration showing the chemical potential as a function of the
total monomeric concentration of monomer free in solution (black), amyloid fibrils of
morphology A (red), and morphology B (blue). The solubility (S) is represented with
dashed lines.

In a supersaturated solution (at non-equilibrium), the chemical potential of
the monomers in solution (𝜇𝑚) is different from the chemical potential of the
monomers within fibrils (𝜇mf ). At thermodynamic equilibrium, the chemical
potential of the monomers in solution and within fibrils are equal:𝜇𝑚 = 𝜇𝑚𝑓 (5.5)

The monomer concentration at equilibrium [m] or the solubility (S) can thus
be obtained by substituting equations 5.2 and 5.4 into equation 5.5:

[𝑚] = 𝑆 = exp (ℰmf − ℰm𝑅𝑇 ) (5.6)

Equation 5.6 shows that solubility is lower in the presence of more stable fibril
(lowerℰmf ). The solubility is thus dependent on the stability of the fibril (papers
II and III) 149.
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5.2 Kinetic versus thermodynamic stability

Theoretically, a system under thermodynamic control should always end up in
the same state (the most stable one). All polymorphic samples should, thus,
over time become monomorphic, consisting of the morphology of the high-
est stability and, thus, lowest solubility (unless more than two morphologies
have identical stability, which is highly unlikely). Formation of two morpholo-
gies under identical conditions from identical monomers was observed in paper
II, where the samples consisting of the less stable morphology (higher solubil-
ity) transferred into consisting of the more stable morphology (lower solubil-
ity) with time. Time-dependent structural evolution of amyloid fibrils within
a closed system has also been documented for wild-type 𝛼-synuclein and mu-
tants at other solution conditions than studied in paper II, as well as for other
amyloidogenic proteins, such as IAPP62,230,247,248.

The existence of more than one morphology within the same sample under
identical conditions is most likely explained by the system being under kinetic
control. This could be explained by the energy barriers for formation of the less
stable morphology being similar to, or even lower than, the energy barriers for
formation of the more stable morphology. The less stable morphologies can be
referred to as being kinetically stable, and the corresponding concentrations of
free monomers in solution, thus report on the apparent solubility limits.

This can be visualized with the help of illustrations of free-energy landscapes
(aggregation funnels, see chapter 1.2), where different morphologies have differ-
ent energy minima with energy barriers of different height (figure 5.3) 14,16–18,43.

Energy minima separated by high energy barriers can thus explain the sample
being kinetically trapped. The less stable morphology dominating a sample for
a period of time could be explained by the energy barriers for elongation and
secondary nucleation being lower than for primary nucleation (see chapter 2.1.1
and figure 2.3). As mentioned earlier, primary nucleation of 𝛼-synuclein in bulk
is unlikely to occur at any relevant rate. Kinetically, it is thus more favorable for
the system to propagate the already existing morphology62,121. Despite that, the
sample will become under thermodynamic control at infinite time, consisting
only of the morphology of the highest stability. This can be understood in terms
of the reversibility of amyloid fibrils. With time, the monomers dissociating
from the fibril ends of the less stable structure will associate with the fibril ends
of the fibrils of the higher stability. Structural conversion from one morphology
to another can not be excluded.
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Figure 5.3: Illustrative representation of a free energy landscape consisting of different
energy minima corresponding to different fibril morphologies. The fibril morpholo-
gies have free energy, and separated by energy barriers of various heights. This energy
landscape would only be accessible above the critical concentration, cc .

5.3 Relationship between solubility and reversibility

For amyloid fibrils, the association rate of monomers to fibril ends can be given
by: −𝑑𝑚(𝑡)𝑑𝑡 = 𝑘+𝑚(𝑡)2𝑃(𝑡) (5.7)

where k+ is the association rate constant, m(t) is the monomer concentration,
P(t) is the fibril number concentration, and 2P(t) is the concentration of the
fibril ends at any given time (t). The rate of dissociation of monomers from the
fibril ends at any given time can be given by:
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𝑑𝑚(𝑡)𝑑𝑡 = 𝑘off2𝑃(𝑡) (5.8)

where koff is the dissociation rate constant. The change in monomer concen-
tration in a closed system can thus be obtained from:

𝑑𝑚(𝑡)𝑑𝑡 = −𝑘+𝑚(𝑡)2𝑃(𝑡) + 𝑘off2𝑃(𝑡) (5.9)

At equilibrium, there is no change in free monomer concentration and the as-
sociation rate of monomers at fibril ends is equal to the dissociation rate:

𝑘+𝑚(𝑡)2𝑃(𝑡) = 𝑘off2𝑃(𝑡) (5.10)

We also know that at equilibrium, the monomer concentration in solution is
equal to the solubility (S) or the critical concentration:

𝐾 = 𝑘+/𝑘off = 1𝑚(𝑡) = 1𝑆 (5.11)

The solubility limit can thus also (in addition to equation 5.6) be estimated from
the rate constants of association and dissociation of monomers to and from the
fibril ends:

𝑆 = 𝑘off/𝑘+ (5.12)

The association and dissociation rates are not equal for a system that is not in
equilibrium. As an example, for a system containing monomer concentration
above the solubility limit, the association rate is higher than the dissociation
rate, resulting in decreasing concentration of monomers in solution with time,
or until the system has reached equilibrium72,246. The opposite holds when a
fibril-consisting sample is diluted to a concentration below the solubility limit,
resulting in higher dissociation rates than association rates. In such cases, the
free monomer concentration increases until the sample has reached equilibrium
245,249,250. Fibril dissociation can be very slow and, thus, consequently, difficult
to detect within reasonable experimental time-frames. For a closed system, this
could be explained by the dissociation rate constant koff being very low relative
to the association rate constant k+. Such a system could thus be observed as
practically irreversible.
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Figure 5.4: Schematic representation of aggregation and disaggregation in a closed
system, where the starting point (time = 0) consists of A) a fully monomer sample or
B) a sample consisting of only fibrils. In case A, monomers misfold into fibrils, where
free monomeric concentration decreases with time. In case B), the monomers dissociate
from the fibril ends, resulting in increased monomer concentration with time until it has
reached the solubility (S). C) At infinity time, the monomer concentration has reached
the same value in both cases (the solubility).

The reversibility of amyloid fibril formation can also be observed upon system
change, such as by changing the pH54,231,232 , temperature251–253, denaturant
concentration254–256, ionic strength55,233, or pressure257,258. Dissociation of 𝛼-
synuclein upon pH change (titration) was encountered while developing an ap-
proach to measure pKa values of 𝛼-synuclein fibrils (see chapter 7.1 and Paper
I).

5.4 Effect of chaperones on solubility

An indication of a change in solubility has been documented earlier for A𝛽42
in the presence of JB6144. In paper III, we have a strong indication of increased

43



Chapter 5: Stability and solubility of amyloid fibrils

solubility of 𝛼-synuclein as well as formation of co-aggregates in the presence of
the chaperone JB6. An increase in solubility at thermodynamic equilibrium in
the presence of chaperones could be explained by the high chemical potential
of the chaperone alone149; this will be presented in more detail as follows:

To our knowledge, there is no evidence of an interaction between amyloid
monomers and JB6 (paper III) 138,143.Therefore, in a dilute system, we can as-
sume that the intrinsic energy of the monomer is unaltered in the presence of
JB6. The chemical potential of 𝛼-synuclein monomer in solution in the pres-
ence of the chaperone (JB6) can thus be written as:𝜇𝑚∗ = ℰm + 𝑅𝑇 ln[𝑚∗] (5.13)

Where m* denotes the amyloid protein monomer in the presence of a chaperone.
The chemical potential of monomers within the aggregates in the presence of a
chaperone can be written as:𝜇𝑚𝑓∗ = ℰmf* + 𝑅𝑇 ln [𝑚𝑓∗] (5.14)

As explained earlier (eq. 5.4), the contribution of translational energy to the
chemical potential of the fibrils can be neglected, and the chemical potential of
the monomers within fibrils in the presence of chaperones can, thus, be simpli-
fied to: 𝜇mf* = ℰmf* (5.15)

The chemical potential of the monomers within fibrils is thus not dependent
on the monomer concentration, in contrast to the chemical potential of the
monomers in solution that is dependent on the monomer concentration (figure
5.5).

As explained earlier for pure fibrils (eq. 5.5), at equilibrium, the chemical po-
tential of monomers free in solution is equal to the chemical potential of the
monomers within the aggregates:𝜇m* = 𝜇mf* = ℰmf*

The concentration of free monomer in solution (the solubility) in the presence
of a chaperone can, thus, be written as:

[m*] = S* = exp (ℰmf* − ℰm*𝑅𝑇 )
44



5.4 Effect of chaperones on solubility

Ch
em

ic
al

 p
ot

en
tia

l o
f 

am
yl

oi
do

ge
ni

c 
m

on
om

er
s

S
Total monomer concentration

monomers within
pure amyloid !brils

monomers within
co-aggregates

S*

free monomers

Figure 5.5: Schematic illustration showing the chemical potential of an amyloid protein
as a function of the total monomer concentration for monomer free in solution (red),
for monomers within aggregates in the presence of the chaperone (JB6) (Purple), and
for monomers in aggregates formed from a sample consisting only of the amyloidogenic
protein (blue). The chemical potential of the monomers free in solution is dependent on
the total concentration of monomers. In contrast, the chemical potential of monomers
within the aggregates is independent of the total monomer concentration.

The results presented in paper III, as well as by another study of a𝛽42144, indicate
that the solubility of 𝛼-synuclein and a𝛽42 increases in the presence of the
chaperone (in this case JB6):

[m*] > [m]
This suggests that the intrinsic energy of the 𝛼-synuclein monomer within the
aggregates formed in the presence of the chaperone is higher than that of the𝛼-synuclein monomer within the fibrils formed from 𝛼-synuclein alone (figure
5.5). ℰmf* > ℰmf

This further implies that the aggregates formed in the presence and absence of
the chaperone are of different structures of different stability. This hypothesis is
supported by cryo-TEM images (paper III) showing different fibrillar structures
in the presence of JB6, indicating the formation of co-aggregates. Evidence of
the formation of co-aggregates has also been documented with immunoblots
for a system consisting of a𝛽42 in the presence of JB6142,144.

The formation of co-aggregates between the amyloidogenic protein and a chap-
erone (𝛼-synuclein and JB6 in this case) would minimize the free energy of
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Chapter 5: Stability and solubility of amyloid fibrils

the system as a whole, where a greater decrease in the chemical potential of
the chaperone would compensate for the increase in the chemical potential of𝛼-synuclein. A system consisting of co-aggregates in equilibrium with soluble𝛼-synuclein and JB6 would thus be energetically more stable than a system
consisting of JB6 co-excisting with pure 𝛼-synuclein fibrils in equilibrium with
monomeric 𝛼-synuclein.

Alternatively, JB6 could bind to the surface of already-formed fibrils (coating).
Such behavior has been documented for other systems, e.g., the amyloidogenic
proteins A𝛽 and IAPP, in the presence of the chaperones Brichos and prefoldin,
respectively133,259. However, such a process would more likely result in increased
stability of the fibrils and, thus, not result in an increase in solubility.
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Chapter 6

Methodology

This chapter aims to present an overview of the methodology applied and devel-
oped within this thesis. Different standard methods were used and strategically
combined to address our research questions. The standard methods are outlined
in information boxes throughout the chapter, while the focus of the main text
is on the methodology and experimental design.

