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Alzheimer’s disease is the most common human neuro-degenerative disorder 
and is characterized by the formation of cerebral plaques. It is widely believed 
that the production and deposition of Amyloid-β peptides in the human brain 
might be one of the causative agents of the disease.

This thesis presents the development of a bottom-up protocol for the in vitro 
detection of the solubility of Amyloid-β40 peptide in pure buffer conditions, 
i.e. the concentration in solution at equilibrium.

The second part of the thesis focuses on the investigation of the structures 
formed at the end state of fibril formation. A model calculation, based on neut-
ron and X-ray small angle scattering data, is proposed for the determination 
of Amyloid-β fibril shape, cross-section dimensions and most importantly, the 
number of filaments.
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Popular scientific summary

Personally, I don’t particularly enjoy sweet tea but for the sake of this
protein metaphor let’s say we like it. We like it so much that after the
first teaspoon of sugar in our tea, we add another ten! It is winter, so
everyone likes to drink pretty hot tea. The temperature is hot enough
that all the sugar dissolves, making our tea a solution with a high sugar
content. Now after a few sips of this sugar bomb, we put it down and
decide not to finish it (understandable!). As the temperature drops to room
temperature, there will now be more dissolved sugar than the water can
actually hold - we call this a supersaturated solution. A supersaturated
solution is not stable, meaning that the sugar in excess in our cold tea
will separate from the solution and fall back into solid sugar. We call
this separation a phase transition. The phase transition continues until
the solution is no longer supersaturated, meaning that we have reached an
equilibrium between dissolved and solid sugar.

While a supersaturated sugar tea might not taste well, scientific studies on
human diseases suggest that supersaturated protein solutions in our brains
can be very bad as well. For such protein solutions, an equivalent phase
transition to the solidification of the sugar in our tea can be the formation
of amyloid fibrils in the human body. These can cause terrible diseases
such as diabetes type 2, Parkinson’s disease, and the most common type of
dementia - Alzheimer’s disease.

A cup of sweet tea, or a supersaturated protein solution with risk of aggregating into amyloid plaques
in the brain?

To be fair, it’s not necessarily bad to have proteins in our body. Proteins are
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after all the main component of our organs, bones, muscles, skin and nails.
They are versatile building blocks of life and consist of endless combinations
of only 20 different amino acids. However, protein solutions can become a
problem as they go through the phase transition to form amyloid fibrils.
These fibrils have been found as plaque in the brains of Alzheimer’s patients
and are connected to brain tissue loss.

When it comes our sugar-in-tea example we have a good understanding
of how properties like temperature and sugar concentration interplay in
the phase transition, but for amyloid fibrils we still need to learn more.
The development of effective treatments against Alzheimer’s disease re-
quires a good understanding of both how amyloid fibrils form and what
their structures look like. In this thesis I developed a method to detect
the concentration of one kind of amyloids in solutions and measured at
which total concentration the phase transition to fibrils begins and reach
the equilibrium state. With the fibrils, I then took the next step towards
understanding their structure using an in-house X-ray source and a neu-
tron source in Switzerland. In the future, it will be possible to do these
kinds of studies at MAX IV and the European Spallation Source (ESS) in
Lund. Hopefully soon, incurable diseases such as Alzheimer’s disease and
other protein aggregated disorders will be left behind as part of history.
But even then please, one teaspoon of sugar is plenty.
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0 Prologue

This thesis focuses on the physical-chemical properties of the Amyloid-β
(Aβ) peptide that is one of the causative agents of the incurable human
neuro-degenerative disorder known as Alzheimer´s diseases (AD).

The aim of the thesis:

• develop a robust bottom-up approach for solubility investigations in
vitro of Aβ variants for systematic investigations of intrinsic and ex-
trinsic factors that can influence the aggregation equilibrium

• develop a strategy where small angle scattering methods can be used
to investigate Aβ fibril structures at the equilibrium state

The Aβ variants of interest in this thesis:

• Aβ40 wt: the most abundant variant found in cerebrospinal fluid

• Aβ42 wt: present in the amyloid plaques in the brain of AD patient

• Aβ42 S26Q: a phosphomimic mutant to investigate the role of side
chain size on fibril structure and aggregation
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The five most important results and observations in this thesis:

• Microfluidic diffusional sizing (MDS) and mass spectrometry
(MALDI-TOF/TOF) with isotope standard can be used to quantify
the solubility of Aβ40 in pure buffer conditions

• The equilibrium solubility of recombinant Aβ40 peptide was found to
be S=0.36 ± 0.15 μM in aqueous solution of 20mM sodium phosphate
buffer, pH 7.4 at 37 ◦C.

• Aβ40 wt, Aβ42 wt and Aβ42 S26Q fibrils obtained at equilibrium
state are made by two filaments

• Aβ40 filaments are made by four monomers per plane rather than
three, as shown by the small angle scattering studies

• Aβ42 S26Q fibril shows a reduced cross-section when compared to
Aβ42 wild type

2



1 Introduction

1.1 Proteins: the good, the bad and the ugly

Proteins1 are essential to life and in spite of their diverse biological func-
tions, they belong to the same class of bio-polymers2. As a matter of
fact, they are built from a variety of different combinations of the same 20
amino acids made by N, C, S, O and H atoms3 (Figure 1.1 a). In cells,
the ribosome4 is the molecular machine that translates the information en-
coded in the genome into a poly-peptide chain and the amino acids are
linked via amide bonds by chemical reactions between the N- and C- ter-
mini (Figure 1.1b). We refer to a protein, when the bio-polymer is made
by more than 50 amino-acids, otherwise it is a peptide5. Alternatively, a
protein can be defined as a poly-peptide chain which is folded and carries
some biological function. Proteins for in vitro studies can be produced
either recombinantly6, via host cell expression or syntetically, via chem-
ical reactions7. The advantage of working with recombinant proteins lies
in the homogeneity of the amino acid sequence and in the possibility of
selective isotope labelling of the atoms for structural studies8. Thus, if
high-purity recombinant proteins can be obtained, the follow-up experi-
ments have higher chance to be successful9. However, whether the protein
is synthetic or recombinant one has to confront with the issue of protein
folding10, the physical process by which the poly-peptide chain assume a
given three-dimensional structure. The protein fold is defined by the amino-
acid sequence and the solution conditions. If protein folding goes awry, the
resulting conformation causes problems that range from bad11, if the pro-
tein loses its biological function, to ugly12, when the protein self-assembles
to form amyloid deposits13 that impact human health. The latter case is
observed for a class of bio-polymers14 known as amyloid proteins15 among
which we find the Amyloid-β peptide (Aβ)16(Figure 1.1c), which is involved

3



in Alzheimer’s disease (AD) and is the focus of this thesis.

a)

b)

c)

Figure 1.1 a) Reference chart showing the list of the twenty common amino acids coded from the
human genome. b) Poly-peptide chain formed via chemical reaction of the carboxyl group and the
amino group between adjacent amino acids. c) Amino acid sequence of Aβ40 and Aβ42 peptides.

