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Popular summary

Proteins are a source of energy, especially for those looking to build muscle.
However, some proteins can also lead to diseases, such as prion leads to mad
cow disease. Amyloid beta (Aβ) is a protein related to Alzheimer’s Disease
(AD), but it is yet not known if it is a cause or consequence of AD. Aβ is found
in the brain plaques of AD patients. These plaques are abnormal clumps that
form between neurons. When the concentration of Aβ exceeds its solubility, it
tends to form fibrils, much like how salts precipitate when their solubility is
exceeded. The stacking of Aβ monomers in fibrils can be compared to slices of
toast stacked on top of one another.

Lipids are also present in the brain plaques, which is not surprising since lipids
are essential components of cell membranes. GM1 is a type of lipid found in the
same regions as Aβ in these plaques. GM1 has a water-loving headgroup and two
water-fearing tails. When GM1 reaches a high enough concentration in water,
it self-assembles into spherical structures called micelles, with the headgroups
facing water and the tails tucked inside. These micelles look like dandelion seeds.
In everyday life, micelles are used in products like soap, where they encapsulate
dirt that doesn’t dissolve in water.

In Paper I, we explored whether the secondary nucleation sites of Aβ fibrils are
defects of the fibrils themselves. Secondary nucleation is a step where existing
fibrils act as templates to form new fibrils. This concept is widely used in
the crystal industry, where seeds are added to enhance production and ensure
consistency of crystals. Our study found that secondary nucleation sites are
rare on fibrils, supporting the idea that they may be rare defects. To test this
further, we tried ”healing” fibrils by increasing the temperature, slowing their
formation. The fibrils formed more slowly had fewer secondary nucleation sites
and were less efficient at seeding new fibrils.

In Paper II, we examined how mild agitation affects the steps of Aβ fibril form-
ation. We discovered that agitation accelerates primary nucleation (where Aβ
monomers come together to form fibrils) and secondary nucleation, but does not
affect elongation (where fibrils grow by adding monomers to their ends) or frag-
mentation (where fibrils break apart). Using electron microscopy, we observed
fibrils decorated with transient aggregates, which we interpreted as secondary
nucleated fibrils. Agitation appears to shear these newly formed fibrils away
from their template fibrils, speeding up their detachment.

In Papers III and IV, we studied how GM1 micelles interact with Aβ. Like
soap dissolving dirt, GM1 micelles solubilize Aβ. The water-fearing parts of Aβ

vi



embed themselves in the oily core of the micelles, while the water-loving parts
want to remain exposed to water. We found that the addition of GM1 micelles
delays the formation of Aβ fibrils and increases the apparent solubility of Aβ.
This ”apparent solubility” includes both Aβ dissolved in water and Aβ dissolved
in micelles.

The findings presented in this thesis can have implications to the understading
of AD.
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Introduction

1 Aβ and GM1

The cleavage of amyloid precursor protein (APP), a transmembrane protein
expressed in neurons, produces Aβ peptides with varying lengths, of which the
40 and 42 amino acids peptide – Aβ40 and Aβ42 - are most abundant [1]. Aβ40
and Aβ42 are peptides naturally produced in cells of all human individuals
throughout our lives. The concentration of Aβ40 and Aβ42 in both tissues and
the brain have been shown to be lower in cognitively normal elderly individuals
than in patients with AD [2, 3]. While the concentration of Aβ42 in CSF is
higher in healthy controls than in patients with AD [4, 5]. Amyloid plaques–
extracellular deposits that are primarily composed of fibrillar Aβ deposits–are
a neuropathological hallmark of Alzheimer’s Disease (AD), motivated by the
fact that these plaques are consistently observed in the brains from individuals
with AD [6, 7]. It is therefore essential to understand the molecular mechanism
of Aβ self-assembly into fibrils. This can be done by studying its kinetic steps
and thermodynamic driving forces for peptide aggregation, and by identifying
factors that influence this aggregation process.

The AD amyloid plaques also include non-amyloid lipid-rich constituents, such
as extracellular vesicles, extracellular multilamellar bodies, and cellular com-
partments [7]. Monosialotetrahexosylganglioside (GM1) is one of the major
ganglioside lipids found to be enriched and colocalized with Aβ40 in the core
region of mature plaques [8]. GM1 is present at relatively high concentrations in
the brain, with an approximate concentration of 8 pmol/mg (equivalent to 8 µM,
assuming a tissue density of 1 g/mL) [9]. It is also found that the GM1 concen-
tration changes during aging and across different neuropathological conditions
[10].

With this background, the following questions are addressed in this thesis: What
factors affect the different steps of the Aβ aggregation reaction? In the first
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part of the thesis, we investigate how external factors like mild agitation (shear
forces) and temperature affect the reaction. We also study in detail how defects
on the fibril surface may promote the aggregation process. In the second part
of the thesis, we investigate the interactions between Aβ and GM1 gangliosides,
to elucidate the effects of gangliosides on the equilibrium and the kinetic steps
of Aβ aggregation.

2 The self-assembly of GM1 to form micelles

2.1 Why do GM1 monomers form micelles?

GM1 is an amphiphilic molecule that possesses a polar head group and nonpolar
hydrocarbon chains, as shown in Fig. 1 (a). The head group of GM1 contains
four sugar residues and one sialic acid with a pKa of ca. 2.7 [11], thus GM1
is negatively charged at the pH values used in this thesis. To minimize the
unfavorable interactions between the hydrophobic GM1 hydrocarbon chains and
water, GM1 self-assembles to create a microphase in which the hydrophobic
chains sequester themselves inside the aggregate and the polar head groups
orient themselves toward the aqueous phase [12]. However, electrostatic and
entropic steric repulsion between the head groups opposes the increase of the
aggregate size, leading to a finite size of the aggregate, which is a characteristic of
micelles. Adding more GM1 results in the formation of more micelles of similar
size. A useful guide for predicting the aggregate structure in dilute solutions is
the surfactant parameter Ns = v

la0
, where v, l, and a0 represent the volume of

the hydrophobic part of the amphiphile, the length of the hydrocarbon chains,
and the effective area per head group, respectively [12]. The effective area per
head group reflects the opposing tendencies of the head group to crowd close
together, i.e., electrostatic repulsion, entropic steric repulsion, steric hindrance,
and hydration. As shown in Fig. 1(b), amphiphilic molecules with Ns ≤ 0.33
have a packing shape of a cone and favor the formation of spherical micelles.
GM1 is one of the amphiphilic lipids that forms spherical micelles due to its large
sugar-based, negatively charged head group. Other examples of micelle-forming
lipids are lysolipids and fatty acids [13].

2.2 Characterization of GM1 micelles

The critical micelle concentration (CMC) is defined as the concentration at
which amphiphiles reach their maximum solubility. At higher concentrations,
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Figure 1: a: 3D chemical structure of GM1, with red, blue, dark grey, grey spheres representing oxygen, nitrogen, carbon
and hydrogen, respectively. b: Light blue cartoon shows the parameters in surfactant number, with light blue
representing the critical packing shape of cone. Dark blue cartoon represents GM1 with a headgroup and two
tails. c: The ratio of the first (around 373 nm) and third (around 384 nm) peak is from the fluorescence spectra
of samples containing pyrene and different concentration of GM1. d: GM1 micelle size distribution based on the
dynamic light scattering of 80µM GM1 at 37◦C.

micelles begin to form. As the concentration of the amphiphile increases, the
number of micelles grows, while their size remains virtually unchanged over
a wide range of concentrations [12]. The CMC of GM1 was here measured
by pyrene fluorescence spectroscopy assay to be less than 5 µM (paper III). As
shown in Fig. 1(c), already the addition of 5 µMGM1 has an effect on the pyrene
spectrum, here illustrated by the ratio between the intensity of the first and third
peaks in the spectrum. This indicates that the sample contains micelles already
at this low concentration. The concentration of GM1 used for all experiments in
this thesis is above 5 µM, as we are interested in the interaction between GM1
micelles and Aβ. We also measured the size distribution of GM1 micelles based
on dynamic light scattering on samples containing 80 µM GM1. Fig. 1(d) shows
that the diameter of GM1 micelles ranges from 7 to 11 nm, with most objects
having a diameter of around 10 nm. This is consistent with GM1 size measured
by microfluidic diffusional sizing and cryo-TEM (Paper III), as well as with
previous studies in the literature [14]. From previous mass spectrometry analysis
[15], we know that most GM1 molecules contain 18 or 20 carbons, and the fully
extended acyl chains thus have a length of ca. 2.5 nm ( l = 0.15+0.12 ·nc, where
nc = 18–20) [12]. The GM1 headgroup is five residue branch oligosaccharides.
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Given the length of a glucose molecule, approx. 0.8 nm in the long axis [16],
the length of the extended GM1 oligosaccharide headgroup can be estimated
at roughly 2.5-3.0 nm. This gives rise to a total estimated length of the fully
stretched GM1 lipid molecule of around 5.0-5.5 nm. The diameter of the micelle
is expected to be roughly twice the length of the molecule, that is, around 10-11
nm. This estimation is consistent with the observed size of GM1 micelles in
Fig. 1(d) and the measured hydrodynamic radius in paper III.