6.1 Preparation of 𝛼-synuclein samples

Good control over sample preparation is fundamental and essential for obtain-
ing reliable and reproducible data. Isolating the protein of interest from other
proteins and contaminants is an example of a crucial preparation step for pro-
tein studies. Substantial errors in determining protein concentration using
absorbance spectroscopy can arise in the presence of contaminants or due to
increased light scattering from, e.g., aggregated species (as can be seen from
Lambert-Beer´s law).

Expression and purification
Wild-type human 𝛼-synuclein and the 𝛼-synuclein mutants were expressed in
Escherichia coli (E. coli). Cells were harvested, sonicated, and centrifuged. Most𝛼-synuclein does not accumulate into inclusion bodies; the supernatant can
thus be collected and directly used for protein purification. One of the first
steps in the purification protocol involves heating of the sample to 85∘C, fol-
lowed by cooling on ice and centrifugation to pellet the E.coli proteins. The
supernatant is again collected and subjected to two steps of ion-exchange chro-
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matography (box 1). All buffers are pre-cooled, and all purification steps are
performed in a cold room to avoid aggregation and to limit proteolysis. At the
end of each purification, the sample’s correct mass and purity are confirmed us-
ing mass spectrometry and SDS-PAGE, as well as performing and comparing
the aggregation kinetics to a previous batch. Samples are aliquoted and stored
at -20∘C. Specific steps of the expression and purification of 𝛼-synuclein are
described in detail in the papers within this thesis, with extra focus in paper III
where documentations of individual steps are presented in the supplementary
information.

Column chromatography Box 1
Column chromatography is a powerful method to fractionate and isolate
proteins based on, e.g., their size, charge, hydrophobicity, or binding
affinity. A stationary phase (resin) is packed into a column and a mo-
bile phase (buffer solution) flows through the column by gravity or pres-
sure. A protein sample is loaded on top of the column, and the different
components travel through the column at different speeds depending on
their properties and the type of the stationary phase. Ion-exchange chro-
matography (IEX) is based on the separation of molecules according to
their charge. The stationary phase consists of resins with either cationic
groups (anion exchangers) or anionic groups (cation exchangers). The
affinity of the protein to the resin depends on its charge state, and the
elution profile can be controlled by pH and ionic strength. In anion ex-
changers, the negatively charged molecules travel more slowly through
the column; the opposite holds for cation exchangers. Size-exclusion
chromatography (SEC) is based on separating molecules according to
their size. The stationary phase consists of cross-linked porous beads.
The distance the molecules travel through the column is dependent on
their size. Smaller molecules can enter more pores while larger molecules
pass by. The elution time for smaller molecules is thus longer due to the
longer path they travel through the column. A desalting column is a
type of SEC, where the size of the pores has been optimized for separat-
ing larger molecules from small ions4.

Monomer preparation
When working with amyloid proteins, it is essential to ensure that the protein is
in its monomeric form at the start of the experiment. Therefore, prior to each
experiment presented in this paper, monomeric 𝛼-synuclein was isolated by
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6.2 Formation of amyloid fibrils

size exclusion chromatography (SEC) in the desired experimental buffer (box
1). Buffers were freshly prepared, filtered, and degassed at the start of a new
experiment. The center of the monomeric peak was collected into low-binding
tubes to minimize protein loss and the occurrence of heterogeneous primary
nucleation on the external surfaces. In order to measure a change in pH upon
fibril formation (paper I), it was essential to apply an additional step, using a
HiTrap desalting column, to successfully separate 𝛼-synuclein monomers from
buffer ions, and thus obtain monomeric 𝛼-synuclein in pure water.

6.2 Formation of amyloid fibrils

In this thesis, fibrils were formed mainly in two ways. When measuring fibril
kinetics, the fibrils were formed under quiescent conditions in 96 well plates.
For larger sample volumes and when the fibrillar state is of primary interest
rather than the fibril kinetics, fibrils were prepared in 2 mL low-binding tubes
with stirring. Fibril seeds were also prepared in 2 mL low-binding tubes with
stirring, aliquoted, and stored at -20∘C. Prior to use, the seeds were taken out,
thawed, sonicated in a water sonication bath for one minute and incubated at
room temperature for at least one hour.

6.3 Aggregation kinetics

The formation of amyloid fibrils or the disappearance of monomers can be fol-
lowed indirectly or directly.

Indirect measurements of formation of amyloid fibrils
In paper I, III, IV and V, the formation of amyloid fibrils was followed
indirectly by supplementing the samples with the fluorescent optical probe
thioflavin T and the change in fluorescence intensity was monitored over time
(box 2 and 3). This is the most common and convenient way to measure fibril
formation kinetics, allowing multiple samples to be studied simultaneously in
a plate reader (high-throughput).

Direct measurement of a decrease in monomer concentration
In paper III we follow the the formation of amyloid fibrils directly by NMR
spectroscopy. This was done by measuring the disappearance of signals corre-
sponding to free monomer in solution.
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Direct measurements of an increase in fibril mass
In paper I we measure the static light scattering during fibril formation. Forma-
tion of fibrils, results in generation of larger species and an increase in scattering.
Change in static scattering, pH and ThT-fluorescence was measured simultane-
ously to get information about if the increase in pH during fibril formation
could be directly related to the formation of fibrils.

Fluorescence spectroscopy Box 2
Fluorescence spectroscopy is an optical spectroscopy method. Fluores-
cence may occur when a fluorophore absorbs light at one wavelength
and gets excited to a higher electronic level. The lifetime of the ex-
cited state is long enough for the molecule to relax to lower vibration
levels within the excited electronic energy level. When the molecule
spontaneously returns to the lower electronic energy level it may emit
photons that are of higher wavelength than the photons of the incident
light. This spontaneous emission is measured within fluorescence spec-
troscopy. The quantum yield is the ratio between the number of pho-
tons emitted and the number of photons absorbed. An increase in quan-
tum yield results in greater fluorescence intensity. Fluorophores are the
groups responsible for fluorescence and can be intrinsic or extrinsic. The
most common intrinsic fluorophores are the aromatic residues. Extrin-
sic fluorophores are either covalently linked to the protein or added to
the sample as non-covalent optical probes. Fluorescence spectra of the
chromophores can be significantly affected upon changes in their en-
vironment, which makes it possible to study conformational changes.
The high sensitivity of the method makes it highly suitable for protein
studies260.
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Non-covalent optical probes Box 3
Thioflavin T (ThT) and 8-Anilino-1-naphthalenesulfonic acid (ANS)
are both examples of non-covalent optical probes that are useful within
the studies of amyloid proteins. The binding of ThT to fibrils restricts
the rotation of the carbon-carbon bond connecting the aromatic rings,
which significantly affects the fluorescence quantum yield, resulting in
increased fluorescence intensity261–264.

ANSThT

ANS is a fluorescent probe, where its quantum yield is highly depen-
dent on the hydrophobicity of its environment. When ANS binds to
hydrophobic patches of proteins, such as amyloid fibril, its fluorescence
intensity increases significantly260,265.

6.4 Confirming the presence of fibrils

Before the experiments, the presence of fibrils within the samples was confirmed
by at least one method. This was done by recording the far-UV circular dichro-
ism (CD) spectrum (box 4) and/or by comparing the fluorescence of the optical
probes ThT or ANS (box 2 and 3) before and after fibril formation.
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Circular dichroism (CD) spectroscopy Box 4
Proteins are chiral molecules and thus optically active. Optically active
molecules absorb right and left hand circularly polarized light differently.
This phenomenon is defined as circular dichroism (CD). When left and
right hand circularly polarized light are absorbed to different extents, the
resulting light becomes elliptically polarized. This is quantified in the
terms of the ellipticity (𝜃). The primary chromophores in proteins con-
tributing to the CD signal are the peptide bonds, aromatic side chain
groups, and disulfide bonds. Each chromophore absorbs light within a
certain wavelength range, and specific structural information can be ob-
tained from different spectral regions. The peptide bond absorbs in the
far-UV region (185-240 nm) and gives information about the secondary
structure of the proteins, where the secondary structural units, random
coil, 𝛼-helix, and 𝛽-sheets, give distinct CD signals. Absorbance by the
aromatic side chain groups and the disulfide bonds contribute mainly
to the signal in the near-UV region. Measuring in the far-UV region
is more sensitive, where the required concentration of the sample and
the path length of the cuvette are lower than while recording within
the near-UV region. CD spectroscopy is a valuable method within the
study of amyloid proteins as the high number of 𝛽-sheets in the core
gives rise to a strong 𝛽-sheets signal. The monomeric form of the intrin-
sically disordered protein 𝛼-synuclein gives a strong random coil signal
260.
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Figure 6.1: Computed CD spectra of poly-L-lysine, consisting of 100% 𝛼-
helix, 𝛽-sheet, or random coil. The figure is adapted with permission from266.
Copyright 1969, American Chemical Society.
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6.5 Determining pKa shifts upon fibril formation

6.5 Determining pKa shifts upon fibril formation

The first task of the work presented in paper I was to find an applicable ex-
perimental approach to measure the effect of amyloid formation on the pKa
values of 𝛼-synuclein. Using established methods, the pKa values of individual
residues can be determined by NMR spectroscopy, and the average pKa val-
ues can be determined by potentiometric titration. However, these techniques
presented significant challenges when working with 𝛼-synuclein fibrils. Firstly,
measuring the pKa values of the individual ionizable groups within the fibrils
remained challenging due to the fibrils being NMR invisible. Secondly, poten-
tiometric titrations of 𝛼-synuclein fibril samples, performed in both water and
low buffer strength, resulted in dissociation of the fibrils into free monomers
upon change in pH. Therefore, it was not possible to obtain complete titration
curves. This led us to conclude that measuring pH changes upon fibril for-
mation might be a suitable way to access the pKa value shifts. This approach
measures the average effect in bulk but misses the more extreme local effects.
The change in pH during fibril formation was measured with pH electrode,
pH indicator and NMR spectroscopy. Additionally, we used a computational
method (Monte Carlo simulation) to calculate the ionization states of individ-
ual residues at constant pH values.

Potentiometric pH measurements
The primary method for measuring pH changes was potentiometric measure-
ments using a glass electrode (box 5), where isolation of 𝛼-synuclein in water was
essential. In such systems, the only buffering groups are the ionizable groups of
the protein, and a change in their protonation state (linked to pKa shifts) would
result in a change in the pH of the sample. The pH was measured before and
after fibril formation at two concentrations (20 μM and 70 μM). From the mea-
sured pH value, we could calculate the shift in the apparent pKa values upon
fibril formation (see chapter 7.1).

For comparison with the wild-type, the pH change during fibril formation
was also measured for an 𝛼-synuclein mutant having a lower number of acidic
residues within the C-terminal tail, where five acidic residues had been substi-
tuted with non-charged polar residues (referred to as the 5Q-mutant). This was
done to better understand if the up-shift in the average apparent pK a value can
be linked to the high density of acidic residues within the C-terminal tail and
could be explained by the proximity of different tails extending from the fibril
core.
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Moreover, the pH was monitored continuously during amyloid fibril formation
alongside ThT-fluorescence and static light scattering measurements using the
instrument Probe Drum. This combination of techniques provides further in-
formation about whether pH changes are directly linked to the formation of
amyloid fibrils.

