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Populirvetenskaplig
sammanfattning pa svenska

Kroppen bestar av flera olika sorters molekyler, vars samverkan 4r ansvarig for si gott
som alla livsnédvindiga funktioner. Fetter — eller lipider — 4r en av dessa sorter, som
bland annat ansvarar f6r cellstrukturer, virmeisolering, och energireserver. En annan
typ av biomolekyler dr proteiner, som bland annat ansvarar for funktioner sisom mus-
keluppbyggnad, katalys, transport av andra molekyler, etc.

For att proteiner ska fungera har de specifika strukturer som hjilper till att uppracthal-
la deras funktioner. Kroppen har olika sitt att sikerstilla att strukturerna ir de ritta;
dock hinder det att dessa felsokande system misslyckas. Flera sjukdomar bottnar i fel-
veckningar av protein, eller visar i vart fall symtom dir felveckade proteiner uppticks.
Ett par exempel av dessa dr Alzheimers sjukdom, vér tids vanligaste demenssjukdom,
samt amyloidos som innebir proteininlagring i olika delar av kroppen. Gemensamt
for dessa sjukdomar dr just bildandet av amyloider, som bestar av proteiner som har
gatt samman for att skapa linga trddar — eller fibrer — som bland annat kan leda till
att celler och vivnader i kroppen forstors.

I min avhandling har jag studerat hur olika biomolekyler paverkar bildandet av fib-
rerna frén ett visst protein, nimligen amyloid-3 (A3), som 4r involverad i Alzheimers
sjukdom. Aven om man inte har kunnat sikerstilla exakt vad som hinder i kroppen
vid felveckningen och det som startar Alzheimers sjukdom, si har man genom att
studera proteinet i laboratoriemiljé kunnat komma fram till hur det bildar fibrerna,
om den enbart far reagera med sig sjilv. Darfor har vi nu studerat vad som hinder nir
man tillsicter andra molekyler som den kan reagera med — vilka delar av processen
kommer de att paverka?

For att gora detta har vi anvint oss av tvd tillvigagangssitt, som kallas top-down och
bottom-up. 1 det forsta s& man blandningen av molekyler som ir av intresse, tillsitter
proteinet, och studerar vad som hinder. Siledes fir man reda pa vilken effekt bland-
ningen har; diremot ir det svért att urskilja vilken av alla sorters molekyler som ir

Xiv



ansvarig for effekten. D4 kommer bottom-up till anvindning: i detta tillvigagangs-
sitt tillsicter man istdllet en molekylsort i taget, och pa s sitt ser man vilken péverkan
dessa har var for sig. Det tar lite lingre tid, och leder inte till det exakta forhéillandet
som sker i den komplexa miljé som kroppen bestar av, men det ir fortfarande fram-
gangsrikt for att kunna forstd samverkan mellan olika molekyler.

En av dessa komponenter som vi har studerat kallas ”det goda kolesterolet”, eller /igh
density lipoprotein-partiklar, som bestar av en skara proteiner och lipider. Vi har stu-
derat hur enskilda komponenter av HDL-partiklarna kan péverka A fibrillisering,
for att undersdka huruvida dessa kan vara ansvariga for den effeke vi sig i ett mer
komplext system.

Slutligen har vi dven undersokt ett annat protein — DNAJBG6 — som har visat sig vara
oerhort effektiv pa ate forhindra bildandet av just AR fibrer. Aven hir anvinder vi ett
bottom-up tillvigagangssitt, di vi dr intresserade av vad som hiander nir man bara
anvinder vissa delar av proteinet: kan man behélla samma funktion om enbart vissa
delar anvinds?
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CHAPTER 1

Introduction

The human body is made up of four major types of biomolecules. These are carbo-
hydrates, nucleic acids, proteins, and lipidsl; however, the two latter kinds are the
main focus in this thesis. In the body, proteins are responsible for several functions,
including catalysing reactions, replicating DNA, acting as signal molecules, trans-
porting different biomolecules, providing structure in tissues and cells, to mention
a few. Proteins are made up of amino acids, i.e. organic compounds containing
a carbon atom, with attached side chain (R-group), in between an amino (-NH,)
and a carboxyl (-COOH) end. To link the residues together, the amino group and
the carboxyl group will form a covalent bond called the peptide bond. This chain of
amino-, hydrocarbon- and carboxyl groups throughout the linked amino acid residues
is also called the backbone of the protein. The side chains differ depending on the
amino acid, giving rise to a number of different characteristics; often, the side chains
are charged, hydrophilic, or hydrophobic?. In total, there are 22 different proteino-
genic amino acids, 20 of which can be coded from the human genome’. Typically,
a protein consisting of few (<50) amino acids is referred to as a peptide, though the
specific definition of a peptide may vary.

The sequence of residues that make up a protein is also called the primary struc-
ture of said protein. The secondary structure is the conformation of the backbone,
stabilised by interactions between the backbone of the different residues; they can ori-
ent into &-helices, (3-sheets, or random coils>*5. The 3D-structure of the protein is
called the tertiary structure; this is also referred to as a protein fold. Finally, if a pro-
tein is made up of several different chains, this combination is called the quaternary
structure (figure 1.1).



Chapter 1. Introduction

Figure 1.1: The different structures of a protein. A) A short chain of amino acids. B) Secondary structures, with
an «-helix to the left and B-sheets to the right. C) A representation of the tertiary structure. D) The quaternary
structure of a protein made up of four chains. In A) and B), blue represents carbon, grey is hydrogen, purple
is oxygen, and beige is the R-group. In C) and D), these colours are aesthetic choices.

The second kind of biomolecule focused on in this thesis is lipids. There are
different kinds of lipids, such as fatty acids, sterols, hydrophobic vitamins, glycerides,
and phospholipids. Phospholipids are amphiphilic molecules, meaning that they have
one hydrophilic and one hydrophobic part. The hydrophilic part — also called the
headgroup — is typically charged and/or polar of different sizes depending on lipid.
The hydrophobic part — also called the tail — is comprised of hydrocarbon chains
with varying length and saturation. This versatility of the headgroup and tail gives
rise to various characteristics of the phospholipids. /7 vive, they primarily make up
the core of all biological membranes, both in cells and organelles . z vitro, the abil-
ity of phospholipids to self-assemble into different structures is extensively exploited.
Some application areas include when creating a model membrane, for instance when
studying lipid-interactions or creating a native-like environment for membrane pro-
teins"®, as well as in cosmetics, food industry, and drug delivery (for instance the
mRNA vaccine against COVID-19, as reviewed’).

Furthermore, in the body, lipids can act as energy reserve through fatty deposits,
as hormones, nutrients, and as important parts of axons and dendrites in the brain"®,
Lipids are used in the entire body in humans; therefore, the transport of lipids in the
body is important, often accomplished through interactions with proteins in lipopro-

tein particles.

Lipoprotein particles

The interactions between lipids and proteins iz vivo is clearly demonstrated in the lipo-
protein particles. There are five different kinds of lipoprotein particles in blood plasma
and other extracellular fluids, typically classified by their density and protein:lipid ra-
tio®: chylomicrons, very-low-density lipoprotein (VLDL), intermediate-density lipo-
protein (IDL), low-density lipoprotein (LDL), and high-density lipoprotein (HDL).
The latter is the smallest and densest, due to its high protein:lipid ratio. The lipo-



protein particles may either be discoidal (figure 1.2) or spherical, depending on their
composition’!!, The primary function of all these lipoproteins is to transport lipids
— often triglycerides, cholesterol, and phospholipids — either from the liver to the ap-
propriate cells, or to the liver to metabolise. HDL particles — which have been the
focus of this thesis — are the only lipoprotein particles present in cerebrospinal fluid
(CSF) due to their high density and corresponding smaller size'®!2. Studies have
shown a correlation between the concentration of lipoprotein particles in blood and
the disease atherosclerosis, where build-up of plaque in the arteries can lead to coron-
ary artery disease, stroke, peripheral artery disease, or kidney problems! 811, LDL has
sometimes been referred to as the “bad” lipoprotein, as the studies have shown a cor-
relation between increased LDL concentration and the progression of atherosclerosis;

HDL, on the other hand, has similarly been referred to as the “good” lipoprotein, as
1,8,11

its increased concentration is correlated with the regression of the disease

Another feature shared by
all classes of lipoproteins is the

presence of apolipoproteins, a

class of proteins responsible for ,,(“iiea‘s,’
e s . - S I
sbiling he dpesd ipid AR

components of the lipoprotein
particles, as well as transporting

the particles and acting as lig-
ds fi 1l-surf: Figure 1.2: Schematic model of a lipodisc. The lipids have formed
ands ror cell-surface receptors. nig a circular bilayer, with the hydrophobic hydrocarbon chains
’]’hey can also act as co—factors shielded from water by the circumference belt of dimeric, o-
k . . helical ApoA-I.
for certain enzymes involved in

the lipid transport!?

. Depending on the class of apolipoprotein the particle con-
tains, their function will be different. Two of these apolipoproteins are apolipopro-
tein A-I (ApoA-I) and apolipoprotein E (ApoE), both of which are present in the
HDL particles. In blood plasma ApoA-I is the major protein component, while in
CSF HDL consist of approximately the same amount of both these proteins!® 1213,

ApoA-I will be further discussed in chapter 2.1.1.

General objectives of the thesis

The intricate play between self-assembly and co-assembly of biomolecules are in focus
in this thesis, with particular interest in the study of protein interactions in vitro.
Protein interactions were investigated either with other protein molecules — of the
same or different kind — or in the presence of lipids. The proteins of particular interest
was amyloid- (Af3), apolipoprotein A-I (ApoA-I), and DNAJBG. In paper I, we
investigated the net-effects from interactions of AB42 in the presence of a body fluid,



Chapter 1. Introduction

and whether this “ex vivo”-like complex system could be studied. In paper III and V
we sought to investigate the individual components from previous studies — ApoA-I
in the presence and absence of lipids, as well as DNAJB6 —, and if the effects seen can
be replicated when using as simple system as possible. In paper II, we developed a
protocol to recombinantly produce ApoA-I. This product was further used in paper IV
where we investigated ApoA-I’s propensity to aggregate into globular and amyloidal
aggregates, and how the propensity is influenced by intrinsic and extrinsic factors.
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Studied biomolecules

2.1 Proteins and peptides

2.1.1 Apolipoprotein A-1

ApoA-T is one of the most abundant protein in HDL particles in blood and CSF'% 1>
and mediator for — among other things — its function in the reverse cholesterol trans-
port, i.e. from arteries to the liver for catabolism!®. Approximately 5% of circulating
ApoA-1 is found in lipid-free or lipid-poor form!”:!8 while the rest is found bound
to lipids in the lipoprotein particles. Moreover, ApoA-I has other protective prop-
erties, as displayed through its anti-inflammatory, antioxidant, and anti-thrombotic
effects!®. Tt also acts as a cofactor to the lecithin:cholesterol acyltransferase (LCAT),
allowing for the esterification of free cholesterol and HDL particle remodeling?®!.
Additionally, ApoA-I has been found to be a major constituent of the protein corona
formed around nanoparticles after addition to blood plasma®>24. ApoA-I has also

18 a5 an increase of

been discussed as a possible protector against neurological diseases
ApoA-I was correlated with a decreased risk of dementia®’, and as it has been found

to interact with the AP peptide?®?’ (paper III).

