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Popular science summary

As our knowledge of diseases and the development of new technologies increases,
many health problems that were lethal in the past can now be cured. Couple this
to better life quality and improved medical care, we are seeing an increase in the
average life expectancy. The downside to this, however, is that diseases that develop
with age are becoming more common. There is currently an estimated 47 million
people living with dementia with this number predicted to be doubled every 20
years. Alzheimer’s disease (AD) accounts for 60-70% of all the dementia cases in
the whole world. Most of the AD cases are sporadic and patients develop symptoms
after 65 years of age. A small subset of all AD cases are caused by a modified gene
that can be passed through generations and lead to the development of dementia at
a much younger age. Patient with AD usually have memory and mental problems
and become totally dependent on others in their late stage. Unfortunately, there is
still no therapy available for AD on the market.

The hallmarks of AD are plaques and tangles in the brain which are believed to
lead to the death of nerve cells in the brain. The plaques mainly contain fibrils
that are formed by a small protein called amyloid beta (AB). AP has a tendency
to clump (aggregate) together and form long fibrils. Many studies suggest that Af
aggregation links to the development of AD, which is supported by cases of people
with genetic modifications. Those modifications lead to an increased production of
AR or more aggregation favoured products and are linked to an earlier development
of AD symptoms.

How A causes cell death is not known, but it is believed that the toxic species are
not the fibrils but aggregation intermediates, made up of two or more AB peptides.
To figure out the link between AB peptides and AD, aggregation behaviour of A3
is, therefore, an important question. Chemical kinetics is an area of chemistry in
which the reaction speed of a chemical process is studied. Specifically, in aggregation
kinetics, the detailed reaction steps and rates of the formation or disruption of a
complex is studied. The overall aggregation process can be divided into several steps.
This process can be thought of as standing in line at the supermarket. If we consider
the people to be AB a long line of people would represent a mature AB fibril. To
form the line, only a few people are needed and generally stand close to each other at
the check-out, which is referred to as primary nucleation. The nucleus then grows
as more people join and the line becomes longer, a process termed elongation. As
more and more people join the line, there forms a long queue, which in our case is
the mature fibril. As the line grows, people try to cut in by standing off to the side of
the line (secondary nucleation), should a neighbouring cashier comes to work, this
group of people (new nucleus) are in prime position to break off from the line (fibril)
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and start queuing at the front of a newline, thus the process repeats and a new line
(fibril) is formed. This queuing example is used here only to explain the simplified
basic steps in the AP aggregation. The general supermarket would not have the
capacity to open enough cashiers to cope with massive secondary nucleation that
is involved in the aggregation kinetics. In reality, the fibril surface serves as a very
efficient catalyser that helps to generate a huge amount of AP oligomers, which is
then followed by elongation to produce more fibril surface. These processes form a
catalytic cycle that boosts the AP fibril formation and is potentially very dangerous
to the brain.

Our study is mainly focused on solving the aggregation mechanism of A3 . In my
work, we use experimental tools to follow the aggregation of A$ and its gene mod-
ified variants that link to early-onset AD, AB with different length, or at different
pH or salt concentration. The experimental data was then analysed using mathe-
matical equations to find out the detailed steps that are involved in the aggregation.
We found that some gene factors and environmental factors lead to a decreased re-
pulsive force between molecules. Thus, the clumping between molecules or with
bigger complexes is favoured. The saturated secondary nucleation is observed in
all these cases, which means the catalytic fibril surface (queue) is fully covered by
monomer (people), and new nuclei formation speed is limited by the release of the
nuclei from the catalytic surface. In this case, the secondary nucleation speed is
reaching the maximum. This secondary nucleation speed maximization leads to
massive amount of oligomer production, which is potentially a high-risk factor to
the brain. A chaperone protein, Brichos, is found to selectively hinder this sec-
ondary nucleation and drastically decreases the toxic oligomer production.

Overall, our study reveals the kinetic details of AB aggregation, mainly focusing
on the effect of intrinsic and extrinsic factors. We have identified that secondary
nucleation is the critical pathway that generates toxic oligomers and as such could be
an important target in the development of effective therapy for Alzheimer’s disease.
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Introduction

Alzheimer’s disease and amyloid 3 peptide

Alzheimer’s disease (AD) is the most common neurodegenerative disease that ac-
counts for 60-70 % of the cases in the world.! Most of the AD cases are sporadic
with an average onset age around 65. Patients gradually have problems on their
memory, thinking and behavior. A small subset of the cases are hereditary forms
called familial Alzheimer’s disease (FAD) with gene mutations and most of these
cases are linked to an early-onset AD, which develop the disease in a very similar
pattern but at a much younger age.? The disease is progressing a long period be-
fore the symptoms manifest. Due to the lack of effective treatment, a patient who
is diagnosed with AD is not possible to get the pathology reversible. Nowadays,
millions of people are suffering from AD and this number will almost be doubled
every two decades.?

Pathology of Alzheimer’s disease

AD develops as the result of a complex series of events that take place in the brain
over a long period of time. In the comparison of a healthy brain and a brain with
advanced AD, the sick brain volume has a dramatic shrinkage, which is especially
severe in the hippocampus area that is involved in short and long-term memories
and spatial orientation. Extracellular senile plaques and intracellular neurofibrillary
tangles are found to deposit and spread through the cortex as AD is progressing.
Additional pathology includes synaptic degeneration, neuronal cell death, mito-
chondrial dysfunction, etc. The senile plaques are mainly composed of misfolded
amyloid 3 (AP) fibrils and are present between neuron cells. Tangles are mainly
formed of tau protein aggregate and are found intracellularly in the dead or dying
nerve cells. Though there have been studies about AD for many decades, there is
still no concrete conclusion about the cause of the disease.> Among all proposed



theories, the AP peptide, which is involved in the senile plaques, wins the most
support (Fig. 1).
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Figure 1: APP enzyme cleavage site by B-secretase, o-secretase and 7y-secretase. The blue
part is the A peptide that would be released in the amyloidogenic pathway.

Amyloid cascade hypothesis

In 1992, Hardy and Higgins proposed a theory behind the pathogenesis of AD that
is well-known today as the amyloid cascade hypothesis (ACH). It is proposed that
the deposition of AP fibrils as a form of senile plaque is the main reason that leads
to AD pathology and all other pathologies are followed as a downstream effect, e.g.
neurofibrillary tangles, neuronal cell death, vascular damage and ultimately demen-
tia. There are a few observations that support the ACH. Firstly, the deposition of
AB fibrils in the senile plaques;”® secondly, mutations in the APP gene and prese-
nilin (PSEN) 1 & PSEN2 genes; lastly, trisomy of the chromosome 21 in Down’s
syndrome. This genetic factors lead to either increased total AB production or a
higher AB42/A340 ratio,? which is linked to the early-onset of AD symptom (< 65

years).

Since many cases that with gene modifications and sporadic AD form have a very
similar phenotype, it was believed that the higher gene dosage and mutations alter
the A expression pattern, generate a higher ratio of AB42/AB340, or create more ag-
gregation prone AP variants that lead to faster deposition of AP fibrils and accelerate

AD progression. !