1.2 Alzheimer’s disease

Alzheimer’s disease (AD)17 is a cognitive and behavioural impairment
caused by the initial damage of the human brain, which ultimately leads
to organ dysfunctions and death. AD manifests as extracellular amyloid
plaques mainly composed of abnormally folded amyloid-β (Aβ)18 peptide
and intracellular neurofibrillar tangles of tau protein19 in the brain. AD
usually does not affect people younger than 65 years old20, unless it is
caused by gene mutations passed from the parent to the child21. In the past
century, the decline of the number of infectious diseases via more effective
treatments greatly increased the life expectancy of the world population22
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and so the aging threshold23. On the other hand, other factors might
contribute to the increasing number of cases of AD in the modern world.
Environmental conditions such as living in urban areas rather than close to
nature can increase the exposure to polluting factors24. A sedentary life-
style and lack of physical exercise25, may also contribute to increased risk.
Other co-factors may be sleep deprivation26, cigarette smoking27, a poor
diet28 and the presence of pre-existing metabolic or neuro-degenerative
disorders29,30. Statistics carried on the USA population suffering from AD
suggest a rise of cases from 5 to 135 million by 2050, making AD the new
silent plague of our century31(Figure 1.2).

Figure 1.2 Alzheimer’s disease worldwide forecasted to triple by 205031.

1.3 Amyloid-β: from monomer to fibril

Amyloid-β (Aβ) peptides32 are produced in the brain of healthy individu-
als though the proteolytic activity of β-and γ-secretase enzymes towards
the integral-membrane glycoprotein Amyloid Precursor Protein (APP)2,33.
Depending on the cleavage position on the APP one can find Aβ variants
with different length at the N- and C-terminus. Among them we find Aβ40
and 42, which differ by two amino acid residues (isoleucine and alanine) at
the C-terminus34. While Aβ40 is the most abundant35, the 42 residue vari-
ant is the most aggregation prone36 and the main component of the fibrous
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aggregates found in the brains of AD patients. Aβ can form, other than fib-
rils, aggregates distributed over a fairly large molecular weight range such
as dimers, trimers, tetrameters up to larger globular assemblies generally
called oligomers. Those are mainly hydrophobic and soluble. While the fib-
rillar aggregates seem to be the obvious pathological hallmark of AD they
are relatively harmless compared to the oligomeric forms37,38. Thus, the
latter can give rise to cellular toxicity through different mechanisms. Fibril
formation can be monitored via thioflavin T (ThT)39, which is an amyloid-
specific dye that increases its fluorescence quantum yield upon binding to
fibril. Studies of Aβ42 fibril formation, monitored by ThT fluorescence
and isotope tracking experiments, have lead to the identification of three
main steps of fibril formation40: primary nucleation, secondary nucleation
and elongation. The aggregation process begins when the conditions for
the primary nucleation are attained41. In supersaturated conditions42, the
formation of a critical nucleus of Aβ peptides with optimal size will trig-
ger a transition from a monomer phase to a fibril phase (Figure 1.3a) as
we discuss further in Paper I. Monomers can be added by the elongation
step to the fibrils and take on their structure. The secondary nucleation
step is the step that mainly contributes to the proliferation of oligomers
via surface catalysis of monomers into new fibrils43(Figure 1.3b). Recently
it has been shown in vitro that nucleation at the fibril surface is stereo-
specific44 and that the seeding by pre-formed fibrils is possible only for
peptides that can form fibrils of the same structure as the seeds45 (Paper
IV). Kinetic studies give insight into the rate constants of the microscopic
steps46, however, does not reveal any structural information of the states
formed during the aggregation pathway. In 2021, the U.S. Food and Drug
Administration (FDA) approved the first monoclonal antibody called Adu-
canumab (Aduhelm™) as a treatment agent against mild forms of AD. Adu-
canumab shows the ability to target the modified aggregated forms of Aβ
fibrils, reduce the amount of amlyoid plaques47,48 and inhibits nucleation
on the fibril surface9. These unique results highlight the importance of
a better understanding of Aβ fibril structures for the design of inhibitors
that bind to fibrils. However, while the solid-state nuclear magnetic res-
onance (ss-NMR) structure obtained for recombinant Aβ42 filaments was
confirmed by independent studies carried out in parallel49,50, up to now,
a wide discrepancy has been observed between the ss-NMR structures of
Aβ40 filaments51-54 (Paper III). Another layer of complexity is added by
the presence of different fibril structures obtained by the same Aβ vari-
ant, reported in literature as polymorphs55. Small angle scattering data
in combination with the ss-NMR structures of the recombinant Aβ40 and
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42 filaments, revealed in each case a detailed fibril model made by two
filaments, fours monomers per plane (Figure 1.3c, Paper II, III). The
molecular organization of different Aβ variants can provide insight of the
thermodynamic fingerprint of the most stable aggregates at given experi-
mental conditions. As a consequence, revealing the fibril structure of Aβ
peptides under equilibrium conditions (Paper II, III, IV) might help to
correlate the solubility concentrations of variants (Paper I) to their ag-
gregation propensities56.

a)

b)

c)

Figure 1.3 Schematic representations of a) the phase transition from a monomer phase to a fibril
phase in Aβ42 aggregation. b) Secondary nucleation step at the surface of a pre-formed fibril. c)
Aβ42 filament and fibril structures obtained by solid-state nuclear magnetic resonance spectroscopy
(ss-NMR) and small angle scattering (SAS) methods.
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2 Protein folding versus

Fibril formation

2.1 Protein folds

The unique functional conformation of a protein, called native state, is
characterised by four levels of protein structure: primary, secondary, ter-
tiary and quaternary structure57(Figure 2.1). The primary structure
represents the unique amino acid sequence of a protein and determines its
physical-chemical properties in solution. The secondary structure de-
scribes the arrangement of the backbone of the polypeptide chain. As a
consequence of the hydrophobic effect, which governs the tertiary structure
and thereby the assembly of secondary structure motifs, the poly-peptide
either bends and folds (β-strand: parallel or anti-parallel) or spirals around
(helices: α, 310 or π). Those two motifs show a significant rigidity due
to the formation of hydrogen bonds between amide hydrogens (N–H) and
carbonyl oxygens (C=O) of the peptide backbones. The β-strand motif
can, in turn, be associated by the main chain via hydrogen bonding in-
teractions to form β-sheets between different segments of the polypeptide.
The tertiary structure represents the overall fold of the protein, where
different secondary structures are packed together giving the protein its
unique three dimensional structure. Many globular proteins have a very
dense packing where the hydrophobic parts of the molecule are shielded
from water. Thus, the formation of the secondary and ternary structures
is generally driven by the hydrophobic interactions and is a way to prevent
hydrophobic amino acid side chains from contact with water. However, it
may also involve specific interactions between particular amino acid side-
chains that are polar. We note that the folding of a protein, where many
of its hydrophobic residues are shielded from water, typically significantly
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rises its solubility in water if compared to its unfolded or denaturated state.
There is an analogy in surfactant micelle formation. Micelle formation at
the critical micellization concentration effectively increases the surfactant
solubility58. Finally, two or more folded polypeptide chains may associate,
forming a super-molecular structure that is referred to as the quaternary
structure.

Figure 2.1 Schematic representation of the four levels of proteins structure.