Potentiometric pH measurements Box 5
Ion-selective glass electrode that responds to H3O+ can be used to exper-
imentally determine pH209,213,267. A combined pH electrode consists of
a reference electrode of a known electric potential and an indicator elec-
trode. The combined glass electrode is then immersed into an analyte
solution where the difference in chemical potential is measured. The
chemical potential difference depends on the activity of H3O+. This dif-
ference can be linearly related to the pH of the sample by using a pH
meter connected to the electrode and calibrated by standard solutions
of known pH209,213,214. Calculations of dissociation constants based on
potentiometric measurement using combined glass electrodes provide
mixed dissociation constants, including both activity and concentration
terms211,267. It is, thus, important to report on solution conditions. In
the same way, as for the concentration-based dissociation constant, the
mixed dissociation constant approaches the thermodynamic one at infi-
nite dilution (zero ionic strength). For dilute solutions, this difference is
thus often negligible. For practical reasons, the mixed thermodynamic
dissociation constant is, thus, the most commonly used in biochemical
studies211.

pH indicator
Change in pH upon fibril formation can be detected using a pH indicator (box
6). The indicator resazurin was chosen as its protonation state, and thus, its
spectrum changes within the pH range of interest, corresponding to a change
from purple (monomeric sample) to blue (fibril dominating sample). The sam-
ple was prepared in a weak buffer system at pH 5.8. This was crucial to set the
starting pH and thus being able to relate changes in pH to titration of the acidic
residues. At the same time, it is essential that the concentration of the buffer
component is low enough to detect pH changes. The color of the monomer
samples was visually inspected and compared to the color of a sample consist-
ing of amyloid fibrils.
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pH indicator Box 6
Indirectly, pH can be estimated by adding a pH indicator to the ana-
lyte solution. Indicators are compounds that themselves can dissociate
into acids and bases, where the different forms have different absorbance
spectra. The dissociation constant of the pH indicators determines at
what pH they change color or respond to pH changes209,213. Therefore,
picking an indicator that changes color in the pH range of interest is cru-
cial. pH indicators exist in both soluble and solid forms. For example,
pH papers contain a mixture of solid indicators with different dissoci-
ation constants. In paper I, we used a water soluble indicator added
directly to the sample of interest to detect pH changes.

His50 as a pH sensor
Another way of detecting pH change is by monitoring the local environment
around ionizable amino acids with NMR spectroscopy, where chemical shifts
are measured (box 7)225,260,268,269. 𝛼-synuclein contains one histidine residue
at position 50 with a pKa value of 6.78 (in 20 mM phosphate buffer, pH 7)
225. Accordingly, the pH of a monomer- and fibril-dominated samples (in wa-
ter) falls within the buffer region of His50, suggesting it as a potential pH re-
porter for our system (see equation 4.10). This was validated by performing
15N- 1H heteronuclear single quantum coherence (HSQC) NMR spectroscopy
and diffusion order NMR spectroscopy (DOSY). 15N- 1H HSQC NMR spectra
of an 𝛼-synuclein monomer sample and a fibril sample were almost identical,
except for the chemical shift corresponding to His50 (paper I). Both spectra dis-
played characteristics typical for disordered proteins. This indicated that the sig-
nal obtained by NMR spectroscopy originates from the intrinsically disordered
monomer free in solution rather than monomers within fibrils. Furthermore,
DOSY NMR spectroscopy was used to distinguish between signals originating
from monomers and fibrils. The highest applied gradient strength suppressed
all signals in the monomeric sample. The signals in the fibrillar sample were
slightly less suppressed and the 1D spectra overlapped well with the ones ob-
tained from the monomeric sample. This indicated that signals in the fibril-
lar sample originate from 𝛼-synuclein monomers in solution interacting with
slower diffusing species (fibrils). We concluded that the chemical shifts corre-
sponding to His50 originate from the disordered monomers in solution both
in the monomeric and fibrillar samples, and the corresponding chemical shift
changes can supposedly be related to changes in the protonation state of His50,
and thus to a change in the pH of the sample.
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Nuclear magnetic resonance (NMR) spectroscopy Box 7
Nuclei that have a spin behave like small magnets. In NMR spec-
troscopy, the most useful nuclei are the ones with spin 1/2, these are
1H, 13C, 15N, 19F, and 31P. By placing the sample in a strong magnetic
field, you can manipulate these spins using radiofrequency radiation
and record NMR spectra. One of the main advantages of NMR spec-
troscopy is that it gives a signal for each individual atomic nucleus within
the molecule. The signal frequency (chemical shift) depends on the
surrounding nuclei and the chemical environment. With NMR spec-
troscopy, we can thus get site-specific information on molecular struc-
tures and also dynamics. For example, a change in pH and, thus, a
change in the protonation state of ionizable groups results in a change
in the chemical shift260,268,269.
Expressing protein in the presence of a 13C labeled carbon source and/or
15N labeled nitrogen source incorporates these otherwise low abundance
isotopes into the protein structure. Performing 2D NMR spectroscopy
on a labeled protein simplifies the spectra by reducing overlaps between
peaks. Heteronuclear single quantum coherence (HSQC) is a com-
monly used 2D NMR method within protein studies. Each peak in
the 2D spectrum corresponds to a unique 1H-15N heteronuclear pair, in-
cluding signals from the amide groups of all amino acid residues except
for proline.4,260,270.
NMR spectroscopy is a versatile tool that can be applied to solid and so-
lution states. The advantage of solution-state NMR spectroscopy lies in
its ability to measure native structures in solution. As molecular species
increase in size, their tumbling in solution becomes slower, leading to
peak broadening and lower signal intensities. This is particularly evi-
dent in the case of amyloid fibrils that are NMR-invisible. The interac-
tions of free monomers with NMR invisible fibrils modulate their sig-
nal intensities, which can provide highly valuable information about the
monomer-fibril interaction4,260,270.

Simulations of individual ionization states
Metropolis Monte Carlo simulations were used to calculate the ionization states
of individual residues using a coarse-grained protein model. All residues of the
protein were included in the simulations and treated as single beads. Simu-
lations of the monomer free in solution included all 140 beads connected by
harmonic bonds. The simulations of monomers within fibrils were represented
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by ten monomer planes, where the residues corresponding to the N- and C-
terminal tails were treated as single beads connected with harmonic bonds, and
the residues corresponding to the fibril core were kept fixed (according to a pub-
lished structural model of 𝛼-synuclein fibrils, PDB: 2N0A). Simulations were
performed at two constant pH values (5.5 and 6.5), and the ionization state of
the ionizable residues was allowed to fluctuate according to the electrostatic envi-
ronment. Electrostatic coupling due to the proximity of charges (within a single
monomer and between different monomers within fibrils) could thus affect the
ionization state of the residues. The ionization states of all titratable residues
were calculated for both wild-type 𝛼-synuclein and an 𝛼-synuclein mutant and
compared to experimental findings.

6.6 Detecting differences in morphology

In paper II we studied two structurally distinct but chemically identical mor-
phologies, formed under the same conditions. The methods used to study their
surface properties and structure will be introduced as follows.

Secondary structural content
Two morphologies studied in paper II showed differences in their CD-spectra.
This became a valuable tool to get information about the dominant morphology
within the sample and for monitoring changes in fibril morphology present
within the sample over time.

Interaction of monomers with the fibril surface
In paper II, we used NMR spectroscopy (box 7) to study transient interac-
tions of free monomers with the fibril surface of the two distinct morpholo-
gies. HSQC spectra were measured and the residue resolved 15N-1H signal in-
tensities of monomers in presence of fibrils, relative to the intensities in pure
monomeric sample were calculated. Comparing signal intensities along the pro-
tein sequence provides information on how individual regions of the monomers
interact with the fibril surface. Similarly, differences in these intensity patterns
between various fibril morphologies can indicate a morphology-dependent in-
teraction between monomers and the fibril surface. Distinct mode of interac-
tion between the free monomers and fibrils of different morphology was also
investigated by measuring variations in the 15N transverse relaxation rates along
the protein sequence.
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Differences in ultrastructure
Cryo-TEM (box 8) can be used to get information about the structure of the
amyloid fibrils present within the sample (paper I). The method was used to
evaluate differences in the ultrastructure of 𝛼-synuclein fibrils of different mor-
phologies (paper II) ,and to evaluate differences in the ultrastructure in the
presence or absence of a chaperone (paper III).

Differences in surface properties
The fluorescence intensity of the optical probe ThT is dependent on the re-
striction of the carbon-carbon bond between the rings (box 3)261–264. To what
extent the rotation around the bond becomes restricted can differ between fib-
rils of different morphology and result in differences in the binding affinity and
the fluorescence quantum yield248,271. The binding of ThT to the two different
morphologies presented in paper II was thus measured and compared. This
was done by titrating ThT into the individual samples and recording the corre-
sponding fluorescence emission spectra.

Cryogenic Transmission Electron Microscopy (Cryo-TEM) Box 8
Cryo-TEM is a popular method in the study of amyloids, and it is ben-
eficial for getting structural information about fibril morphology and
for visual inspection of the status of the sample. Electrons are transmit-
ted through a sample and interact with the species within the sample,
where they are either absorbed or scattered and from that, an image can
be created. High-resolution images can be obtained by Cryo-TEM due
to the short wavelength of electrons (down to picometers). Cryo-TEM
provides imaging of the sample without staining. In order to avoid struc-
tural rearrangements during imaging, the sample is flash-frozen in liquid
ethane (-180 degrees) as a thin liquid film on a carbon-filmed copper grid.
This provides snapshots of the species of interest trapped in transparent
amorphous ice272,273.
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6.7 Measuring apparent solubility

Determination of apparent solubility is a part of papers I, II, and III. The ap-
parent solubility can be determined by separating free monomers from fibrils by
centrifugation, followed by measuring the concentration of the monomer frac-
tion. The concentration of free monomers can be determined by SDS-PAGE
(box 9), where the intensity of the bands is compared to the intensity of bands
of known concentrations. The concentration of free monomer in the solution
can also be measured by high-performance liquid chromatography (HPLC),
where the absorbance of the elute is measured, and the area of the peak corre-
sponding to the free monomers is integrated and compared to a standard curve.
Furthermore, the concentration of free monomers in the supernatant can also
be quantified with mass spectrometry (MS) by spiking the sample with isotope-
labeled 𝛼-synuclein of known concentration (internal standard). The total in-
tensity of the signals corresponding to non-labelled 𝛼-synuclein of unknown
concentration is compared to signals corresponding to known concentration of
15N-labelled 𝛼-synuclein peptides. Moreover, the fraction corresponding to free
monomers was also analyzed by measuring absorbance at 280 nm. However, the
absolute values were not reliable due to increased scattering in the supernatant
compared to the free monomeric sample, which is most likely related to the
presence of smaller species (e.g. oligomers) that do not successfully pellet with
centrifugation.

Additionally, in paper II, the fraction of free monomer within the fibril-
containing samples was measured by NMR spectroscopy (box 7). This was
done by comparing the integrated 15N-1H signal intensity of the last residue at
the C-terminal end (A140) in the fibrillar sample to that of the monomeric sam-
ple. As mentioned earlier (chapter 6.5), all signals originate from free monomers.
We assumed that the signal corrisponding to A140 is not affected by transient in-
teractions of the monomer with the fibril surface. The data were, thus, comple-
mented using another method (determination of free monomer concentration
using centrifugation and SDS-PAGE, see above).
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SDS-PAGE Box 9
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) is a useful analytic electrophoretic method used to separate and
characterize proteins. It is commonly used to get information about
the purity of the sample and the size and relative amount of the species
present within a sample. SDS is a detergent that is a crucial component
of the method. It binds to the proteins and denatures them (not always
fully). The binding of SDS to proteins results in proteins being more
or less uniformly negatively charged with a similar charge-to-mass ratio.
SDS is a part of the samples, the gel, and the buffers. The gel consists
of cross-linked acrylamide and bis-acrylamide, which form a mesh-like
structure. Samples are loaded onto the polyacrylamide gel, and an elec-
tric field is applied. All the negatively charged proteins travel through
the gel towards the anode. The larger molecules travel slower through
the gel compared to smaller molecules, as they get more retained within
the mesh. The mobility of the molecules is dependent on the net charge
and friction. The shape of the proteins, thus, also affects how fast the
proteins migrate through the gel. Different staining methods can be
used to visualize the proteins in the gel.