Amyloid precursor protein and amyloid 3 peptide

Amyloid precursor protein (APP) is a transmembrane protein and its physiological
function is not entirely clear. However, APP is considered to be involved in cell
adhesion, neurite outgrowth and synaptogenesis.!! APP is mostly well known for
its the connection to AD. APP can be cleaved by secretases, which generates Af
peptide fragments (Fig. 2).!213

In the non-amyloidogenic pathway, APP is processed within the AB region by o-
secretase and y-secretase to generate a 3kD peptide called p3 that is not involved
in the disease. In the amyloidogenic pathway, APP is cleaved by [3-secretase and
~y-secretase, which produces an aggregation prone peptide that is called AP pep-
tide, 1415 (B-secretase cleaves at the N-terminus of AJ and ~y-secretase cleaves the C-
terminus, which generates several AB variants that differ in length.!® The processed
peptide of 40 amino acids (AB40) is the most abundant variant from the cleavage
and the variant of 42 amino acids (A342) is more hydrophobic (additional alanine
and isoleucine on the C-terminus) (Fig. 2) and more toxic.'"® In a sporadic case,
AB40 and AB42 are presenting with a ratio of 9:1 in cerebrospinal fluid, whereas
in cerebral senile plaques, AB42 is found to be the initial and main component,
followed by deposition of AB40 during the development of the disease.

A[40 \

M DAEFRHDSGY EVHHQKLVFF AEDVGSNKGA IGLMVGGVV 1A
Ap42

Figure 2: AB peptide sequence. AB40 and AB42 differs in the C-terminus of the peptide
by two amino acids with hydrophobic side chains. The charge of the amino acid
at a pH in the physiological relevent range is shown below the sequence. At this
pH range, the three histidines are titrating.

In this thesis, recombinant A3 peptide with a methionine as the first residue, due
to need for an ATG start codon, is produced to guarantee the purity and sequence
homogeneity, which is crucial for reproducible kinetic analysis®°. The sequence of
AR is presented in Fig. 2 with charges shown in below. The two main variants,
AB40 and AB42, have a net charge around —3 to —4 at physiological relevent pH.
AR peptides show random coil structure in the native state. But at the physiological
conditions, this peptide has a tendency to aggregate and form fibrils that contain
P-sheet secondary structure.?! Initially, mature fibrils are thought to be the toxic
species that is involved in the disease. However, later studies have found that the A



oligomeric state has much more enhanced neurotoxicity than the final product. 222

Early-onset familial Alzheimer’s disease

17 27
....VFF A E D VGSN...
GQN
K
G

Mutants Absolute charge reduction
A21G (Flemish) 0
E22G (Arctic) 1
E22K (Italian) 2
E22Q (Dutch) 1
D23N (lowa) 1

Figure 3: AB mutations on site A21 to D23. The absolute charge reduction is shown in the
table below.

FAD is defined as an AD type with symptoms that manifest in a familial trend
and could be passed through generations. FAD is caused by missense mutation in
PSENI1, PSEN2 and APP genes. 8,26.27 The peptide product of PSEN1 and PSEN2
are located in the catalytic core region of ~y-secretase and influence the AP cleavage

1528 which leads to an increased AB production.”?? The mu-

at the C-terminus,
tations in APP close to the cleavage site affect the product length and population
that is released by the enzymes.’> Mutations in the AR region lead to generation of
an AP segment with different aggregation propensity. All of these factors lead to
production of more aggregation-prone AJ peptide, varied peptide population, or
altered AB40/AB42 ratio and are related to an onset of the AD or similar pathology
manifests at around 50s.%3%%2 Several studies on the plaque component agree that
these mutations lead to the increase of AB42 and A42 is the dominant form in the
senile plaques.3>34

In this work, we are mainly focus on the familial mutations of APP and the muta-
tions studied are on site A21-E22-D23 in the AB region. The mutants are name as
A21G(Flemish), E22G(Arctic), E22K(Ttalian), E22Q(Dutch), D23N(Iowa) These

familial mutants lead to development of symptoms at a much younger age of ca.



40-50. Some of these mutants (A21G, E22Q and D23N) develop pathologies of
severe CAA combined with cognitive decline. CAA is led by the deposition of Af
peptide on the wall of blood vessel in the central neural system and usually results in
additional pathologies such as cerebral haemorrhage, stroke, leukoencephalopathy
and cortical calcification other than the conventional pathology.*~%8 It is found
that AB40 is the major species that is found deposit in vessels in CAA while both
AB40 and AB42 are present in plaques.>* These mutants are the most well studied
APP mutants'®3*42 but there is lack of systematic kinetic analysis of the aggrega-
tion mechanism.

In this study, our primary interest is to investigate the effect of mutations in the
central region on the aggregation mechanism and its link to the amyloid deposition.
The familial mutations in site A21-E22-D23 cause an absolute charge reduction of
1 to 2 unit and the peptides with these mutations are shown to be more aggregation

prone in several APP mutant studies. 23143

Ap aggregation kinetics

AR peptide is a natural protein that is expressed in all human bodies. The monomeric
form of AB is causing no problem but the peptide has a tendency to self-assemble
and form highly ordered 3-sheet rich structure, a so-called ‘amyloid structure’ . The
oligomer species that is produced during the aggregation is now considered to be

the neuronal toxic species, 2>242-44

AB aggregation kinetics has been extensively studied during the past decades 4

and the overall self-assembly reaction is composed of several microscopic steps: pri-
mary nucleation, where a nucleus is formed by monomer assembly; elongation, in
which the monomer can associate at the end of a fibril; secondary nucleation, a
process to generate new nuclei and is catalyzed by the fibril surface; fragmentation,
where a fibril breaks and produces new ends for monomers to elongate. The pri-
mary nucleation rate is relatively slow due to a high free energy barrier, which yields
a long lag phase in the aggregation when followed by using Thioflavin T (ThT) as a
fluorescence probe (Fig. 7). Oligomers are transient species, the structure of which
undergoes structurally reorganization to reach a more ordered state. %8 Followed by
elongation, the peptides associate into fibrils, which can generate longer fibril that
can be used to catalyse the formation of more nuclei on the surface. The secondary
nucleation rate usually is much higher than that of primary nucleation*>4*30 and
boost the production of nuclei, which leads to an exponential growth of the fib-
ril mass. The secondary nucleation rate is dependent on monomer concentration
and also found to reach a saturated situation of which the rate is not depending



on the monomer association onto the fibril surface but rather on the dissociation
of the newly formed nuclei. This is observed so far in a few cases, e.g. increase
in peptide concentration, screened electrostatic repulsion by adding salt, weakened
electrostatic repulsion from point mutation that is less charged, or increase in hy-

drophobicity that favours the molecular interaction. 20391

AB Fibril structure and polymorphism

Many proteins with quite a diverse amino acid sequences can form amyloid fib-
rils.>? Those fibrils are composed of mainly 3-sheet and typically contains several
protofilaments that wind around each other.>® The fibril structure has a distinct
cross-beta pattern that was firstly discovered in 1935. Fibrils formed by egg-white
was diffracted under an X-ray beam. The diffraction pattern showed a 4.8 A spacing
between [3-strands within the 3-sheet and roughly 10 A between the B-sheets. >
The 3-sheet lies perpendicularly to the long axis of the fibril, and stacks along the
fibril growth direction. The hydrogen bonding between the stacked [3-sheet is par-
allel to the fibril long axis and the side chains are pointing to the inside or outside
of the fibril core. It is proposed that the fibril structure is stabilized by the interac-
tion between the side chain groups as well as the hydrogen bonds between peptide
backbones. 5%