The aggregation number of GM1 can be estimated for a sphere with given
volume (eg diameter of 10 nm in line with cryo-TEM data of GM1 in paper
III) , assuming that the density of GM1 micelles is close to the density of water,
and knowing the molecular weight of GM1 (1569 g/mol). This gives an estimate
of GM1 micelle aggregation number of ca 200, which aligns with reported values
[17]. The rate at which amphiphilic molecules come together to form micelles is
largely diffusion limited, as the monomer association reaction involves no slow
structural reorganization or bond formation. For example, the rate of some
sodium alkyl sulfate micelle formation and disintegration is in the ms range
[12], and the rate of monomer exchange between micelles is in the µs range. It
is good to note that these timescales are also affected by the monomer solubility
in the limit where it is low. For example, self-assembly rate of ionic single-chain
surfactant is generally diffusion limited, but for more hydrophobic molecules the
solubility will also play a role.

2.3 Models describing micelle formation

The first step for micelle formation is similar to that of phase separation: above
a certain concentration, the monomers spontaneously self-assemble to form a
separate structure with different physical properties compared to those of free
monomers in the solvent. Now consider a system of one type of amphiphilic
molecule in water (or another solvent). At equilibrium, the chemical poten-
tial of the amphiphilic molecule in the micelle (µi,micelle=µΘ

i,micelle) is equal to
the chemical potential of the monomer in the (dilute) solution (µi,solution =
µΘ
i,solution +RT ln[Xi]), where R is the gas constant, T is temperature, and [Xi]

is the mole fraction of molecule i. The phase separation model [12] approxim-
ates micelle formation as a phase separation process that occurs at a well-defined
critical concentration (CMC). At equilibrium, µΘ

i,micelle = µΘ
i,solvent+RT lnCMC.

However, the phase separation model does not account for the stop mechanism
of micelle formation; that is, micelles have a finite and well-defined aggrega-
tion number, meaning that when more amphiphiles is added, one gets more
micelles of the same size rather than larger aggregates. This stop mechanism
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can be described by the closed-association model, assuming that only monomers
and micelles with aggregation number N exist in the system at concentrations
above the CMC. The closed-association model will lead to the same equation
as the phase separation model under the approximation of infinite N , with the
combination of ∆GΘ = −RT lnK, where K is the equilibrium constant for N
monomers forming one aggregate.

3 Self-assembly of Aβ to form fibrils

3.1 Kinetics of fibril formation

Above a certain concentration, Aβ40 or Aβ42 aggregate into amyloid fibrils. The
kinetics of amyloid formation can be monitored using fibril-sensitive dyes, such
as ThT and pFTAA. These dyes typically emit fluorescence with higher intensity
in the presence of fibrils compared to monomers, and the fluorescence intensity
is positively correlated to fibril mass [18]. Such experimental data can then be
fitted by kinetic models in order to reveal the importance and rate constants of
the different steps of the aggregation reaction [19, 20].

The microscopic steps of the kinetic models used in amyloid aggregation online
fitting tool–amylofit are: primary nucleation, elongation, secondary nucleation
and fragmentation. [19, 20] Primary nucleation is the step during which pro-
tein monomers come together in solution to form a small, energetically stable
structure. Elongation is the step during which monomers bind to the growing
fibril ends, leading to fibril growth. Secondary nucleation is the step during
which existing fibrils catalyze the formation of new aggregates by interacting
with free monomers. Fragmentation is the step during which fibrils break into
smaller pieces, which can be caused by mechanical forces, thermal fluctuations,
or chemical interactions. For Aβ40 or Aβ42 under non-shaking conditions at pH
7.4, 37°C, the kinetic model involves an initial primary nucleation step followed
by fibril elongation and secondary nucleation (Fig. 2(b)). Fragmentation is neg-
ligible for Aβ40 and Aβ42 under normal conditions but can play an important
role in other instances, such as under vigorous shaking [21].

In the kinetic model described above [20], the Aβ40 or Aβ42 increase in fibril
mass concentration can be described by the following equation:

d[M ]

dt
= 2k+[m][P ] (1)
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where the mass concentration of the fibrils [M ] is related to the elongation rate
constant k+, the mass of monomers [m] at time t, and the number concentra-
tion of fibrils [P ] at time t, as elongation influences only the mass and not the
number of fibrils. The fibril number concentration is related to both primary
and secondary nucleation, contributing to fibril increase through the following
equation:

d[P ]

dt
= kn[m]nc + k2

[m]n2

1 + [m]n2

KM

[M ] (2)

where kn, k2, andKM are the primary nucleation rate constant, secondary nucle-
ation rate constant, and secondary nucleation saturation constant, respectively.
nc and n2 are the reaction orders of primary and secondary nucleation.

Integration of equation (1) and equation (2) leads to an equation that describes

the normalized fibril mass concentration M(t)
M∞

over time t [20]:

M(t)

M∞
= 1−

(
1− M0

M∞

)
e−k∞t

(
B− + C+e

κt

B+ + C+eκt
B+ + C+

B− + C+

)k∞/κ

(3)

where

κ =

√√√√2[m]0k+
[m]n2

0 k2

1 +
[m]

n2
0

KM

λ =
√
2k+kn[m]nc

0

C± =
k+[P ]0

κ
± k+[M ]0

2[m]0k+
± λ2

2κ2

k∞ = 2k+[P ]∞

k̄∞ =
√

k2∞ − 2C+C−κ2

B± =
k∞ ± k̄∞

2κ

Equation(3) can be fitted to experimental kinetic traces. From the global fitting
to a set of experimental data obtained at different conditions, one can obtain
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Figure 2: a:Normalized mass of Aβ40 fibrils calculated from equation(3) with m0 of 25 µM. The input parameters on
the right of the plot are gained from a previous published paper[20]. The infinite mass concentration of fibril is
chosen to be 25 µM. The rate of primary, secondary and elongation is also plotted against time, and normalized
by the maximum rate of each. b: The cartoon shows the relationship between the microscopic steps that play a
role in the aggregation of Aβ40 or Aβ42 in condition of pH 7.4, 37 degrees, non-shaking.

values of the different rate constants and reaction orders: kn, k2, KM , nc, n2.
Other parameters like initial monomer concentration [m]0, initial fibril mass
and number concentration, [M ]0 and [P ]0, final fibril mass concentration, [M ]∞
can be fixed according to experimental conditions, while final fibril number
concentration [P ]∞ can be converted from [M ]∞ assuming an average fibril
length of 1.3 µm (28000 monomers per fibril)[20]. To illustrate how the different
rate constants affect the aggregation process, Fig. 2(a) shows a calculated kinetic
trace for an example sample that contains 25 µM Aβ40 monomers. The model
takes into account elongation and secondary nucleation but not fragmentation.
The input parameters used for these example calculation are chosen as being
typical values for Aβ40 under conditions of pH 7.4, 37°C, non-shaking[20].

One can also calculate the rates of primary nucleation, secondary nucleation,
and elongation given by: d[P ]

dt = kn[m]nc , d[P ]
dt = k2

[m]n2

1+
[m]n2

KM

[M ], and d[M ]
dt =

2k+[m][P ], respectively. The rate of each microscopic step is normalized to its
maximum value, removing units and allowing for an easy comparison of how
the rate of each step changes over time. As shown in Fig. 2(a), the primary
nucleation rate decreases over time due to the declining monomer concentration.
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In contrast, both secondary nucleation and elongation rates peak around the
halt-time of aggregation, as they depend on the presence of both monomers and
fibrils. Similar finding has been presented for Aβ42 at pH 8.0 [22].

3.2 Thermodynamics of fibril formation

In conditions where the system containing Aβ monomers and fibrils reaches
equilibrium, the chemical potential of monomers in fibrils is equal to the chemical
potential of monomers in the solution, µi,fibril = µi,solution. Fibril formation can
be described in terms of a solution-solid phase seperation, as the concentration
of monomers in solution remains constant above a certain concentration that
is the protein solubility [23]. Thus, there is a thermodynamic drive for fibril
formation that occurs at all concentrations above the solubility concentration,
denoted by S. At equilibrium, the chemical potential of peptide in solution
µi,solution = µΘ

i,solution + RT lnS = µΘ
i,fibril. The last equality follows from that

the fibrils are considered as the pure solid state, which is also the standard state.