6.8 Photo-induced cross-linking of unmodified proteins

Challenges are faced in the study of oligomers due to their heterogeneous and
transient nature, low stability, and low abundance relative to free monomers and
fibrils. Using bulk methods to obtain information on the structure and kinetics
of different oligomers is thus challenging. However, advances in biophysical
methods and instruments have led to improvements in oligomeric studies274.

Studying oligomers
Studies of oligomers can be approached in different ways. Certain methods can
be used to stabilize or trap certain oligomeric structures by altering the energy
landscape274. For example, certain kinetically favored oligomeric structures can
be captured by following specific preparation protocols97,275. Oligomers can
also be captured by molecules, such as antibodies and small molecules, that
bind to and stabilize certain structures91,274,276. Intra- and intermolecular cross-
linking is another way to shift the equilibrium and stabilize certain structures
277. Other methods, such as single particle methods and radioactive labeling,
can be used to get kinetic information, e.g., for following change in the total
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concentration of oligomers as a function of time throughout the aggregation
process83,278,279. This shows how different available methods can report on dif-
ferent properties and characteristics of oligomers within amyloid systems, as
well as being biased towards different oligomeric structures. A combination of
different methods in the study of oligomers is thus optimal.

Cross-linking reactions involve the formation of covalent bonds within and
between molecules. One of the most commonly used cross-linking methods
within protein research involve chemical-cross-linkers that react with primary
amines and thus require chemical modifications on the protein itself 277,280. In
paper IV, we worked towards optimization of the cross-linking method photo-
induced cross-linking of unmodified proteins (PICUP). The advantage of this
method, as can be seen from its name, is that there is no need for any modifica-
tion on the native structure prior to the cross-linking reaction, and thus, there
is no need for a potential intervening linker arm106. PICUP is a photo-reactive
cross-linking method where the photo-sensitive reagent is activated by light.
Without light activation, the photo-sensitive reagent is relatively inert, which
makes it possible to apply the method under controlled conditions106,280.

The cross-linking reaction
The photo-sensitive reagent essential for PICUP is the metal-coordinated com-
plex ruthenium (II) tris-bipyridyldication (Ru(II)(bpy)32+). The maximum ab-
sorbance of Ru(II)(bpy)32+ is at 452 nm in aqueous solvents 106. Irradiation of the
complex with light gets it into an excited state. In the excited state, the complex
is capable of donating an electron to an electron-acceptor, in this case ammo-
nium persulfate (APS), resulting in the formation of the one-electron oxidant
Ru(III)(bpy)33+, sulfate radical and sulfate ion. The oxidant Ru(III)(bpy)33+ can
now accept electrons from certain protein side-chain groups and by that form-
ing a highly reactive protein radical that can react with other side-chain protein
groups through intra- and inter molecular interactions. This process is believed
to involve a proton transfer to the sulfate radical, resulting in the formation of
a chemical bond between two side-chain groups. The formation of new cova-
lent bonds can continue until the reaction is stopped, which usually involves
the addition of a reducing agent (such as 𝛽-mercaptoethanol) leading to the
reduction of the oxidant Ru(III)(bpy)33+ to Ru(II)(bpy)32+ 106. Which residues
become cross-linked is determined by the ability of the group to accommodate
an unpaired electron (most commonly tyrosine and tryptophan) as well as the
distance between the reactive groups106,107,281,282.

Post-analysis
The post-analysis of cross-linked samples often involves fractionation methods
such as SDS-PAGE and HPLC. Post-analyses are commonly performed by run-
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Figure 6.2: The PICUP reaction. A) Light (450 nm) is used to induce the metal-
coordinated complex ruthenium (II) tris-bipyridyldication (Ru(II)(bpy)32+) to get it into
an excited state, where it is capable of donating an electron to ammonium persulfate
(S2O8

2-), resulting in the formation of the oxidant Ru(III)(bpy)33+, a sulfate radical and
a sulfate ion. B) The oxidant Ru(III)(bpy)33+ can accept electrons from certain protein
side-chain groups (tyrosin in the case of 𝛼-synuclein), resulting in the formation of
a highly reactive protein radical. C) The reactive protein radical can react with other
nearby side-chain protein groups through intra- and intermolecular interactions. This
process involves a proton transfer to the sulfate radical and results in the formation of
a chemical bond between two side-chain groups. The formation of new covalent bonds
can continue until the reaction is stopped. This is based on a mechanistic hypotheses
published by Fancy and Kodadek (1999). Copyright (1999) National Academy of Sci-
ences, U.S.A 106.

ning the samples directly on SDS-PAGE, where the oligomeric pattern of the
cross-linked species can be directly visualized106,107,281,283. For convenience, the
solution used to stop the reaction (that generally contains the reducing agent)
contains the ingredients needed to run the sample on an SDS-PAGE (SDS-
loading buffer) 106,107. Post-analysis using a combination of fractionation meth-
ods and mass spectrometry could also be useful 107,280.

Advantages
One of the biggest advantages of this method is that crosslinking occurs be-
tween amino acid residues that are part of the native structure, and thus there is
no need for any prior modifications of the primary structure106,107,281. For the
reaction to occur, the molecules need to be very close in space (within chemi-
cal bond distance), making the method more specific than, for instance, cross-
linking methods using a chemical linker. Applying PICUP can thus provide
information about molecular contacts 106,281. Additionally, the reaction time of
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photo-induced chemicals is relatively shorter compared to other cross-linking
methods, which further adds to the specificity of the method107. Short lighting
time can be an advantage within kinetic studies and studies of protein-protein
interactions. Furthermore, the photo-sensitive reagent groups are relatively in-
ert without light activation, which makes it possible to apply the method under
controlled conditions106. The light used for activating the reaction is within
the visible range and, thus, not harmful to macromolecules or cells 106. Finally,
PICUP has been found to work at several pH values.

Shortcomings
In an ideal case, all monomers within each oligomer would become cross-linked,
and the cross-linking reaction would thus provide a perfect snapshot of the
oligomeric distribution and abundance within the sample. However, that is
not the case. Firstly, the cross-linking efficiency is not 100%, and the reac-
tion might thus be biased towards smaller oligomeric species. As an example,
a trimer might appear as a dimer if only two of the monomers are sufficiently
cross-linked107,281. Using longer lighting times can thus result in higher chances
of sufficiently cross-linking together a higher number of monomers within the
existing oligomers. On the other hand, using longer lighting time increases
the chance of detecting cross-linked species that are not representative of the
system, which can potentially be a result of cross-linking between proteins in
proximity of each other. Using shorter lighting times makes it more likely that
the most reactive residues will be cross-linked, which can simplify structural in-
terpretations. This we address in paper IV and conclude that due to the biases
of the different lighting times used, PICUP is not an optimal method for quan-
tification of oligomers distribution and concentration. However, it can be a
valuable method for comparative studies within amyloid research, e.g., by com-
paring changes in oligomeric pattern and concentration over time or comparing
oligomeric patterns obtained by different variants. In paper IV, we suggest that
combining shorter and longer lighting times might be optimal for comparative
studies. Furthermore, the optimal distance between reactive residues might not
be fulfilled within all oligomeric structures. For those reasons, PICUP could be
biased towards specific oligomeric structures that can be categorized as PICUP
visible oligomers.

Applications
PICUP was first established in 1999 and was presented as a method that could
rapidly, efficiently, and with high yields cross-link stable protein assemblies 106.
Since its introduction, it has been used within various studies 107, e.g., for study-
ing multi-protein complexes284, protein-ligand interactions285 and for forming
covalently bound dimeric antibodies286. PICUP has also been used to cross-
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link colloidal silica-polypeptide-particles287. PICUP has been established as a
valuable method for studies of heterogeneous mixtures of non-covalently bound
oligomers formed within amyloid systems, such as A𝛽 in Alzheimer´s disease
and 𝛼-synuclein in Parkinson´s disease 107,281,288–292. It allows for studying the
oligomers in their native form, where it has been used to cross-link monomers
within oligomers to get information about their size distribution107,281,288. The
method has been used to compare the oligomer distribution of wild-type pro-
teins and mutants under the same conditions292. Furthermore, PICUP can be
used to enrich concentrations of specific oligomeric structures, which can be
essential for structural studies274,291,293. The versatility of the method allows for
diverse applications that extend beyond its original purpose. It can be adapted
to various systems and other light-induced methods.

Previous experimental setups
Experimental setups have been found to vary significantly between individual
research groups. The first experimental setup consisted of a light source placed
within a camera box, where the lighting time was controlled by the shutter of
the camera. The type of light source varied (e.g., 200-watt incandescent lamp,
Xe-lamp, flashlight), and the distance from the light source ranged from 5 to 50
cm. The minimal lighting time required for sufficient cross-linking varied from
0.5 to 30 seconds106,107,281. Later experimental setups have been found to consist
of manually controlled blue-LED-light source within a closed chamber using a
lighting time of 1 to 10 seconds288–290. A standardized experimental system has
thus been missing. As demonstrated in paper IV, precise control of the lighting
time is crucial for good comparison within and between studies.

Optimization and use of PICUP within this thesis
In paper IV, we designed a 3D printable reaction chamber for PICUP and op-
timized the method for studies of 𝛼-synuclein. The chamber was designed for
using a PCR tube as the sample container and using a sample volume of 20 μL.
The distance between the light source and the sample holder was kept minimal
(1 mm) to maximize the intensity of light exposed to the sample. We chose to use
an LED light of 450 nm close to the maximum absorbance of Ru(II)(bpy)32+.
The light sources and the electronics are easily fitted to the chamber. An Ar-
duino program was written, making it possible to control light exposure times
with ms accuracy. All material was made accessible for others to use.
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Chapter 7

Summary of thesis work

In this chapter I will give a summary of each individual research paper presented
in this thesis.

7.1 Paper I

Charge Regulation during Amyloid Formation of 𝛼-synuclein

Previous studies of 𝛼-synuclein have revealed that its rate of aggregation is highly
pH dependent, where the rate of secondary nucleation is about four orders of
magnitudes higher at mildly acid pH than at neutral pH. This pH dependence
has been suggested to be related to the high density of the acidic residues in
the C-terminal tail, which titrate at mildly acidic pH (chapter 4.2.2 and 4.2.3)
50. Studies of the pKa values of the ionizable residues of 𝛼-synuclein in its
monomeric form revealed that the pKa values of the acidic residues in the C-
terminal tail are upshifted compared to intrinsic values225.

The aim of the work presented in paper I was to investigate the effect of amyloid
fibril formation on the pKa values of 𝛼-synuclein to gain a better understanding
of the role of electrostatic interactions in amyloid fibril formation.