Amyloid fibrils exhibit pronounced structural heterogeneity when observed under
microscope, e.g. varied periodic twist distance, fibril thickness, different curvature,

5861 AB polymorphism has been
61-65

which implies a polymorphism of amyloid fibrils.
reported in a few studies for different AP variant. One example is that 12
different morphologies have been identified for AB40 fibrils using TEM in combi-
nation with 3D image reconstruction. °® This polymorphism has also been observed
in vivo and found that the fibrils taken from the brain of two different patients catal-
yse the formation of different fibril structures when used as seeds.®” Although the
full-length AP fibrils structure is not resolved in an atomic detail, and there has
been no success in full-length AP crystallization, small segments of AB peptide are
found to be able to form microcrystals and the structures have been determined us-
ing X-ray diffraction®®%°, The result shows that the residues of two neighbouring
peptide side chains are packed sterically in register and form a ‘steric zipper’ motif.
The detailed structure shows that different in-register side chain packings, with 3-
strands running parallel or antiparallel, are observed in crystals formed by the same
segment. This packing diversity may provide the molecular basis for the AB fibril
polymorphism.

Other experimental techniques, e.g. cryo-TEM, scanning TEM, electron param-



agnetic resonance, small-angle neutron scattering, X-ray fibril diffraction as well as
nuclear magnetic resonance (NMR) are used to determine the fibril structure.?!
Several models that are determined using these approaches suggest that AR protofil-
aments are composed of a two or three folds of (3-strand-turn-3-strand motif, a
hairpin-like folding?"7%7¢ with a 10-17 amino acids flexible N-terminus and a core

region located C-terminus.®”’!






Methods

Ion-exchange chromatography

Ion-exchange chromatography (IEC) is a method to separate proteins based on
their net charges. The matrix of the stationary phase in IEC is composed of beads
with negatively or positively charged groups, called cation-exchange resin or anion-
exchange resin, respectively. The cation-exchange resin can be used to separate
molecules with positive charge whereas the anion-exchange resin can be used to
separate molecules with negative charge. The protein mixture containing the target
protein when applied on the IEC column will bind to the resin with different affin-
ity depending on the net charge. Then the proteins can be separated by washing
the resin with increasing concentration of salt to compete binding to the charged
group of the resin. Proteins with low net charges will be eluted first, followed by
proteins with higher net charge.

Size-exclusion chromatography

Size-exclusion chromatography (SEC) is similar to IEC but separates molecules
based on the protein sizes. SEC is sometimes referred to as gel filtration, as the
beads used in the column are usually made of highly hydrated insoluble polymer,
i.e. agarose, dextran or polyacrylamide. The polymer beads are structured with
pores on the surface with a special distribution of pore size. After applying protein
samples on the column, large molecules cannot get into the pores of the beads thus
have a smaller volume to travel through the column, whereas smaller molecules can
enter the pores thus migrate slower. Separation happens when molecules of differ-
ent sizes pass through column and have different interaction time with the matrix.
Consequently, larger molecules are eluted from the column first and then smaller
molecules. Fig. 4 is an example of AB applied in SEC.
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Figure 4: AP gel filtration (SEC) chromatogram. AP peptide is dissolved in 1 mL 6 M
GuHCl solution and incubate at room temperature for 15 to 20 min before in-
jection. The AB monomer is eluted at around 15 mL. Only the central part of the
peak is collected and the concentration of the collected fraction is calculated as
discribed in UV spectroscopy using Eq. 3.

Ultraviolet-visible spectroscopy

Molecular energy is composed of three parts, electronic energy E,, vibrational energy
E, and rotational energy E,, as formulated in Eq. 1.

E=E +E, +E (1)

Each electronic energy level has several vibrational energy levels and each vibrational
energy level contains multiple rotational energy levels. Molecules with n-electrons
or n-electrons can be excited by absorbing energy from the incident UV light and
jumping to a molecular orbital of a higher energy level, so-called excitation from
ground state to the excited state. The energy that is absorbed by the molecule must
be equivalent to the energy difference between the two energy states.

Most proteins contain amino acids with aromatic ring such as tyrosine (Tyr), tryp-
tophan (Trp) and phenylalanine (Phe) that absorbs UV light and this feature can be
used as a means to measure protein concentration. The light source is from a deu-
terium lamp (near UV region, 150-400 nm), and a tungsten-halogen lamp (visible
region, 400-800 nm). Protein is prepared in a buffer solution and by shining light
to the sample, the transmitted light is recorded by a detector. Contribution of the
background absorbance can be subtracted by measuring only the buffer solution.
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The absorbance is calculated using the equation as described below as Eq. 2. Ij is
incident light, /is transmitted light.

A= [oglo([()/[) (2)

According to the Beer-Lambert law (Eq. 3), concentration ¢ can be calculated if the
light path length / absorbance and the extinction coefficient € is known.

A=c¢cl 3)

In the A amino acid sequence (Fig. 2), there is only one Tyr and three Phe. Phe
has a peak absorbance at around 250 nm while Tyr absorbs the most at around 280
nm. Although there are three Phe and only one Tyr in the sequence but due to a
much lower molar absorbance of Phe, the absorbance at 280 nm from Tyr is used
to estimate AJ3 concentration. In our study, the value of the extinction coefficient
of AP peptide is determined by amino acid analysis and used in all our AB studies.

Circular dichroism

Circular dichroism (CD) is a method used to detect protein structural information,
i.e. secondary structure in far-UV and tertiary structure in near-UV. Protein solu-
tion is illuminated by a linear polarized UV light that can be considered as a sum of
two circularly polarized lights. Due to the chirality of the peptide chain backbones,
the left and right circularly polarized light will be absorbed differently. As a result,
the light which comes out of the sample is polarized ellipitically. The shape of the
ellipse is usually described by the ellipticity, 6.

0 = arctan(é/a). (4)

a and b are the long and short axis of the ellipse, respectively.

1
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Figure 5: The typical CD spectrum of a-helix (black), 3-sheet (red) and random coil
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Figure 6: Aggregation of 10 pM AB40 was followed by CD as a function of time. Peptide
structure with a conformational change from random coil (0 h) to 3-sheet domi-
nating structure (23 h). The decrease of ellipticity at 218 nm shows formation of

B3-sheet rich fibril structure.

The far-UV range is from 260 nm to 190 nm and the near-UV range is from 350
nm to 250 nm. The CD signal is mainly affected by the protein backbone in the
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far-UV range and by aromatic groups and disulfate bonds in the near UV range but
with low sensitivity. It requires a sample concentration of 0.1-0.4 mg/ml in a 1 mm
cuvette for a far-UV and 1-2 mg/ml in a 10 mm cuvette for a near-UV measurement.
CD is mostly used to study protein folding or conformational changes, e.g. time
course measurement can be used to follow protein folding kinetics and temperature
interval measurement can be applied to investigate protein denaturation. Typical
CD spectrum of a-helix, 3-sheet and random coil are shown in Fig. 5. Here in
this work, CD is used to follow the formation of amyloid fibrils, which exhibits an
enhanced [3-sheet absorbance peak at around 218 nm (Fig. 6).