In practice, reaching equilibrium in the amyloid system is often a very slow
process. In samples where the initial monomer concentration is very close to S,
the system can, in some cases, become trapped in a metastable state for several
days due to high nucleation barriers preventing fibril formation [24]. In fact, it
is commonly observed that fibrils of different morphologies co-exist in the amyl-
oid system[25, 26], while only the most stable structure can be the equilibrium
structure. Equilibrium can be verified by approaching it from multiple direc-
tions [27], as demonstrated in Paper IV by monitoring both the aggregation of
monomers and the dissociation of fibrils.
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Methods

In this methods section, I introduce several key techniques that are repeatedly
used throughout this thesis. These include confocal microscopy as well as quant-
itative methods that are combined with the confocal microscope, such as Mi-
crofluidic diffusional sizing (MDS) and Fluorescence Correlation Spectroscopy
(FCS). The latter methods play a crucial role in characterizing molecular diffu-
sion in dilute solutions. Specifically, they were employed to study the diffusion
of Aβ monomers (Papers III and IV), Aβ oligomers (Paper II), Aβ-GM1 micellar
co-assemblies (Papers III and IV), and chaperones that binds to the Aβ second-
ary nucleation sites (Paper I). Additionally, cryo-EM is introduced as a method
for imaging Aβ fibril morphology, as utilized in Papers I, II, and III. Lastly,
NMR spectroscopy is heavily used in Paper IV. Below, these key methods are
introduced focusing on how they are used in the present studies.

4 Fluorescence Laser Scanning Confocal Microscopy

In a wide-field fluorescence microscope, both in-focus light (red lines in Fig. 3(a))
and out-of-focus light from other focal planes (red dotted lines in Fig. 3(a)) or
diffraction and scattering from other points outside of the focus point can reach
the detector. To generate a focus spot of illumination, the confocal microscope
system is equipped with the detecting pinhole, which prevents the out-of-focus
light from reaching the detector, as shown in Fig. 3(a). In addition, the illu-
minated pinhole facilitates the formation of a point light source with strong
directivity, small divergence, and high brightness [28]. However, since the mi-
croscope with pinholes only provides information about a single point at a time,
the focused spot of light must be scanned across the sample to build an im-
age [29]. The advantage of fluorescence laser scanning confocal microscopy is
thus high resolution and optical sectioning [30]. In the present thesis, confocal
microscopy was used in Paper III.
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Figure 3: a: Graphical depiction of fluorescence laser scanning confocal microscopy. The zoom in of the focus point shows
the fluorescence correlation spectroscopy detection volume with a fluorescent molecule passing through. b and
c: Schematic count rate-time plot for sample containing Alexa647-Aβ42 monomers inside or outside micellar
aggregates, and GM1 micelles with Oregon Green 488 DHPE, respectively. d: Schematic plot of figure c (green)
and figure c shifted by τD to the right (grey). e: Schematic autocorrelation curves for data in fiogure b and c.

5 Fluorescence Correlation Spectroscopy (FCS)

FCS employs a confocal microscopy setup to create a small observation volume
at the focal point [31]. In Fig. 3(a), the confocal detection volume is represented
by the red oval, with r0 representing the lateral radial distance of the detection
volume, which is around 200-300 nm in our FCS experiments. This small detec-
tion volume allows for the measurement of individual molecules as they diffuse
through the focal volume. Theoretically, as a fluorescently labeled object enters
and exits the observation volume, it generates a spike in the count rate-time
plot [32, 33]. The count rate reflects the number of counted photons per unit
time, corresponding to the fluorescence intensity. The duration of a molecule
within the detection volume determines the spike width, while the number of
fluorescent dyes carried by the molecule affects the spike height.

In paper III and IV, samples composed of Alexa647-Aβ42 and GM1 were in-
vestigated. The Alexa probe can either be present in peptide monomers in
solution or in peptides associated with GM1 micelles. If the micellar aggregates
are bigger than Alexa647-Aβ42 monomers, the spike from the Alexa647-Aβ42 in
micellar aggregates will be broader than free Alexa647-Aβ42 monomer (Fig. 3
(b) and (c)). The spikes for GM1 micells doped with Oregon Green 488 DHPE
are of similar width due to the uniform size of micelles. The height of the spike
corresponding to two Alexa647-Aβ42 in the co-assembly will be higher than that
of one Alexa647-Aβ42 in the co-assembly or Alexa647-Aβ42 monomers. In real
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measurements, the number and the shape of the spikes vary more than in the
ideal example described above. To analyze the data, we extracted the auto-
correlation functions (Equation 4) of the intensity time traces to extract the
particle diffusion time and particle number [34, 35].

G(τ) =
⟨δI(t) · δI(t+ τ)⟩

⟨I⟩2
(4)

Here, ⟨I⟩ is the time-averaged intensity, and δI(t) is the zero-mean fluctuations
on top of ⟨I⟩, that is δI(t) = I(t)−⟨I⟩. To understand the meaning of the auto-
correlation function in these experiments, we can imagine that the intensity-time
trace is shifted with a distance of τ in the plot (gray dotted lines in Fig. 3 (d)).
The correlation amplitude in Fig. 3 (e) represents the correlation between the
original and shifted intensity-time trace. The autocorrelation function decays as
τ increases, indicating that fluctuations in intensity become uncorrelated over
time, and drops to minimum when τ=τD, where τD is the average retention time
of particles in the focal volume. The green and red curves in Fig. 3 (e) represents
the autocorrelation funtion obtained from ig. 3 (c) and (b), respectively. The
red curve decays faster compared to the green curve, corresponding to shorter
average diffusion time of Alexa647-Aβ42 (within a micellar aggregate or present
as free monomer in solution) compared to that of GM1 micelles with Oregon
Green 488 DHPE.

The autocorrelation curve can be fitted using models with different particle
size distribution. For example, a simple single-species model [36]: G(τ) =

1
N

(
1(

1+ τ
τD

)√
1+ τ

τDS2

)
+ 1, N is the particle number, and S is the structure

parameter, which is fixed at the same value for all fits since it is related to the
detection volume. The population-averaged τD obtained from the fitting can
be used to estimate the population-averaged diffusion coefficient of the labeled

species as [37]: τD =
r20
4D . The zero-lag amplitude of G(τ) is inversely propor-

tional to the average number of particles N in the detection volume. In addition
to average particle number, FCS can also provide the particle number distribu-
tion, plotted as a histogram of spike count rate in Fig. 3 (b) and (c) [38]. For
example, in paper IV, we detected the number distribution of Alexa647-Aβ42
in micellar aggregates at different Aβ/GM1 ratios.
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6 Microfluidic diffusional sizing (MDS)

Just as for FCS, the single-molecule MDS employs a confocal microscopy setup
to scan the sample, but in the case of MDS one scan different positions in a
microfluidic channel [39]. The working principle of MDS with sample containing
free Alexa647-Aβ42 and Alexa647-Aβ42-GM1 micellar aggregates is shown in
Fig. 4(a), where the sample is slowly injected (typically around 100 µL/h) with
pure buffer on two sides into a microfluidic channel. The goal of slow injection is
to create a smooth, layered flow of liquid, known as lamellar flow. This smooth
flow prevents molecules from randomly swirling around. Because of this orderly
movement, the only way particles spread out in the Y-Z plane over time (as
X increases) is through diffusion from areas of higher concentration (channel
center shown as a dotted grey line) to areas of lower concentration (channel
edge). The diffusion coefficient (or diffusion time) depends on the size of the
diffusing object. Here, the radius of free Alexa647-Aβ42 is smaller than that
of micelles, thus free Alexa647-Aβ42 diffuses further towards the channel edge
compared to micelles. It is worth mentioning that the radius of GM1 micelles is
almost 100 times less than the radius of the focal volume, r0, thus the cartoon
of micellar aggregates in the schematic is not representing their real size.

The confocal detection volume is moved at a constant speed across the Y dir-
ection at the mid-height of the microfluidic channel, and also moved to several
different X positions. The schematic photon count detected by the confocal
microscope versus the channel position at four different X positions is plotted
in Fig. 4(b). As the X values increase, the peak widens, showing that fluor-
escent particles spread more from the center of the channel toward the edges
over time. By comparing the observed diffusion profiles with simulated profiles
of spherical particles undergoing both advection and diffusion in microfluidic
channels [40], we can determine the distribution of hydrodynamic radius for the
labeled molecules.

7 Cryogenic Electron Microscopy (Cryo-TEM)

The image resolution of light microscopy, as defined by the classic Rayleigh
criterion [41], states that the smallest resolution (δ) is given by:

δ =
0.61λ

µ sinβ
(5)
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Figure 4: a: Graphical depiction of working principle of MDS with sample containing free Alexa647-Aβ42 and Alexa647-
Aβ42-GM1 micellar aggregates. b: Schematic diffusion profiles of molecules through the channel cross-section
recorded at different x locations along the microfluidic channel.