2.2 Aβ as an intrinsically disordered peptide

The Aβ peptide is an intrinsically disordered peptide (IDP) meaning that
it is lacking any secondary and tertiary structure in its native state. Thus,
it behaves mainly as a random coil in solution. The contour length, i.e. the
maximum extended chain length, L, of a protein, is given by L = naa · daa,
where naa is the number of amino acid in the polypeptide chain and daa =
3, 5 Å the amino acid residue backbone dimension when stretched out on
a plane. For the Aβ40 peptide, the contour length LAβ40 = 15 nm. In
Paper I, the hydrodynamic radius, RH , of Aβ40 monomers was found to
be � 1.8 nm, consistent with a random coil conformation in solution. From
the theory of flexible polymers59 we have that RH ≈ 0.4(λp ·L)(1/2), where
λp ≈ 1 nm60 is the typical persistence length of a peptide chain60,61. With
λp ≈ 1 nm and L = 15 nm we thus expect RH ≈ 1.6 nm in good agreement
with the experimental result.

10



2.3 Aβ folding as a fibril formation

The Aβ40 peptide has a very low aqueous solubility. In Paper I we found
the solubility, S, to be S = 0.36±0.15 μM in aqueous solution of 20 mM so-
dium phosphate buffer at pH = 7.4 and T = 37 ◦C. The peptide is indeed
very hydrophobic, but it is apparently unable to fold into a more water
soluble structure. Instead we observe the formation of aggregates exhib-
iting a fibrillar structure. Thus, fibril formation can be seen as a folding
phenomenon. Intrinsically disordered proteins such as Aβ, while behaving
as a random coil in solution expose the hydrophobic residues to the water
solvent. At this point hydrophobic interactions become predominant and
Aβ peptides fold and self-assembles into a relative rigid and well-organised
β-sheet rich structure. The coupled folding and self-assembly follows a
nucleation-dependent polymerization model40 and leads to the formation
of the most thermodynamically stable state.

2.4 The free energy landscape of Aβ folds

Fibril formation can involve a complex free energy landscape (Figure 2.2a),
with several metastable states in addition to the global free energy min-
imum24,40,41,62-65. The possible toxicity of small oligomer species has been
extensively discussed24,40,41,65. There may also be a polymorphism in the
mature fibril state with different possible structures66. Thus, there may be
several possibilities for the system to get kinetically trapped in a metastable
state.

Figure 2.2 Schematic representation of a) the energy landscape of Aβ conformations, b) the local
and global minimum.
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As an example, let us take a basketball rolling down hill with a kinetic
energy given by Ek = mv2/2 , where m is the mass of the basketball and v
its velocity (Figure 2.2b). In order to roll over another hill, the basketball
needs to gain a kinetic energy which is higher than ΔEp = mgh, where
g is the acceleration due to gravity and h is the height of the second hill.
On the other hand, if Ek is lower then ΔEp, the basketball is kinetically
trapped in the gap between two hills. A similar scenario can describe the
formation of intermediates in Aβ fibril formation. In the present thesis we
have mainly focused on the state of mature fibrils of Aβ42 and Aβ40 at long
times. Here, results of different experiments were very similar, indicating
the presence of a single dominating fibril morphology (Chapter 5).
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3 Driving forces in the

self-assembly process

In the case of proteins and protein fibrils, the two most important interac-
tions, both on the molecular length scale and the aggregate (colloidal length
scale) level are the hydrophobic interactions and electrostatic interactions.
Below we describe them briefly one by one58,67.

3.1 Hydrophobic effect

The insolubility of non-polar molecules, like hydrocarbons, in water is gen-
erally referred to as the hydrophobic effect, and the clustering of such
molecules when exposed to water is said to be the result of hydrophobic
interactions58,68. These non-polar molecules are characterized as being hy-
drophobic, in contrast to hydrophilic, and the insolubility is a consequence
of water being a strongly hydrogen bonding solvent69. The transfer of an
oil molecule from its neat phase into water is associated with a decrease in
entropy resulting from the perturbation of water’s three dimensional hy-
drogen bonding network, and an increased structuring of water molecules
in the vicinity of the solute.

Biological life on Earth is based on water as the solvent, and many cellular
structures and biological processes are consequences of the hydrophobic
effect. An important example being the self-assembly of lipids into various
membrane structures including the plasma membrane of our cells. It is well
established that the hydrophobic interaction is also the dominating driving
force for protein folding70. It is also considered to be the dominating driving
force for protein fibrillation71.
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3.2 Electrostatic interactions

Protein molecules consist of a mixture of non-polar (hydrophobic), polar
and charged residues. Hence, besides hydrophobic interaction we also need
to consider electrostatic interactions. The charged residues involve amines
and carboxyl groups that are titratable, and the protein net charge hence
varies with pH. It typically goes from positive to negative with increas-
ing pH, crossing zero at the isoelectric point. This has the implication for
example that the Aβ40 monomer solubility, discussed in Paper I, is a prop-
erty that may depend significantly on the pH. When the net charge is high,
there is a strong electrostatic penalty for folding the chain and condensing
the charges into a smaller volume. In a closely packed folded state, there
may be favorable attractions between oppositely charged residuces and the
formation of salt bridges72.

Electrostatic interactions are also important on the colloidal length scale.
Amyloid fibril are large colloidal objects, that moreover may still contain
significant amounts hydrophobic patches on their surfaces. In order for the
fibrils to be colloidally stable, they need to be charge stabilized, which re-
quires a sufficient amount of surface charge. Otherwise, they will aggregate
into dense fibril clusters73.
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4 Fibril formation as a

phase transition

Unless there is complete miscibility over the whole range of compositions,
a compound typically has a finite solubility, S, in a solvent. For super-
saturated conditions, i.e. for concentrations c > S, the compound either
precipitates as a solid phase or there is a liquid-liquid phase separation with
coexisting concentrated and dilute solutions. In either case, there is at equi-
librium a coexistence of two-phases (liquid-solid or liquid-liquid) with the
compound being present in both (dilute and concentrated, respectively).
Thermodynamic equilibrium corresponds to the state of the overall system
that has the lowest free energy. In case of a two phase equilibrium, this
implies that the chemical potential of a given component is the same in the
two coexisting phases.

Fibril formation, as in the case of Aβ, can be viewed as the precipitation of
a new phase74 (fibril) from a supersaturated solution with c > S. This new
phase is relatively ordered, and we can consider it as a solid (or semi-solid).
Within this first order phase transition picture we expect, as fibrils are being
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formed and grow, that the monomer concentration gradually decreases with
time until an equilibrium is obtained, where the monomer concentration
has become equal to S. Obviously, an accurate determination of S of an
amyloid forming peptide is important, as it reports on the propensity of
the peptide to aggregate.