The main finding is that there is a change in pH of almost one unit upon fibril
formation of 𝛼-synuclein isolated in pure water. Based on this finding, the
pKa values of the acidic residues in the C-terminal tail of the monomers within
fibrils were calculated to be upshifted by 1.1 unit compared to the monomers
free in solution.
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Figure 7.1: An increase in pH detected during amyloid fibril formation of 𝛼-synuclein.
A) The change in pH during amyloid fibril formation detected by pH electrode for wild-
type 𝛼-synuclein and 5Q mutant. Samples were isolated in pure water (no buffer or
other additional components). The pH of the sample was measured before and after
fibril formation. The change in pH was measured to be on average from pH 5.6 to pH
6.5 for the wild-type 𝛼-synuclein and from pH 6.4 to pH 6.6 for the 5Q mutant. B) pH
change detected using a pH indicator (resazurin). Wild-type 𝛼-synuclein was isolated
in a weak buffer system. The monomeric sample gave a purple color while the sample
containing fibrils gave blue color. For comparison, the pH was measured before and after
aggregation, showing an increase in pH from 5.8 to 6.4. C) A change in pH detected by
NMR spectroscopy, using the 𝛿2 proton of His50 in the monomeric 𝛼-synuclein as a
pH sensor. The red spectrum is recorded for a monomeric 𝛼-synuclein sample in 99.9%
D20, The blue spectrum is recorded for the same sample after amyloid fibril formation.
The decrease in the chemical shift corresponding to the 𝛿2 proton of His50 indicates an
increase in pH during fibril formation of 𝛼-synuclein.

For a system containing only the protein of interest isolated in pure water, the
only buffering components within the system are the ionizable groups of the
protein itself, in this case, 𝛼-synuclein. Any change in the protonation state
of the ionizable residues would, thus, affect the pH of the sample. In other
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words, the pKa values of the ionizable groups of the protein determine the pH
of the sample. Perturbations of the pKa values would then result in a change
in the concentration of free protons, which is measured as a change in pH. For𝛼-synuclein in water, the pH increased upon fibril formation from 5.6 to 6.5,
or by 0.9 pH units for a 20 μM sample. The measured increase in pH upon
fibril formation suggests that protons are taken up by the self-assembled protein,
strongly indicating upshifts in the pKa values.

An increase in pH upon fibril formation was measured using three comple-
mentary experimental methods: potentiometric pH measurements, pH in-
dicator and NMR spectroscopy. The results were supported by Metropolis
Monte Carlo simulations, where the ionization states of the individual ioniz-
able residues of 𝛼-synuclein were calculated at constant pH, indicating upshifts
in the apparent pKa values upon fibril formation. Additionally, the pH was also
monitored continuously during amyloid fibril formation using a pH electrode.

The calculations of the upshifts in pKa values were performed as follows. A
closed system consists of a defined number of protons, which makes it possi-
ble to calculate the change in the apparent average (pKa) value from the mea-
sured pH change. In the initial samples, consisting of 𝛼-synuclein in pure water
(no buffer), the protons are either free in solution (free[H+]mono) or bound to
the monomers (bound[H+]mono). The concentration of free protons in such
monomeric sample can be obtained from the measured pH of the sample ac-
cording to:

free[𝐻+]mono = 10pHmono (7.1)

The degree of protonation of each individual ionizable group of 𝛼-synuclein
monomers free in solution can be calculated according to:

𝑄 = free[𝐻+]mono
free[𝐻+]mono + 𝐾a

(7.2)

This was done by using published pKa values of the titratable groups of
monomeric 𝛼-synuclein225. The average protonation state (𝑄ave) can be ob-
tained from all individual protonation states. The number of protons bound
(bound[H+]mono) to the acidic groups can thus be calculated according to:

bound [𝐻+]mono = 𝐶 ⋅ #acidic groups ⋅ 𝑄ave (7.3)
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where C is the total concentration of the protein and ”#acidic groups” refers to
the number of ionizable acidic groups.

The total number of protons (total[H+]mono) in the system can be obtained
from the sum of the free and the bound:

total[𝐻+]mono = bound[𝐻+]mono + free[𝐻+]mono (7.4)

For a closed system, the total proton concentration in the initially monomeric
sample is equal to the one in the finally fibrillar sample:

total[𝐻+]mono = total[𝐻+]fib (7.5)

where, total[H+]fib stands for the total proton concentration within the sample
containing fibrils in equilibrium with monomers.

In the same way, as for the monomeric sample, the free proton concentration
can be calculated from the pH of the fibril-containing sample according to:

free[𝐻+]fib = 10pHfib (7.6)

The total concentration of protons bound to the acidic groups within the fibril-
lar samples, bound[𝐻+]tot

fib , can thus be estimated to be:

bound[𝐻+]tot
fib = total[𝐻+]fib − free[𝐻+]fib (7.7)

Within the fibrillar sample, bound[𝐻+]tot
fib thus refers to protons bound to

both monomers free in solution and to monomers within the fibrils. The free
monomer concentration in the fibrillar sample (Cmono

fib ) has to be taken into ac-
count when estimating the concentration of protons bound to free monomers
within the fibrillar sample. The pKa values of the acidic groups of monomers
free in solution were assumed to be the same within the monomeric and fibrillar
samples, and used to calculate the𝑄ave of the monomers within the fibrillar sam-
ple. The concentration of protons bound to free monomers within the fibrillar
sample, bound[𝐻+]mono

fib , was then calculated according to:

bound[𝐻+]mono
fib = 𝐶mono

fib ⋅ #acidic groups ⋅ 𝑄ave (7.8)

68



7.1 Paper I

The number of protons bound to the acidic groups of monomers within fibrils
(bound[𝐻+]fib

fib) can thus be calculated according to:

bound[𝐻+]fib
fib = bound[𝐻+]tot

fib − bound[𝐻+]mono
fib (7.9)

The concentration of ionizable groups that are not protonated (free[𝑃]fib
fib), i.e.,

in an ionized form, can be calculated according to:

free[𝑃]fib
fib = 𝐶fib

fib ⋅ #acidic groups − bound[𝐻+]fib
fib (7.10)

Where Cfib
fib is the concentration of monomers within fibrils, i.e. the fibril mass

concentration.

The average apparent equilibrium constant K ave
a for the acidic groups of the

monomers within fibrils can then be calculated according to:

𝐾ave
a = free[𝐻+]fib ⋅ free[𝑃]fib

fib

bound[𝐻+]fib
fib

(7.11)

From K ave
a we can thus obtain the average apparent pKa value (pK ave

a ).

p𝐾ave
a = − log10 𝐾ave

a (7.12)

From the measured pH increase (the pH before and after aggregation) we could,
thus, estimate that the apparent pK ave

a of 𝛼-synuclein shifts from 4.3 to 5.4, or
by 1.1 unit, during fibril formation (figure 7.1 and table 7.1).

The role of the acidic residues in the effects on pH and pKa values values was
validated using a mutant with five fewer acidic groups (5Q) (see figure 7.1 and
table 7.1).

Table 7.1: Comparison of the calculated apparent pK ave
a for monomers free in solu-

tion and monomers within fibrils. The upshift in the apparent pK ave
a is represented

as ΔpK ave
a .

pK ave
a monomers pK ave

a fibrils ΔpK ave
a

wild-type 4.3 5.4 1.1
5Q-mutant 4.2 4.7 0.5

Where do the protons come from? The results of this work show that protons
are taken up during the amyloid formation of 𝛼-synuclein. However, the num-
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ber of protons taken up can only partly be donated from the solvent, where
the effect of auto-ionization of water would be minor. As 𝛼-synuclein itself is
the major buffer component within the system (serves as an internal buffer),
the majority of the protons taken up by the monomers that become a part of
a fibril, thus, originate from the monomers that remain free in solution. The
pK ave

a of monomers in solution is not the same as the pK ave
a of the monomers

within the fibrils. The charge state at the end of the aggregation reaction thus
differs, where the net charge and the charge of the C-terminal tail are more
negative for the free monomer than the monomer within fibrils. We, thus, find
that the protons taken up by the monomers that form the fibrils are donated
by the monomers that remain in solution. This means that for the system as a
whole to reach the lowest possible free energy, a fraction of the monomers need
to remain in solution, which explains why the solubility cannot be lower than
a particular value (cf. below).

The measured concentration of free monomer concentration in the fibrillar sam-
ple indeed differed between the wild-type protein and the 5Q-mutant, where
the mutant was found to have lower apparent solubility. The lower apparent
solubility of the mutant, compared to the wild-type, can be related to the lower
amount of protons taken up during the fibril formation of the mutant, and
thus the smaller increase in apparent pKa values of the mutant compared to
the wild-type. This can be explained by the fact that there has to be enough
monomers free in solution to donate enough protons to the monomers within
fibrils, for the system as a whole to reach the lowest possible free energy. In the
case of the wild-type, monomers within fibril have a higher affinity for protons
compared to the 5Q-mutant, and thus, a higher number of protons has to be
donated from free monomers, which could explain the higher concentration of
monomer left in solution at the end of the reaction.

In conclusion, the pH, of a closed system consisting of 𝛼-synuclein in water, in-
creases during amyloid fibril formation. This implies that protons are taken up
during the aggregation process, i.e., an increased affinity for protons, indicating
upshifts in the pKa values of monomers in the fibrils compared to monomers
in solution. Upshifts in pKa values of the 5Q-mutant were lower than for the
wild-type protein, indicating that the pKa value perturbations occurring during
the fibril formation are linked to the high-density of negative charges within
the C-terminal tail. The uptake of protons during aggregation lowers the unfa-
vorable electrostatic repulsion between the negatively charged tails decorating
the fibril surface, which can make amyloid fibril formation thermodynamically
more favorable compared to a non-titrating charged system.
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7.2 Paper II

Morphology-Dependent Interactions between 𝛼-Synuclein Monomers
and Fibrils

Amyloid fibrils share the characteristics of elongated and nonbranched protein
self-assemblies, with a highly ordered cross-𝛽 structured core (see chapter 1.3).
Despite this, the structure of amyloid fibrils, even formed from identical pro-
teins and peptides, can vary significantly, referred to as different morphologies.
The structure is highly dependent on the solution conditions, resulting in mor-
phologies of different stability and with different surface properties (see chapter
1.4).

The aim of the work presented in paper II was to study the mode of interaction
of 𝛼-synuclein monomers with the fibril surface. The presence of two struc-
turally distinct but chemically identical morphologies formed under identical
conditions provided a way to follow changes in the structure and free-monomer
concentration with time, aiming to better understand the structural evolution
and changes in stability as a function of time.

The main findings of this paper revealed significant differences between the two
morphologies formed under identical conditions. These differences included:
how monomers interact with the fibril surface, apparent solubility, structure,
and surface properties.

First, two chemically identical but structurally different fibril morphologies
were observed to form independently under identical conditions at neutral
pH, termed morphology A and B. In other words, splitting a freshly purified
monomeric sample into multiple tubes could result in the samples either con-
sisting of of morphology A or morphology B, which made it possible to study
them independently (at early time points, 1-2 days). The apparent solubility
was found to differ between the two morphologies, where morphology A was
found to have a higher solubility than morphology B. This indicates that the
stability of morphology A was lower than the stability of morphology B (figure
7.2).
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Figure 7.2: Apparent solubility of morphology A and B. A) The left panel represents
the fraction of free monomers in samples consisting of fibrils of either morphology A
(0.38±0.04) or B (0.08±0.02), corresponding to 27.7±3 μM, and 6.0±1.2 μM, respec-
tively. The different dots represent individual data points, with the average shown as
a line. This was obtained by comparing the integrated intensity of A140 in the fibril
containing samples to that of a monomeric sample (right panel). B) SDS-PAGE of
four independent samples consisting of a supernatant that had been separated from fib-
rils of morphology A (wells 9-10) and morphology B (wells 11-12) with centrifugation.
The initial total protein concentration was 70 μM 𝛼-synuclein in 10 mM Tris/HCl,
0.02% NaN3, pH 7. For comparison with the free monomer concentration, aliquots of
a monomeric sample of three different concentrations (70 μM, 35μM, and 18μM) were
loaded onto wells 2-7.