In Equation 5, λ is the wavelength of the light, µ is the refractive index of the
viewing medium, and β is the semi-angle of collection of the magnifying lens.
The numerical aperture (NA = µ sinβ) of a microscope objective typically
ranges from about 0.1 to 1.4. Therefore, with visible light wavelengths around
400–700 nm, the best achievable resolution is roughly 200 nm [42]. This lim-
itation has been overcome in super-resolution fluorescence microscopy, yet the
image resolution of light microscopy has not surpassed 10 nm. In contrast, elec-
tron microscopy achieves higher resolution due to the much shorter wavelength
of electrons.

In Transmission Electron Microscopy (TEM), ”transmission” refers to the use
of transmitted electrons, which pass through the sample to form an image.
This is different from Scanning Electron Microscopy (SEM), where electrons are
reflected off the surface, providing surface-level information. TEM, by contrast,
enables visualization of internal structures since it ”sees through” the sample,
which in the present studies contains fibrils or micelles in buffer solution (paper
I and III). In order for TEM to work, the specimen must be thin enough to
transmit sufficient electrons, ensuring adequate intensity on the detector.

To achieve a sufficiently thin layer of liquid sample, one can apply the sample to
a grid coated with a holey carbon support film and then blot the grid nearly dry
by pressing a piece of filter paper on the grid. Next, we vitrify this thin layer of
sample on the grid by plunging it into a bath of cryogen liquid (ethane in our
case) maintained near its freezing point (-169 °C). This temperature is stabilized
by a reservoir of liquid nitrogen. Vitrification, rather than crystallization (i.e.,
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ice formation), occurs because of the rapid cooling well below water’s freezing
point and the thinness of the sample layer (around 0.2 mm or less) [43]. Vitri-
fication allows proteins and micelles to retain their native hydrated structure at
atomic resolution, while making the samples suitable for the vacuum conditions
of TEM [44].

8 Nuclear Magnetic Resonance (NMR) spectroscopy

NMR spectroscopy provides information on the local electronic structure around
atomic nuclei [45]. A brief introduction to the basics of NMR spectroscopy’s
working principle is given in reference [46]. In an NMR experiment, for example
the one described in paper IV, an external magnetic field (B0) creates a mag-
netization in the sample due to the intrinsic nuclear spin and the the magnetic
moments interlinked with the spin. The magnetization is parallel to the external
B0-field, has a frequency ω0=γB0, where γ is the gyromagnetic ratio with units
rad s−1 T−1 and equals 267522205 rad s−1 T−1 for protons, for the magnetic
field 18.8 T used in paper IV, this results in a proton Larmor frequency of 800
MHz. On the magnetized sample, another magnetic field (B1) is applied perpen-
dicular to B0 using a radio frequency pulse with a much weaker field strength
than B0. The radio frequency of B1 electromagnetic pulse is in resonance with
the nuclei of interest (1H or 15N in this thesis). Thus, B1 can rotate the net nuc-
lear magnetizations of the nuclei to a certain angle, depending on the duration
and strength of the pulse. The signal is detected by the receiver coil during the
relaxation of nuclei back to the original longitudinal state, and it is referred to
as the free induction decay (FID). A Fourier transformation of the FID converts
the time domain to the frequency domain and we get an NMR spectrum. The
detected frequencies are normalized by the spectrometer frequency, resulting in
the B0-field independent chemical shift scale with units of ppm.

As is shown in figure Fig. 5(a), the 1H nuclei in the GM1 lipid tails give rise to
peaks resonance in the low ppm region, while 1H in the head group and glycosidic
linkage resonances at higher ppm values due to differences in their electronic
environments. The hydrogens in the lipid tails are part of the aliphatic (non-
polar) chains, with strong electron shielding. In contrast, the head group and
glycosidic linkage regions contain more electronegative atoms, such as oxygen
and nitrogen, which withdraw electron density from nearby hydrogen atoms.
This electron withdrawal reduces shielding, causing these hydrogens to resonate
at higher ppm.

By introducing a 2nd indirect dimension into the pulse sequence we can ac-
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Figure 5: a: 1D 1H NMR spectrum of 889 µM GM1 with the chemical structure of GM1 on top. b: 2D 1H 15N HMQC
spectrum of 2 mM GM1, with the arrows pointing at the peaks of GM1. The positive peaks are light green,
while negative peaks are dark green. The projections of the spectrum at both x and y axis are plotted on the
top and left side of the spectrum.

quire correlations between 1H and 15N nuclei and we get a 2D NMR spec-
trum (Fig. 5(b). In a 2D 1H 15N Heteronuclear Multiple Quantum Coherence
(HMQC) spectrum, the x-axis represents the 1H chemical shifts, while the y-
axis represents the 15N chemical shifts. Each cross-peak in the 2D spectrum
represents a specific 1H-15N pair, where hydrogens are directly bonded to ni-
trogens. For example, the NH groups in GM1 are shown as three cross-peaks
pointed by the arrows, while the 1H connected to carbon or oxygen are filtered
out from the spectrum. This 1H 15N spectra is especially valuable for study-
ing proteins since every amino acid except proline has an amide group with a
nitrogen-bound hydrogen, resulting in unique cross-peaks in the 2D spectrum
that create a ”fingerprint” for the protein.

15





Aβ aggregation and the effects
of GM1

9 Secondary nucleation – arrival and detachment

9.1 Introduction to secondary nucleation

Secondary nucleation in amyloid formation corresponds to the reaction step in
which protein aggregation is nucleated in the presence of fibrils, which will then
lead to the formation of new fibrils. The secondary nucleation process may occur
on the side surface of fibrils. Secondary nucleation is considered to be of critical
importantance in amyloid formation as this aggregation reaction step has been
found to be crucial to the aggregation of many disease-related amyloid-forming
proteins [47, 48, 49]. For many systems of aggregating proteins [50, 51, 52], the
secondary nuclation is also responsible for oligomer production under standard
in vitro reaction conditions (i.e. pH 7.4). Rapid secondary nucleation is char-
acteristic of disease-associated amyloids, due to both its autocatalytic effect on
fibril proliferation and its ability to produce large quantities of oligomers [53].
Its inherently catalytic nature leads to enzyme-like kinetics, with the reaction
rate saturating at high enough monomer concentrations [20, 54]. As shown in
the doubly logarithmic plot (Fig. 6(a)), for kinetics dominated by secondary
nucleation at low initial monomer concentration, the slope is equal to (n2+1)/2
and typically around -1.4 [55], with n2 being the monomer reaction order of
secondary nucleation step. At high initial monomer concentration, the second-
ary nucleation sites on the fibril surfaces become fully occupied by monomeric
protein, resulting in a loss of dependence of the secondary nucleation rate on
monomer concentration. Analogous to Michaelis–Menten enzyme kinetics [56],
secondary nucleation is modeled as a multistep process in the kinetic models
commonly used to describe amyloid formation [19]. These steps include asso-
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Figure 6: a: Schematic data for Aβ40 representing the saturation of the secondary nucleation at higher concentrations
[57].b: Graphical depiction of the proposed reaction scheme for enzyme kinetics or secondary nucleation in
amyloid formation.

ciation (binding of monomeric peptides to existing fibrils), reaction (rearrange-
ment of monomers), and detachment (release of newly formed oligomers that
may then continue to aggregate into larger amyloid fibrils) (Fig. 6). In this
thesis, we mainly investigated the attachment and detachment steps of second-
ary nucleation, using Aβ40 and Aβ42 as model peptides.
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Figure 7: a: Solutions of 4.5 µM Aβ40 fibrils (annealed or 37◦C) with 3 to 100 nM Alexa488-proSP-C Brichos are incubated
for 2 h at 37 ◦C, and monitored by FCS to see the number of diffusing Alexa488-proSP-C Brichos. b: Binding
of proSP-C Brichos to 24 µM Aβ42 fibrils monitored by MDS.

9.2 Arrival sites of secondary nucleation

In paper I, we investigated the sites of secondary nucleation using a system
composed of Aβ42 or Aβ40 fibrils together with the proSP-C Brichos chap-
erone domain, a known secondary nucleation inhibitor [58] that is hereafter
referred to as Brichos. In samples containing a fixed amount of Aβ40 fibrils,
we incrementally added Alexa-488-labeled Brichos. The concentration of free
Alexa-488-labeled Brichos in solution was measured by FCS and is shown as
blue dots in Fig. 7(a). Most of the Brichos is bound to the Aβ40 fibrils at low
concentrations of the chaperon domain. At higher concentrations of Brichos,
the concentration of free Brichos in solution begins to increase until saturation
is reached. These saturation conditions are here interpreted as the conditions
where all secondary nucleation sites are occupied by Brichos. By fitting the blue
data points in Fig. 7(a) using a standard ligand-protein 1 : 1 binding model,
we determined the stoichiometry of Brichos versus Aβ40 monomers in fibrils.
Assuming one Brichos binds to one secondary nucleation site, the average num-
ber of Aβ40 monomers between two secondary nucleation sites is approximately
44. Similarly, the binding of Brichos to Aβ42 fibrils was investigated. In these
experiments, we traced Alexa labeled Brichos in the presence of Aβ42 fibrils
using MDS. As shown in Fig. 7(b), the overall trends are the same as shown
for Aβ40, with the concentration of fibril-bound Brichos increases with total
Brichos concentration until saturation is reached. Fitting of this data yields a
binding stoichiometry of 146 Aβ42 monomers per Brichos molecule. The results
in Fig. 7 thus imply that secondary nucleation sites are rare on both Aβ40 and
Aβ42 fibrils.