4.1 Aβ solubility

In Paper I we have determined the solubility of Aβ40 at pH 7.4 at 37 ◦C.
Under these conditions we found that S = 0.36 ± 0.15 μM. In the phase
transition picture outlined above, S corresponds to the concentration of
monomers that at thermodynamic equilibrium coexist with fibrils. In the
monomer solution phase, the peptide chemical potential can be written as

μm = μ◦
m + kBT ln(c) (4.1)

where kB is Boltzmann’s constant and T is the absolute temperature and c
is the concentration. The constant μ◦

m is the monomer standard chemical
potential in the solution phase that involves the nearest neighbor interac-
tions with the solvent molecules. The second term results from the entropy
of mixing. The fibril ”phase” is semi-ordered, and there is no entropy of
mixing term. Consequently, the peptide chemical potential in this ”phase”,
μf , can be considered to be a constant that we can refer to as a fibril stand-
ard chemical potential, μ◦

f . Thus,

μf = μ◦
f (4.2)

At equilibrium, monomers at a certain concentration c = S coexist with
fibrils. From the equilibrium condition μm = μf we have that

S = e
Δμ◦
kBT (4.3)

where
Δμ◦ = μ◦

f − μ◦
m (4.4)

The standard chemical potentials include the peptides’ inter-molecular in-
teractions with its environment, and the lower the standard chemical po-
tential the more favorable is the environment. Hence, a low solubility, S,
implies that peptide-peptide interactions in the fibrils are more favorable
than the peptide-water interactions in the monomers’ aqueous environment,
and Δμ◦ < 0.
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4.2 Kinetics vs thermodynamics

For c > S the Aβ monomer solution is supersaturated and unstable relat-
ive to fibrils (μm > μf ) that form spontaneously. However, the rate of
formation can be low and the process may show a significant lag time, in
particular at low supersaturations where μm is only slightly larger than
μf . Associated with the lag time, one can identify a metastable zone as a
range of supersaturation where the solutions are metastable, without any
macroscopically observable amount of fibrils being formed during a given
observation time, tobs

75. This range decreases monotonically with increas-
ing tobs and approaches zero as tobs goes to infinity. This can be understood
within the framework of classical nucleation theory, which predicts that the
rate of homogeneous primary nucleation approaches zero as c decreases to
S75,76. For c = S no nucleation should occur. The aggregation kinetics of a
supersaturated solution of Aβ can be conveniently followed by ThT fluores-
cence39. A significant amount of systematic studies of Aβ fibril formation
kinetics in recent years36,43,77 have shown that apart from primary nucle-
ation and growth (fibril elongation), there can also be a significant amount
of secondary nucleation events occurring at already formed fibril surfaces.
Also fibril fragmentation may contribute to the kinetics as it creates ad-
ditional fibril ends where elongation can occur. Secondary nucleation is
particularly important as its rate can be significantly higher than that of
primary nucleation.

Figure 4.1 Schematic representation of the stable, metastable and unstable regimes observed in the
solubility studies of Aβ40.
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4.3 External factors in solubility studies

An accurate measurement of amyloid peptide solubility, as well as the range
of the metastable zone, requires careful sample handling, freshly purified
material and a systematic and reproducible approach with methods sens-
itive to concentrations in the picomolar range. In Paper I we developed
a methodology to measure the solubility of Aβ in pure buffer conditions,
with controlled ionic strength, in the absence of mechanical agitation, and
at fixed given temperature. After different observation times, tobs, samples
were centrifuged to remove fibrils and the supernatant was investigated
using a microfluidic diffusional sizing (MDS) technique that measures the
hydrodynamic radius and also the peptide concentration using a fluorescent
probe that binds to primary amines. In addition, monomer concentrations
were measured using mass spectrometry with isotope standard.

4.3.1 Surface adsorption

In the Aβ solubility studies we are typically working with low sample
volumes, meaning a relatively large interfacial area to volume ratio, and
also low concentrations. To minimize surface adsorption low binding tubes
were used in the solubility study. However, it is still useful to estimate
the fraction of molecules in solutions which adsorb at the interface in the
worst-case scenario, for example as a dense monolayer. Assuming for sim-
plicity a spherical shape of a low binding tube, a volume of V=70 μL has an
interfacial area of A = 8 · 10−5m2. As discussed in Paper I, the monomer
hydrodynamic radius of Aβ40 is RH � 1.8 nm and the radius of gyration
of a random coil conformation can be estimated to Rg � 1.5. If we further
assume that the peptide monomers adsorb as a monolayer at the interface
with an effective molecular cross-section area of a � πR2

g � 7nm2, we can
calculate the number, n, of adsorbed peptide molecules when the inter-
face is fully covered and saturated as n = A/a � 1 · 1013. The number
of adsorbed peptide molecules can then be compared to the total number
of peptide molecules in the sample volume, ntot � cV NA where c is the
peptide molar concentration and NA is Avogadro’s number. With c = 1
μM and V = 70 μL, we obtain ntot = 4 · 1013, demonstrating the absolute
necessity of using low binding tubes for these kinds of studies.
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4.3.2 Does the presence of the probe dye thioflavin T
influence the Aβ solubility?

Fluorescent probes have been used over the last decade for mechanistic
studies and rate constant determination of Aβ monomer aggregation, and
among them thioflavin T (ThT) is the most common one. Probes for
indirectly measuring different properties should always be used with great
care. A relevant question, for example, is whether the presence of ThT
influences the solubility of Aβ, and if so, how much. As ThT spontaneously
binds to Aβ fibrils, it has the ability in principle to lower μ◦

f , and thereby
S. This reasoning, however, is complicated by the fact that ThT may also
interact with Aβmonomers, although this is not detected in the fluorescence
spectrum (no effect on the dye’s quantum yield).

Figure 4.2 a) Aggregation kinetic experiment of 20 μM Aβ40 peptide in phosphate buffer solutions at
pH 7.4 when ThT (100 μM) is added at time 0, 30 min, 1 h, 1 h 30 min, 2 h, 3 h during the aggregation
process. b) Schematic representation of the interactions between ThT molecules and fibrils when ThT
is added at different stages of fibril formation.

In a first attempt to investigate possible effects of ThT on fibril formation
kinetics, a set of samples each containing 20 μM Aβ40 in 20 mM phosphate
buffer solutions at pH = 7.4, were followed by fluorescence measurements
as a function of time, I(t). To the different samples, the probe ThT (100
μM) was added at different time points during the kinetics experiment.
The temperature was kept at 37 °C. Experiments where the dye was added
at t = 0, t = 30 min, t = 1 h, t = 1 h 30 min, t = 2 h all showed the
same tlag = 60 min, as well as the full I(t) curve after the addition of
the dye. Furthermore, the signal observed upon addition of ThT after 3 h
(> tlag) confirms that fibrils indeed had formed, within this time, both in
the absence and presence of the dye. No significant difference in the kinetics
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could be observed in agreement to what has been observed for Aβ42, where
the aggregation in quartz NMR tubes or quartz cuvettes is independent
of whether ThT is present or not78. However, a clear trend is that the
fluorescence intensity at the end state is lower when ThT is added after the
lag time. This indicates that either there is a decrease in the quantum yield
of the bound ThT molecules, or in the amount of molecules that bind or
both (Figure 4.2,b). In case that the number of bound molecules is lower,
this would imply that some binding sites on the fibrils are readily accessible
only during the fibril formation process.
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5 Hierarchical structure

of Aβ fibril

The structure of Aβ fibrils has been studied extensively over the years.
Early X-ray fiber diffraction studies showed a characteristic cross-β pat-
tern with sharp 4.7 Å meridian peaks and slightly broader 10 Å equatorial
peaks79. Here, the 4.7 Å peak reports on the periodic β-strand separations
in the intermolecular β-sheets that propagate in the fiber direction. We
refer to this distance as dβ . The 10 Å peak corresponds to characteristic
distance in the perpendicular direction although the exact interpretation
of this peak is less clear.