ApoA-I consists of 243 amino acid residues, converted from the slightly longer

proapoA-I?8. Mutations in its sequence are related to different forms of amyloidosis

— where amyloidal plaques are deposited in various organs in the body!”>?*:3% and

17,18 ' Two of these mutants

further discussed in chapter 4.1 — as well as atherosclerosis
were used in this thesis work: one where a glycine residue has been substituted for an

arginine at position 26 (G26R, also called the lowa mutation®', used in paper II),
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and one where a lysine residue at position 107 has been deleted (K107A, also called
32,33

the Helsinki mutation”>~?, used in paper II and IV).

The native secondary structure of ApoA-I
typically consists of circa 60% amphipathic -
helices, alongside unstructured residues at the
N-terminus and, in some models, B—sheet518’35.
Upon binding to lipids, the o-helical content
of the ApoA-I secondary structure is increased’®.
The exact structure of lipid-free, monomeric
ApoA-1 is still debated, however; due to ApoA-
I’s propensity to aggregate, traditional structural
determination methods — such as X-ray crystallo-
graphy and NMR — has been difficult to utilise®”.
Several structure models of lipid-free, full-length

34,3740 one of which

ApoA-I has been suggested

is shown in figure 2.1. Prevalent in these mod-
Figure 2.1: Model of an ApoA-l monomer, €18 is that lipid-free ApoA-T consist of a four-helix
adapted from Zhang et al.>*. bundle, collected in a quasi-stable state in order
to readily interact with lipids. In HDL particles, ApoA-I is suggested to dimerise and
encircle the lipids by forming a belt in contact with the phospholipid tails*! (figure
1.2).

In this thesis, ApoA-I has been studied, both in terms of its interaction with
A when in lipid-free or lipid-rich form (paper III), and its self-assembly (paper IV).

Also, as ApoA-I has been found to be prone to protease degradation®?

, we developed
a protocol for the expression of ApoA-I in E. coli using the protective tag EDDIE#

(paper II).

2.1.2 Amyloid-f3

Another protein circulating in the body is the AP peptide, present in body fluids —

4447 _ and neuronal synapses®.

including cerebrospinal fluid (CSF) and blood serum
Itis derived from the amyloid precursor protein (APP), a transmembrane glycoprotein
expressed from the APP gene located on chromosome 214%. APP is present in, among
other tissues, neuronal synapses, and A is produced from proteolytic cleavage of
APP by f3- and y-secretase; (3-secretase has its cleavage site at the N-terminus of Af3,
while y-secretase cleavage will define the C-terminal length of the peptide (figure 2.2).
Several length variants of AP, of between 37 to 49 amino acid residues, coexist in the

body, with AB40 being the most common in healthy individuals>®>!.
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Figure 2.2: The creation of A3 from APP by cleavage of (3- and y-secretase.

The function of AP is still unknown. It has been observed to increase hippo-
campal long-term potentiation (i.e. a kind of sustained change in synaptic plasticity,
suggested to be related to learning and memoryl) ; however, this effect was only seen
at low concentrations, as higher concentrations of AP had the opposite effect. It is
thereby implied that A3 has an effect on synaptic plasticity and memory in a biphasic

48,52

manner*>>*. Additionally, it has been shown to have some protective properties,

through its antioxidant®> and anti-microbial activity®4, and improved recovery after
spinal cord injuries in mice”>.

The dysfunction of A3 is more known, as it is famously involved in Alzheimer’s
disease (AD) as amyloidal plaque deposits. Zagoraski ez al.5° had this to say regarding
Ap:

The phrase ’the peptide from hell’ has been used frequently to describe
amyloid-f3, particularly by the bench chemist or biologist who must en-
deavor on a day-to-day basis with its ever-changing demeanor. Biophys-
ical and biological studies of the A3 peptides, especially studies with the
less soluble and more pathogenic 42 residue AB(1-42), are plagued by
many difficulties. The major difficulty relates to the ease in which the
A peptides aggregate and precipitate.

AD and amyloids will be further discussed in chapter 4.2 and chapter 3.1.2, respect-
ively.
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2.1.3 DNAJB6

The final protein studied in this thesis is DNAJBG6 isoform b (hereafter referred to as
simply DNAJBG), belonging to the DNAJ/Hsp40 heat shock protein family®”:%8. As
one of the two major classes of chaperones, the DNA]J family is involved in a wide
range of cellular events, including protein folding®®, Hsp70 activity regulation®®°!,
and protein complex assembly®?. DNAJBG has been shown to interact with a variety
of proteins, such as polyglutamine (polyQ)®3-°, a-synuclein®%8, and AP length

variants 40°? and 427%71, to mention a few.

DNAJBG6 consists of two globu-
lar domains linked through a more
unstructured segment mostly con-
sisting of Gly, Phe, Ser (S) and
Thr (T) residues. It has a tend-
ency to form dimers and oli-
gomers, seemingly dependent of

the S/T-rich region as deletion of

this region increases the monomer

Figure 2.3: DNAJB6 monomer, based on PDB entry 6U3R. Blue s 72
is the N-terminus, where the J-domain is located. Green is the propensity” . A structural model

C-terminus. Purple is the most conserved S/T-rich region. for the dimeric form has been
presented73 . At the N-terminus, the protein has a highly conserved domain called the
J-domain, consisting of approximately 70 amino acids folded into four -helices’*.
The C-terminal domain, on the other hand, has been suggested to consist of four (3-
strands, folded into a B-sandwich (figure 2.3). This region also contains part of the
conserved S/T-rich region mentioned. The dimeric structure of DNAJBG6 proposes a
cleft between the two subunits; this cleft, lined with the S/T-residues, has been sug-
gested as a potential site for peptide binding’?.

DNAJBG has been studied in paper V, where different constructs of the C-
terminal domain (CTD) were designed to investigate the domain’s potential effect on
AP fibril formation, and whether smaller fragments of the domain would interfere
with fibrillisation in the same manner as full-length DNAJBG6.

2.2 Lipids

Three lipids have been used in this thesis: two phospholipids and a sterol, shown
in figure 2.4. The first phospholipid is 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), meaning it consists of a phosphocholine headgroup, with two C14 tet-
radecanoyl (myristoyl) acyl groups making up the tail. The second phospholipid,
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1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), have the same headgroup
as DMPC but different hydrocarbon chains: one C16 palmitoyl acyl group and one
C18 oleoyl acyl group. The difference in chain composition can lead to different
properties and influence self-assembly, which will be discussed further in chapter 3.2.
In vitro, both are utilised in biophysical studies requiring model lipid membranes and
in lipid disc formation; iz vivo, POPC has been detected as one of the abundant PC
species in the human body”>.

The sterol included in this thesisis cho- A pwmec B rorc C cholesterol
lesterol. Cholesterol is present in all animal AV
cells, acting as precursor of many import- s s
ant molecules, such as steroids and vitam-
ins. Cholesterol is very hydrophobic, and is ! o / o
therefore insoluble in water. It is, however, )3 ‘)
solubilised at rather high concentration in
phospholipid structures (as reviewed’®). It ? . §'-,,0
is therefore transported in the body by lipo- \ \
protein particles, both in plasmaand in CSE o 0

2.3  Cerebrospinal fluid

Returning to the role of proteins and lipids I
in the body; above is described the different
proteins and lipids studied in this thesis, but
how does this relate to the situation iz vive?
In addition to the separate components, we
have also worked with the complex mixture

of molecules that is a body fluid, namely
cerebrospinal fluid (CSF). CSFisused in Ppa- Figure 2.4: The structures of the three lipids used
per I, but more on that later. itgrtohlis thesis: A) DMPC, B) POPC, and C) choles-

CSF is a clear, extracellular body fluid surrounding the brain and spinal cord,
as well as filling the ventricles in the brain"””. In healthy adults, the CSF volume is
90 to 200 mL’8, and is derived from blood plasma but has a lower protein content
and different electrolyte levels’?. It is connected to the blood-brain barrier (BBB),
which controls which solutes enter CSE thereby also the brain. CSF contains a
variety of biomolecules, such as salts, proteins, lipids, etc. that play critical roles
in many physiological processes”’. It contains approximately 150 to 450 mg/L total
proteins’”*8%; most of the proteins in CSF originates from blood plasma’’, but are
lower in concentration. Some of the above-mentioned studied molecules exist in



Chapter 2. Studied biomolecules

CSE where it is possible that they interact; studies separating CSF components based
on size found that A3 interacts with apolipoproteins A-I, E and ], as well as choles-
terol®!, all of which are commonly engaged in HDL particles in CSF10.82-84 Regard-
ing DNAJBG, on the other hand, a literature search revealed no record of it being
detected in CSF; whether this is because no one has investigated it or that it does
not exist in CSF is not certain. However, DNAJBG is expressed intracellularly in the
brain, and therefore its localisation in the brain is not dependent on transport across

the BBB.

10



CHAPTER 3

Biomolecular assemblies

Simplified, biomolecular assemblies can be divided into two categories: self-assemblies
and co-assemblies. Both the rate of formation as well as their structures may be of great
importance for their function. Self-assembly corresponds to a composite involving
one single component, either in terms of folding or aggregation. Co-assembled com-
posites, on the other hand, are made up from several different components. In this
chapter, these assemblies will be discussed with focus on the aforementioned bio-
molecules. The self-assembly will be discussed with particular focus on amyloid struc-
ture and formation. Co-assemblies will be discussed either as protein-protein assem-
blies, or as protein-lipid assemblies.

3.0.1 Protein folding

Most proteins will gain a function that is biologically relevant by adapting a certain
conformation. This conformation may include only a single polypeptide chain, or
several of either the same or different kinds. The main forces guiding protein stability
are the hydrophobic effect and the conformational entropy of the polypeptide chains.
The hydrophobic effect is the tendency of nonpolar hydrophobic molecules to cluster
together in aqueous solutions. It is governed by the hydrogen bonding network of wa-
ter: if a hydrophobic molecule is present in an aqueous environment, the hydrogen
bonding network of the water will be disrupted, and instead has to form a cage struc-
ture around the dissolved hydrophobic molecules, which involves an entropy cost®.
The hydrophobic effect is considered the major driving force in protein folding®. The
main opposing force is the protein’s conformational entropy. This stems from the fact
that folding — and self-assembly — results in a protein becoming more restricted, and

11
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thereby loses conformational energy mostly due to the peptide backbone rigidity®”.
The hydrophobic effect and the entropy, while opposing, are similar in magnitude®®.
While the native state of a protein is often the most thermodynamically stable struc-
ture of a protein under physiological conditions®, this stability is only marginal, and
much weaker than covalent or ionic bonds®. Therefore, the protein folding, structure
and stability will be noticeably modulated by changes in solution conditions.

How a newly synthesised amino acid chain folds into its native state depends
on its amino acid sequence”. This discussion was ongoing already in the 1930’s,
and further developed in the 1960’s with the discovery of the reversibility of protein
folding and its implication of a thermodynamically stable native state’!. From this,
one can infer that protein folding is a search for the lowest free energy, and a spon-
taneous process on the sub-second time scale. /z vivo, the protein folding can also be
assisted by chaperones, assuring the correct folding into its native state. The unfolded
state of the protein will be in equilibrium with the native state, though the unfolded
population may be low in native conditions. Folding and unfolding of proteins are
important ways of regulating biological activity.

3.1 Protein assembly

3.1.1 Protein aggregation

If aggregation occurs depend both on the solubility of the protein and the total con-
centration of the monomers (thermodynamic stability). The kinetic stability of the
the system against aggregation will also depend on the intermolectular interactions,
including van der Waals’ interactions, electrostatic interactions, and entropic repul-
sion®. Van der Waals’ interactions describe the sum of relatively short-ranged attract-
ive forces between dipoles (either polar, or induced/non-polar). These interactions
will always be attractive for the same kind of particles. Electrostatic interactions are
more long-ranged. They correspond to the interactions between two charged objects,
and can be either attractive or repulsive depending on the charge distribution. Fi-
nally, an entropic repulsion may arise if the number of accessible configurations of
the protein chain is fewer when molecules become more constricted.