Fluorescence spectroscopy (Thioflavin T assay)

When a molecule absorbs light, the photons will promote electrons to travel to a dif-
ferent orbital, and the molecule is therefore excited from low energy ground state to
an electronic excited state. Often the excited molecule is initially in a vibrationally
excited state. In most molecules, the excited electron can travel back to the ground
state again by giving away the extra energy in the form of heat. But for some spe-
cial molecules, the electron can travel back to the ground state and falls back into
the lower energy level by emitting a photon. These types of molecules are called
fluorophores. Due to the relaxation in the vibrational level in the excited state, the
energy gap between the ground and excited state that is given to the emitted pho-
ton is always smaller than the energy that the fluorophore has absorbed. Thus the
emitting light always has a longer wavelength (lower energy).

Growth phase

W

Lag phase
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e

Fluorescence intensity

Time

Figure 7: A typical sigmoial aggregation curve monitored by ThT fluorescence. The curve
shows a flat lag phase, an exponential growth phase and a plateau. Half-time is
defined as the point when ThT reaches half of the maximum intensity increase.
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ThT is a fluorophore that binds specifically to a B-sheet rich region of a protein
structure. It is commonly used in the field of studying the formation of amyloid
fibrils. ThT can be excited at 440 nm and the emitting light is usually collected at
480 nm. After binding to 3-sheets, ThT shows an enhanced fluorescent intensity
which is proportional to the mass of fibrils (only accurate in a certain concentra-
tion range). By following the increase of the ThT intensity, one can monitor the
amyloidogenic protein aggregation and even the aggregation mechanism can be re-
solved through global fitting to multiple ThT curves. In Fig. 7, a typical aggregation
sigmoidal curve is shown, with a lag phase, a growing phase and a plateau.

Transmission electron microscopy (TEM)

In transmission electron microscopy (TEM), a beam of electrons is produced by an
electron gun, which travels through vacuum in the column of the microscope and is
then focused on the object. TEM uses electromagnetic lenses to focus the electrons
into a thin beam and this electron beam travels through the object and interacts
with the sample. During this interaction, some of the electrons are scattered and
disappear. The unscattered electrons reach the base and hit a fluorescent screen,
therefore, generate a monochrome image, like a shadow of the detected sample.

Figure 8: AB40 fibrils that is formed from 10 utM monomer. A) A close view of fibrils with
a scale bar of 200 nM where one can see the fibrils with periodic twists. B) An
overview of fibrils that form a net work or bundles. The scale bar is 0.5 pm.

There are mainly two ways to prepare the protein specimen for TEM. One way is
called negative staining, in which the sample is dyed with a stain that contains heavy
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metals and dried on the surface of a copper grid. The stain adsorbs to the biological
sample and scatters electron strongly so as to generate better contrast in the final
image. The drawback is that the sample needs to be dried, which means the native
state of the protein is probably changed. To obtain high resolution images of the
fibril morphology as in the originate state in solution, we use the cryogenic way to
prepare our samples. In this way, the sample is prepared as a thin layer of ice (<100
nm) on a carbon filmed copper grid by flash-freezing in liquid ethane to prevent
cubic ice formation and then stored in liquid nitrogen. In this way the sample can
be fixed so as to reflect the original structure. The tricky part is to get a layer of ice
that is thin enough to reach a good contrast.

Fibril measurement in TEM

One way to get quantitative information from the TEM image is to do the mea-
surement in a graphic software. In our study, the Digital Graph software has been
used to measure the fibril node-to-node distance (periodic twist distance). It is also
possible to measure the fibril thickness.

A B

Grey-level value
Grey-level value

Figure 9: Fibril TEM image and the histogram profile of the gray-level value over the area
that is marked. A) Fibril twist location. A sharp minimum intensity shown on the
fibril twist. B) The multiple minima suggest the protofilaments that are involved
in the fibril.
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Such measurement helps to give a more direct result that is reflected in hundreds
of images although it will not give a more precise number like as other diffracting
or scattering methods. In the measurement, a histogram profile can be obtained by
drawing a line on top of the object. This histogram profile reflects the gray-level
value of the area marked. To get a more accurate calculation, the line must be lying
vertical to the fibril axis and be expanded a bit along the axis. The fibril twist is
defined where a single minimum intensity is found (Fig. 9A), which can be used
to accurately locate the fibril twist position. Once the fibril twist is located, the
periodic twist distance can be measured by drawing a scale on the histogram profile
to mark the region of interest and a number is then given for this scale in the profile.
As there is also background noise, the starting and ending point should be on the
half-way of the slopes to have an averaged estimation. The multiple minimum
intensity observed in Fig. 9B is due to the protofilaments that are involved in the
mature fibril. The fibril length and thickness can be measured the same way.

Surface plasmon resonance

Surface plasmon resonance (SPR) is a method that can be used to study protein-
protein and protein-ligand interactions. An incident light shoots on the back side
of the sensor chip at a critical angle to generate full reflection and the reflected light
from the surface is captured by a detector. During the reflection, a standing wave
called evanescent wave is generated in the back of the reflective surface, which decays
within a third of the wavelength.

On the other side of the sensor chip, the protein or ligand can be immobilized
on the surface through covalent bonding or other types of bonding. A buffer is
used in between to rinse off the unbound form and then the ligand or protein is
flowed through the surface. The wavelength of incident light is around 500 nm so
that the evanescent waves could extend for at least 100 nm from the back of the
reflective surface. When the protein or ligand binds to the species that is coupled
on the surface, the increased mass will affect the sensitive evanescent light wave and
change the refractive index and ultimately generate signal.

Here we mainly use SPR to study the interaction of A§ peptide with Brichos protein
by immobilizing A3 monomers or fibrils onto the surface of the gold chip and
passing the Brichos protein to see if there is any interation between these proteins.
Mass increase on the surface will be observed if there is any association between
them. Quantitative information, i.e. binding affinity, the on and off rate constants
can be calculated by fitting rate equations to the binding curves.
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Mass spectrometry and crosslinking
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Figure 10: Mass spectra of AB fibrils and crosslinked AB peptides. AB40 peptide is isotope
labeled with °N to be differentiated from AB42 after trypsin digestion. Signals
shown in the spectra are from peptide segment ABM1-5. A) MS measurement
on AR fibrils that are formed at the first and second plateau. B) Dimers captured
at the lag phase by crosslinking. The spectrum is a sum of 7 measurements from
the same sample spot.

Mass spectrometry (MS) is a technique to detect the molecular mass of sample.
Simply, the instrument shoots the sample with a laser, and the molecules in the
sample becomes ionized because of the interaction with high speed electrons. The
ions are accelerated in an electric or magnetic field and separated according to their
mass-to-charge ratio (m/z). The ions can be detected in several ways, among which
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the most frequently used one is called time of flight (TOF). TOF detectors is to
measure the time it takes for a molecule to fly over a certain distance, which is
proportional to m/z. The result is shown as a mass spectrum, a plot of the ion peaks
as a function of the m/z. The molecules can be identified directly by the mass or
through a characteristic fragmentation pattern.