The finding that the secondary nucleation sites are rare on both Aβ40 and Aβ42
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fibrils lead us to the hypothesis that secondary nucleation sites are defects along
the fibril surface that form during fibril assembly process. To test this hypo-
thesis, we aimed at annealing Aβ40 fibrils, in other words, largely eliminating
defects, and test whether annealed fibrils’ secondary nucleation sites are also
eliminated. We tried an annealing approach commonly used for self-assembled
systems based on controlling the kinetic pathway of self-assembly [59, 60]. In
short, we lowered the rate of forming fibrils by decreasing supersaturation dur-
ing Aβ40 aggregation process. The supersaturation level can be reduced by
controlling the temperature during Aβ aggregation, since the solubility of Aβ40
increases from 37◦C to 60◦C, as shown by the red arrows in Fig. 8(a). Compared
to Aβ40 fibrils generated at 37◦C throughout aggregation (hereafter referred to
as 37◦C fibrils), annealed fibrils can be generated by decreasing the temperat-
ure from 60 to 37◦C. To maintain the morphology of annealed fibrils consistent
with fibrils formed at 37◦C, we introduced 2% of 37◦C fibrils at the start of the
annealed fibril aggregation. Cryo-EM data confirmed no visible morphological
differences between annealed fibrils and 37◦C fibrils (Paper I).

To test if annealed fibrils differ with respect to the interaction with the Brichos
chaperone domain, we conducted Brichos-fibrils binding experiments using FCS
as described above. The binding data for annealed fibrils are shown as yellow
dots in Fig. 7(a). The turnover point for annealed fibrils occurs at a lower total
proSP-C Brichos concentration compared to 37◦C fibrils. This suggests that
annealed fibrils have fewer chaperone binding sites, indicating fewer sites avail-
able for secondary nucleation [58]. The fitted data confirmed that the number
of Brichos binding sites is reduced by approximately 95% in annealed fibrils
relative to fibrils formed entirely at 37◦C.

We finally tested the seeding efficiency of annealed fibrils compared to 37◦C
fibrils using a ThT assay. As shown in Fig. 8(c) and (d), the aggregation of
Aβ40 seeded by 2% or 40% annealed fibrils is slower than that seeded by 37◦C
fibrils. We were unable to fit the aggregation data with a kinetic model that
uses fibril length as the only free variable to distinguish between the annealed
and 37◦C seeds. This misfit suggests that the decrease in elongation sites alone
cannot explain the reduced seeding efficiency of annealed fibrils. However, the
same kinetic data can be fitted by a model that varies the number of secondary
nucleation sites between annealed and 37◦C seeds. The fitting results indicate
that annealed seeds have 92% fewer secondary nucleation sites than 37◦C seeds,
which broadly agrees with the 95% reduction estimated using proSP-C Brichos
stoichiometry.

In conclusion, decreased supersaturation during Aβ40 aggregation results in
reduced defect formation and, consequently, fewer secondary nucleation sites in
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Figure 8: a: The solubility of Aβ40 at varying temperatures. The black data points are adapted from [61] b: we grow
fibrils designed to be largely free of growth defects, by slowly reducing the temperature of a solution of initially
slightly supersaturated monomeric Aβ40 from 60 to 37 ◦C by 1 ◦C per hour. c and d: The aggregation of 5 µM
Aβ 40 with 2 or 40% annealed or 37 ◦C seeds was monitored by ThT in plate reader. The fitting (lines) assumed
that the delayed aggregation of annealed seeds are due either to longer fibril length.

annealed fibrils.

9.3 Detachment of secondary nucleus from fibrils can be facil-
itated by shear force

In paper II, we observed accelerated aggregation of four amyloid proteins—
IAPP, Aβ42, Aβ40, and tau (Paper II)—under mild agitation compared to idle
conditions (data for IAPP adapted from [62]). These observations motivated a
detailed study of how the mild agitation affects the different microscopic steps
of the aggregation processes, including fragmentation, elongation, primary nuc-
leation, and secondary nucleation in Aβ42 fibril formation.
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Figure 9: a: The double logarithmic plots of the data for Aβ42 under gentle agitation caused by continuous reading.
b: Aggregation kinetics experiments in the absence and presence of a secondary nucleation inhibitor proSP-
C Brichos. c: Aβ42 fibrils were formed from 2.5 µM Aβ42 monomers under agitated (red), and idle (blue)
conditions. To test if elongation rate is accelerated by agitation, the resulting fibrils formed in reaction c were
used to seed new reactions, after reaching the plateau. d: The seeded reactions were carried out at a 1:1 mass
ratio of seed:monomer with a total Aβ42 concentration of 2.5µM. Both seeded reactions were carried out using
a continuous reading frequency, in red with seeds made under agitation and in blue with seeds formed under idle
conditions.

The effect of agitation on fragmentation was studied using the log-log plot of
halftime versus initial monomer concentration, as shown in Fig. 9(a). The slope
of linear fit to the data points at low initial monomer concentration is -1.4, which
is characteristic of secondary nucleation-dominated Aβ42 aggregation as previ-
ously described (Fig. 6(a)). With increasing initial monomer concentration, the
secondary nucleation sites on the fibrils become fully occupied with monomers,
thus the slope increases. If accelerated Aβ42 aggregation were due to fragment-
ation, we would expect a negative curvature of the log-log plot with a slope of
-0.5 at low concentrations and an even lower slope at high concentrations. This
is because fragmentation rates are not monomer-dependent and dominate at
low concentrations, whereas secondary nucleation becomes dominant at higher
concentrations, leading to a lower slope.

After excluding the role of fragmentation, the remaining steps that could be
responsible for the observed effect are primary nucleation, elongation and sec-
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ondary nucleation. We followed the aggregation of Aβ42 with or without Brichos
(the chaperone used to detect secondary nucleation sites in Paper I) under idle
or agitated conditions. The concentration of added Brichos was high enough to
render secondary nucleation negligible. As shown in Fig. 9(b), the aggregation
of Aβ42 under both agitated and idle conditions is delayed by the addition of
Brichos. However, the agitated samples still aggregate faster than the idle ones
with the addition of Brichos, indicating that secondary nucleation alone cannot
explain the accelerated aggregation.

We fitted the kinetic traces with Brichos using the primary nucleation-elongation
model [19], giving the agitated Aβ42 a 12-fold higher k+kn product compared to
the idle one. To decouple the effects of elongation and primary nucleation, we
monitored the agitated aggregation of Aβ42 (Fig. 9(d)) with 50% seeds gener-
ated under either agitated or idle conditions (Fig. 9(c)). The results show that
the agitated seeds accelerate the aggregation of Aβ42 more effectively than the
idle seeds. Agitation would only produce longer fibrils if it primarily increased
elongation, leading to fewer fibril ends and thus seeds with lower seeding effi-
ciency. The opposite effect is shown in Fig. 9(d), indicating that the agitated
seeds are shorter due to faster secondary nucleation rather than elongation.

We thus conclude that primary nucleation is responsible for the 12-fold increase
in k+kn product. We fitted the aggregation data of Aβ42 with a concentration
series, using a 12-fold increase in primary nucleation and a 4-fold increase in sec-
ondary nucleation for agitated conditions compared to idle ones (Paper II). The
resulting fit describes the data well, implying that both primary and secondary
nucleations are strongly affected by mild agitation.