More recently, solid state NMR (ss-NMR)49,50,80 and cryo-EM55,81,82 have
provided fibril structures with essentially atomic resolution. However, the
literature generally contains several different proposed structures for the
same protein, including Aβ40 and 42. The reason for this can possibly be
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attributed to different sample compositions, but it is also important to recall
that these techniques involve major computations and proposed structures
are selected on a probability basis and hence contain uncertainties. Follow-
ing the tradition in structural biology, proposed structures83 are generally
uploaded to the Protein Data Base (PDB). In the present thesis we have
investigated different Aβ fibril structures using small and wide angle X-
ray scattering (SAXS and WAXS). In addition, some small angle neutron
scattering (SANS) experiments were also performed. For the present fibril
system, the SAXS patterns mainly report on the fibril cross-section shape
and dimension, while the WAXS data confirm the presence of the dβ = 4.7
Å peak. In addition, we also compared our experimental data to model
scattering calculations based on ss-NMR atomistic fibril structures (PDB
ID: 5KK3).

5.1 Aβ42 cross-section and number of filaments

Aβ fibrils are generally very long (micrometer range)84, and it is therefore
not possible to measure the overall length with SAXS because this inform-
ation lies outside the available q-range. We therefore focus mainly on the
fibril cross-section in our analysis of the SAXS data, modelling the fibrils
as elliptical rigid rods. When the fibril length is much longer than the
smallest available q-value in the experiment, model scattered intensity can
be written as

I(q) =
C

q
Pc(q) (5.1)

where Pc(q) is the normalized two dimensional cross-section form factor,
and C is given by

C = πΔρ2φ
Vp

L
(5.2)

Here, Δρ = ρp − ρb is the scattering length density difference between
protein (p) and buffer (b), φ is the fibril (protein) volume fraction, and
Vp/L is the protein volume per unit length in the fibrils. The scattering
length densities are given by ρp = 13 · 1010 cm−2 and ρw = 9.5 · 1010
cm−2, respectively. The normalized cross-section form factor of an elliptical
cylinder can be written as

Pc(q) =
2

π

∫ π/2

0
dφ

(
2J1(qr)

(qr)

)2

(5.3)
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where J1(x) is the first order Bessel function and

r =
[
(a sinφ)2 + (b sinφ)2

]1/2
(5.4)

In Figure 5.1. we present experimental SAXS data of two samples of Aβ42
fibrils, at pH = 7.4 and 8.0, respectively, together with the elliptical rod
model scattering with the semi-axis a = 3 nm and b = 9 nm.

Figure 5.1 a) SAXS profiles of Aβ42 fibrils at pH 7.4 and 8.0. In the inset is reported the WAXS
profile and the diffraction patterns at q = 0.6 and 1.3 Å−1. b) Schematic representation of the elliptical
cylinder model and the cross-section made by tetramer, two monomers per filament represented by the
ss-NMR structure (PDB ID 5kk3).

As can be seen there is a good agreement between the model and data.
The minor deviation in the q-range 0.1–0.3 Å−1 is due to the oscillations
in the model form factor, which arise from the assumed sharp interface
between the model elliptical cylinder and the solvent. In the real system,
the fibril-solvent interface is expected to be more diffuse. A small deviation
from the experimental data is also observed at the lowest q values. The
slightly higher intensity observed in the experimental data compared to
the model is likely due to some attractive fibril-fibril interactions. Similar
effects were recently analyzed for α-synuclein fibrils, where it was shown
that the intensity at these low q-values gradually increased as the pH was
lowered towards the isoelectric point85. As an inset in Figure 5.1 is shown
also the WAXS pattern. The dβ = 2π/q = 4.7 Å peak is clearly visible
at q = 1.3 Å−1, in addition to a broader hump, centered at q = 0.6 Å−1,
associated with the characteristic distance of 10 Å. In the fibril, the Aβ
molecules are essentially folded in two dimensions. The folded molecules
then stack in the third dimension with parallel β-sheets forming the fibril.
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From ss-NMR it was found that in the case of Aβ42 fibrils there are two
parallel stacks of molecules, as shown in the PDB structure presented in
Figure 5.2.

Figure 5.2 a) Schematic representation of Aβ42 fibril cross-section made by two filaments as sug-
gested by the elliptical cylinder model. b) Aβ42 fibril made by four monomers per plane c) β-strand
propagation along Aβ42 fibril axis.

Here it is shown that the two parallel stacks make up one filament. Because
the SAXS data were recorded on absolute intensity scale, and we know the
peptide concentration and the contrast, Δρ, we are able to determine the
peptide volume per unit length, V p/L, from the experimental intensity (Eq.
5.2). From this value we are then further able to determine the number of
filaments, N , in the fibrils by considering

V (p)/L = 2
Nvp
dβ

(5.5)

where vp is the Aβ42 molecular volume.

The model calculation shown in Figure 5.1 corresponds to N = 2. In other
words, the experimental data are consistent with the fibril being composed
of 2 filaments, and thus 4 molecular stacks. The ss-NMR describe only one
filament and not two, becasue the two filaments are not sufficiently close
in space to give rise to cross peaks in the NMR spectrum. We have further
investigated Aβ42 fibrils formed in the presence of the dye ThT (Paper
II), as well as fibrils of the Aβ42 mutant S26Q (Paper IV). Data from
these fibrils are also consistent with N = 2.
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Table 5.1 Parameter values used in the modeling of the SAXS data.

Parameter Aβ42 S26Q Aβ42+ThT

protein concentration [μM] 350 350 350

molar weight [g/moL] 4645 4684 4645

protein mass density [g/mL] 1.43 1.43 1.43

background [cm−1] 2e−4 2e−4 2e−4

water (solvent) SLD [cm−2] 9.47e10 9.47e10 9.47e10

protein SLD [cm−2] 12.7e10 12.7e10 12.7e10

β-sheet repeat distance [Å] 4.7 4.7 4.7

N , number of filaments 2 2 2

semi-axis 1 (“radius”) [nm] 3 2.7 3

semi-axis 2 (“radius”) [nm] 9 8 9

In Table 5.1 we have summarized the parameter values used in the model-
ling of the SAXS data.

While no significant changes are observed for the fibril cross-section when
binding ThT molecules, a slightly more compact packing of the two fila-
ments is indicated for fibrils after mutation of serine to glutamine at pos-
ition 26. The SAXS patterns from Aβ42 fibrils formed in the absence and
presence of ThT (1:1 molar ratio) are compared in Figure 5.3. As an inset
it is also shown the WAXS patterns.