To make biological macromolecules such as proteins ionized better, a method called
matrix-assisted laser desorption ionization (MALDI) is usually used. The protein is
mixed with a matrix, which usually contains organic micro-crystalline, and applied
on the sample plate to be air dried. When the laser shoots the sample spot, the ma-
trix absorbs energy and becomes ionized and later transfers protons to the protein.
Therefore, the protein gains charge through this event and the chance of ionization
is increased.

Besides molecular identification, MS can be used to study the structure or protein-
protein interaction by crosslinking the samples with a linker with designed arm
length. BS3 is a commonly used crosslinker with 12 A arm length and it links the
primary amines on the peptide chain. Usually coupled with crosslinking, trypsin
digestion is used to generate ionizable small protein fragments. AB40 is expressed
with °N so as to show a different mass from AB42 after trypsin digestion. Detection
of the crosslinked protein segments suggests the possible interaction between these
species. By analyzing signals of the crosslinked sequences, the protein structure can
be deducted by comparing with the possible linkages.

Kinetic analysis

After the aggregation kinetic data is acquired, there are several steps for the analy-
sis. Firstly, we define the aggregation half-time as the time point when half of the
peptide population has formed aggregate. ThT fluorescence reaches half way of the
maximum increase and the correspondent half-time is shown as and example in Fig.
7. The half-time can be extracted by fitting the experimental data with an empirical
sigmoidal equation (Eq. 5) that is described in below,

Fmax — FO
— (5)
1+ e—k(f—fl/z)

The fitting parameters are shown as, F,,,y, the amplitude of fluorescence intensity
increase, Fy, the baseline intensity, t; ,, the aggregation half-time, and 4, an appar-
ent elongation rate constant. To go one step further, the half-time extracted from a
concentration-dependent kinetic experiment can be plotted versus the peptide con-
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centration. This data is then fitted by a power function (Eq. 6) to obtain a scaling
exponent 7,

= Bmg (6)

In this equation, B is the proportionality constant and 7z is the initial monomer
concentration. The scaling exponent y reflects the dependency of aggregation half-
time on the monomer concentration, and becomes the slope in a log-log plot.

As is mentioned above, from the half-time analysis we can get a scaling exponent
that reflects the overall aggregation rate and monomer dependency. Protein aggre-
gation is in general a complicated process that is composed of different microscopic
reactions. An aggregation model that is firstly proposed by Knowles' group®” with
an analytical expression solved used in our analysis. In this model, aggregation is
described as being composed of several microscopic steps, such as primary nucle-
ation, secondary nucleation, elongation and fragmentation, and a rate constants,
ky, k2, ky and k_ is established for each of them, respectively.

A global fitting tool, 77 3 platform that is establish based on Knowles’ model, is used
to fit the experimental data and extract the individual or combined rate constant of
each microscopic reaction. The mechanistic shift of the aggregation behavior that
is affected by different factors could then be elucidated in the detailed microscopic
reactions by the variation of the rate constants of these microscopic aggregation
steps.
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Results and discussion

The aim of my PhD work is to study the aggregation mechanism of AP in differ-
ent scenarios. The following papers are discussed individually and the studies are
focused mainly on the aggregation mechanistic change as a result of

Intrinsic factors :
Familial mutations that are related to early-onset AD (Paper I and VI).
Peptide length that differs at the C-terminus: AB42 and AB40 (Paper II and
V).

Extrinsic factors :
Increased ionic strength (Paper V).
A pH shifted close to the isoelectric point of AB (Paper IV)
Interation with a chaperone protein (Paper III).

The kinetic experiments are always started with gel filtration to remove aggregates
that are formed during freezing and lyophilizing steps. Freshly collected monomer
is stored on ice until loaded in the micro-plate for fluorescence reading. ThT is used
in a concentration range where the signal is linear with the fibril mass. Data analysis
is performed as discribed in the previous chapter. The result shows that these fac-
tors mainly affecting the aggregation mechanism in a way of reducing electrostatic
repulsion, effect caused by side chain property, obstructing peptide co-aggregate or
interacting with a specific species in the aggregation process. Therefore, these in-
trinsic and extrinsic factors help us to understand Af aggregation in microscopic
detail and also elucidate the AP aggregations in different scenarios.
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Paper I

In this paper, we studied the aggregation kinetics of five familial mutants that are
mutated in Af 21-23 region of the gene, named Flemish (A21G), lowa (D23N),
Dutch (E22Q)), Arctic (E22G) and Italian (E22K). The aggregation kinetics was
performed as concentration-dependent manner and the stock solution was prepared
at 10 pM and diluted to 12 different concentrations down to 0.8 pM with a ThT
concentration of 6 pM. The ThT fluorescence increase was recorded as a function of
time. The aggregation half-time, as the fluorescent intensity reached the half way,
was plotted against peptide concentration using logarithmic axes. By fitting the
curves with a power function (Eq. 6). The scaling exponent 7y was extracted. The
result shows that five mutants except for A21G are more aggregation prone than the
wild type and appear at a lower position in the log-log plot. The value of y increases
from —1.8 to —0.6 (Fig. 11). The increase in 7y reflects the aggregation is becoming
less dependent on monomer concentration, which implies a mechanistic shift in
the aggregation process. Cryo-TEM image shows that mutant E22Q), E22G, and
D23N fibrils are more similar to the AB42 wt in that the twisted fibrils have a small
node-to-node distance, short length and close interaction between fibrils. A21G
shows longer fibrils and a longer node-to-node distance. E22K also shows longer
fibril length but with more bundles that are composed of several fibrils.

By fitting the large body of aggregation data of all five mutants with different models
that employ several master equations derived from the previous publication’ on
the global fitting platform Amylofit,”” a multi-step secondary nucleation dominant
aggregation mechanism is revealed for all the charge mutants. The aggregation of
A21G is dominated by secondary nucleation, as AB42 wt reported before.® For
the charge mutations, both the primary and secondary nucleation are significantly
enhanced and the latter one becomes saturated at the higher concentration or even
in the full concentration range tested for some of the mutants. By saturation, it
means that the rate of the secondary nucleation that is catalyzed by the surface of the
fibril is relying on the rate limiting dissociation of nuclei from the surface rather than
the monomers association on the surface. This yields an aggregation mechanism
shift from a monomer-dependent way to a monomer independent manner, thus,
lead to an increased . The enhancement of secondary nucleation in the mutant
aggregation is confirmed with seeding experiments which show drastic decrease on
half-time after adding fibrils to the monomer solution and is seed-concentration-
dependent.