In summary, our findings indicate that the acceleration of aggregation under
gentle agitation is due to the combined effects of primary and secondary nucle-
ation. Consequently, we anticipate an increased production of oligomers during
agitated aggregation, as these oligomers defined as the intermediate between
monomers and fibrils arise from both nucleation pathways. We measured the
concentration of Aβ42 oligomers under idle and agitated conditions at the half-
time of aggregation using the liquid-electrode microchip free-flow electrophoresis
device. The timepoint corresponding to the halft-time of the aggregation was
chosen since the oligomer concentration has previously been found to peak
around this stage of the reaction [25]. The liquid-electrode microchip free-
flow electrophoresis device utilizes the same confocal microscope and laminar
flow setup as described for MDS described in the methods section. Addition-
ally, it incorporates electrophoresis to enhance the separation of oligomers from
monomers and fibrils. As shown in Fig. 10(c), the average photon count dis-
tribution of the agitated sample peaked at a higher channel position compared
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Figure 10: a: cryo-TEM images of fibrils formed in a solution of 13 µM Aβ42 at pH 6.8, 37 ◦C incubated for around 6
h. Fibrils formed in this idle condition are densely covered by protrusions. b: The solution was agitated for one
minute (using a vortex) and imaged again. The protrusion density at the fibril surface was significantly reduced
by mechanical agitation. c: Average photon count versus chamber position of species measured for idle (blue)
and agitated (red) conditions. d: Relative oligomer count at t1/2 for idle (blue) and agitated (red) samples.

to the idle sample. Higher channel positions correspond to larger average-sized
species, except for fibrils, which tend to be at lower channel positions, pos-
sibly due to orientation perpendicular to the electric field. Then, by counting
the fluorescent events exceeding the brightness of 2 monomers and below the
threshold fluorescence of a fibril, we can compare the population of oligomers
in agitated and idle samples. As shown in Fig. 10(d), gentle agitation leads
to more oligomers at the half-time compared to idle conditions. The increased
oligomer presence in agitated samples can be attributed to two factors: firstly,
agitation enhances the detachment of nuclei formed via secondary nucleation on
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amyloid fibrils; secondly, it accelerates primary nucleation, directly generating
oligomers.

We finally hypothesized that agitation can accelerate secondary nucleation by
increasing shear forces, which facilitate the detachment of newly formed ag-
gregates from fibril surfaces. To test this hypothesis, we imaged Aβ42 fibrils
decorated with protrusions, interpreted as intermediates of secondary nucle-
ation (Fig. 10(a)). These decorated fibrils were formed under idle conditions
following procedures described in a previous study [63]. The solution contain-
ing the decorated fibrils was then agitated and imaged again, showing fewer
decorated fibrils (Fig. 10(b)). These cryo-TEM results suggest that agitation
decreases the presence of Aβ42 aggregates branching from fibril surfaces, which
are likely secondary nuclei. The less decorated fibrils after agitation will further
lead to larger amounts of exposed secondary nucleation sites, thereby accelerat-
ing secondary nucleation more efficiently compared to fibrils formed under idle
conditions.

In conclusion, from the combined observations on secondary nucleation in paper
I and II, it is proposed that the secondary nucleation sites are defects during
formation of fibrils, and the detachment of nucleus from the the secondary nuc-
leation sites can be facilitated by shear force.

10 Formation of Aβ and GM1 co-assemblies

10.1 Co-assemble of Aβ40 or Aβ42 and GM1 in micellar aggreg-
ates

Having investigated on the self-assembly of Aβ, we are interested in the effect
of GM1 micelles on Aβ aggregation. In paper III, we revealed the co-assembly
of Aβ42 monomers with GM1 in micellar aggregates using MDS. Both MDS
and FCS can measure the diffusion of fluorescently labeled species, thereby
providing an estimate of the hydrodynamic radius, rH , of the labeled species
(assuming spherical shape). In paper III, we mixed a small amount of Alexa647-
Aβ42 with varying amounts of unlabeled GM1 (GM1/Aβ ratios between 600-
50000) and measured the samples by means of MDS shortly after mixing. The
concentration of Alexa647-Aβ42 was kept low to avoid amyloid formation. The
results are plotted as blue dots in Fig. 11(a). With increasing concentrations of
GM1, the average rH of Alexa647-Aβ42 increases to a stable value of around 6
nm. The red dots in the same figure represent samples with pure GM1, with
the hydrophobic probe NBD-PE dissolved in the micelles. The average rH of
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Figure 11: a: The average hydrodynamic radius of 20 nM Alexa647-Aβ42 in the absence and presence of 12-1000 µM
unlabelled GM1 (blue) and of 12-1000 µM GM1 containing 0.5 mol% NBD-PE (red) is plotted as a function
of GM1 concentration. The cartoons are schematic illustrations of Aβ monomer and GM1 micelle. b: Aβ42
with and without GM1 by means of HSQC NMR. c: Integrated intensities of HMQC peaks for 20µM Aβ42 and
1000µM GM1. The relative integration calculated by dividing the integration of Aβ42 and GM1 sample by the
integration of 20µM pure Aβ42 sample is plotted as green dots. The x axis with red, blue, green, and black
denotes negatively charged residues, positively charged residues, polar neutral residues, and non-polar residues,
respectively. d: Three GM1 amine group peaks shown in the 1H NMR spectrum. Among the 1H NMR peaks
of GM1 amine groups, the 1H in sphingosine amine is shifted with addition of Aβ42 or Aβ40.

NBD-PE-labeled species remains almost unchanged at a value of around 6 nm
across different lipid concentrations, consistent with the reported size of GM1
micelles [14]. This rH is also similar to the stable average rH of Aβ42 at high
lipid-to-peptide ratios shown by the blue dots, suggesting that Aβ42 and GM1
form micellar co-assemblies.

Next, we characterized the co-assemblies formed by GM1 together with either
Aβ42 and Aβ40 using NMR spectroscopy, which provides atomic-level informa-
tion on peptide-lipid interactions. In these studies, we used samples with lower
lipid-to-peptide ratios, as the concentration of Aβ needs to be at least 1000
times higher in NMR than in MDS, while too high GM1 concentrations may
lead to the formation of other lipid structures than spherical micelles. We ac-
quired a 1H-15N HMQC spectrum of freshly purified 15N-labeled Aβ42, shown
as red peaks in Fig. 11(b). Each red peak represents a correlation between 1H
and 15N nuclei in a specific chemical environment, which can be assigned to the
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amide groups of particular amino acids. The assignment of Aβ42 HMQC peaks
is provided in the supplementary information of Paper IV. We also recorded the
HMQC spectrum of freshly purified 15N-labeled Aβ42 mixed with 50 times more
unlabeled GM1, shown as blue peaks in the same figure. We observed fewer and
lower intensity peptide peaks in the samples that also contain GM1 as compared
to pure Aβ42. Such reduction in intensity can be due to changes in both the
chemical environment and the Aβ42 dynamics. In paper IV, we analysed the
NMR data for both GM1 and Aβ at different temperatures, and proposed the
observed changes in peptide signal is due to Aβ embedded within peptide-lipid
co-assemblies.

For a more detailed analysis, we integrated the HMQC peaks from peptide in the
presence and absence of GM1 (represented by red and blue peaks in Fig. 11(c))
and plotted their relative intensities (green dots). From this analysis, we aim
to visualize the change in HMQC signals for each assigned amino acid due to
the addition of GM1. The green dots in Fig. 11(c) show a trend of decreasing
relative intensity towards the C-terminus of Aβ42, which is more hydrophobic
compared to the N-terminal region. Similar trend is seen for Aβ40 (SI figure in
paper IV). Additionally, the relative intensity drops below 0.04 for Alanine 21,
Isoleucine 32, Valine 40, Isoleucine 41, Alanine 42, all of which are hydrophobic.

Finally, the influence of Aβ42 or Aβ40 on the GM1 was monitored in the 1HNMR
spectra from samples containing GM1 with or without Aβ. The three amide
groups of GM1 are assigned in Fig. 11(d), with the middle peak representing
the sphingosine amine located at the junction between the GM1 head group
and the hydrophobic chains. We observe a change in the chemical shift of the
sphingosine amine upon the addition of Aβ, which may indicate the insertion
of Aβ into the head group-tail region of in the micellar co-assemblies. Based on
the previous analysis of relative intensities, the hydrophobic regions of Aβ are
likely more embedded within the hydrophobic core formed by GM1 tails, which
also make sense from a molecular perspective.

10.2 Aβ42 distribution between micelles

It has previously been observed for other membrane-active amyloid-forming pro-
teins (i.e. α-synuclein[64] and IAPP[65]) that the proteins associate with lipid
membranes with positive cooperativity, meaning that it is energetically favorable
to adsorb to a patch that already contains protein compared to an empty spot
at the membrane. Inspired from these studies, we here raised the question if also
the association of Aβ with GM1 is cooperative. The accumulation of multiple
peptides within a few micelle might in turn promote peptide aggregation. Thus,
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we examined whether there is preferential (positively cooperative) association
of Aβ42 with micelles that already contain peptides, or if the peptide distributes
randomly across all micelles. To address this question, we used samples with
a low amount of Alexa647-Aβ42 in the presence of an excess of GM1 micelles
(micelle/Aβ42 ratio around 19–38), meaning that if the peptide is randomly dis-
tributed, each micelles will on average contain one or zero peptides. If we had
instead used samples with low lipid-to-peptide ratios, the micelles might con-
tain more than one Aβ molecule on average, making it difficult to distinguish
between random distribution and cooperative association.