By the use of NMR spectroscopy, we observed that the two morphologies have
different surface properties, where the mode of interaction of the free monomer
in solution with the fibril surface was found to differ significantly between the
two morphologies. In the case of morphology A, only a part of the positively
charged N-terminal domain of the monomers (the first 16 residues) was found
to interact with the negatively charged fibril surface. In the case of morphology
B, a larger part of the monomer was found to interact with the fibril surface
(figure 7.3).
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Figure 7.3: The different modes of interaction of free monomers in solution with the
fibril surface of morphologies A (red) and B (blue). A) A NMR spectroscopic charac-
terization of transient interactions of free monomers with the fibril surface of morphol-
ogy A and B. The red and blue traces represent the residue-resolved signal intensities for
monomers in the presence of morphology A (red) and B (blue) relative to the signal inten-
sities in a monomeric sample. The three shaded areas correspond to residues 1-15, 16-40,
and 102-140. The two different samples presented originated from identical monomeric
sample in 10 mM Tris, 0.02% NaN3, 5% D2O, pH 7.0. B) A schematic illustration of the
different mode of interaction of monomers with the fibril surface, showing that a small
part (residues 1-15) of the positive N-terminal domain interacts with the negative fibril
surface of morphology A. In presence of morphology B, a large part of the sequence was
found to interact with the fibril surface. The interaction can be divided into three regions.
Firstly, the N-terminal domain interacts strongest with the fibril surface. Secondly, the
interaction of the NAC domain gradually decreases along the sequence, towards the C-
terminal tail. Lastly, the C-terminal tail might also be affected by the interaction with
the fibril surface, but to a lower degree.

Fluorescence titrations showed differences in the binding of ThT to fibrils of the
two morphologies, further indicating differences in surface properties. Struc-
tural differences were detected by cryo-TEM and CD spectroscopy, showing
different mesoscopic structures and different CD-spectra, respectively (figure
7.4).
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Figure 7.4: Differences in surface properties and structure between morphology A
and B. A) The two morphologies gave different Far-UV CD spectra. The spectrum cor-
responding to morphology A (red) is more shifted towards lower wavelengths compared
to the spectra corresponding to morphology B. B) Fluorescence titrations of the differ-
ent morphologies with ThT. The maximum fluorescence intensity of individual emission
spectra plotted against increased concentration of ThT. The maximum fluorescence of
morphology A (two replicates shown) was more than two times higher than for morphol-
ogy B, despite morphology A having lower fibril concentration. Lower concentration of
ThT was needed to reach the maximum fluorescence intensity for B than A. C) Cryo-
TEM image (40K) of sample of morphology A, consisting of thinner and more curly
fibrils. D) Cryo-TEM image (40K) of morphology B, consisting of thicker and more
straight fibrils.

The time evolution of the samples, containing fibrils of either morphology A or
B, indicated that the samples of the lower stability and higher solubility (mor-
phology A) gradually transit into consisting majorly of the morphology with
the higher stability and lower solubility (morphology B). In other words, with
time, fibrils of morphology B, take over the samples that originally consisted of
morphology A (figure 7.5). This can be understood from the laws of thermody-
namics, that at infinite time a system will always end up in its most energetically
favorable state (chapter 5.1).
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Figure 7.5: Time-evolution of morphology A and B. Identical monomeric samples
were seeded with morphology A or morphology B. At early times (1-2 days), the sample
seeded with morphology A gave a CD spectra corresponding to morphology A. However
after longer incubation times, the CD spectra shifted towards the one corresponding to
morphology B (panel A). Simultaneously the free monomer concentration decreased
to a concentration in the range of the apparent solubility of morphology B (panel C).
At all time points, the sample seeded with fibrils of morphology B gave CD spectra of
corresponding morphology (panel B). At the end of the experiment, the free monomer
concentration of both samples had equilibrated to a similar value (panel C).

How can morphology A and B form under identical conditions? Firstly, the
free energy is lower for the morphology of the higher stability and the ΔG for
the formation of the more stable structure is, thus, larger. Despite that, the
kinetic barriers for formation of morphologies of different stability can vary,
where the energy barriers for nucleation of the less stable morphology (A), can
be similar and even lower than the energy barriers for forming the more stable
morphology (B) (figure 7.6 and section 5.2). A system can, thus, consist of fibrils
that do not have the most thermodynamically stable morphology. In such cases,
the system is under kinetic control. However, at equilibrium, at infinite time,
the sample should become under thermodynamic control (see chapter 5.2).

75



Chapter 7: Summary of thesis work

morphology B

reaction coordinate

fre
e 

en
er

gy

morphology A

monomers

ΔGmorpA

ΔGmorpB

ΔG‡
BΔG‡

A

Figure 7.6: Simplified illustration of the energy landscape of two different morpholo-
gies forming at identical conditions. The energy barriers for forming the different mor-
phologies can be of similar heights (Δ𝐺‡). In such cases, a sample could become under
kinetic control, consisting of the less stable fibrils of morphology A. The free-energy
difference (ΔG ) between the monomeric state and the fibrillar state is not the same
for the two morphologies, where ΔG is more negative for formation of the more stable
morphology. At infinite time, a sample will always end up consisting of the most thermo-
dynamic stable morphology. This most likely occurs through dissociation of monomers
from the less stable morphology and association to the fibrils of the higher stability (ar-
rows). The energy barrier for structural conversion is probably higher, and it is thus less
likely to occur through structural conversions (gray dashed lines).

How can sample become dominated by fibrils of the less stable morphology
A? This can possibly be related to the energy barriers for primary nucleation of𝛼-synuclein being much higher than the energy barriers for secondary nucle-
ation and elongation (sections 3.3 and 2.1.1). The de-novo formation of a new
morphology of higher stability could thus be less favored than the replication
of an already existing morphology through secondary nucleation and elonga-
tion. This is also supported by our findings, that the fibril morphology was
successfully replicated by seeding the monomer samples.
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How can sample consisting of morphology A transit into a sample consist-
ing of morphology B? This can possibly be related to the reversible nature of
amyloid fibrils (section 5.3). The monomers continuously associate and dissoci-
ate to and from the fibril ends, where the rates of association and dissociation
vary throughout the aggregation process. With time, the monomers that de-
tach from the fibril ends of morphology A can attach to the growing ends of
the thermodynamically more stable morphology B. At infinite time, a sample
should become monomorphic, consisting only of the thermodynamically most
stable morphology. A structural conversion of one morphology to another is
most likely, a less favorable process.

In conclusion, the formation of fibrils of different morphologies, of different
structure, surface properties, solubility, and stability, under identical conditions
could be explained by the system being under kinetic control. In this work, the
interaction of the free 𝛼-synuclein monomers with the fibril surface of mor-
phology A and B were found to differ significantly, where only a small part of
the N-terminal domain of the monomer was found to interact with the fibril
surface of morphology A, while a larger part of the protein was found to inter-
act with the surface of morphology B. In both cases, the N-terminal end was
found to interact the strongest to the negative fibril surface. These results are in
agreement with other published studies of 𝛼-synuclein indicating preferential
interactions between the slightly positive N-terminal region of the monomers
and the negatively charged fibril surface122,123, further suggesting that favorable
attractive electrostatic interactions may play a role in amyloid formation process,
with possible implications for secondary nucleation (section 4.2.4).
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7.3 Paper III

The role of 𝛼-synuclein-DNAJB6b co-aggregation in amyloid suppres-
sion

The impact of chaperones on the aggregation rates and mechanism of amyloid
fibril formation is an active research field132,138,139,143–145. Previous studies indi-
cate that the relative stabilities of the fibrils and monomers of A𝛽42 are affected
in the presence of the molecular chaperone JB6 (chapter 2.3) 142. Formation of
less stable co-aggregates could result in higher apparent solubility of amyloid
proteins in the presence of chaperones (chapter 5.5) 149. This was further investi-
gated in this work, focusing on the amyloidogenic protein 𝛼-synuclein and the
molecular chaperone JB6.

The aim of the work presented in paper III was to investigate and get a better
thermodynamic understanding of the effect of the human chaperone JB6 on
the aggregation of 𝛼-synuclein.

The main findings of this study are that the aggregation of 𝛼-synuclein is sup-
pressed in the presence of JB6, at low stoichiometric ratios at conditions where
the effects on secondary nucleation are well detectable (low seed concentration,
mildly acidic pH, quiescent, low binding surfaces) (figure 7.7). The results
suggest that JB6 might interfere with the secondary nucleation process of 𝛼-
synuclein. This was observed using two complementary methods, where the
formation of amyloids was indirectly measured using ThT and where the con-
sumption of monomers was measured directly using NMR spectroscopy.

In comparison, the half-times increased significantly less in the presence of a JB6
mutant, termed S/T18A, where 18 serine and threonine residues in the S/T-rich
region had been substituted with alanine residues (figure 7.7). These results are
consistent with results previously obtained for A𝛽42138,142,144 and polyglutamine
peptide143. The decreased suppression effect of the mutant compared to the
wild-type JB6 could potentially be explained by the increased hydrophobicity
upon removal of hydroxyl groups, which might result in a lower amount of
available JB6 subunits.

The results imply an increase in the apparent solubility of 𝛼-synuclein in the
presence of JB6. This was observed by analyzing the amount of 𝛼-synuclein
remaining in solution at the end of an aggregation experiment using three com-
plementary methods: SDS-PAGE, HPLC and NMR spectroscopy, where the
concentration of free 𝛼-synuclein left in solution was found to positively corre-
late with the JB6 concentration (figure 7.7).
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Figure 7.7: The effect of JB6 on the aggregation and solubility of 𝛼-synuclein. The
aggregation kinetics of 20 μM 𝛼-synuclein at pH 5.5 in the presence of 2 μM (10% on
molar basis), 1 μM (5%), 0.5 μM (2.5%), 0.25 μM (1.3%) and 0.13 μM (0.6%) (A) wild-
type JB6 and (B) S/T18A mutant. The replicates are shown with smaller data points,
and the average of the four replicates of each wild-type and mutant JB6 concentration
are presented with larger data points. C) The relative half-times (t1/2) are calculated from
the corresponding data and plotted against the molar ratio of JB6 to 𝛼-synuclein in
molar percentage. The data are obtained from three individual experiments containing
different combinations of batches of 𝛼-synuclein, wild-type JB6, and S/T18A mutant.
Fits of straight lines to all data points for wild-type JB6 (red) and S/T18A mutant (blue)
are shown. D) The effect of wild-type JB6 and S/T18A JB6 mutant on the apparent
solubility of 𝛼-synuclein. Samples were harvested at the end of the kinetic experiment
and centrifuged to separate fibrils from free monomers in solution. The supernatant was
collected and run on the SDS-PAGE.