The main reason for this mechanistic shift is very likely due to a reduction of absolute
charge for all mutants except for A21G. That explains why A21G has an aggregation
behaviour more like AB42 wt with a close value of both primary nucleation and
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Figure 11: Aggregation half-time of all five familial mutants and AB42 wt plotted against ini-
tial monomer concentration in logarithmic scale. The shading in the background

represents aggregation half-time at different ionic strengths ranging from 12 mM
(lightest) to 312 mM (darkest).

secondary nucleation rate constants. The role it plays in the disease is more likely
linked to its overexpression and higher resistance against protein digestion compared
to other variants.>®3! Other mutations in site E22, E22K, E22Q and E22K, show
a similar scaling exponent around —0.9. implying a similarity of mechanism shift
to a less concentration-dependent process and the saturated secondary nucleation.
D23N shows the flattest scaling, —0.6, which is the least concentration-dependent
and highly saturated secondary nucleation. The weakened electrostatic repulsion
due to reduced charge on all these four mutants takes the main responsibility of
the aggregation propensity change. At pH 8.0, AB42 wt has a net charge around
—3, the long-range electrostatic repulsion is largely decreased from these mutants
with 1 to 2 charge reduction. This lead to a lower boundary for the primary and
secondary nucleation shows faster aggregation half-time. Additional factors play a
role in mutant D23N and E22G, for which the aggregation is severely enhanced,
and E22K, for which the more charge reduction but not as significant increase in
aggregation half-time. These effects might be attributed to the side chain property,
such as size, steric hindrance and hydrophobicity.
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Paper II

Protein aggregation in a mixed system is of great interest due to the co-localization
of different variants. The most abundant AB variants found iz vive are AB40 and
AB42. The latter one has two additional amino acid isoleucine and alanine at C-
terminus. Due to the more hydrophobic C-terminus, AB42 is more aggregation
prone compared to AB40, yielding a much shorter half-time. At equivalent con-
centration, AB42 shows a much lower ThT fluorescence and a similar sigmoidal
aggregation curve compared to A340. To my knowledge, double sigmoidal in ag-
gregation of the AB40 and AB42 mixture was observed here for the first time.

We started with mixing the AB42 and AB40 peptides in 1:1 ratio with a total con-
centration ranging from 1 to 10 pM. Interestingly, not like pure AB42 or AB40
alone, instead of having one sigmoidal aggregation curve, there are two sigmoidal
transitions with the latter one following after the first. According to the half-time
and fluorescence intensity difference between the two A variants, we speculate the
first sigmoidal transition corresponds to the aggregation of AB42 in the mixture
while the second sigmoidal is more likely due to the aggregation of AB40. Fibrils
taken from each plateau were imaged using cryo-TEM and compared with the fibrils
formed in the pure forms. When they aggregate separately, the AB42 and AB40 fib-
ril morphologies show distinct differences in length, thickness, and node-to-node
distance. The images show that fibrils taken from the first plateau are more like
AB42 fibrils and a mixture of both forms of fibrils are seen at the second plateau.
Node-to-node measurement demonstrates this speculation in a more quantitative
way. Moreover, we performed MS to see the depletion of monomers in the solution
and the components in the fibrils, by taking out solutions during the aggregation
process at different time points, centrifuging samples to separate the supernatant
and fibrils. The MS result shows the ratio of AB42:AB340 is 1:1 at #) and gradually
decreases to close to 0 at the end of the first transition (Fig. 12). While there is
hardly any AB42 left after the first plateau, AB40 is still presenting until reaching
the second plateau. MS analysis for the fibrils that were collected at the first and
the second plateau also shows that the first plateau is with mostly AB42 fibrils and
the second plateau contains both AB42 and AB42 fibrils, which is in line with our
finding using TEM. Monomer depletion measurement by NMR shows a consistent
result that AB42 depletes first and then A340.

So far we conclude that these two variants can not co-aggregate and form mixed
fibrils. But compared with the pure AP peptide aggregation, still there is an accel-
eration noticed for the second plateau. To investigate at which step and to what
extent these two variants interfere with each other in the aggregation process, we
performed self-seeding and cross-seeding experiments.
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Figure 12: Aggregation of a mixture of 1.5 uL AB42 and 1.5 uL AB40 that is followed by
ThT fluorescence and mass spectrometry. AB42/AB40 ratio decreases close to 0
after the first plateau is reached.

As reported in previous studies, the aggregation mechanism for both variants is
dominated by secondary nucleation, which serves as a feedback loop reaction and
accelerates the whole process. *? The self-seeding was efficient for both variants. On
the contrary, the cross-seeding seems to have no accelerating effect at all.
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Even adding seed to the mixture of AB40 and AB42 was only selectively accelerating
the same species as in the seed. Therefore, we can rule out that the two variants
interact during secondary nucleation or elongation. What is left among the possible
microscopic steps is the primary nucleation. To test if they interact at the primary
nucleation level, aggregation was followed at constant concentration of one variant
and increasing concentration of the other one. The results show that an increase in
monomeric AB40 is not affecting the aggregation of AB42. On the other hand, an
increase in AB42 accelerates the aggregation of AB40. Data fitting shows that the
aggregation of AB40 is not affected in the secondary process but only with a shorter
lag phase which implies accelerated primary nucleation. The only possibility is then
interaction with AB42 monomers, and form co-nuclei that somehow accelerates the
primary nucleation of AB40 peptides. But later on the peptides aggregate separately
though a more efficient secondary nucleation pathway. The reason lying behind
the kinetics is very likely due to a more involved C-terminus in the core region of
the fibrils that is reported in several structure models®” and this tolerates a low-
level miss match of sequence homogeneity, in our case, at the C-terminus. While
primary nucleation leads to formation of smaller and less organized structures, it
might accommodate the small difference in the C-terminus.
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Paper III

AB42 aggregation mechanism has earlier been reported, which is dominated by
secondary nucleation that is providing a catalytic cycle and boosting oligomer pro-
duction. A chaperone protein, Brichos, was previously reported to inhibit protein
misfolding including AB42 aggregation.”® In this paper, a particular microscopic
process of AB42 aggregation, secondary nucleation, is found to be targeted by Bri-
chos, which leads to a significant decrease of toxic oligomer production.

Kinetic tests combined with global fitting shows that Brichos mainly inhibits sec-
ondary nucleation, which dramatically reduces the total oligomer production by
84%. On the contrary, inhibiting primary nucleation only delays the oligomer
production but does not change the population. Inhibition of elongation will in-
crease the oligomer production by 400% by redirecting the aggregation process to
secondary nucleation. To investigate which species Brichos interacts with, a kinetics
experiment was set up with monomeric AB42 added with fibrils formed with Bri-
chos present or absent and monomeric AB42 with Brichos added with fibril formed
with Brichos present of absent. The results show that AB42 aggregation is accel-
erated by fibrils treated with Brichos to a less extent (roughly 40%) than fibrils
formed without Brichos, meaning most of the chaperone proteins stayed on the
surface and inhibited the secondary nucleation. When A342 monomer and Bri-
chos mixture was supplemented with fibrils formed with Brichos present or absent,
all curve indicative of inhibited secondary nucleation, which means that Brichos
can inhibit ongoing aggregation reactions. To further investigate the molecular in-
teraction between Brichos and various A{ species during aggregation, negative stain
TEM was applied on the fibril sample with gold nanoparticles conjugated with anti-
Brichos antibody. Images show that gold particles bind along the fibrils suggesting
that Brichos proteins are mainly located on the fibril surface. Meanwhile, binding
of Brichos to AP fibril or monomer was studied by injecting Brichos and flowing
over a surface that is conjugated with AB42 fibril or monomer. The result shows
binding on the fibril-coated surface but not on the monomer covered surface or the
control channel, which further supports the specific interaction with AB42 fibrils.