As shown in Fig. 12(a), the count rate of Alexa647-Aβ42 in the presence of
unlabeled GM1 was recorded for 120 seconds, with each spike representing one
fluorescently labeled species passing through the confocal detector. The count
rate is positively correlated to the number of Alexa647-Aβ42 molecules within
a single species. We plotted the number of spikes against their normalized
count rate to show the distribution of species containing different amounts of
Alexa647-Aβ42. As shown in Fig. 12(b), the majority of spikes have a low
normalized count rate, indicating that most fluorescent species in the peptide-
lipid mixture contain a low amount of Alexa647-Aβ42. The occurrence and
intensity of the spikes from the sample containing pure Alexa647-Aβ42 are sim-
ilar to that of the Alexa647-Aβ42 and unlabeled GM1 mixture, suggesting that
the distribution of Alexa647-Aβ42 remains monomeric in the presence of excess
GM1 micelles. Furthermore, we did not observe any FCS-FRET signal between
Alexa647-Aβ42 and Alexa488-Aβ42, with or without unlabeled GM1 (Paper IV).
These FCS and FCS-FRET results suggest that the peptide is randomly and
uniformly distributed across all micelles, with only one (or zero) peptide per
micelle, meaning no signs of peptide accumulation in some of the micelles.

10.3 Co-assembly of Aβ and GM1 in amyloid aggregates

In paper III, we also discovered the co-assembly of Aβ42 with GM1 after amyloid
formation using cryo-TEM and confocal microscopy. Samples containing Aβ42
and GM1 micelles were incubated at 37◦C for 5 days, then imaged using cryo-
TEM (Fig. 13(a)). We observed some fibrils decorated by micelles, indicated
by white arrows and highlighted as magenta lines decorated with green dots in
Fig. 13(a). The fibrils exhibit the same morphology as pure Aβ42 fibrils, and the
micelles are of similar shape and size as pure GM1 micelles (Paper III). Decor-
ated fibrils were also observed in samples containing Aβ40 and GM1 incubated
for 7 days (Fig. 13(b)). The cryo-TEM imaging only provides information on
aggregate morphology. Therefore, we here combined the cryo-TEM experiments
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Figure 12: a: Count rate of Alexa647-labeled Aβ42 mixed with non-labeled GM1 was measured by FCS for 120 seconds.
The threshold for spikes is set as the average count rate plus six standard deviations. b: Number distribution
of spikes count rate measured from Alexa647-labeled Aβ42 with or without non-labeled GM1. The count rate
is normalised by subtracting threshold for better comparison.

with fluorescent microscopy to obtain information on the location of the different
chemical components, although at a lower spatial resolution. In order to detect
amyloid fibrils and GM1 mcielles, we used pFTAA to detect amyloid fibrils and
Atto-DPPE dissolved in the GM1 micelles. As shown in Fig. 13(c) and (d),
the green pFTAA-labeled species co-localize with the red Atto-DPPE-labeled
species, indicating the colocalization of Aβ42 fibrils and lipids. Similarly, the
colocalization of Aβ40 fibrils and GM1 micelles is also shown (Paper III). In con-
clusion, both cryo-TEM and confocal microscopy images reveal the co-assembly
of GM1-rich micelles with both Aβ40 and Aβ42 amyloid fibrils.

10.4 Aβ-GM1 co-assembly influence on peptide solubility

The formation of Aβ-GM1 co-assemblies can influence the apparent solubility
of Aβ, thereby altering the driving force for peptide aggregation. We measured
the apparent solubility of Aβ by incubating samples containing Aβ40 or Aβ42
with varying amounts of lipids for at least 3 days. The time was chosen to
ensure that the aggregation reaction is completed. The measured concentration
was then compared to the solubility of the pure peptides after the aggregation
reaction has been completed. In order to separate the fibrils from the solution,
the samples were centrifuged at the same temperature as incubation (37◦C), and
the supernatant was collected for HPLC-MS analysis. We integrated the peak
intensity of m/z (mass/charge ratio) corresponding to Aβ40 or Aβ42 over the
elution time. The integrated peak intensities are plotted against the lipid-to-
peptide ratio, as shown in Fig. 14(a). With an increasing lipid-to-peptide ratio,
the intensity from both Aβ42 and Aβ40 increases. The measured intensity is
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Figure 13: a: cryo-TEM images of fibrils formed in a solution with the mixture of 800 µM GM1 (containing 8 µM
Atto-DPPE) and 5 µM Aβ42 after 5 days incubation. b: cryo-TEM images of fibrils formed in a solution
with the mixture of 500 µM GM1 and 3 µM Aβ40, incubated for 7 days. In panels a and b we have added
our interpretation of a few features as cartoons with magenta indicating fibrils and green indicating micellar
decorations of the fibrils. c: Confocal microscopy images of solutions containing 800 µM GM1 and 5 µM Aβ42,
incubated for three days. c: Confocal microscopy images of solutions containing 800 µM GM1 and 5 µM Aβ40,
incubated for 7 days. pFTAA (0.75 µM, green) is used to detect aggregated peptide, and Atto-DPPE (4 µM,
red) is used to detect GM1 micelles, merged images from green and red channel shows a co-localization of
pFTAA and Atto-DPPE.

positively correlated with the concentration of the peptide until it reaches a
point of saturation.

The results in Fig. 14(a) suggest that the concentration of Aβ in the supernatant
above the amyloid fibrils is higher at increasing lipid-to-peptide ratios. Another
finding from Fig. 14(a) is that the signal measured for Aβ40 is approximately
10 times higher than that of Aβ42 at the same lipid-to-peptide ratio, consistent
with previous findings that the solubility of Aβ40 is around 10 times higher than
that of Aβ42 [24].

In a complementary experiment in paper IV, we instead studied the apparent
solubility of Aβ40 by diluting fibrils in either pure buffer or buffer containing
GM1. The samples were incubated for up to 10 days. The diluted samples were
centrifuged and analyzed by HPLC-MS at different time points, as described
above. The results are shown in Fig. 14(b). At the start of the incubation, there
was not or only very little peptide detected in the supernatants. However, over
time, significantly more peptide was dissolved to the GM1 solution compared
to the buffer solution, particularly after 4 and 10 days. These fibril-dissolution
results are consistent with the monomer-GM1 incubation results, suggesting

30



Figure 14: a: Integration of HPLC-MS intensities for peptide over time is plotted against GM1/Aβ ratios. b: Samples
containing 58µM Aβ40 fibrils were diluted 10 times by adding either buffer alone or buffer with 1746µM GM1.
The supernatant from the diluted samples were analysed by HPLC-MS, and the intensities of the Aβ40 peaks
are plotted against the time after dilution.

that GM1 can increase the apparent solubility of both Aβ40 and Aβ42.

The co-assembly between Aβ monomers and GM1 micelles most likely contrib-
ute to the increased apparent solubility of Aβ upon the addition of GM1. The
concentration of Aβ in solution here include both free Aβ and Aβ co-assembled
with GM1 micelles. Assuming equilibrium is reached, then the chemical po-
tential of Aβ should be the same in all phases, here including Aβ in fibrils, Aβ
monomers in solution and Aβ in micelles. Assuming the chemical potential of
Aβ in fibrils is not changed by the presence of GM1, the chemical potential the
Aβ monomers in solution should also remain unchanged. The observed increase
in apparent solubility by GM1 is therefore most likely due to the solubilization of
Aβ in GM1 micelles. This scenario is similar to the case where Aβ is solubilized
by chaperones in micelle-like aggregates [66, 67], where the apparent solubility
of Aβ is increased by the presence of a chaperone.

10.5 Aβ-GM1 co-assembly influence on peptide kinetics

In papers III and IV, we also studied the influence of GM1 on the kinetics
of Aβ aggregation. In paper IV, we analyzed the sum of the HMQC integrated
peak intensity over all peaks originating from peptide and studied how this total
intensity varied over time. We observed a decrease in HMQC integrated peak
intensities over time for all samples containing Aβ40 (Fig. 15(a)), which is due
to the aggregation of monomers into fibrils, where the latter are not detectable
by HMQC spectroscopy. For samples containing a mixture of Aβ40 and GM1,
the rate of HMQC signal decrease is smaller compared to pure Aβ40, indicating
that GM1 delays the aggregation of Aβ40. Another observation from this figure
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is that the final stable value of integrated peak intensity is higher for samples
with GM1 compared to the pure peptide samples. The HMQC integrated peak
intensity for samples containing both Aβ and GM1 might be attributed to free
Aβ monomers as well as monomers in co-assemblies, as the radius of the co-
assemblies is only about three times larger than Aβ monomers. This observation
suggests that the apparent solubility of Aβ40 is higher at higher lipid-to-peptide
(L/P) ratios, which is consistent with the above described HPLC-MS results
(Fig. 14).