As the protein folding process is a search for the lowest free energy state, it is
possible that the native state corresponds to a local free energy minimum in the free
energy surface, considering that assembly may lower the global free energy92’ 93 Pro-
tein aggregation may be triggered by alternative folding of the protein, which can
affect both its solubility and the intermolecular interactions. If a protein misfolds, it
changes its secondary and/or tertiary structure. As the native state of a protein is only

12



3.1. Protein assembly

marginally stable, changes in extrinsic or intrinsic factors may have a large impact
on the stability of the protein, and on the equilibrium of the folded and unfolded
states. These changes may increase the population of unfolded protein, in turn pos-
sibly leading to aggregation as the exposed hydrophobic patches of the protein may
interact with those of other unfolded proteins®®. These aggregated states exist in sev-
eral forms, such as more unstructured and amorphous, but also more structured states
such as the amyloid structure.

3.1.2 Amyloids

Structure

Amyloids are supramolecular and rigid struc-
tures, existing both in vive and in vitro. In
the 1830s, Schleiden introduced the term amyl-
oids — or “starch-like”, from the Latin word for
starch Amylum — to describe botanical starch
fibrils?*. In the 1850s, Virchow discovered iz
vivo amyloidal deposits by iodine staining of liver
and spleen samples during autopsy; as iodine

staining was thought to exclusively stain starch,

Virchow applied Schleiden’s term to these as

WCH94’ 95_

Even though the amyloid deposits
have been shown to have minimum carbohydrate
content, the name stuck?*%°. In 1922, Congo
red was introduced as stain for the tissue con-

taining amyloidal deposits, and found to ex-
0 _ : : : _ Figure 3.1: Schematic of a typical amyloid
hibit apple green blrefrlngence when studied us fibril. From the cross-section of the fibril,

ing microscopy with polarised light, and has been  the typical cross-p structure is demonstrated

. 96,97 L. as well, where two p-sheets are stacked
used frequently since”™””. Additional dyes have next to each other with the typical distance
of 6-11 A. The distance between the B-
sheets stacked on top of each other - 4.7 A
—is also marked.

also been introduced in order to study amyloids,
such as thioflavin T?® and oligothiophenes”-1%°.

Using transmission electron micrographs of amyloids, the fibrillar structure was con-
firmed!?!.

Today more is known about the fibrillar structure, and the polymorphism ex-
isting in amyloidal structures of the same protein!??~1%_ Generally, amyloidal fibrils
are defined by their thread-like, twisted structures; they have cross-f3 structure, where
B-sheets are stacked with the polypeptide chains perpendicular to the fibril axis!®®
in repeating substructure units'®”. From X-ray diffraction, the spacing between -

13
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strands within a sheet has been determined to be 4.7-4-8 A%, and the spacing between

the B-sheets 6-11 A% (figure 3.1). The length of the fibrils differ, but are typically
long (>1 pm) and thin (10 nm) 12113,

In vitro, a large number of proteins have shown the ability to form amyloids
under different conditions, enough to infer it to be a generic feature for all poly-
peptide chains?® 114,
different amino acid sequences, this general feature implies that fibril formation is

instead driven by the hydrophobic effect and backbone interactions, and is limited by
115

As these proteins are non-homologous and are made up of

steric hindrance of side-chains when the protein assumes (3-sheet formation

Formation

While the ability to form amyloid fibrils may be generic, the propensity to do so
under given circumstances vary significantly between different peptides and proteins.
It often depends on the physicochemical attributes of the given sequence, such as
hydrophobicity, charge, and B-sheet propensity”® 116117

factors — such as pH“S, ionic strength1 19,120 and temperature
118,123 124-127

. Therefore, both extrinsic
121,122 _ 3nd intrinsic

, oxidation other post-translational

134,135

factors — such as point-mutations
modifications!?8-133
formation propensity.

, or proteolysis — may have a large effect on the amyloid

Amyloidal deposits have been found in several human illnesses. In order to
understand how these are formed, it is important to investigate the entire process
of formation, not only the start- and end-states. After identification of the different
processes, it would hopefully also be possible to detect ways to interfere with the
specific steps. So how are the amyloid fibrils formed? The first and slowest phase
involve the formation of oligomers, which is monomers coming together to form
small aggregates. As the creation of a surface is related to an unfavourable free energy
cost — as related to the entropic repulsion described above —, these aggregates are
innately unstable® . Therefore, the growth of the aggregates will on average be slower
than their dissolution!?2. However, if the aggregate reaches a certain critical size, the
aggregate will — through one or several conversion steps — switch to form a nucleus
and from this on growth is favoured. This creation of a more fast-growing nucleus
is referred to as primary nucleation (figure 3.2A). By addition of more monomers
to the nucleus, the fibril will grow through elongation (figure 3.2B), which has a
lower energy barrier than the primary nucleation and therefore proceeds at a higher

rat€122’136.

It is possible for fibrils to form through only primary nucleation and
elongation; however, amyloid formation typically involves a mechanism requiring a

more complex model to describe its aggregation pattern.
ggreg

14
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The initial phase is called the lag phase, where little fibril formation can be detec-
ted (above the signal-to-noise ratio of most bulk methods); however, this is followed
by a rapid growth acceleration, possibly due to the already formed fibrils catalysing
the rate of additional fibril formation. Fragmentation, where the cleavage of a fibril
creates new ends where elongation may occur, has been suggested as one such mechan-
ism. Another way to generate new fibril ends is secondary nucleation, where the fibril
surface acts as a catalyst for the formation of new fibrils (figure 3.2C). This secondary
nucleation process is associated with a much lower energy barrier than primary nuc-
leation and leads to an autocatalytic process with rapid multiplication of the number
of aggregates. Through the development of experimental protocols using quiescent
(non-shaking) conditions, the secondary nucleation for AB4017, AB42118: 119,138
139 _ to mention a few — could be identified. The role of the differ-
ent processes could be elucidated through kinetic experiments starting from several

and o-synuclein

monomer concentrations, as the monomer concentration dependence will be differ-
ent depending on the mechanisms.

A B C
09©

1 T

Primary nucleation Elongation Secondary nucleation Saturated secondary nucleation

Figure 3.2: Sketches of the different mechanistic steps of {3 fibril formation. A) Primary nucleation. B) Elong-
ation. C) Secondary nucleation. D) Saturated secondary nucleation.

Rate equations of aggregation kinetics

As the most prevalent peptide in this thesis — A342 — has been shown to undergo
this secondary nucleation process, the following formulation in mathematical terms
will focus only on these relevant steps, and not on other secondary processes, such as
fragmentation.

During fibril formation, at a given time ¢, the system will contain:
m(t) — the concentration of free monomers
M (t) — the mass concentration of fibrils

P (t) — the number concentration of fibrils

15
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Starting from a pure monomer solution, both P(t) and M(t) will be zero, and
m(t) will be the initial concentration of free monomers (m(0)). The primary nucle-
ation process can then be described through:

— = kym(t)" (3.1)
ot
where k;, is the primary nucleation rate constant and n. is the primary nucleation
reaction order.

While this will conversely reduce the concentration of free monomers and in-
crease the fibril mass, this contribution is small enough to be neglected. Instead, the
process mainly contributing to the fibril mass and reducing the concentration of free
monomers is elongation, described by:

M )P (3.2)
ot

M m(t)P(t

e +m(t)P(t) (3.3)

where k, is the elongation rate constant.

Finally, the production of new fibrils through secondary nucleation is described
as:
oP
5= kom(t)"2 M (t) (3.4)

where k; is the secondary nucleation rate constant and n; is the secondary nucleation
reaction order. These equations all contribute to the fibril formation process over time.
By looking at the influence of the different microscopic steps, we can investigate the
effect on the overall process. It should be noted that both k, and k; only report on the
net rate of formation of growth competent species; if several stages of oligomerisation
and rearrangement occur, it is not detailed in this model.

In the end, in order to quantify the contributions of the different microscopic
processes to the time evolution of fibril mass, and in turn determine the individual
rate constants, an analytical solution in the form of a single master equation has been

derived'4°:

k3o
M(t):1_< B++C+ B_+C+6Ht>"‘k°°

i —koot
Moo B+ + C+€Ht B_ + C_l,_ ¢ (35)

where
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A = \/2ky kym(0)7e

K = /2ky kom(0)r2+

By = (oo £ ko) /(25)

Cy = +2%/(2x?)

koo = \/2k2/[n2(ng + 1)] + 2X2/n,
koo = k% — 4CLC_K2

Individual rate constants can be estimated by fitting this equation and expan-
sions of it, to experimental data. Thereby, it is also possible to investigate how the
rate constants change when applying different conditions to the system, or how addit-
ives will affect the aggregation mechanism. This is facilitated by the online platform
Amylofit, where large data sets can be uploaded and analysed using global fits of the

141 " Global kinetic analysis will typically reveal changes on the products of the

models
rate constants, i.e. either k,k, (primary nucleation) or k,k; (secondary nucleation).
To separate the rate constants, for instance to determine the effect solely on elong-
ation, more experiments are needed. This is done in paper V, where heavily seeded
experiments — where elongation is prominent — are used to estimate values for k, and

thereby k.

Saturated secondary nucleation

There are instances — such as for AB40'%7, and for AB42 at pH 7.4118 and at high
ionic strength!!” — when secondary nucleation has been observed to saturate. One
possible explanation is that the rate limiting step is the conversion and dissociation of
the oligomers from the fibril surface (figure 3.2D). This will make the rate of second-
ary nucleation depend on monomer concentration in a manner similar to Michaelis-
Menten kinetics, since an enzyme-substrate complex is formed prior to catalysis'42,
In this saturated secondary nucleation case, the effective rate of formation of new

aggregates through secondary nucleation is:

P m(t)"2
O panrpy -0 (.6)
st = MO ag

where k; is the secondary nucleation rate constant, n; is the secondary nucleation
reaction order, and Ky is the saturation constant for secondary nucleation.

Subsequently, the master equation is adapted to:
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koo

KE\ Fhoo
M(t) —1_ 1— M(O) ) B+ + C.|_ ) B_ + C+€ e—koot (37)
B+ + C+€’€t B_ + C+

A = \/2k_ knm(0)7e

B m(0)™2k
K= \/Qm(o)k+ T /2KM

B — (koo + koo)
(2K)
2
o, BePO) | kM@©) X
K 2m(0)ky — 2k2
koo - 2k§+POO

koo = k2 — 20, C_K2

In papers I and III, this model was found to well describe the fibril forma-
tion of A342 as it occurred in the regime where saturated secondary nucleation is
the most prominent nucleation step. Attempts to fit other models (as described else-
where40:141) 6 the data were also done, but these failed to describe the data as well
as the saturated secondary nucleation model.

3.1.3 Amyloid formation in the presence of other proteins

When introducing a new component to the system, it might interfere with different
steps in the protein aggregation process. This could due to the added component
associating with the aggregating protein, thus forming co-assembled aggregates.

Many proteins have been suggested to inhibit amyloid formation. Examples
include some from the apolipoprotein class, where ApoE as well as ApoA-I inter-
act with AR?1143, When it comes to chaperones, several kinds have been reported
to play a role in preventing AR aggregation and fibril formation'*>. One that has
144 shown to bind to
fibril surfaces, and thereby effectively prevent secondary nucleation in A3 fibril form-
ation!4>140 " Furthermore, the chaperone DNAJBG as been shown to prevent both
polyQ® and AP fibrillisation® 7%, This inhibition by DNAJBG occurs already at

sub-stoichiometric molar ratios of chaperone to peptide, indicating favorable binding

received increased attention is the chaperone domain Brichos

to A3 (as opposed to being free in solution). It has been shown to interact with fib-
rillar and oligomeric structures rather than monomeric forms of the amyloid peptide.
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Furthermore, the largest inhibitory effect by DNAJB6 was demonstrated through a
reduced primary nucleation in the fibril formation process, dependent on the previ-
ously mentioned S/T-residue motif located in the CTD of the chaperone®7.