Thirdly, cryo-TEM analyses, of 𝛼-synuclein in the presence and absence of
JB6 show significant differences in the mesoscopic structures as well as in the
amount of fibrils formed (figure 7.8). Samples of 𝛼-synuclein alone showed
higher amounts of fibrils that appeared bundled up and relatively straight. The
elongated fibrillar structures formed in the presence of the chaperone appear to
be less bundled up, with a curly appearance and small knobs and irregularities
along the fibrils. Variation in the diameter of the fibrils was more significant in
the presence than in the absence of JB6. Additionally, the diameter was found
to be, on average, larger in the presence of JB6.
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Figure 7.8: The effect of JB6 on the supra-molecular structure of 𝛼-synuclein fibrils.
A) Comparison of the aggregation of 20 μM wild-type 𝛼-synuclein at pH 4.5 in the
absence and presence of 2 μM (10%, red) and 0.13 μM (0.6%, purple) JB6 as well as
2 μM JB6 alone (gray). B) A scatter plot presenting the average diameter of pure 𝛼-
synuclein fibrils (12.5 ± 2.2 nm, n=668) and co-aggregates of 𝛼-synuclein and JB6 (22.8± 7.3 nm, n=765). Individual measurements are represented with a single dot, and the
average and standard deviation are shown with black lines. (C-F) Cryo-TEM images
showing the ultrastructures in the samples collected at the end of the kinetic experiment
for samples of C) 20 μM 𝛼-synuclein D) 2 μM DNAJB6, E) 𝛼-synuclein in presence
of 2 μM (10 %) DNAJB6, F) 𝛼-synuclein in presence of 0.13 μM (0.6 %) DNAJB6 (F).
The scale bars correspond to 200 nm.
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These results strongly indicate the formation of co-aggregates of 𝛼-synuclein
and JB6. The existence of ThT-negative aggregates in samples consisting of 𝛼-
synuclein and JB6 in high stoichiometric ratios (5 and 10%) further supports
the conclusion of the formation of co-aggregates of 𝛼-synuclein and JB6.

Why would 𝛼-synuclein form co-aggregates that are less stable (higher solubil-
ity) with respect to the amyloid protein? A thermodynamic explanation for the
increase in solubility of amyloidogenic proteins in the presence of chaperones,
such as JB6, has been proposed149 and is also presented in detail in chapter 5.4.
The presence of co-aggregates of 𝛼-synuclein and JB6 at the conditions used
in this work, as well as the observed increase in the apparent solubility of 𝛼-
synuclein in the presence of JB6, can plausibly be explained by a high chemical
potential of the chaperone alone. Within co-aggregates, the chaperone would
be energetically happier, with a lower chemical potential. The net decrease in
chemical potential of the chaperone exceeding the net increase in the chemical
potential of 𝛼-synuclein would result in the system as a whole having lower
free energy in the case of co-aggregates than pure 𝛼-synuclein fibrils co-existing
with the free chaperone (figure 7.9).
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Figure 7.9: A thermodynamic explanation for the formation of co-aggregates of 𝛼-
synuclein and JB6. A) Schematic illustration showing that in terms of 𝛼-synuclein,
amyloid fibrils (i) are energetically more stable than co-aggregates of 𝛼-synuclein and
JB6 (iv). However, due to the high chemical potential of JB6 alone (ii), the formation
of co-aggregates (iv) in equilibrium with 𝛼-synuclein and free chaperone is energetically
more favorable than the formation of pure 𝛼-synuclein amyloid fibrils co-existing with
the unhappy chaperone (iii). B) Schematic representation of a system consisting of 𝛼-
synuclein and JB6 (v), illustrating that the formation of co-aggregates of 𝛼-synuclein
and JB6 (iv) results in the total free energy of the system being lower than in the case of
formation of pure 𝛼-synuclein aggregates in the presence of JB6 (iii).

In conclusion, the aggregation of 𝛼-synuclein, at mildly acidic pH and with low
seed concentration, is suppressed in the presence of JB6, with potential impli-
cations on secondary nucleation events of 𝛼-synuclein. Substitutions of serine
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and threonine residues with alanine residues in the S/T-rich region decreased
the chaperone’s potency as an amyloid protein inhibitor. Further investigations
are needed to understand if the decreased inhibitor efficiency may be directly
linked to the removal of the hydroxyl groups or an increase in hydrophobicity
that could affect the concentration of available active subunits or the rate of
their release from oligomers.

The aggregation of 𝛼-synuclein in the presence of JB6 resulted in the formation
of co-aggregates and an increase in the apparent solubility of 𝛼-synuclein. This
indicates that the chemical potential of 𝛼-synuclein monomers is higher within
the co-aggregates than in pure 𝛼-synuclein amyloid fibrils. This could poten-
tially be explained by the high chemical potential of the chaperone alone, where
the formation of co-aggregates would be thermodynamically favorable, making
the total free energy of the system lower than in the case of the formation of
pure 𝛼-synuclein aggregates co-existing with JB6.
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7.4 Paper IV

Photo-Induced Cross-Linking of Unmodified 𝛼-Synuclein Oligomers

Oligomers have been found to play a crucial role in the pathogenesis of amyloid
diseases, making them essential to study. Their transient nature, high hetero-
geneity, and low abundance relative to fibrillar and monomeric species have
posed significant challenges in their study (chapter 2.2.1). Available methods
can give different information and be biased towards different species. Combin-
ing different methods to study oligomers and performing careful data analysis
can thus be crucial. PICUP is an example of an available method for study-
ing oligomers (chapter 6.8). A standardized and well-controlled experimental
setup has previously been absent. The reaction chamber has typically been con-
structed individually within different research groups.

The aim of the work presented in paper IV was to optimize the PICUP method
for studying oligomers of amyloidogenic proteins, using 𝛼-synuclein as the
model peptide. The aim was to design an experimental setup where we could
accurately control crucial parameters, such as the reaction time and the distance
from the light source, as well as being able to limit the lighting time. We wanted
to increase our understanding of the factors affecting the reaction and make the
optimized setup available for others, with the aim of increasing reproducibility,
accessibility, and comparability.

The main findings of the first part of the work presented in paper IV show
that the PICUP reaction is highly sensitive to exposure time and that precise
control of the reaction time is crucial for reproducibility and relative comparison
between samples. We started the work by designing a standardized 3D printable
reaction chamber for the PICUP reaction (figure 7.10), allowing for accurate
control over the geometry and lighting time down to ms accuracy (see more
details in chapter 6.8).

The PICUP reaction of 𝛼-synuclein within the newly designed reaction cham-
ber was optimized in regards to exposure time, stopping reagents, and ThT
concentration. Only monomers are detected on an SDS-PAGE without irradi-
ation (no PICUP reaction). On the other hand, a light-exposure time of one
ms was sufficient for detecting cross-linked species corresponding to the size of
a dimer within a freshly prepared 𝛼-synuclein sample (figure 7.11). This high-
lights the sensitivity of the method for detecting oligomers that only exist as a
small fraction of the total protein concentration. These results also show that
oligomeric species can be detected within a freshly prepared 𝛼-synuclein sample
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(run through a size-exclusion column and kept on ice for 0.5 -1 h). Moreover,
the results show that small errors in lighting time can significantly affect the
number of cross-linked species, highlighting the importance of precise control
of the lighting time in comparative studies.

A) B)

Figure 7.10: The design of the PICUP reaction chamber. A) Photograph of the ex-
perimental setup: the reaction chamber and the led-light source connected to a board
that is controlled with an Arduiono program. B) Schematic illustration of the reaction
chamber, showing that the center of the LED light source (blue) and the center of the
sample (orange) are aligned.

Furthermore, we show that the reaction is not sensitive to variations in the
time interval between the end of the irradiation and addition of the stopping
buffer. This is most likely explained by illumination continuously activating the
reagents that only stay active for a very short time. We found that in the case of𝛼-synuclein, adding SDS is enough to prohibit further cross-linking reaction
from occurring, and in such cases, the addition of 𝛽-mercapethanol can, thus,
be avoided. This might be due to the oligomers not being SDS-resistant (the
fibrils formed at these conditions are not SDS-resistant) and/or due to SDS
affecting the reagent.

The aim of the second part of the project was to apply the optimized method to
get information on oligomer formation as a function of time during the aggre-
gation process of 𝛼-synuclein at mildly acidic pH, where secondary nucleation
is the dominating microscopic nucleation mechanism. In parallel, we analyzed
all samples with and without PICUP using two different lighting times.

The highest oligomer concentration was detected at the start of the aggregation
process, showing a correlation between the disappearance of oligomers and an
increase in fibril mass. This indicates that the PICUP visible oligomers detected
under these conditions originate from the monomers. This is interesting as
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A) B)

Figure 7.11: Photo-induced cross-linking of monomeric 𝛼-synuclein with different
lighting times. A) Samples of freshly purified 𝛼-synuclein monomers were cross-linked
using different irradiation times (0 to 4096 ms). Samples were run on SDS-PAGE, silver
stained, and analyzed with ImageJ. The concentration of oligomers relative to the total
protein concentration was calculated and normalized to the highest oligomer fraction.
B) Normalised values at different lighting times plotted on a logarithmic time-scale.

secondary nucleation has been found to be the main process for generation of
oligomers. One potential explanation could be that individual methods can be
biased towards the detection of different oligomeric species (see chapter 6.8).
The number and variety of oligomers present within the system could thus be
much greater than is detected by PICUP under these conditions. This could be
explained by the method being favored towards certain oligomeric species with
optimal covalent bond distance between reactive residues as well as the reaction
being favored towards detection of smaller oligomeric structures (see chapter
6.8).

Another potential explanation could be that the detachment of the oligomers
that form at the fibril surface through secondary nucleation is slow, resulting in
large part of the oligomers not being detected. Recent studies by Xu et al. (2024)
196 demonstrate that the measured concentration of oligomers formed through
secondary nucleation (in PBS, pH 7.4) is highly dependent on the detachment
of the oligomers from the fibril surface. They show that the concentration of
oligomers detected in solution increases significantly upon shaking. It would
thus be interesting to perform the experiments present in our work with mild
agitation as a function of time, to further investigate the effect of concentration
and distribution of oligomers throughout the aggregation process.

Furthermore, we detect two bands with a molecular weight around 30 kDa at
the end of the aggregation, but those bands also appear without the PICUP reac-
tion and are thus not a product of the cross-linking reaction. Additionally, sep-
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A) B)

Figure 7.12: PICUP at different time-points during the amyloid formation of 𝛼-
synuclein. Samples taken at different time-points (0, 1, 2, 3, 5, 8, and 24 h) were
cross-linked and analysed with SDS-PAGE. A) silver-stained gel of samples that were
cross-linked using lighting time of 1 s. B) Normalised ThT fluorescence intensity of 6
replicates (blue) where the average is shown as a black line. Red dots correspond to the
the normalised intensity of the oligomeric bands relative to all bands in the same lane at
each time point.

aration of free monomers and fibrils by centrifugation, shows that these species
follow the fibril fraction.

The origin of these bands may be linked to secondary nucleation, indicating
that oligomers are attached to the fibril surface. This further suggests that the
oligomer distribution detected under quiescent conditions does not represent
the oligomeric distribution of the system as a whole, due to majority of the
oligomers being stuck on the fibril surface, which could be linked to the low
net charge of the fibril surface at pH 5.5. This is consistent with cryo-TEM
images of fibrils formed at pH 5.5, showing fibrils that are bundled (paper I and
III).

Could PICUP capture random diffusion of monomers into proximity of one
another? This was addressed by performing PICUP under the same conditions
but on a non-oligomeric protein. The protein of choice, human lysozyme, is
of similar molecular weight as 𝛼-synuclein and has four tyrosine residues po-
sitioned on the surface of the protein, which potentially could allow for cross-
linking between diffusing species. The results showed no detectable cross-linked
oligomers with light exposure time of 4 s. As previously mentioned, no cross-
linking was observed in the presence of SDS, which might further support the
conclusion that the cross-linked species result from transient interactions be-
tween different monomers. Additionally (not part of the published paper), we
have done experiments where 𝛼-synuclein at different concentrations was cross-
linked. The relative number of oligomers was similar within samples of different
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monomer concentrations, further indicating that the PICUP visible oligomers
are not a result of random cross-linking between adjacent monomers in solu-
tion.