Low molecular weight AB42 assemblies were quantified by fractionating seeded
AP42 solution and using an AB42 sensitive antibody for detection. Smaller (14-65
kDa) and larger oligomers (66-90 kDa) were detected in the seeded sample without
Brichos present. On contrary, the seeded AB42 sample with Brichos present shows a
substantial decrease in oligomer production, which is consistent with the prediction
made in this work. Cryo-TEM shows that fibrils formed in the presence of Brichos
are overall longer than without Brichos (Fig. 13). It is another proof of the redi-
rection of secondary nucleation to elongation. Furthermore, an electrophysiology
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method was used to test if the suppression of oligomer production also decreases the
neurotoxicity. The mouse brain slices were treated with AB42 peptides with Brichos
presence or absence. In this method, hippocampal «y oscillation was detected, and
a reduced signal suggests brain damage and is related to neurodegenerative disease
syndrome. The results show that the seeded AB has the highest toxicity, and the

effect can be rescued in the presence of Brichos.

In conclusion, the secondary nucleation is effectively inhibited, and oligomeric
AB42 and its toxicity are significantly suppressed when Brichos is introduced into
the system. Brichos proteins specifically interact with AB42 fibrils and block the
catalytic surface, which is the cause behind the inhibition. This result may help
to develop a treatment of in an early stage by introducing a secondary nucleation
inhibitor to suppress the production of toxic oligomeric AB species so as to reduce
the neurotoxicity.

Figure 13: Cryo-TEM images of AB fibril. Scale bar = 200 nm. A) AB42 fibrils formed in
the presence of Brichos. B) Fibrils formed only by AB42.
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Paper IV

In this paper, we have studied the aggregation mechanism of AB40 and made a
comparison with AB42 aggregation according to individual microscopic aggregation
steps.

Highly reproducible kinetic data of AB42 aggregation were performed using re-
combinant peptide and aggregation was followed by using ThT assay at a concen-
tration range of 3.5-70 uM. The half-time was extracted as the time point where
half amount of the peptides was folded into the aggregate form. A power function
(Eq. 6) was used to fit the half-time versus concentration, and a scaling exponent
v was obtained, which gives the implication of the dominant microscopic steps in
the aggregation mechanism. Interestingly, a concentration-dependent scaling ex-
ponent was found both at lower concentration (below 5 utM) v = —1.2 4 0.2 and
at higher concentration (above 60 ptM), where v became —0.2 £ 0.05. The scaling
exponent variation suggests a change in microscopic processes and leads to a dif-
ferent monomer dependence in different concentration ranges. This change is very
likely due to secondary nucleation rather than elongation.

Models developed in the previous studies?*4%78% were used to study the AB40
aggregation mechanism on a detailed microscopic level. The saturation of secondary
nucleation can be described using Michaelis-Menten-like kinetics and Langmuir-
like adsorption as an analogy. By introducing the saturation into the fitting model,
the half-time versus concentration could be globally fitted, whereas poor fit to the
data set was obtained if the model contains single step secondary nucleation, only
fragmentation or these two secondary pathways in parallel. The half-time at each
concentration was predicted by using the rate constants aquired from global fitting.
The predicted half-time agrees well with the actual data at concentrations below
30 pM. At higher concentration, the minimal slope calculated from the rate law
is —0.5, which differs from the experimental value —0.2. The even less monomer
dependent aggregation at the higher concentration range is later shown to be due to
saturated elongation. By performing seeding experiments, the initial gradient that
is due to elongation is increasing as the initial monomer concentration increases in
a linear manner when the monomer concentration is below 30 pM. The increase of
initial gradient is not as prominent at a monomeric concentration higher than 30
pM, which suggests a saturation of elongation.

The saturation model developed in the current paper can be used to describe the
aggregation mechanism of AB40 at concentrations lower than 30 pM. The rate
constants achieved from the fitting are then used to compare with AB42. To get
the individual rate constant k4, £, and k; instead of rate constants combinations
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kyky and kyk,, ki is estimated by defining the average fibril length according to
the TEM images and application of the master equations to data for seeded sam-
ples. Results show that all rate constants of AB40 are lower than AB42 (Fig. 14).
Moreover, primary nucleation shows the most severe decrease among all three rate
constants, which reflects that secondary nucleation plays a more important role in
the AB40 fibril production. The more drastic decline of primary nucleation rate
than the other two constants implies that the additional hydrophobic amino acids,
isoleucine and alanine, in AB342 lower the energy barrier of aggregation.

In conclusion, aggregation mechanism of AB40 is revealed that dominated by sec-
ondary nucleation, like AB42, but shows a saturated secondary nucleation and elon-
gation at a concentration higher than 30 pM. Individual rate constants £, 4, and
k> of AB40 are all lower than that of AB42 with a particular reduction in the kn,
which suggests that the additional two amino acids of AB42 at the C-terminus lower
the energy barrier during the aggregation and the barrier effect is more significant
in primary nucleation than the monomer association and nuclei formation on the
fibril surface. While the kinetics test for AB42 was performed at pH 8.0, AB40
aggregation was tested at pH 7.4 due to a faster aggregation and better data repro-
ducibility at low concentration, which means an even larger difference of the rate
constants between AB340 and AB42 would be obtained at the same physiological
pH.

® -

e 90 ‘
1 4 [Rpeydiegl |

2z

c

I

S

(%]

c

o

Y01

]

=

c

e

Q

2

©0.01 |

£

]

i I

0 -
elongation 1° nucleation 2° nucleation
= AR40 AB42

Figure 14: Comparison of elongation rate, primary nucleation rate and secondary nucle-
ation rate between AB42 and AB40.



Paper V

In this paper, the aggregation mechanism of AB42 has been studied in a concentration-
dependent manner at ionic strengths ranging from 12 mM to 312 mM. A model is
developed here to fit the whole set of data and provide quantitative explanations to
the aggregation behaviour at low and high ionic strengths and uncover the aggrega-
tion mechanism shift due to the electrostatic shielding by adding salt.

Firstly, AB42 aggregation kinetics was performed in a concentration-dependent
manner from 0.55 to 7 pM, in 4 mM phosphate buffer at pH 8.0 with additional
NaCl of a final concentration from 0 to 300 mM. The half-time was then extracted
and plotted in a log-log manner for each salt concentration. The decrease in half-
time upon increase in ionic strength was observed and such effect is due to the
screening of electrostatic repulsion between the aggregating species by salt. TEM
images show that fibril formed in low ionic strength (29 mM) are more evenly dis-
tributed compared to fibrils formed at high ionic strength (329 mM) where there
is more lumping (Fig. 15 B and C). To go beyond the overall aggregation rate,
a power function was used to fit the half-time versus monomer concentration to
extract a scaling exponent 7, which reflects the monomer dependency of the ag-
gregation process. The result shows the scaling exponent decreases from —0.7 at
low ionic strength to a minimum value of —1.4 at medium ionic strength (around
32 mM), and then increase to —0.6 at the highest ionic strength (Fig. 15 A). The
monomer dependence is greatest when the ionic strength is around 32 mM but less
dependent at both low and high ionic strength. Besides, some curves at low ionic
strength show different monomer dependence, resulting in a flatter slope (higher
~y) at lower concentration and steeper slope (lower ) at higher concentration. The
opposite slope change was observed at higher ionic strengths. To explain the shift
of the scaling exponent at low and high ionic strength and the change in monomer
dependency, we here propose two particular cases base on the general aggregation
model, which includes both fragmentation and secondary nucleation. One case is
a parallel model in which both secondary nucleation and fragmentation are crucial.
The other is a saturation model where the reaction is dominated by saturated sec-
ondary nucleation and fragmentation is negligible. Saturation of elongation is not
observed in our case in heavy seeding experiments, and is not considered here.