In this thesis, protein-amyloid co-assemblies have been studied regarding ApoA-
I and the chaperone DNAJB6 and their respective inhibitory effect of A342 fibril

formation (paper III and V).

3.2 Lipid assembly

Phospholipids consist of a polar headgroup and a non-polar hydrocarbon tail. This
gives the phospholipids an amphiphilic property, and so they spontaneously self-
assemble in aqueous solutions in order to reduce the exposure of the tails to the water.
In other words, the self-assembly of lipids in aqueous solutions is driven mainly by
hydrophobic interaction'#”. I vivo, a typical example of lipid self-assembly is cellular
membranes. Here, the lipids form a bilayer that will encapsulate the cells. This will
limit the transport of polar and charged molecules, as these molecules cannot easily
pass through the nonpolar interior of the bilayer. /z vitro, the lipid self-assembly can
be extensively utilised; examples include to provide model membranes for interaction
studies, as native environments for membrane proteins, as well as in drug delivery
systems, cosmetics, etc.

A B C

O}&@o o I &

Figure 3.3: Schematic of different self-assembled lipid structures. A) A micelle, made up of lipids with a conical
shape. B) A planar lipid bilayer, composed of lipids with a cylindrical shape. C) A lipid vesicle with a solvent in-
terior, formed by dispersion of the lamellar phase. Reproduced with permission'®. Copyright 2014, American
Chemical Society.

What the self-assembled structure will look like depend on characteristics of the
lipids, such as their size and shape. Typically the so-called surfactant number®> — ap-
proximately “how cone-shaped a lipid molecule is” — is considered, when rationalising
over the various self-assembled lipid structures. Low packing parameters indicate that
the molecule have a cone-like shape, promoting the formation of non-planar struc-
tures, for example spherical micelles (figure 3.3A), while packing parameters close
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to one indicate cylindrical shape, promoting the formation of planar bilayers (figure
3.3B). The lamellar phase can further be dispersed into (multilamellar or unilamellar)
vesicles (figure 3.3C), a process that requires energy from, for example, sonication.
Factors that might affect the surfactant number include temperature, ionic strength,
and solution pH*®, depending on the chemical character of the lipid headgroup. For
instance, two of the lipids mentioned in chapter 2.2 — DMPC and POPC — both
have surfactant parameters close to one for a wide range of conditions, thus forming
bilayers. However, a detergent such as sodium cholate, has conical shape and will by
itself form micelles (if above the critical micelle concentration (CMC)). When mixing
the PC lipids with sodium cholate, they may co-assemble. The structure of the object
formed may be micelles or dispersed vesicles(figure 3.3C), depending on the PC-to-
cholate proportions'*?. The mixtures of POPC and cholate are commonly used in

150

protocols for preparing recombinant lipodiscs™”, as used in paper III.

Cholesterol is a very hydrophobic molecules that can be dissolved on a phos-
pholipid membrane at rather high contents, as typically observed in biological mem-

76,151

branes . Due to its bulky and rather rigid molecular shape, it may cause an

ordering of the lipid acyl-chains in a fluid lipid bilayer, and it is therefore referred

to as a membrane stabiliser!>!

. These changes in lipid chain ordering may in turn
lead to changes in the membrane properties in terms of its flexibility!. The effect of
introducing cholesterol — up to 15%, as to remain in the liquid disordered phase —
to lipodiscs, and the effect this would have on A342 fibril formation was studied in

paper IIL.

3.3 Co-assembly of proteins and lipids

So far, the assemblies including only proteins or lipids have been discussed. How-
ever, in vivo, the system is typically more complex and the biomolecules will co-exist
in environment with complex composition, thereby opening the possibility of co-
assemblies of different types of biomolecules.

In the perspective of amyloid fibril formation, this is of fundamental interest,
as fibril formation in vive typically occurs in a lipid-rich environment. Lipids are
surface active molecules, which can affect processes driven by hydrophobic interac-
tions. Several studies have reported an effect by the lipids on the amyloid formation
process' 27154, as well as uptake of the lipids in the formed aggregates'>15°. The
precise effect of how the lipid membranes interfere with the amyloid aggregation pro-
cess depend both on the type of amyloid protein, the lipid composition as well as the
lipid to protein ratio. For example, it has been shown that zwitterionic phospolipid

membranes may cause an inhibition of AR fibrillisation!'>”, while incorporation of
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cholesterol in membranes can lead to an acceleration of the amyloid formation'>”> 1%,

For the formation of lipodiscs serving as recombinant HDL-like particles, one
need to control the co-assembly of lipids and protein. For some lipids, it is enough
to mix the protein and lipids, and perturb the system through sonication. This was
done in paper II, I1I, and paper IV, when using DMPC. An additional protocol, used
in paper III, uses a "helper” molecule — sodium cholate — to disperse the lipids into
small mixed objects. ApoA-I associate with the lipid structure, and via dialysis, there
is finally a selective removal of the "helper” compound with the highest solubility in
water (cholate), thus leaving a dispersed lipid bilayer with a ApoA-I belt!>°.

In this thesis, the co-assembly of proteins and lipids — from lipodiscs to amyloid
aggregates — was investigated in three systems. The first is the complex, iz vivo-like
environment of a body fluid (CSF), and how this multitude of possible interaction
partners would effect the fibril formation of AB42 (paper I). The second system in-
cludes small, dispersed lipodiscs (paper III) and their effect on A342 fibrillisation.
The last system involves large protein-rich structures made up from ApoA-I and how

PC can inhibit this aggregation (paper IV).
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CHAPTER 4

Misfolding diseases

Folding of proteins is essential to ensure their proper function in the body. However,
sometimes the proteins can change conformation, and misfold. The term misfold
typically refers to a harmful state of the protein, where the fold either leads to toxic
activity of the protein or loss of function'>% 19, Therefore, the body has systems to de-
tect incorrectly folded proteins; however, sometimes these misfolded proteins escape
this quality-control, which can lead to aggregation and progression of different dis-
eases’’. Protein misfolding and aggregation formation is the cause of several diseases

in humanSIIZ, 159-161

, such as Parkinson’s, Huntington’s, and Alzheimer’s disease, as
well as amyloidosis. The two latter are most relevant for this thesis and will be further

discussed.

4.1 Amyloidosis

By 2017, 37 proteins had been discovered in insoluble fibrils in humans, only 4 of
which have been found intracellularly while the rest are extracellular'!®. When these
162 "and further specified
depending on the amyloidogenic protein involved 3. The disease can be local — where
the deposits and disease are restricted to a specific organ or tissue — or systematic
— where the deposits are spread to connective tissue and organs. Furthermore, the

fibril deposits cause disease, the disease is called amyloidosis

instigation of the disease can be either acquired or familial (also called hereditary).
In acquired amyloidosis, the disease is caused by the wildtype protein in response
to factors such as inflammatory and infectious states or other diseases, resulting in
increased amount of amyloidogenic protein. Familial amyloidosis, instead, is due to
mutations in specific genes, where the mutations lead to decreased stability of the
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native state of the corresponding protein or other factors that make the proteins more
162

amyloidogenic

In this thesis, great focus is on ApoA-I. ApoA-I is one of the proteins that can
cause amyloidosis, both acquired and familial. In acquired ApoA-I amyloidosis, full-
length ApoA-I forms fibrils that are deposited in arteries and tissues'”>'%1%4, Fibril
formation iz vitro is accelerated after oxidation of the methionine residues, which
suggest a potential fibrillisation mechanism for ApoA-I in the oxidative environment
164,165 1 familial ApoA-I, the disease instigation is due
to fibril deposition by mutant ApoA-I or its proteolytic cleaved fragments, typically

1-83 to 1-93 of the N-terminus'%. These fibril depositions often occur in different
17,29,30

of atherosclerotic plaques

organs depending of the ApoA-I mutant . Mutations associated with amyloid
deposits can occur both outside this N-terminal region — such as K107A%3% — or
clustered close to the N-terminus'®® — such as G26R3!. In total (as 0f 2017) 19 ApoA-
I mutations had been shown related to systematic ApoA-I amyloidosis, likely due to
destabilisation of the native fold and exposure of hydrophobic patches of the protein.
This in turn also facilitates proteolysis, resulting in the higher concentrations of the
more amyloidogenic N-terminal fragments!!> 134135 Some mutations also increase
the fibrillisation rate of the fragments'!®134; others have been suggested to increase
dissociation rate of the full-length protein from HDL particles'!* 13, though this
appears to be a matter of debate!®”-168,

In paper IV, we investigated the aggregation propensity of wildtype ApoA-I as
well as the K107 A-variant, and evaluated if there is a morphological difference of the

formed aggregates.

4.2 Alzheimer’s Disease

Another peptide of interest has been the AB-peptide, involved in Alzheimer’s disease
(AD). AD is a devastating neurodegenerative disease, which affects a large and in-
creasing number of individuals world-wide!®~171. Tt was first described in 1906 by
Alois Alzheimer, and the findings published in 1907172173 "and is now known as the
most common form of dementia. The deposition of extracellular plaques is one of
the key features in AD, including the formation of neurofibrillary tangles composed
of hyperphosphorylated tau!74. AD is associated with age, with prevalence almost
doubling every 5 years after aged 65'7°. As with ApoA-I amyloidosis, there are two
forms of AD: sporadic (acquired) and familial. Several risk factors correlate with the
sporadic form and are known to accelerate its progression, either life-style related —
such as sleep deprivation!’®, low education!”’, smoking!”®, and obesity!”** 18— or
genetic — for instance, the €4 allele of the APOE genegl’ 181-183 The onset of familial
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AD (FAD) occurs earlier than the sporadic form, often before age 65 and often with
a more aggressive progression' 84, The early onset is associated with AR expression,

49,185
bl

exhibited in people with Down’s syndrome due to chromosome 21 trisomy as

well as individuals with proteogenic mutations close to the cleavage sites of 3— and
v-secretase of APP180-188,

As progress in science has increased the life expectancy, this also correlates with
an increased occurrence of AD in the world'®*17%, Therefore, an effective treatment
is of great need. Currently, few medical options exist, with the antibody Aducanumab
being the latest accepted treatment in the US'8% 190, However, while it is possible to
retard the progression of AD, it is no cure for ongoing disease. Therefore, there is
a massive effort towards understanding the underlying mechanisms of the disease in
order to increase the medical options and possible cures, an effort somewhat hampered
as the exact cause of the disease is still unknown.

One theory of the propagation of AD is the amyloid cascade hypothesis. Due
to the observations made above regarding Af3’s relation to AD onset and the phos-
phorylation of tau — which can be induced by AR ! —, the basis of this theory identi-
fies AP as a key player in AD'% 193 Tt suggests that AR self-assembly acts as a disease
instigator, followed by truncation, phosphorylation and aggregation of tau, and sub-
sequent neuronal death!¥>19%19 " The most common form of AR is AB40, while

19

APB42 is more aggregation prone, more cytotoxic'°®, and up until recently thought

to be more prevalent in plaques'”’; however, methods with higher resolution have
recently started to re-evaluate the AP proteoforms in plaques and found the exact

length distribution to be more complex, as reviewed!?8.