Figure 5.3 a) Schematic representation of the aggregation kinetic curve obtained when following
Aβ42 aggregation with ThT fluorescence. The plateau corresponds to the end state of fibril formation
b) SAXS-WAXS pattern of mature Aβ42 fibril (350 μM total concentration) obtained without and in
the presence of ThT (1:1 molar ratio) during fibril formation.
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The purpose of this experiment was to investigate whether the presence of
ThT had any visible influence on the fibril structure. However, the fibril
cross-section dimension and number of filaments appear to be the same in
the presence of ThT. Also, the periodic β-sheet repeat distance, dβ = 4.7
Å, remains unchanged. In Figure 5.4 the experimental SAXS pattern from
fibrils of the S26Q mutant is compared to that of the wild type (wt) fibrils.

Figure 5.4 Left) Comparison of the SAXS patterns from wt Aβ42 fibrils (blue) and fibrils from the
Aβ42 mutant S26Q (pink). In the insert we show the atomic structure of Aβ42 fibril. In pink colour
is indicated the position of the serine group. Right) The slightly different fibril cross sections are
illustrated.

The slightly smaller cross-section dimensions in the case of S26Q is clearly
seen from the data. However, the data are still consistent with N = 2. The
difference in cross-section dimension, between Aβ42 and S26Q, is probably
due to a slightly closer packing of the two filaments for the mutated peptide.

5.2 Aβ40 fibril structure

Aβ40 is the most abundant Aβ variant found in cerebrospinal fluid (CSF) of
healthy individuals. Intriguingly, Aβ40 shows a higher solubility and lower
aggregation propensity when compared to Aβ42 (Paper I).

The cross-section shape and dimension of Aβ40 fibrils were investigated by
SAXS in Paper III. In Figure 5.5. it is compared the SAXS patterns of
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Figure 5.5 a) SAXS-WAXS patterns of Aβ40 and Aβ42 fibrils at pH 7.4. The dotted line is the model
calculation for an elliptical cross-section with N=2. b) Zoom of Aβ40 fibril core showing the amino
acid residues of contact between filament 1 and 2.

Aβ40 and Aβ42.

As can be seen, the patterns are very similar meaning that the Aβ40 and
Aβ42 fibril cross-sections are very similar. We thus conclude that Aβ40
fibrils also are built up by 2 filaments and with an elliptical cross-section
with semi-axis minor a = 2.7 nm and major b = 10 nm, respectively.
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5.3 Considerations about Aβ morphs

In all our SAXS experiments on Aβ42 as well as Aβ40 fibrils we observe
very minor differences in the fibril cross-section dimensions, indicating very
similar molecular packing in the fibrils. Moreover, in the SAXS invest-
igations of the S26Q Aβ42 variant fibril cross-section, it was found that
the SAXS pattern obtained after 3 months was identical to the pattern
obtained for 5 days old fibrils (Paper IV). Hence, no change is observed
with time. Thus N = 2 appears to be a robust observation representing a
deep free energy minimum, with negligible polymorphism with respect to
this parameter. We note, however, that fibrils with different cross-section
dimensions, possibly representing different morphs, have been reported in
the literature51,55,62,66,86.

28



6 Material and Methods

6.1 Sample preparation

Amyloid peptides require careful handling because of their strong tendency
to aggregate. In the past, lack of control over sample preparation has
led to incomparable experimental results between distinct scientific teams.
Aβ40 (Paper I, III) and 42 (Paper II) used in this project, including the
mutant S26Q (Paper IV), were expressed in Escherichia coli and purified
from inclusion bodies9. The last step of Aβ purification is represented by
the monomer isolation via Size-Exclusion Chromatography (SEC).
The sample travels across a stationary phase made by porous beads. The
size separation depends on the protein Stokes radius. Thus, the smaller the
protein is, the longer it will be retained in the gel´s pores. On the contrary,
the larger protein size, the faster it will pass trough the gel phase (Figure
6.1.).

Figure 6.1 Schematic representation; Left) of a Size Exclusion Chromatography (SEC) on a sample
containing proteins 1, 2 and 3; Right) chromatogram showing the elution volume of each protein.
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6.1.1 Solubility studies

Freshly isolated Aβ40 monomer solutions are prepared by SEC and imme-
diately dispensed at 4 °C in a 96-well plate (Corning® 3881, PEGylated
polystyrene black plates with half-area wells) using a dispenser robot con-
structed in-house to retain precision and accuracy for small volume dilu-
tions. The reproducibility of the dispenser robot has been validated by a
dilution series of a pH-sensitive pyranine fluorescent dye87. The concentra-
tion of the dilution series is measured with microfluidic diffusional sizing
and plotted versus the values obtained from the integrated absorbance at
280 nm of the SEC fraction collected to confirm the consistency of the meth-
ods with one another. Each sample of Aβ40 monomer is then individually
transferred to low-binding tubes (MCT-150-L-C, Axygen, California, USA)
of polypropylene and incubated at 37 °C at quiescent conditions for a given
time. Monomer samples were not incubated for time longer than one week
to avoid peptide proteolysis. Supernatant samples of Aβ40 are obtained
after centrifugation (using a Hettich MIKRO 220/220 R centrifuge, rotor
Cat. No. 1195-A) at 22640 g-force for 15 min at 37 °C74. A total volume
of 70 μL for each monomer concentration is centrifuged at each specific
time point and 25 μL are retrieved from the top of the sample in order to
characterize the supernatant at different stages of the aggregation reaction
without contamination by the sedimented fibrils.

Figure 6.2 Schematic representation of the protocol used to prepared the samples for the solubility
studies of Aβ40.

6.1.2 X-ray scattering studies

Aβ aliquots were dissolved in 1 ml of 6 M GuHCl at pH 8.4 and the sample
injected on an Increase 10/300 GL (GE Healthcare) SEC column with a flow
rate of 0.7 ml/min and eluted in 20 mM ammonium acetate, pH 8.5. Aβ
fractions were lyophilized and the powder was dissolved in 20 mM sodium
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phosphate, 0.2 mM EDTA, 0.02% NaN3 at given pH at a final monomer
concentration of 350 μM and a minimum volume of 250 μL. Aβ monomer
samples were then incubated at 37 °C under quiescent conditions for 5 days
to ensure aggregation end state. Aβ42 S26Q monomer samples were also
incubated for 3 months to study structure variation over time.

6.1.3 Neutron scattering studies

Samples are prepared in the same way as for the SAXS experiments and
carried to the neutron facility site at room temperature. Before the SANS
experiment, a washing procedure is used to change the buffer to fully deu-
terated D2O buffer, for a maximum contrast between protein and solvent.
The pD of the deuterated phosphate buffer corresponds to the reading of
the pH meter. The washing procedure is performed by centrifugation (using
a Hettich MIKRO 220/220 R centrifuge, rotor Cat. No. 1195-A) at 22640
g-force for 20 min at r.t. and the supernatant is carefully retrieved without
altering the fibril pellet at the bottom of the low-binding tube. The super-
natant is replaced with fully deuterated buffer and between washing steps
fibrils are re-dispersed by 30 s vortexing. In total 3 washing steps are ex-
ecuted, after which the buffer is added to obtain a final fibril concentration
of 300 μM and a minimum volume of 450 μL.