In conclusion, we designed an 3D printable reaction chamber for the PICUP
reaction, allowing for accurate controls of the lighting time and the geometry
of the experimental setup. All material was made accessible for others to use
and can be easily adjusted towards other sample containers. We conclude that
PICUP can be a method of choice for comparative studies, where a combina-
tion of different lighting times can be optimal. We believe this work provides
good fundamental grounds that can be further built upon and linked to other
methods and systems of choice.
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7.5 Paper V

On the role of 𝛼-synuclein C-terminal acidic residues

The primary structure of 𝛼-synuclein is highly polar, with a basic N-terminus,
hydrophobic central region, and a highly acidic C-terminal tail. In its free form,
transient interactions between termini within the monomer have been found
protective against aggregation179,181,242,243. Transient interactions between the C-
terminal tails at the fibril surface and the N-terminal tail of the free monomer
have been documented and suggested to play a role in secondary nucleation
(paper II) 121–123. The aggregation of wild-type 𝛼-synuclein is highly pH depen-
dent50,53, where the rate of aggregation is higher at pH below six than above due
to the presence of secondary nucleation at mildly acidic pH. The slower aggrega-
tion of 𝛼-synuclein at neutral pH is believed to be related to the highly negative
C-terminal tail and the high net negative charge of the protein52,56,181,182.

The aim of the work presented in paper V was to get better insights into the
role of the high density of acidic residues within the C-terminal tail and better
understand the pH dependence of 𝛼-synuclein aggregation. This was done by
studying a series of mutants, where up to eight acidic residues (Asp and Glu)
in the C-terminal tail had been mutated to non-charged polar residues (Asn
and Gln) (termed 1Q to 8Q). This provides a way to study the charge effect on
the aggregation by keeping the length of the tail intact. The aggregation was
followed by thioflavin T fluorescence at different pH values (ranging from pH
4 to 7). Self-seeding (mutant seeds) was compared to cross-seeding (wild-type
seeds) to get insight into the ability of the monomer to nucleate at the fibril
surface and attach to fibril ends.

The main findings of the study are that the number of acidic groups within
the C-terminal tail affects the rate and the pH dependence of 𝛼-synuclein ag-
gregation. The change in the behavior differed between mildly acidic pH and
neutral pH (figure 7.13). The pH optimum for secondary nucleation (at mildly
acidic pH) was found to shift to a lower pH with an increasing number of
mutations (figure 7.13 and 7.14). This can be linked to the pKa values of the
acidic residues of the mutants becoming less upshifted upon fibril formation
compared to wild-type (Paper I).
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Figure 7.13: Self-seeding versus cross-seeding of 2Q, 4Q, 5Q and 8Q at pH 5.5-7.0. 20
μM monomer was seeded with 1% of of their own seeds or 1% of the wild-type seeds.
The aggregations of individual mutants were studied at the same time, in the same plate.
All mutants were studied in 10 mM MES/NaOH.

At neutral pH, the aggregation was found to occur faster upon charge muta-
tions, which is presumably related to the tail becoming gradually less charged at
neutral pH with an increasing number of mutations. The effect of self-seeding
(mutant seeds) and cross-seeding (wild-type seeds) differed between the individ-
ual mutants and varied between pH values. Cross-seeding of 2Q and 4Q was
more efficient than self-seeding, which could be explained by the surface of the
wild-type fibrils being less charged and thus easier for the mutant monomers to
access and nucleate on the fibril surface. In contrast, our results indicate that the
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Chapter 7: Summary of thesis work

4Q mutant self-elongates better than cross-elongates at neutral pH. This could
be explained by the mutant being less negatively charged at neutral pH com-
pared to wild-type, and thus experiencing less repulsive interactions between
fibril ends and free monomer.
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Figure 7.14: Comparison of half-times for wt, 2Q, 4Q and 5Q at pH 4.0, 4.5, 5.0 and
5.5. All experiments were performed in 20 mM PB with 0.02% NaN3.

Could a change in the number of acidic groups within the C-terminal tail
affect transient interactions? The aggregation is dependent on various inter-
nal (within the monomer) and external (monomer-monomer, monomer-fibril,
fibril-fibril) transient contacts, which are mediated by distinct interactions, e.g.,
short-range and long-range electrostatic interactions, hydrophobic interactions,
short-range 𝜋-𝜋 interactions, and steric repulsions. The relative contribution of
such interactions can for example be modulated by changing the charge state of
the protein, which can be achieved by a change in pH or by charge mutations.

How can the removal of acidic residues from the C-terminal tail result in the
tail becoming more negatively charged at mildly acidic pH ? This may sound
counterintuitive; however, in paper I, we showed that the pKa values of the
acidic residues become upshifted upon fibril formation due to the proximity of
the acidic tails decorating the fibril core. We also showed that the pKa value
upshift is less for the 5Q mutant. This affects the net charge of the protein,
where the pI value of the mutant is lower than for the wild-type. The pH value
for minimal electrostatic repulsion between the fibril surface and monomers in
solution is thus at a lower pH for the mutant than the wild-type. This may
explain why the optimal pH for secondary nucleation shifts towards a lower
pH with an increasing number of mutations.
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7.5 Paper V

How could the number of acidic residues relate to the protective role of the
C-terminal tail? A decrease in the number of acidic residues results in faster
aggregation at neutral pH. This could both be related to less protective transient
intermolecular contacts between the N-terminus and the C-terminus of the free
monomer, as well as being related to the less repulsions between the fibrils and
the free monomers. In contrast, removing acidic residues from the C-terminal
tail results in slower aggregation at mildly acidic pH, where the optimal pH for
secondary nucleation shifts to lower pH. The results thus indicate that a higher
number of acidic residues is more protective at neutral pH, opposite to pH 5.5,
where it may be less protective.

In conclusion, the results from this work demonstrate that the pH dependent
aggregation of 𝛼-synuclein is highly linked to the number of acidic residues
in its C-terminal tail. This work highlights how modulations of electrostatic
interactions by pH change and charge mutations can affect the amyloid fibril
formation of 𝛼-synuclein.
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Chapter 8

Conclusion

The polar protein 𝛼-synuclein, characterized by its basic N-terminal end, hy-
drophobic core, and highly acidic C-terminal tail, is the protein under inves-
tigation in all papers presented within this thesis. The results presented in pa-
pers I, II and V support the conclusion that the polar and intrinsic nature of𝛼-synuclein is a key factor influencing its aggregation behavior. A significant
portion of my studies has been centered around investigating the contributions
of electrostatic interactions in the amyloid formation of 𝛼-synuclein, with par-
ticular emphasis on the role of the C-terminal tail. Another significant part of
my work explores the different aspects of amyloid fibril stability and solubility.

The work presented in paper I involved developing an approach to measure
the pKa values of monomers within fibrils. From this work, we learned that
protons are taken up by the monomers upon fibril formation, indicating that
the pKa values of the acidic groups become upshifted when monomers misfold
into fibrils. Because of this upshift the stability of the fibrils is higher than
would otherwise be the case. We also show that the upshift is significantly less
for a mutant with fewer acidic residues within the tail, indicating that the pKa
upshift can be linked to the high density of acidic groups within the C-terminal
tail.

In the same study, we show that the apparent solubility (in water) is higher
for wild-type 𝛼-synuclein than for the mutant. This can be explained by the
protein itself being the main buffering component and, thus, the main proton
donor within the system. Free monomers in solution thus donate protons to
the monomers that misfold into fibrils. In the case of the wild-type protein, a
higher concentration of free monomers is needed to provide enough protons for
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Chapter 8: Conclusion

the monomers within fibrils. The fraction of monomer left in solution, i.e., the
solubility, thus increases with the number of protons that need to be taken up
per monomer and this criterion needs to be fulfilled for the system to reach the
lowest possible free energy. The difference in solubility thus further supports
the conclusion that the pKa upshift is dependent on the density of the acidic
residues within the C-terminal tail.

In paper V, we also show how the aggregation rate and pH dependence of 𝛼-
synuclein is affected by a change in the number of acidic residues within tail.
The results suggest that the optimal pH for secondary nucleation is shifted to a
lower pH upon a decrease in the acidity of the tail. This behavior aligns with the
findings in paper I, where the direction of this change can presumably be related
to less increase in pKa values for the less acidic variants upon fibril formation.

The net charge of the protein at mildly acidic pH increases upon removal of
acidic residues, which may significantly alter the relative contribution of differ-
ent interactions that play a role in the amyloid formation of 𝛼-synuclein, such
as the balance between short-range attractive and long-range repulsive electro-
static interactions. The optimal conditions for secondary nucleation occur at
mildly acidic pH, or when the net charge of the protein approaches zero, re-
sulting in minimized repulsions and maximized attractions between monomers
and fibril surfaces.

The intricate balance between the different interactions governing monomer-
fibril interactions may thus be tuned by alterations in the net charge of the
protein. Understanding these interactions requires consideration of not only
the overall net charge but also the charge distribution across different regions of
the protein. This is in line with the studies presented in paper II, showing that
the polarity of the sequence governs electrostatic interactions between monomer
and fibrils, where the positively charged N-terminus was found to be attracted
to the negatively charged fibrils. This mode of interaction was observed for
two chemically identical but structurally distinct fibril morphologies, where the
extent of the sequence from the N-terminal end being attracted to the fibril
surface varied.

The two fibril morphologies studied in paper II were found to form indepen-
dently under identical conditions. This could be related to the energy barriers
for the primary nucleation of the individual morphologies being similar. The
energy barriers for elongation and secondary nucleation are much lower than
for primary nucleation, and the propagation of the already existing structure
could thus be kinetically more favorable than the de-novo formation of a new
structure. The solubility of the fibrils was also found to differ, indicating a dif-
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ference in their stability. The independent formation of each structure made it
possible to capture and study samples predominantly consisting of either one
of the fibril morphologies. Due to the reversible nature of amyloid fibrils, the
monomer will dissociate from the less stable structure and attach to and prop-
agate the more stable structure. This is consistent to our results that show that
with time, the samples transit into consisting of the more stable structure.

Following the investigation of fibril solubility in a pure 𝛼-synuclein system,
paper III explores how the apparent solubility is affected by the presence of
the molecular chaperone DNAJB6b (JB6). Firstly, the results show that JB6
suppresses 𝛼-synuclein aggregation in a concentration-dependent manner at
sub-stoichiometric ratios. Cryo-TEM analyses of the samples at the end of the
aggregation reactions strongly indicate the formation of co-aggregates between𝛼-synuclein and JB6. This is further supported by the apparent solubility of 𝛼-
synuclein being higher in the presence of JB6. Higher solubility indicates that
the chemical potential of 𝛼-synuclein is higher within co-aggregates than pure𝛼-synuclein aggregates. This could be explained by a high chemical potential of
the chaperone alone driving the system as a whole into the energetically most
favorable state, where the decrease in the chemical potential of the chaperone
upon formation of co-aggregates would be greater than the increase in chemical
potential of 𝛼-synuclein.

Lastly, in paper IV, we optimized the method PICUP for the study of 𝛼-
synuclein. We show that a precise control of lighting time is crucial for com-
parison within and between studies. We designed and built a reaction chamber
and made it available for others to rebuild. The improvements in the method
may serve as a good starting point for studying various systems. As an example,
it would be interesting to apply the method to the various system described in
this thesis and compare oligomeric patterns obtained for 𝛼-synuclein at differ-
ent solution conditions, for 𝛼-synuclein mutants, different morphologies, and
in the absence and presence of molecular chaperones.

The work presented in this thesis has taught me a lot about 𝛼-synuclein, its
intrinsic nature, and how aggregation is highly dependent on various intrinsic
and extrinsic factors. However, as always, answering one question brings you
to many more. I look forward to continuing to work towards an increased
understanding of the system and being exposed to new questions as they arise.
Science is fun!
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