While the fibrillar products of AR seem fairly harmless, the oligomers formed
during the fibrillisation process appear more cytotoxic'”?. While the mechanism be-
hind the toxicity of the oligomers is still unknown, different suggestion has been put

200203 nerve receptor binding??4 203,
209-212

forth, including cell membrane pore formation

206-208

reactive oxygen species formation , and increased membrane permeation

In AD, lipid has been found included in the cerebral amyloidal deposits!3214,

Indeed, complex metabolic changes of membrane lipids are occurring in AD, possibly
both as a consequence and promoter of AD pathogenesis, as reviewed??>. Further-
more, studies have found that higher levels of plasma HDL cholesterol (HDL-C)
are correlated with lower risk of AD progression?!®2!17, and that AD patients ex-
hibited lower HDL-C3? and ApoA-I levels*!®. Some contrasting results have been
reported219’220, though age at which the HDL-C levels are measured as well as the
follow-up times of the studies may be of importance for the outcome of the experi-
ments (reviewed by Button ez a/*?!). The role of HDL from an AD perspective has
been extensively reviewed?!"??! and while no causality is yet detected, it elucidates the
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possible association between HDL, its proteome, and AD. In this thesis, the effect of
HDL on AP42 fibril formation is investigated in paper III.
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CHAPTER J

Methodologies and experimental techniques

5.1 Top down versus bottom up

In vivo, A3 aggregation occurs in complex fluids consisting of many thousands of bio-
molecules. To understand differences in the fibrillisation mechanism in these com-
plex fluids compared to pure buffer systems, at least two approaches are possible: in
a top-down approach, AP aggregation is studied either directly in the complex fluid
of interest, or after fractionation of the fluid. This approach is the fastest route to-
wards the aggregation mechanism in a complex environment, but does not provide
a clear understanding of the connection between effects and effectors due to mul-
tiple simultaneous effects. However, through the fractionation and analysis of their
composition, apolipoproteins A-I, E and ], as well as cholesterol — all of which are
commonly engaged in HDL particles in CSF — have been identified as putative ef-
fectors®!. In a bottom-up approach, components from relevant fluids — purified from
a host or chemically synthesised in the absence of the body fluid — are added one ata
time and the effect on the A3 aggregation mechanism and rates are quantified to find
the effects on each of the underlying microscopic steps. The bottom-up approach is
the fastest route towards a physicochemical understanding of the effects from each

component and was recently used to understand the effects of ionic strength!!?:120

and pH!8,

In this work we have used both; through a top-down approach, we studied
AP aggregation in CSF and tried to characterise the fibril formation process based
on previously determined mechanism (paper I). Then, in a bottom-up approach, we
purified single components from non-CSF sources and tried to build the examined
particles in vitro in order to determine the effect of these components on the AP
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aggregation (paper II and III). We further used a bottom-up approach in paper V, to
investigate if isolated chaperone domains from DNAJBG could be used to mimic the
effect seen by intact DNAJB6 on A342 fibril formation.

5.2 Protein expression and preparation

To study the interactions of proteins — and other molecules in general — it is essen-
tial to have protocols for production of the protein that results in a sample free from
contaminants, with the desired amino acid sequence for the protein. There are dif-
ferent ways to attain protein products, for example by extraction from body fluids,
chemical synthesis or using a recombinant expression system. Extraction from body
fluids may be useful, but since many thousands of biomolecules are also present, the
purification can be difficult, and low yielding; chemical synthesis is convenient, but
obtaining long homogeneous peptides are difficult; recombinant expression through
other hosts — such as the gram-negative bacterium Escherichia coli (E. coli) or yeast
(Saccharomyces cerevisiae or Pichia pastoris) — may offer high yield and economical
production of proteins?. In this work, E. coli was utilised to produce the proteins, by
inserting the DNA encoding the protein of interest into vectors, which in turn allows

for the protein to be produced by the bacteria’.

Expression in a bacterial host can fail, especially for unfolded proteins and those
prone to protease degradation, such as ApoA—I42. Therefore, fusion with a protective
tag may be needed to obtain sufficient yield. However, the use of tags and sequence ex-
tension may affect the physicochemical properties of the protein. The tag must there-
fore be removed; often this is done using expensive proteases, which requires further
purification to eliminate the additives from the system. Therefore, when preparing
ApoA-1, the EDDIE mutant of NP™ autoprotease was used (paper II), as EDDIE will
cleave itself off upon refolding, leaving a free target protein with its N-terminus intact
and eliminating the need to add more proteases to the system.

5.3 Chromatographic methods

Chromatography is typically used to separate components in a mixture. There are dif-
ferent types of chromatography techniques, some of which will be further discussed
below (as these were used in paper II). However, they employ the same basic prin-
ciples, and are composed of the same components: the mobile phase —a fluid (liquid
or gas) into which the sample (or solute) is dissolved — and the stationary phase —
the system through which the mobile phase is carried through. The stationary phase
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is often composed of a solid or liquid attached to a tube or surface of beads (resin).
The different components will partition differently between the mobile and stationary

phase and separate the solutes?22,

5.3.1 Ion-Exchange Chromatography (IEC)

Ion-exchange chromatography (IEC) separates molecules based on the attraction
between them and the charged sites on the stationary phase; by selecting columns
with either positively or negatively charged ligands, proteins with the opposite charge
may be purified from the rest. The proteins are then eluted either by a change in pH
or by increasing the salt concentration, thereby interfering with the protein-ligand
interactions.>?*? This is typically done through a gradient, i.e., by altering the pH or
salt concentration gradually, to separate the solutes bound to the stationary phase, as
different solutes will have different affinity for the resin and be released at different
ionic strengths or pH. By using consecutive IEC steps at separate pH values or con-
centration of a charged ligand — such as a metal ion — the purity of the product can
be greatly improved.

5.3.2 Immobilized Metal Affinity Chromatography (IMAC)

Immobilized Metal Affinity Chromatography (IMAC) in protein purification utilises
histidine’s (His) affinity for metal ions that it has through its imidazole side-group.
Metal ions (often nickel, copper, or zinc ions) are immobilised by binding to nitrilo-
triacetic acid (N'TA) on the stationary phase. When the protein sample is loaded onto
the column, proteins with an affinity for the metal ions — for instance, when having
an additional His-tag — bind to metal ions coordinated to the stationary phase, while
the remaining protein elutes with the flow-through.?*? Then the bound proteins may
be eluted with increasing concentrations of imidazole, i.e. eluted through competitive
binding to the resin. It is worth noting that, as His is a naturally occurring amino
acid, many proteins have one or multiple His that will bind to the stationary phase
in the same manner as the His-tag. Therefore, more proteins than the target protein
may bind. Hence IMAC may be regarded more as an isolation step rather than a
purification step.

5.3.3 Hydrophobic Interaction Chromatography (HIC)

Hydrophobic interaction chromatography (HIC) allows for separation of proteins
based on their hydrophobicity.? The stationary phase consists of a resin with hydro-
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phobic ligands. These will then bind to the hydrophobic patches of the solutes. To
ensure solubility, addition of salt to the protein sample is needed (salting in), as this
will expose the hydrophobic patches by disrupting the hydration shells of the proteins,
and thereby facilitate the binding between the protein and ligands. It is important to
ensure, however, that the salt concentration is not too high as this can cause the pro-
teins to precipitate (salting out). In order to elute the proteins after binding, the ionic
strength is decreased to allow for the reformation of the hydration shells. This will
eventually disturb the protein-ligand interactions. Depending on the hydrophobicity
of the protein, the salt gradient may be different; if a protein is very hydrophobic and
thereby interacts strongly with the stationary phase, the lower the salt concentration
needs to be for the hydration shells to reform.??

5.3.4 Size-Exclusion Chromatography (SEC)

Size-exclusion chromatography (SEC) - also
called gel filtration or molecular exclusion chro-
matography — is used in several aspects in a bio-
chemical lab. It is a prominent method for

separating species depending on size (Stokes ra-
dius),>?%? for instance when desalting a sample

= #:os| or when requiring a monomeric solution free

L7 - | from oligomers. It can also be used to study
2 s/  protein-protein equilibrium and exchange rates.
\/ Y In SEC, the stationary phase is comprised of a

porous gel; when the solutes in the mobile phase

B ~ pass through the column, particles of smaller size
s will enter the pores in the beads while the larger
g ones cannot and passes through without entering
S8 the pores. Thereby, the smaller solutes will be re-
-g tained in the column for longer time, while the

5 larger will be eluted first (figure 5.1).

Volume (mL)
Figure 5.1: The principle of SEC. A) shows In this thCSlS, SEC was used in all experi-

solutes of different sizes, entering the pores  ments involving Aﬁ and ApOA—I, as these were
to different extent depending on the size

of the species. B) is a theoretical chromato- puriﬁed the same clay as the experiment was car-

gram obtained from A), assuming the spe- ied h |
cies absorb light at the same wavelength. ried out, to ensure homogenous sample.
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5.4 Sodium Dodecyl Sulphate — PolyacrylAmide Gel Electro-
phoresis (SDS-PAGE)

Sodium dodecyl sulphate — polyacrylamide gel electrophoresis (SDS-PAGE) is an elec-
trophoretic method where a polymeric gel is used to separate macromolecules such
as proteins through sieving. In SDS-PAGE, proteins are first reduced or denatured
— through 2-mercaptoethanol (to reduce the disulphide bonds) or through boiling
— in the presence of SDS, which will charge the proteins equally according to size
by coating hydrophobic regions with a large, negative charge. When placing the gel
between two electrodes, and applying the voltage, the charged proteins will migrate
through the gel depending on their electrophoretic mobility, which in SDS-PAGE is
often mainly governed by size; smaller will migrate more easily through the polymer
network and thereby travel further.” Exceptions are highly stable proteins which resist
denaturation upon boiling in SDS. By staining the gel afterwards, the different pro-
teins may be detected as bands, separated by size. To extract the sizes corresponding
to the distance travelled in the gel, a molecular standard — often called a ladder — con-
taining proteins of known sizes must be added, as well. SDS-PAGE was mainly used
in paper 11, to evaluate the elution and purity of ApoA-I throughout the purification
procedure.

5.5 Mass spectrometry (MS)

Mass spectrometry (MS) is a technique used to analyse the molecular masses of mo-
lecules or fragments of molecules in a sample. In this technique, ionised samples are
separated based on charge and size, prior to being detected. The first part is accom-
plished through an ionisation source, of which there are different types. One of the
most commonly used sources is electrospray ionisation (ESI), where the liquid sample
is dispersed into an aerosol by applying high voltage, solvent evaporation, and even-
tual droplet dissociation, leaving positive ions behind??*. The second method is called
matrix-assisted laser desorption jonisation (MALDI), where the sample is mixed with
a matrix; a laser is then used, as the matrix absorbs energy and transfers protons to the
protein. It is important to note, though, that the ionisation will be qualitative — not
quantitative — as different samples ionise to different extents. To get a quantitative
measure, isotope-labeled samples of known quantities must be included as well.

After ionisation, the ions are accelerated in an electrical or magnetic field, trav-
elling and separating according to their mass/charge (m/z) ratios. This can also be
accomplished in a variety of ways: one example is time of flight (TOF), where the
analyser uses an electric field to accelerate the ions and then measures how long time
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it takes for them to arrive at the detector; a second example is the quadrupole, where
the analyser has four parallel metal rods conducting oscillating electrical fields to select
between ions of certain m/z ratios, as the ions will have different trajectories depending
on their m/z. Finally, the detector will report the mass spectrum, where the detected
signal will be plotted versus the m/z ratio. It is also possible to combine the different
analysers — so called tandem MS —, for instance to first isolate one specific peptide,
then fragment it through collision with a gas, and then sort the produced fragments.
This can be used to detect, for instance, modifications of specific amino acid residues
or to analyse if a mutation is present???. In this thesis, MS was used in paper II, both
as an analysis tool for modifications of ApoA-I, but also to analyse the purity of the
samples.