6.2 Protein concentration determination by mass
spectrometry (MALDI-TOF/TOF)

Mass spectrometry (MS) is an analytical method which allows the separ-
ation of ionised molecules based on their sizes and charges. When using
the matrix assisted-desorption method (MALDI), the ionization source is a
laser. The sample is mixed with a matrix which adsorbs the laser energy and
transfers the protons to the protein molecules. In a time of flight experiment
(TOF) an electric field is used to accelerate the ionised molecules. In this
way, the ionised molecules are separated based on their ratio mass/charge
(m/z) as a consequence of the time required for them to reach the detector.
In order for the method to be quantitative, an internal standard with known
concentration has to be used. In addition, the internal standard needs to
have equivalent ionization properties of the protein of interest. In Paper
I, the concentration for the supernatant of Aβ40 samples was determined
by MALDI-TOF/TOF and 15N isotope standard. For this purpose, 15N-
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incorporated Aβ(M1-42) peptide was expressed in M9 minimal medium
containing 15NH4Cl as the sole nitrogen source. The peptide was purified
as described9 and monomers were isolated by SEC using a Superdex 75 In-
crease 10/300 GL (GE Healthcare) column in 20 mM sodium phosphate, 0.2
mM EDTA, 0.02% NaN3 pH=8.0 In detail, 5 μL supernatant samples were
digested after adding 5 μL 15N-Aβ42 with one of two different stock concen-
trations. Samples were digested for 15 h with the Asp-N protease and then
acidified with trifluoroacetic acid (TFA) to a final concentration of 0.5% to
stop the proteolytic reaction. One μL sample was deposited together with
0.5 μL matrix, 5 mg/mL α-cyano-4-hydroxycinnamic acid (HCCA), on a
ground steel plate and Pepmix II calibration standard (Bruker Daltronics)
was used to externally calibrate the spectra. The Aβ-peptides derived from
the normal 14N supernatant samples and the isotope labelled 15N protein
samples are chemically identical and thus ionize identically. This can be
used to compare and quantify the amount of protein in the sample. One of
the peptides generated by the Asp-N digestion is MDAEFRH (amino acid
M0 to H6) with a 14N peptide mass of 905.39 Da and 15N peptide mass
of 917.39 Da (this peptide contains 12 nitrogen atoms). By comparing the
total intensities of the signals in the isotope clusters for the two peptides
(14N and 15N) the concentration of the Aβ40 in the supernatant samples
can be determined.

6.3 Thioflavin T as optical probe for aggregation
kinetics studies

Thioflavin T (ThT) it is a fluorophore, meaning that it is able to ab-
sorb light at a particular wavelength and then emit photons upon light
excitation. In solution, the benzylamine and benzathiole rings of ThT ro-
tate freely about their shared carbon-carbon bond. This rotation rapidly
quenches excited states, causing low fluorescence emission for free ThT. In
contrast, rotational immobilization of ThT in a “locked” state upon binding
to amyloid fibrils leads to an enhancement of the quantum yield39. The ag-
gregation kinetics on Aβ monomer samples are performed by using a plate
reader (FLUOstar Omega, BMGLabtech) and the reading of ThT fluores-
cence occurs through the bottom of the plate (Corning® 3881, PEGylated
polystyrene black plates with half-area wells) with excitation at 440 nm
and using a 480 nm emission cut-off filter.
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6.4 Microfluidic diffusional sizing (MDS) and
concentration determination

The microfluidics diffusion sizing technology, MDS, uses a Fluidity One in-
strument, based on the interaction of an fluoraldehyd o-phthaldialdehyde
(OPA) fluorogenic dye with the primary amines of the target species88.
The ratio of the fluorescence in the two halves of the channel provides in-
formation about the average diffusion coefficient, D, while the sum provides
the total peptide concentration. In detail, 5 μL of each supernatant sample
is loaded in a disposable microfluidic chip made of cyclic olefin copolymer
(COC) with a PEGylated-coated surface to minimize protein adhesion in
the diffusion channel. The chip is made so that two streams can enter
the same channel under laminar flow, i.e. with no convective mixing. The
only way the protein can migrate from one half of the channel to the other
half is by diffusion. Once the sample has travelled all the way through
the channel, the flow is split again and the concentration is determined in
each half of the channel after the interaction of OPA the primary amines.
RH , as measured by dynamic light scattering, is defined as the radius of
an equivalent hard-sphere diffusing at the same rate as the molecule un-
der observation. By MDS an apparent average hydrodynamic radius, RH ,
for a spherical object, is obtained from the diffusion coefficient using the
Stokes-Einstein relation.

6.5 Small angle scattering

Small angle scattering of X-rays (SAXS) and neutrons (SANS) are use-
ful tools to investigate structures on the 1-100 nm length scale, and are
extensively used to study e.g. colloidal particles and macromolecules in
solution89. As the name suggests, the scattering from the sample is re-
corded at small angles. Sometimes, including in the present thesis, SAXS
is complemented with the recording of scattering at wider angles (WAXS)
to obtain information on the sub-nanometer length scale. The set-up of a
typical SAXS or SANS experiment is illustrated in Figure 6.3.

A collimated beam of radiation impacts the sample and the scattering
from the sample at different scattering angles, θ, is recorded with a two
dimensional detector.
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Figure 6.3 Schematic illustration of a small angle scattering set-up with scattering vectors of the
primary and scattered beam and the scattering vector �q indicated.

Denoting the wave vector of the primary beam
#»

k0 and that of the scattered
wave

#»

k , the difference is the so called scattering vector #»q =
#»

k − #»

k0. The
scattering events can be considered as purely elastic so that there is no
exchange of energy. In this case the wave vector magnitude remains con-
stant, | #»k | = 2π/λ, where λ is the wavelength, and the scattering vector
magnitude is given by

| #»q | = q =
4π

λ
sin θ/2 (6.1)

In the case of isotropic solutions, the scattering depends only on the mag-
nitude of the scattering vector, and the scattering pattern on the two di-
mensional detector is circularly symmetric (Figure 6.4,a). It can then be
convenient to radially average the data and plot the data in 1D as the
scattered intensity I(q) versus q (Figure 6.4,b).

Figure 6.4 a) Schematic illustration of an isotropic two dimensional scattering pattern. b) Radially
averaged one dimensional scattering pattern presented as I(q) vs. q.
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For a solution of identical particles, of volume fraction φ, the scattered
intensity can be written as

IP (q) = φVPΔρ2P (q)S(q). (6.2)

Here, Δρ is the scattering contrast, which is the difference in the so-called
scattering length density of the particles and the solvent, VP is the particle
volume, P (q) is the single particle scattering function, the so-called form
factor, and finally S(q) is the so called structure factor, which reports on
the relative positions of the particles. X-rays are scattered by the electrons
of atoms and the scattering length density is proportional to the electron
density. Neutrons are scattered by the atomic nuclei by a more complex
interaction that can differ significantly also between isotopes, like normal
hydrogen (H) and deuterium (D). This gives a particular advantage for
neutron scattering as it allows for changing the scattering length density of
for example a protein by replacing (H) with (D). For an aqueous (buffer)
solvent it is particularly easy to vary the scattering length density by mixing
H2O and D2O in different proportions. For a protein this is achieved by
producing recombinant proteins in a D2O environment. With these isotope
exchanges it is possible to manipulate the contrast and in particular match
the contrast between a given species and the solvent so that Δρ=0, making
the particles invisible. The single particle scattering function or form factor
contains information of particle size and shape and is given by the square
of a Fourier transform

P ( #»q ) =

∣∣∣∣
∫
VP

d #»r exp(−i #»q · #»r )

∣∣∣∣
2

(6.3)

where the truncated Fourier integral is taken over the particle volume only
(because Δρ is zero outside the particle). The structure factor S(q) reports
on the solution structure in the sense that depends on the relative posi-
tions of the particle. 1/q represents the typical length scale probed in the
scattering experiments, and when typical particle distances are larger than
1/q, one can make the approximation that Δρ = 0.