In the studies of Aβ42 aggregation, we took a different approach and monitored
the aggregation processes by means of the p-FTAA fluorescence intensity. The
reason for this was that the HMQC signal from the Aβ42-GM1 samlpes was
too low to enable us to follow the aggregation reaction. p-FTAA is the fibril-
sensitive dye we used for confocal images in a previous section. In Fig. 15(b),
the p-FTAA intensity of pure Aβ42 samples increases over time until it reaches a
stable level, representing the accumulation of fibrils over time until equilibrium.
In the presence of GM1, the Aβ42 fibril formation is delayed, and this delay is
more pronounced at higher GM1-to-Aβ42 ratios. It is difficult to obtain direct
information on apparent solubility from these experiments as also other factors
than the total amount of fibrils can influence the measured p-FTAA signal, e.g.,
bundling of fibrils or fibrils decorated by micelles that scatter lights [68].

The changes in apparent solubility is one out of several factors that may lead to
changes in peptide amyloid aggregation. In order to study how GM1 micelles
affect the different kinetic steps of the aggregation reaction, we investigated a set
of conditions in paper III, including seeded reactions and varying lipid-to-peptide
ratios. In these experiments, peptide concentration was set to 3 µM instead of
the higher concentration of 20 µM as used in paper IV. We incubated 3 µM
Aβ40 or Aβ42 with 0%, 1%, or 25% seeds in the presence of varying amounts of
GM1 (Fig. 15(c) and (d)). In conditions of light seeding, the primary nucleation
of Aβ is bypassed. In conditions of heavy seeding, both primary and, to a
large extent, secondary nucleation are bypassed. From the aggregation curves,
monitored by pFTAA (Fig 4 and 5, paper III), we extracted the relative halftime
for the aggregation reactions. These values were normalized to the halftime of
Aβ aggregation without GM1 and plotted for different lipid to peptide ratios in
Fig. 15(c) and (d).

For unseeded Aβ40, the relative halftime increases with higher lipid-to-peptide
ratios. GM1 is also observed to delay aggregation in both lightly and heavily
seeded Aβ40 reactions.The influence of GM1 on Aβ40 aggregation kinetics is
consistently characterized by retardation across different initial Aβ monomer or
seed concentrations. There are several microscopic aggregation steps that may
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Figure 15: a: Integrated intensity of HMQC peaks of 15N-labeled Aβ40 with different amount of GM1 were taken at
different time points. The sum of all HMQC peaks in a single spectrum is plotted against time. The HMQC
peaks are normalised by the signal at the first time point. b: The p-FTAA intensity is plotted against time for
samples containing 20µM Aβ42 and different amount of GM1. The p-FTAA concentration is 1.5µM in all these
three samples. c or d: Relative halftime extracted from kinetic curves in paper III plotted against GM1/Aβ40
or GM1/Aβ42 ratio, respectively.

be influenced by the addition of GM1. Firstly, GM1 may retard all nucleation
and growth processes, as peptide monomers are depleted from the solution into
the GM1-Aβ co-assemblies, reducing the monomer concentration available for
all aggregation reaction steps. Secondly, coating the fibril surface by GM1-
containing assemblies may impact all processes occurring at the fibril surface,
including secondary nucleation and elongation. The latter scenario is consistent
with the seeding experiments, where Aβ40 aggregation is delayed even when
the primary or secondary nucleation is bypassed. In addition, micelles may also
interact with oligomers although not studied in detail here.

It is finally noted that the total Aβ42 peptide concentration appears to have
a rather strong effect on the observed effects of GM1. The aggregation of un-
seeded Aβ42 is accelerated by the addition of GM1 at peptide concentration
of 3 µM (Fig. 15(d)), while we observe retardation at the same L/P ratio at
peptide concentration of 20 µM, as shown in Fig. 15(b). When 1% or 25%
Aβ42 seeds are added, GM1 again delays the aggregation of Aβ42 (Fig. 15(d)).
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Figure 16: Secondary nucleation dominated model of the relative aggregate concentration plotted against time for 2.5 to
20 µM Aβ42. The dotted lines are with 100 times higher primary nucleation rate constant, combined with 10
times lower secondary nucleation and elongation rate constants.

The different effects of GM1 on Aβ42 at low and high initial peptide concen-
trations can be attributed to several factors. The acceleration effect of GM1 is
observed only in unseeded samples, indicating that only primary nucleation of
Aβ is accelerated, while elongation and secondary nucleation may be retarded.
We modeled secondary nucleation-dominated aggregation of Aβ42 at different
initial concentrations using amylofit (Fig. 16). To simulate the effect of adding
GM1, we increased the primary nucleation rate constant by 100-fold and reduced
the elongation and secondary nucleation rates by 10-fold each. The resulting
aggregation curves are shown as dotted lines. With higher initial Aβ concen-
trations, the delaying effect is more prominent. In addition, we cannot exclude
that there is effects caused by the adsorption of the surface-active peptide and
lipid, which can be different between the different experimental set-ups and con-
centrations. This may slightly skew the proportions between peptide and lipids,
especially in samples with peptide concentrations.
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Conclusions and outlook

Conclusions: In Paper I, it was found that secondary nucleation sites on
Aβ40 and Aβ42 fibrils are rare and likely associated with core defects in the
fibril structure. Reducing these defects by reducing supersaturation during fib-
ril formation can greatly diminish Aβ40 secondary nucleation sites and rates,
while preserving overall fibril morphology. In Paper II, it was found that mild
agitation accelerates both primary and secondary nucleation steps in Aβ42 fibril
formation, while elongation and fragmentation remained unaffected. Cryo-EM
images showed that the detachment of aggregates from fibril surfaces is facilit-
ated by agitation, likely due to the shear force generated by agitation. In Paper
III, it was found that Aβ42 partition into GM1 micelles, forming co-assemblies.
We also found Aβ42 and Aβ40 fibrils decorated by micellar-like aggregates, most
likely are formed by GM1 lipids. GM1 influeces the kinetic of both un-seeded
and seeded kinetics of Aβ42 and Aβ40 aggregation. In Paper IV, it was found
that both Aβ42 and Aβ40 was solubilized by GM1 micelles. There are no in-
dication of preferential association of Aβ42 to the micelles that already contain
peptide. The Aβ42 and Aβ40 are likely localized both in the hydrophobic core
and in the interfacial head group layer of the micelles. The co-assembly with
GM1 increases the apparent solubility of Aβ42 and Aβ40, and retards the fib-
ril formation process. Outlook: Paper I: Can other amyloid fibrils such as
alpha-synuclein, tau, and IAPP be annealed as well? Paper I: Can we test
the mechanical strength difference between defective and non-defective fibrils,
by AFM or fragmentation? Paper II: Can we quantify the shear force, and
test the influence on secondary nucleus accordingly? Paper III and IV: What
is the exchange rate between peptide inside and outside of the co-assemblies?
Paper III and IV: Can other micelle-forming lipids or amphiphiles dissolve
amyloid proteins? Paper III and IV: How are oligomers influenced by the
formation of peptide-lipid co-assemblies? Paper III and IV: What is the
neurotoxicity of micelle-solubilized Aβ compared to pure Aβ?
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Šneiderienė, Magdalena A Czekalska, Hannes Ausserwoeger, et al. Single-
molecule digital sizing of proteins in solution. Nature Communications,
15(1):7740, 2024.

[40] Thomas Müller, Paolo Arosio, Luke Rajah, Samuel IA Cohen, Emma V
Yates, Michele Vendruscolo, Chrisopher M Dobson, and Tuomas PJ
Knowles. Particle-based simulations of steady-state mass transport at high
p\’eclet numbers. arXiv preprint arXiv:1510.05126, 2015.

[41] Sisi Zhou and Liang Jiang. Modern description of rayleigh’s criterion. Phys-
ical Review A, 99(1):013808, 2019.

[42] Christian A Combs and Hari Shroff. Fluorescence microscopy: a con-
cise guide to current imaging methods. Current protocols in neuroscience,
79(1):2–1, 2017.

[43] TS Baker, NH Olson, and SD Fuller. Adding the third dimension to virus
life cycles: three-dimensional reconstruction of icosahedral viruses from
cryo-electron micrographs. Microbiology and Molecular Biology Reviews,
63(4):862–922, 1999.

[44] Roman I Koning, Hildo Vader, Martijn van Nugteren, Peter A Grocutt,
Wen Yang, Ludovic LR Renault, Abraham J Koster, Arnold CF Kamp,
and Michael Schwertner. Automated vitrification of cryo-em samples with
controllable sample thickness using suction and real-time optical inspection.
Nature Communications, 13(1):2985, 2022.

[45] Roger S Macomber. A complete introduction to modern NMR spectroscopy.
John Wiley & Sons, 1997.
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