By fitting the aggregation data with these models, we found that atlow ionic strength
between 12 mM and 20 mM, fragmentation and secondary nucleation both are im-
portant. While fragmentation is dominant at low monomer concentration (7 is
between —0.5 and —1.0), secondary nucleation is dominant at higher monomer
concentration (7 is around —1.5), resulting in an average scaling exponent of circa
—1.0. At ionic strengths between 22 mM to 62 mM, the aggregation is mainly
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Figure 15: A) The scaling exponent of AB42 as a function of ionic strengths. Higher 7 at
both high and low salt concentration reflecting the mechanistic shift at different
ionic strength. B) and C) AB42 fibril formed at low ionic strength (29 mM) and
high ionic strength (329 mM), respectively. Scale bar = 200 nm.

dominated by secondary nucleation and monomer dependence, which is consis-
tent over the entire concentration range studied with a scaling exponent around
—1.4. At ionic higher strength around 92 mM, the secondary nucleation starts to
get saturated at higher monomer concentration resulting a scaling shift from —1.4
to —1.0. At ionic strength higher than 162 mM, the secondary nucleation is fully
saturated, and the scaling is approaching back to —0.5.
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Paper VI

This paper summarizes the experimental approach to generate reproducible data
and global kinetic fitting to analyse the aggregation mechanism, which is shifted
due to an intrinsic factor, e.g. amino acid substitution or an extrinsic factor, e.g. a

pH change.

High quality reproducible kinetic data are the crucial prerequisite for obtaining a
reliable kinetic analysis. Here we discussed several key points that matter for the
reproducibility. Any minor impurities in the sample will make the system a more
complicated case and may redirect the conclusion from the true story. In the latter
half of the paper, AB aggregation kinetics as a result of intrinsic factor, e.g. point
mutation, or extrinsic factor, pH change, are studied and a saturated secondary
nucleation is observed for both cases.

We express A peptide as a recombinant form in E.coli which produces homoge-
neous peptide sequence as a result of the high fidelity of the protein translation
machinary. The peptide is expressed without a tag to high yield and forms in-
clusion bodies, which are simply purified by sonication and washing with buffer.
After dissolving the inclusion bodies in urea, the peptide is purified by IEC in batch
mode to avoid high local concentration on the resin and then followed by one or
two rounds of SEC purification. From the previous findings, a trace amount of
aggregates will serve as a catalyser and change the aggregation rate. Thus, a second
round of SEC filtration is essential for setting up the kinetic experiment. Secondly,
since AP3 peptide is surface active, the labware used to handle the sample need to be
of low-binding material with a well-controlled air-water interface to avoid pertur-
bation of the aggregation system. Co-solvents and buffer conditions are important
in a way that the former may alter the aggregation of AB and the latter one changes
the dominant microscopic aggregation steps with a different pH, temperature or
ionic strength. Thirdly, the method that is chosen to follow the kinetic process
needs to be stringently confirmed in terms of the signal that reflects the actual value
of the target. The data are acquired at quiescent conditions to avoid promoting the
fragmentation. At last, the constraints that are needed for the fitting need to be
considered in the experimental design.

Within this framework, the aggregation kinetics of AB42 with a point mutation
A2V and pH change from 8.0 to 7.4 was studied and a mechanistic shift to saturated
secondary nucleation dominant aggregation is found for both of the cases. More
specifically, the combined rate constants of 4 &, and 4, 4, have increased for one
to two orders of magnitude (Fig. 16). The increased aggregation is probably due to
an increase in hydrophobicity for A2V and a reduced electrostatic repulsion as pH
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Figure 16: Comparison of combined rate constants k4, and 4, 4, for intrinsic changes
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shifts to 7.4, which suggests the binding affinity of monomers to the fibril surface
is promoted by the two factors and the same mechanistic change can be originated
from different factors.
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Concluding Remark

Our work shows a well-established approach to study AP aggregation kinetics. The
expression of recombinant AB in E.coli plus the purification by performing batch
mode IEC and multiple runs of SEC guarantee the high purity, sequence homo-
geneity and high yield of protein production. Therefore, the experimental kinetic
data are achieved in high reproducibility, which is essential for data fitting so as to
get a more accurate estimation on the rate constant of each microscopic reaction.
The global fitting to the experimental data using a master equation approach repro-
duces the aggregation kinetics fairly well. By doing this we are able to obtain the
individual rate constants or rate constants in combination, which helps us to value
the importance of each microscopic step and unravel the kinetic mechanism shift.

The dominant aggregation process that is shifted to a secondary nucleation is the
main finding in most of the scenarios we have tested. The mechanistic shift is mostly
attributed to the decrease in electrostatic effect when introducing charge mutations
(E22Q), E22K, E22G, D23N), increasing the salt concentration, or moving pH
to a value that is close to the isoelectric point. These approaches lead to either a
weakened electrostatic repulsion by bringing down the absolute net charge (point
mutation or lowering pH), or screen the Debye length (adding salt).

However, for some point mutation, the electrostatic effect is not able to fully ex-
plain the severely enhanced aggregation propensity, e.g. E22G, D23N, a boost in
secondary nucleation that is not proportionally to the reduced charge (E22K), and
not at all elucidated the non-charged mutation A2V. In this case, the inserted amino
acid side chain property, e.g. size, steric hindrance and hydrophobicity is the like-
lihood of driving the mechanism shift to the enhanced secondary nucleation. The
hydrophobic effect also contribute in AB42 aggregation due to the additional two
amino acid at the C-terminus.

Co-aggregation of AB40 and AB42 shows that the mismatch in the C-terminus
hinders the peptides to co-aggregate and form a highly ordered structure. This may
be related to the structure of a berried C-terminus in the fibril core in structure
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models that aquired in several NMR studies. 67

The chaperone protein Brichos that previously found to retard AP aggregation here
reveals that due to the specific interation with the fibril surface, it is able to lower
or completely halt the secondary nucleation, thus, break the catalytic cycle that
produces enormous amount of oligomers.

Overall, we have shown that the relative reaction rates and importance of the differ-
ent microscopic steps underlying the amyloid beta aggregation is affected by several
intrinsic and extrinsic factors leading to a similar mechanistic shift. Our findings
are of high relevance as the secondary nucleation step lies behind the generation
of the vast majority of toxic species. The results also imply that the microscopic
reactions are tunable by different approaches, which may provide information for
targeting a specific aggegation event and may be useful in the development of the

therapies for AD.
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