5.6 Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) is a non-destructive technique used to characterise
particle sizes in suspensions (figure 5.2). It measures the light scattered by particles in
the solution, and calculates their sizes based on the Brownian motion of the particles
(assuming spherical geometry). Smaller particles will move faster compared to larger
ones as given by the Stokes-Einstein relation:

kT
= (5.1)
3mnd,
where D is the diffusion coefficient, kg is Boltzmann constant, T is the temperat-
ure, 1 the viscosity, and dlD the hydrodynamic diameter.

To determine D, a laser is directed to the sample contained in a cuvette and the
scattered single frequency light is detected at a certain angle over time to monitor the
movement of the particles. The initial intensity is used to generate an autocorrelation
function, which describes for how long time a particle is suspended in the same spot.
The decay then represents the time needed by the particles to change position. As
small particles move more quickly — as stated above — their decay will be faster than
larger, and so the decay of their autocorrelation function will be faster than those of
larger particles. This can then be related to the lag time, and further calculated to
obtain D?24.

g2(7) = 1 4 Be2PTT (5.2)

where g is the autocorrelation function, T is the time between the two time-points, 3 is
the coherence factor that depends on detector area, optical alignment, and scattering
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Figure 5.2: Dynamic light scattering. A) A laser shining light on a sample, scattering the light to a detector
positioned at angle 0. B) The scattered light as a function of time. C) The autocorrelation function, showing
the faster decay for the smaller particles compared to the large. D) The calculated size distribution. For all,
blue is small particles and purple is larger.

properties of macromolecules, and q is the Bragg wave vector (calculated from the vis-
cosity, wavelength of incident light, and the 0 angle at which the detector is placed).
Typically, the conversion of the autocorrelation function to the corresponding size (as-
suming spherical particles) is included in the software of the DLS instrument, while
analysis according to other shapes has to be done on exported data. In this thesis,
the conversions have been done using the software of the DLS instrument, with the
assumption of spherical particles (papers II, III, and IV). As the measurements were
done to observe the change in size after a certain time or addition of a sample — i.e.
a qualitative analysis, as opposed to a quantitative — it was deemed adequate, even if
some particles are expected to not be precisely spherical.

5.7 Circular Dichroism (CD) spectroscopy

Circular dichroism (CD) is a spectroscopic technique for samples in solution. It is
based on plane-polarised light, which is a superposition of two circularly polarised
components of the same amplitude, one rotating counter-clockwise (L) and the other
clockwise (R), and how these two components will interact with the samples??>226,
Non-chiral molecules will interact with these two polarisations of light to the same ex-
tent. Most biomolecules, however, are chiral and will absorb the L- and R-components
to different extents. This difference can then be measured at the detector, and presen-
ted as a function of the wavelength of the incoming light:
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AA = AL — Ar (5.3)

or, by applying Beer-Lambert’s law:

AA=(eg — &) *xCxl (5.4)

as

Ae = (ep — &) (5.5)

where €1, and €, are the molar extinction coefficients for L- and R-circularly
polarised light, C is the molar concentration, and | is the path length in centimeters
(cm). Typically it is also reported in terms of the ellipticity (0) in degrees, where
0=32.98 AA, or 3298.2A¢.

Depending on the spectral regions investigated, different structural information
can be obtained. Analyzing the absorption of light at wavelengths 260-320 nm (near-
UV) will report on the aromatic amino acid residues and can lead to fingerprints of
the tertiary structure of the protein. Absorption at 240 nm down to 180 nm (far-
UV) will instead result from the peptide bonds of the protein and give information
regarding the secondary structure such as &-helix, 3-sheet, and random coil, as these
show characteristic spectral patterns (figure 5.3). In summary, the -helix spectrum

A B

= -helix

== (3-sheet

== random coil

CD signal

1 T
190 210 230 250
Wavelength (nm)

Figure 5.3: Circular dichroism. A) Representation of circularly polarised light (purple) — clockwise in this sketch
— based on plane polarised light (grey and yellow). B) The characteristic spectral patterns for «-helix (blue),
3-sheet (green), and random coil. B) is adapted with permission from.?%” Copyright 1969, American Chemical
Society.
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shows two minima at 208 and 222 nm, and a maximum at 193 nm; {3-sheet results in
one minimum at 215 nm — though the exact position depends on (3-sheet curvature
and parallelity — and a maximum at 196 nm; random coil shows a small minimum at
approximately 198 nm?.

The analysis of CD data can be difficult if the sample contains a mixture of
various secondary structures, as the acquired spectrum will be a superposition of the
different absorptions. The different contributions can be separated through linear
decomposition of the spectrum, or by comparison to a reference database?2°. This
deconvolution is never better than the accuracy of the protein concentration determ-
ination. In addition, signals from disulfide bonds and aromatic side chains may spill
over into the far-UV range. It is also important to note that the presence of macro-
scopic aggregates will distort the CD spectrum due to scattering effects or heterogen-
ous absorption, in turn also leading to lower observed CD signa1226.

In this work, CD has mostly been used to investigate the change in secondary
structure of ApoA-I due to aggregation (paper IV), to possibly detect fibril formation.

5.8 Fluorescence spectroscopy

Another type of optical spectroscopy is fluorescence spectroscopy, where the emission
of photons is measured after a sample is exposed to electromagnetic radiation. This
exposure can cause a molecule to absorb light, leading to some of its electrons changing
molecular orbital from a ground state to an excited state. However, this excited state is
not energetically favourable, and so the electron will eventually return to the ground
state. When doing so, it can either emit heat or a photon. If a photon is emitted,
this is called fluorescence and the molecules doing so to a high extent (high quantum
yield) are called fluorophores.

One such fluorophore is thioflavin T

HyC S ,CH3 (ThT). The molecule is comprised of a
/ L benzothiazole ring and a benzyl ring con-

o N\© CH3  nected by a single carbon-carbon bond

cl CH;, (figure 5.4). In solution, the fluorescence

Figure 5.4: A Thioflavin T (ThT) molecule. The carbon- quantum yleld of ThT will be lower as
carbon around which the two rings can rotate has the two rings can rotate freely around this
been marked with an arrow. . ..
bond, letting energy dissipate. In bound
form, however, the molecule will be more rigid — with less ring rotation around the
carbon-carbon bond — and an increase of the excitation maximum (at circa 440 nm)

and emission maximum (at circa 482 nm) will occur’®2?® (figure 5.5).
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Figure 5.5: Fluorescence spectra for ThT in buffer and bound to amyloidal fibrils. A) The excitation spectrum
of ThT, free in solution and bound to fibrils. B) The emission spectrum of ThT, with and without fibrils. C)
Typical fluorescence curve as a function of time, through which the fibril formation over time can be inferred.
For A) and B), blue is ThT alone, and purple is ThT in the presence of amyloidal fibrils. A) and B) are adapted
from?37,

ThT has been used extensively to study amyloid fibril formation, due to its bind-
ing propensity to B-sheets??®22%; by measuring the fluorescence intensity, the fibril
formation can be followed, as more ThT molecules in solution can bind and fluor-
esce with larger amounts of fibrils formed (if the ThT concentration is optimised to
provide a linear response of the fibril concentration). The fluorescence intensity over
time can be plotted (figure 5.5C), and mathematical models fitted to it in order to
investigate the aggregation mechanism (see Kinetic analysis). However, ThT is not

230,231 r selective

always inert in respect to the aggregation equilibrium and kinetics
exclusively to amyloidal structures??%:232-235 Therefore, one can use the ThT fluor-
escence intensity as a reporter of fibril formation - as has been done in papers I, III,

IV and V - but other complementary methods are needed to confirm it>*°.

5.9 Kinetic analysis

The models for the fibrillisation mechanism have been described previously (chapter
3.1.2). After fibril formation of a peptide at a series of monomer concentrations (in
the presence of ThT), these models can be fitted to the ThT fluorescence data, to find
the minimal set of steps providing an acceptable fit. This is typically evaluated from
the error square sum, which will reflect how well a model fits to the data analysed.

In this thesis, the online platform Amylofit'4!

analysis of a large amount of kinetic data. Thereby, the different models and their

was used, allowing for global

different parameters — such as rate constants and saturating concentrations — can be
evaluated more easily. This was done in paper I — where the global analysis allowed
for determination of the A342 mechanism in CSF —, in paper III — where the effect
of ApoA-I and rHDL was analysed — and in paper V — to investigate the effect from
DNAJBG6 constructs.
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5.10. Cryogenic-transmission electron microscopy (cryo-EM)

5.10 Cryogenic-transmission electron microscopy (cryo-EM)

Cryogenic-transmission electron microscopy (cryo-EM) is another technique, used
in all papers of this thesis to get a visual presentation of the different samples. For
the EM technique, Aaron Klug was awarded the Nobel Prize in 1982. As the name
suggest, it operates based on streams of electrons, whose wavelength can be adjusted
down to picometers based on their kinetic energy. The electrons in TEM are acceler-
ated by an applied voltage in vacuum and steered through magnetic lenses to hit the
sample, where they are scattered or absorbed. A detector may then create high resolu-
tion images of the observed sample based on these interactions?*. Cryo-EM imaging
can be brought down to picometers in resolution easily, and down to atomic level if
averaging identical objects of many imag65239. However, increasing the number of
electrons bombarding the sample will lead to damages in the sample, and so the num-
ber of images that may be acquired for a specific area of the sample is limited?3*24°,

Specific for cryo-EM is the sample preparation. The liquid samples are deposited
on sample grids — a thin carbon film full of holes, mounted on a copper grid — and
plunged into liquid ethane at -180°C, vitrifying the samples and acquiring transparent
amorphous ice?40: 241 This will trap the samples, frozen in place, and allow snap-shots
of the investigated process to be taken without risk of structural rearrangements prior
to imaging. The samples are stored and imaged in liquid nitrogen, to prevent thawing.
The sample preparation is one of the most crucial steps in cryo-EM, as the presence
of crystalline ice will interfere with the images. For the freezing technique, Jacques
Dubochet was awarded the Nobel Prize in Chemistry 2017, shared with Joachim
Frank and Richard Henderson for the methodology for single particle reconstruction
and structure determination.
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CHAPTER O

Summary of thesis work

The intricate play between self-assembly and co-assembly of biomolecules is the focus
of this thesis.

In paper I we used a top-down approach to study the fibril formation of AB42.
As it is very difficult to follow the fibril formation in real time i vivo with techniques
available today, we strove to create an ex vivo environment by using the body fluid
CSE and further investigate the fibrillisation behaviour and mechanism of A342.

Another protein of interest is ApoA-I, due to its double-faceted property of
self- and co-assembly. In paper II, the aim was to develop a new protocol for the
production of pure ApoA-I, with focus on a stream-line purification to avoid time
consuming lyophilisation steps and buffer exchanges.

In paper III we used a bottom-up approach to investigate if some candidate
components — identified from CSF®! — would be able to replicate the retarding ef-
fect on A342 fibril formation seen in paper I. We combined purified ApoA-I with
DMPC and POPC — as well as a mixture of POPC and cholesterol — to investigate the
effect these components would have on A(342 fibril formation, either as self-assembled
components or as co-assembled composites.

In paper IV we investigated the aggregation behaviour of ApoA-I, and how dif-
ferent extrinsic and intrinsic factors would affect the possible amyloid fibril formation.