The scattered intensity can be measured on an absolute scale, and is then
usually presented in the unit of cm−1. This is typically done by calibration
with a known scatterer. For SAXS, the calibration is commonly done with
H2O, where the weak but measurable scattering in the small angle regime
results from its density fluctuations with well known compressibility.
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6.5.1 X-ray experiment

Each sample (150 μl) was loaded in a 1 mm-diameter quartz capillary. All
measurements were made in an air-evacuated space at a pressure below
1.6 mbar and at room temperature and were performed using a Saxslab
Ganesha pinhole instrument, JJ X-Ray System Aps (JJ X-ray, Hoersholm,
Denmark) with an X-ray microsource (Xenocs, Sassenage, France) and
a two-dimensional 300 k Pilatus detector (Dectris Ltd., Baden-Daettwil,
Switzerland). The scattering experiments were performed with Cu Kα ra-
diation having a wavelength, λ, of 1.54 Å. Samples were measured at three
given sample-to-detector distances and the evolution of the scattering pro-
file was monitored by data acquisition at different time points in order to
detect possible fibril sedimentation. The 2D-images from the Pilatus de-
tector were azimuthally averaged after subtracting the dark counts. The
background, recorded in a capillary with buffer at the same contrast, was
subtracted from the acquired 1D scattering data, I(q).

6.5.2 Neutron experiment

SANS experiments were performed at the SANS-II instrument at the Swiss
spallation source, SINQ, located at the Paul Scherrer Institute in Villigen,
Switzerland. Demountable stainless steel cells were used and placed on
a rotating rack to prevent precipitation. The sample was held in the cell
between two quartz windows, each window sealed by an o-ring. The o-rings
were compressed by retaining rings that were held down by four screws for
a final sample thicknesses of 1 mm and sample minimum volume of 450 μL.
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Vendruscolo, M., Dobson, C. M., Buell, A. K., Knowles, T. P. J., and Linse, S.
(2018) Distinct thermodynamic signatures of oligomer generation in the aggrega-
tion of the amyloid-β peptide. Nature Chemistry 10, 523–531.

[42] Cellmer, T., Ferrone, F. A., and Eaton, W. A. (2016) Universality of supersaturation
in protein-fiber formation. Nature Structural & Molecular Biology 23, 459–461.

[43] Törnquist, M., Michaels, T. C. T., Sanagavarapu, K., Yang, X., Meisl, G., Cohen, S.
I. A., Knowles, T. P. J., and Linse, S. (2018) Secondary nucleation in amyloid
formation. Chemical Communications 54, 8667–8684.

[44] Törnquist, M., and Linse, S. (2021) Chiral Selectivity of Secondary Nucleation in
Amyloid Fibril Propagation. Angewandte Chemie International Edition 60, 24008–
24011.

[45] Thacker, D., Sanagavarapu, K., Frohm, B., Meisl, G., Knowles, T. P. J., and Linse, S.
(2020) The role of fibril structure and surface hydrophobicity in secondary nucleation
of amyloid fibrils. Proceedings of the National Academy of Sciences 117, 25272–
25283.

[46] Cohen, S. I., Vendruscolo, M., Dobson, C. M., and Knowles, T. P. (2012) From Mac-
roscopic Measurements to Microscopic Mechanisms of Protein Aggregation. Journal
of Molecular Biology 421, 160–171.

[47] Haeberlein, S. B. et al. Topline results from Phase 3 aducanumab studies. 2013; San
Diego, CA.

[48] Sevigny, J. et al. (2016) The antibody aducanumab reduces Aβ plaques in
Alzheimer’s disease. Nature 537, 50–56.
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Schützmann, M. P., Groth, G., Mouhib, H., Otzen, D. E., Buell, A. K., and Abeln, S.
(2020) The hydrophobic effect characterises the thermodynamic signature of amyl-
oid fibril growth. PLoS Computational Biology 16, e1007767.

[72] Bosshard, H. R., Marti, D. N., and Jelesarov, I. (2004) Protein stabilization by
salt bridges: concepts, experimental approaches and clarification of some misunder-
standings. Journal of Molecular Recognition 17, 1–16.

[73] Dubackic, M., Idini, I., Lattanzi, V., Liu, Y., Martel, A., Terry, A., Haertlein, M.,
Devos, J. M., Jackson, A., Sparr, E., Linse, S., and Olsson, U. (2021) On the Cluster
Formation of α-Synuclein Fibrils. Frontiers in Molecular Biosciences 8, 768004 .

[74] Hellstrand, E., Boland, B., Walsh, D. M., and Linse, S. (2009) Amyloid β-Protein
Aggregation Produces Highly Reproducible Kinetic Data and Occurs by a Two-
Phase Process. 1, 13–18.

[75] Lindfors, L., Forssén, S., Westergren, J., and Olsson, U. (2008) Nucleation and
crystal growth in supersaturated solutions of a model drug. Journal of Colloid and
Interface Science 325, 404–413.

[76] Kashchiev, D. Nucleation: Basic Theory and Applications; Oxford: Butterworth
Heinemann, 2000.

[77] Yang, X., Meisl, G., Frohm, B., Thulin, E., Knowles, T. P. J., and Linse, S. (2018)
On the role of sidechain size and charge in the aggregation of Aβ42 with familial
mutations. Proceedings of the National Academy of Sciences 115, E5849–E5858.

[78] Törnquist, M., Cukalevski, R., Weininger, U., Meisl, G., Knowles, T. P. J.,
Leiding, T., Malmendal, A., Akke, M., and Linse, S. (2020) Ultrastructural evidence
for self-replication of Alzheimer-associated Aβ42 amyloid along the sides of fibrils.
Proceedings of the National Academy of Sciences 117, 11265–11273.

[79] Serpell, L. C. (2000) Alzheimer’s amyloid fibrils: structure and assembly. Biochimica
et Biophysica Acta 1502, 16–30.

[80] Xiao, Y., Ma, B., McElheny, D., Parthasarathy, S., Long, F., Hoshi, M.,
Nussinov, R., and Ishii, Y. (2015) Aβ(1–42) fibril structure illuminates self-
recognition and replication of amyloid in Alzheimer's disease. Nature Structural &
Molecular Biology 22, 499–505.

42



[81] Gremer, L., Schölzel, D., Schenk, C., Reinartz, E., Labahn, J., Ravelli, R.
B. G., Tusche, M., Lopez-Iglesias, C., Hoyer, W., Heise, H., Willbold, D., and
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