In paper V, we again took a bottom-up approach to investigate a simple model
system composed of A3 and one chaperone to mimic a more complicated scenario.
We asked if the chaperone activity demonstrated by DNAJBG6 can be reproduced by

an isolated chaperone domain and, if so, how small this domain could be.
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Chapter 6. Summary of thesis work

6.1 Paperl

The mechanism of A3 fibril formation iz vitro has been extensively studied, and pro-
tocols have been developed to obtain accurate and reproducible kinetic data. How-
ever, the conditions 77z vitro are typically highly stringent, with few and specifically
chosen components to ensure sample control to the greatest extent possible. This is
in comparison to the 7z vivo environment, with high concentrations of other bio-
molecules that may interact with the studied peptide; additionally, ions and other
small molecules will be present. Altogether, there is a multitude of possible effects
and effectors on the A3 fibril formation, which are difficult to predict. Therefore, as
the mechanism of AP fibril formation 77 vive — while elusive — is of greatest interest,
this study was constructed to use the protocols made 7 vitro and apply them to an iz
vivo-like situation. Here, we asked the questions: do A3 fibrils form in the presence
of CSF? If so, can reproducible data amenable to kinetic analysis be obtained in CSF?
Is the autocatalytic nature of the process, including a double nucleation mechanism
originally found in pure buffer, also present in CSF? Finally, is it possible to identify
how the individual microscopic steps are affected by CSF? To answer these questions,
a series of experiments were performed where human CSF was spiked with recombin-
antly expressed and purified human Af342 and the fibril formation kinetics was then
followed. The buffer conditions were chosen to mimic the ionic and pH conditions of
CSE, thereby allowing for CSF in different concentrations to be investigated without
major shifts in conditions (for details, see paper I).

We found that AB42 formed ThT-positive fibrils in CSF as well as in buffer.
The morphology of the fibrils was confirmed with cryo-EM, and found to resemble
those formed in the absence of CSE Possibly, some small particles could be observed
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Figure 6.1: A) The ThT fluorescence as a function of time for 3 uM A 42 in buffer with various concentrations
of CSF (0-80%). B) The t,> h as estimated from the data in panel A) as a function of CSF concentration.
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6.1. Paperl

at the surface of the fibrils; however, the cryo-EM images alone could not identify the
possibly bound species. We also found that — despite the various molecular species
present in CSF — reproducible kinetic data could be obtained for the AB42 fibrillisa-
tion. This was observed both by using several different CSF pools from two different
hospitals, as well as within the repeats of the concentrations. Some minor differences
in curve shape could be observed between CSF pools, but the overall appearance of
retardation and observed ty/; versus AR42 concentration was remarkably similar.

Furthermore, we found that the presence of CSF delays fibril formation (figure
6.1A), as previously seen®>242:243 e observed that the t1/, of AB42 fibril formation
was increased with increased percentage of CSF added, showing the net retarding
effect of all effectors in CSE In some pools of CSF tested, this retarding effect was
saturated at higher CSF concentrations — as evident in tj/, graph in figure 6.1B —
while other pools showed no such saturation.

The obtained kinetic data of A342 at constant CSF concentrations were globally
ficted with models as determined previously from aggregation of pure protein. The
saturated secondary nucleation model (equation [3.7]) — as determined to agree with
APR42 fibril formation in physiological salt concentration!!? — was found to best fit the
data at all CSF concentrations. This was further supported by the performed seeding
experiments, where the lag phase was shortened by the addition of premade fibrils.
However, the primary nucleation reaction order, n., had to be set to effectively 0 in
order to fit the data of AB42 in buffer alone. This infers that the primary nucleation
is saturated, which has not been seen in previous systems. The reason for this is
unknown, though suggested explanations include the ionic strength — though this

119 _ or the presence

has previously only been seen to saturate secondary nucleation
of calcium ions?**. Furthermore, we found that the rate of secondary nucleation is
decreased when adding CSE Whether this is connected to the previously mentioned

molecules on the fibril surface is unknown, but of interest for future work.

In conclusion, our main findings in paper I was: A342 forms fibrils in the pres-
ence of CSE, of similar morphology as those formed in buffer. Reproducible kinetic
data can be achieved, amenable to global kinetics analysis of the same rate laws as
inferred from aggregation in pure buffer. Thereby it is possible to approximate the
presence of CSF as a perturbation to the rate constants of aggregation in pure buf-
fer. Most importantly, the autocatalytic nature of the process — which includes a
mechanism with secondary nucleation mechanism — is present also in CSE The main
retarding effect of CSF on the aggregation of AB42 stems from a reduction of the rate
of secondary nucleation. Our findings illustrate how the analysis of the aggregation
kinetics in pure buffer can be used to identify the microscopic steps in the aggrega-
tion reaction and then be used to translate these findings to the iz vivo situation by
repeating the aggregation reaction in increasing concentrations of bodily fluids.
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Chapter 6. Summary of thesis work

6.2 PaperII

ApoA-1 is involved in lipid transport iz vivo, being the major protein constituent of
HDL particles. It has also been found to form amyloidal deposits, involved in amyl-
oidosis. Thus it is of interest both to study the multifaceted interactions of ApoA-I,
and to investigate if the effector observed in paper I could be HDL-particles (as sug-
gestedSl). ApoA-I therefore needs to be reconstructed from a non-CSF host, to ensure
only constituents of interest are present in the sample. In this study we developed an
expression and purification strategy for the production of high-purity ApoA-I.

ApoA-I constitutes of 243 residues; as chemical synthesis is only suited for re-

latively short peptides®’

, we chose to recombinantly express is through the gram-
negative bacterium Escherichia coli (E. coli). ApoA-I has been found prone to protease
degradation?, thus we elected to co-express it with a protective tag called EDDIE.
EDDIE is a mutant form of the NP™ autoprotease from classical swine fever virus,
forming inclusion bodies in the bacterial cells and then upon refolding cleaves itself
off from the target protein. This serves two purposes: firstly, it protects ApoA-I from
proteolysis; secondly, it eliminates the need to add additional proteases after purific-
ation. An additional advantage with EDDIE is that, after cleavage, the target protein

is left with its N-terminus intact.

The used chromatographic methods have been described in chapter 5.3. These
were selected, as ApoA-I is negatively charged in neutral pH and with hydrophobi-
city shown through its interactions with lipids. Additionally, we added a His-tag to
EDDIE in order to use IMAC to remove it after cleavage. Then, as this was insuf-
ficient to ensure proper purity, the thermostability of ApoA-T>4¢247 was exploited
through boiling. Finally, SEC was performed prior to further experiments, to en-
sure homogeneity of the sample. To create as efficient purification as possible, the
order of the different chromatographic steps was investigated. The optimal order was
determined to be IEC-IMAC-HIC-boil-storage/SEC: IEC will remove the DTT ad-
ded when cleaving His-EDDIE from ApoA-I as well as increasing the ionic strength
slightly; IMAC removed the uncleaved construct and the cleaved His-EDDIE and
concentrated the sample, as most of the ApoA-I was eluted with the water front when
changing mobile phase; HIC was placed next, as the elution resulted in low ionic
strength, optimal for buffer changes in coming experiments; boiling was added as the
first three chromatographic steps still contained contaminating proteins; SEC was
placed last, after lyophilisation and storage of the protein, to ensure homogeneous
sample prior to further experiments.

Several factors was investigated in order to optimise the protocol, both in terms
of increased EDDIE cleavage and purification (for details, see paper II). The final
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Figure 6.2: A) Samples taken throughout the purification, visualised through SDS-PAGE. B) SDS-PAGE of a
typical example of an aliquot of the purified sample, after SEC. The “front” fraction is the beginning of the
peak, while the “After SEC” fraction is typically used for further experiments. The molecular standard ladder
contains the same sizes in A) and B). C) Intact weight MALDI-MS of purified ApoA-|, internally calibrated using
BSA+Bruker Protein Std I. The signals corresponding to the calibrants are marked with a star. The signals at
28 039 Da, 14 021 Da, 9356 Da, and 7025 Da correspond to the 1+, 2+, 3+, and 4+ charged ApoA-I monomer
respectively; the signal at 18701 Da corresponds to the 3+ dimer.

strategy led to samples with high purity as confirmed with SDS-PAGE and mass
spectrometry (figure 6.2), and a yield of 5 mg/L for wildtype ApoA-I. Two more
aggregation-prone ApoA-I mutants — G26R and K107A — were also expressed and
purified with the protocol, resulting in a 3 mg/L and 16 mg/L yield for respective
mutant. The reason for the increased yield for K107A is unknown, but possibly the
mutation lead to simplified elution, particularly from the HIC column as K107A
eluted at higher salt concentration compared to wildtype ApoA-I. Still, the ability to
express and purify mutants using the same protocol demonstrates its robustness; also
the protocol was a prudent strategy to eliminate the need of extrinsic proteases as well
as imidazole.

In conclusion, in paper II, we found that we could develop a protocol through
which human ApoA-I may be recombinantly expressed in E. co/i. This was facilitated
by the autocleavable tag EDDIE. The protocol results in is very pure, tag-free ApoA-I
with authentic N-terminus. The protocol could be used to express and purify two
mutants of ApoA-I, further showing the robustness of the protocol.
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Chapter 6. Summary of thesis work

6.3 Paper III

As mentioned, in paper I a top-down approach was used to study A342 fibril form-
ation in an ex vivo situation. In paper I1I, we instead used a bottom-up approach to
investigate if we could achieve a similar retarding effect on A342 fibril formation in a
simpler system. We ask therefore ask if lipoprotein particles — rHDL — interfere with
A aggregation processes? If so, are lipids required, or can the ApoA-I alone cause
the same effect? Is there a lipid specificity? Does the fibril morphology change due to
co-aggregation with lipids?

To avoid possible contamination of unknown minor components from CSF,
we used samples prepared from CSF-free hosts. We produced ApoA-I as described
in paper II, along with synthetic lipid molecules. We reconstituted rHDL particles
from ApoA-I and either single phospholipids with a PC headgroup, or a mixture of
PC and cholesterol (of concentrations corresponding to a liquid disordered bilayer
phase). We then investigated the effect the rHDL particles — as well as protein alone
and lipid vesicles alone — had on the fibrillisation of A342.

Through the ThT fluorescence assay, we noted that both lipid-free ApoA-I and
rHDL particles retard A342 fibril formation, while no retardation was observed after
addition of lipid vesicles. This retardation effect was more pronounced for lipid-free
ApoA-I compared to rHDL. It s still unknown whether the effect we see with rHDL is
due to free ApoA-I in the sample; however, from the NMR experiment, no population
of free ApoA-I could be detected. It should however be noted that the exchange
between free and rHDL-bound ApoA-I occurs the same time scale as the fibrillisation
experiment?®®, Thereby, it is possible that ApoA-I may redistribute between lipid-
bound and AB42-bound, if the affinity for AB42 is higher than the affinity for lipids.
Interesting though is that, the co-assembly of protein-lipids seem to have a smaller
effect on the A342 fibril formation compared to the lipid-free ApoA-I.

From the global kinetic analysis, we found that the effect from both lipid-free
ApoA-I and rHDL can best be described as affecting the secondary nucleation path-
way, demonstrated through a change in k. k; (equation [3.7]). For lipid-free ApoA-I,
however, it was inferred that it might also enhance the primary nucleation process;
improved fits to the kinetic curves could be achieved by fitting individual k,k, —
along with individual k,k; — to each curve, where the resulting k,k,, was higher after
addition of ApoA-I compared to A342 alone. The seeding experiments resulted in
shorter lag-time for A342 alone; however, no such shortening could be detected for
neither ApoA-I or rHDL particles, confirming the effect on the secondary nucleation
pathway. Two explanations for this effect seem possible: a competition with A342
monomers for the interaction with the fibrils surface, or an interaction between the
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Figure 6.3: The ThT fluorescence as a function of time for 5 yM A342 in buffer with addition of A) ApoA-I, or
B) rHDL particles. C) is the extracted ty, h plots of A) and B).

additives and nucleating species and thereby a hindrance of the conversion to fibrillar
structure’®®. More experiments are needed in order to determine which explanation
is more likely.

Furthermore, the fibrils formed after ThT fluorescence plateau was reached was
visualised using cryo-EM. Through this, we found that the A342 fibrils formed after
addition of ApoA-I and rHDL are longer compared to the control sample of A342
alone, possibly due to an increased use of monomers through elongation after inhibi-
tion of the dominant secondary nucleation step. It is also interesting to note that the
morphology of the fibrils formed after addition of lipid-free ApoA-I seem to be less
twisted, with a longer node-to-node distance, implying interaction of ApoA-I with
AP42. For the images of the samples with added rHDL particles, a very low number
of free rtHDL particles can be observed. Additionally, the visualised fibrils are more
similar to those formed from A(342 alone than those formed from AP42 in the pres-
ence of lipid-free ApoA-I (at least concerning the twist of the fibrils but not the length
distribution). Considering that the molar ratio of rHDL:fibril was high enough to
have the fibrils decorated by rHDL particles — is such interactions are favorable — the
absence of rtHDL in the images would suggest that no such association exist.

In conclusion, in paper III we found that the retardation of A42 fibril form-
ation observed in CSF can be largely reproduced by ApoA-I or rHDL. In CSE the
retarding effect is more pronounced; given the multitude of components in CSE this
difference is expected. Still, it is remarkable that much of the effect observed in CSF
is captured by the very simple systems used here. Through the bottom-up approach
we thus identified ApoA-I and HDL-like particles as components interfering more
specifically with secondary nucleation.

45



Chapter 6. Summary of thesis work

6.4 PaperIV

In paper IV, we investigated ApoA-I and its aggregation propensity. We asked whether
ApoA-I would readily aggregate in a lipid-free environment. If so, what is the morpho-
logy of the aggregates? Would it possible to shift the aggregation from more x-helical
content to -sheet (figure 6.4)? Finally, would the possible aggregation be effected
by addition of lipids to the system?

To answer these questions, we investigated the aggregation of ApoA-I in vitro,
and the effect of different factors on the morphology of the aggregates. For wild-
type ApoA-I at pH 7.4, we find it readily forms large, globular condensates, with an
-helical conformation retained from the monomeric state. These aggregates were
formed after approximately 4-5 days after incubation in quiescent conditions.

As discussed in chapter 4.1, ApoA-I can form fibrils, related to ApoA-I amyl-
oidosis. Therefore, we explored several extrinsic and intrinsic factors of the system
to identify conditions when ApoA-I form globular condensates versus amyloid fib-
rils. The full list can be found in Table 1 in paper IV. To summarise, we investigated
the effect of decreasing the pH, oxidising the methionine residues with Ho O3, using
the ApoA-I mutant K107A, and agitation, or a combination of all. We followed the
increase in ThT fluorescence for all systems, as this has previously been used an as

condensates

Figure 6.4: Possible forms of aggregated ApoA-I, where «-helical, monomeric ApoA-I interact to form either
globular condensate — with no large change in secondary conformation — or amyloidal fibril structure with
cross-3 characteristics.
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6.4. Paper IV

indicator of ApoA-I fibril formation!®165.250.251,

Out of all the systems investigated, we observe clear amyloid formation for only
one set of conditions, and that is for the K107A mutation at decreased pH and
after oxidation of the methionine residues. As changes in the protein charge — either
through altering pH or introduced mutations — can affect the intramolecular electro-
static interactions, as well as the hydrophobicity of the protein, it may alter both the
secondary structures in the protein as well as the colloidal stability. We hypothesise
that, since ApoA-I has a pl of approximately 5.5 depending on isoform?>2, lowering
the pH would reduce the net repulsion between the different protein molecules, as
well as between the side chains within the protein. This could possibly give rise to
a conformational change, either of the aggregates, or of the secondary structure (or
both). The deletion of a lysine in the K107A can further reduce the net repulsion;
it may also introduce a structural change in the secondary structure, as it is located
in an amphipathic &-helix and, when removed, the helix has to change conforma-
tion slightly to compensate. The oxidation of the methionine can further introduce
steric effects on the residues, all or which are located in different helices in wildtype
ApoA-1'%7-253 Oxidation could further affect the system due to a shift in polarity and
possibly the pKa of surrounding amino acid residues. All these modifications lead to
a cumulative destabilisation of the native state, shifting the fold to a larger population
with (3-sheet secondary structure. It is also worth to note that there seem to be a co-
existence of globular condensates and fibrillar structures in this sample. It is highly
unlikely that the co-existence of both these types of aggregates represent the equilib-
rium state, whereby it is possible that further conformational conversion will occur
within already formed aggregates if the energy barrier is low enough. This, however,
could not be observed in our experiments.

In vivo, most of the ApoA-I is co-assembled with lipids in different lipopro-
tein particles’!”. By addition of phospholipids to the system, this will reduce the
free protein concentration in solution and is thereby one way of preventing protein
aggregation. This is observed in our experiments as well, where no aggregation is
detected in the time scale measured, for the system containing ApoA-I and DMPC.

In conclusion, our main findings in paper IV was that, for most conditions in-
vestigated, ApoA-I readily form globular protein-only condensates, with retained o-
helical conformation. Further, the conversion to ThT positive aggregates with higher
[3-sheet content can be achieved by destabilisation of the native structure through
mutation, oxidation, and decreasing the pH. Still, even after several days of incuba-
tion, we observe a mixture of (3-sheet rich amyloid fibrils and «-helix-rich condens-
ates. Finally, the addition of lipids to the system resulted in no detectable aggregation.
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6.5 PaperV

In paper V, we ask the question: can chaperone activity be reproduced by isolated
chaperone domains? This is furthering the bottom-up strategy, by not only seeing if
a single component can reproduce a certain effect, but by separating this component
into further sub-parts.

The anti-amyloidal activity of DNAJBG has previously been inferred, and the
conserved S/T-stretch established as important for this inhibition of fibril formation.
In paper V, we investigated the effect of the C-terminal domain (CTD) — in which
the S/T region is located — on AR42 fibril formation, and what effect is seen when
including different sizes of the domain. Different constructs were created and purified:
one consisted of the entire CTD; a second consisted of the four (3-strands that make
up part of the CTD; and a third, consisting of two of the (3-strands from the CTD.
The {3-strands of the second and third constructs were also grafted onto a scaffold
protein, in order to ensure that the structure was still intact (figure 6.6). For these
three constructs, corresponding controls were designed where the S/T residues were
substituted with alanine; for the full-length protein, these S/T to A substitutions have
previously resulted in a 50% less active chaperone’!. These substitution constructs
were therefore included to investigate if the S/T-residues would be responsible for the
possible effects of the constructs.

Our results show that, while some anti-amyloidal activity is retained in the six
constructs, it is less pronounced than for the intact DNAJB6 (figure 6.6). Full-length

CTD S100G-STlarge S100G-STsmall

Figure 6.5: The different constructs of DNAJB6, adapted from their predicted AlphaFold-structure (for details,
see paper V). To the left is CTD, middle is S100G-STlarge, and S100G-STsmall. Green indicates the (3-sheets,
present in the CTD (also indicated in 2.3; magenta is the S/T-residues, substituted in the STA controls; yellow is
the S100G-graft.
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Figure 6.6: Examples of aggregation kinetics starting from 3 uM A342 monomer in the absence (black) and
presence of A) CTD, B) S100G-STlarge, C) S100G-STsmall, D) CTD-STA, E) S100G-STAlarge, F) S100G-STAsmall at
187 nM (purple), 750 nM (pink) and 3 uM (orange).

DNAJBG effectively inhibit the primary nucleation of A342 fibril formation, clearly
seen through an extended lag phase; the constructs, on the other hand, seem to mainly
affect the secondary nucleation pathway, as inferred through global kinetic analysis
(equation [3.5]). These results indicate that, while some binding to A3 is still retained
in the constructs — confirmed by SPR —, other parts outside the CTD of DNAJBG6 are
required to retain the same inhibition mechanism as seen for full-length DNAJB6.
Thereby, it is not enough that the conserved S/T-residues are included in the con-
structs, but the other domains are required as well. Further experiments are ongoing
to investigate this further.

In conclusion, our main findings in paper V was that none of the tested con-
structs affect the aggregation mechanism of AB42 in the same manner as full-length
DNAJB6. All six constructs is instead suggested to have a prominent effect on sec-
ondary nucleation with none or a small additional effect on elongation.
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CHAPTER 7/

Concluding remarks

This thesis has focused on the intricate play between self-assembly and co-assembly
of biomolecules, with particular interest in protein-protein and protein-lipid interac-
tions. The amyloid fibril formation has been of primary interest, and the effect on the
mechanism that certain additives may have. The main findings from the five papers
that constitutes this thesis are listed below.

* Af342 forms fibrils in the presence of CSE through the same autocatalytic path-
way — including the secondary nucleation mechanism — as inferred from buffer.

* The main retarding effect of CSF on the aggregation of A342 stems from a re-
duction of the rate of secondary nucleation, which is can be largely reproduced
by ApoA-I or rHDL. While it is more pronounced in CSF, it is remarkably

captured by a very simple system.

* Our findings illustrate how aggregation kinetics in pure buffer can identify the
microscopic steps in the aggregation reaction and then be used to translate
these findings to the iz vivo situation by repeating the aggregation reaction in
increasing concentrations of bodily fluids.

* Through the bottom-up approach we thus identified ApoA-I and HDL-like
particles as components interfering more specifically with secondary nucle-
ation.

* The protocol developed for the recombinant expression and purification of
ApoA-I provides a robust strategy that may be used for both wildtype protein

as well as additional, more aggregation prone ApoA-I mutants.
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* ApoA-Ireadily form globular protein-only condensates, with retained -helical
conformation. The conversion to ThT positive aggregates with higher (3-sheet
content can be achieved through mutation, oxidation, and decreasing the pH.

* The addition of lipids to ApoA-I resulted in no detectable protein-rich aggreg-

ation.

* None of the tested DNAJB6 constructs affect the aggregation mechanism of
AB42 in the same manner as full-length DNAJBG6. All six constructs is instead
suggested to have a prominent effect on secondary nucleation with none or a
small additional effect on elongation.

7.1 Outlook

While these conclusions can be drawn from the work of this thesis, by no means
are we running out of new questions to investigate and answer. Through the work
with CSF we can see that the protocols developed 77 vitro can be used to describe a
more complex environment. We can then start adding on components to the tHDL
particles. The next step would be to involve more proteins — such as ApoE — to
investigate the effect of AR fibril formation, and hopefully investigate the differences
in CSF from individuals with and without AD. This, in the end, could potentially
help identify further factors either enhancing or retarding the fibrillisation.

This addition of biomolecules to the system is of interest also regarding ApoA-I
aggregation. By investigating the interplay between proteins and lipids, though iz
vitro, it will hopefully provide more answers regarding how ApoA-I can proceed from
a lipid-rich composite to a protein-rich aggregate.

Finally, the work with DNAJBG gives further insights into how changes in the
same protein can change which mechanistic step in the fibril formation process it may
inhibit. This can provide valuable insight in how the different structural forms of A3
may interact with its binding partners. This can provide information for targeting a
specific aggregation event, and may be useful in the development of the therapies for
misfolding diseases.
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