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Populärvetenskaplig sammanfattning på svenska

För att sätta det här arbetet i sitt sammanhang måste vi börja med att prata om vår
tids vanligaste demenssjukdom, Alzheimers sjukdom. Allteftersom fler människor
lever till högre ålder blir Alzheimers allt vanligare och tyvärr finns det fortfarande
inget botemedel. En stor del av problemet är att det fortfarande är väldigt mycket
vi inte vet om hur sjukdomen verkligen fungerar. Alzheimers sjukdom leder till att
nervceller dör och att den drabbade får allt värre problem med minnet och andra
tilltagande kognitiva besvär. Exakt vad det är som dödar nervcellerna är fortfarande
oklart, ett antal olika saker verkar gå fel i hjärnan i samband med sjukdomen men
det är inte helt lätt att reda ut vad som är orsak och verkan. En av de misstänkta
faktorerna är ett litet protein som kallas Aβ, och det kommer att vara huvudpersonen
i den här boken. Det här proteinet finns i hjärnan även hos friska människor, exakt
vad det är till för är en av de många saker vi fortfarande inte är säkra på. I samband
med Alzheimers sjukdom så sker en förändring med Aβ och det börjar bilda långa
fibrer som i sin tur klumpas ihop och bildar plack inuti hjärnan.

För att få en uppfattning om hur en sådan fiber är uppbyggd, tänk dig ett enkelt
torn av lego, där varje legobit motsvarar en proteinmolekyl. För att komma lite när-
mare verkligheten, föreställ dig också att de fria legobitarna är böjliga men att de låses
fast i en viss form när de kopplas på tornet. För att undvika otillbörligt gynnande
måste jag påpeka här att det även finns andra märken av modulära byggklossar, och
på samma sätt finns det även ett stort antal andra protein som kan bygga upp den här
typen av fibrer. De flesta är kopplade till någon form av neurodegenarativ sjukdom.
Proteinerna alltså.

Det har visat sig att själva fibrerna i sig inte är speciellt farliga. Istället verkar det som
att den skadliga formen uppstår någonstans på vägen, när Aβ bildar former som består
av fler än en kopia av proteinet, men som inte har fått den slutliga formen av en fiber.
De här mellanformerna kallas med ett samlingsnamn för ”oligomerer”, och de kan
uppträda i många olika former. Det pågår väldigt mycket forskning kring vilka typer
av oligomerer som Aβ kan bilda, och vilka av dessa som faktiskt har med sjukdomen
att göra.

Men vi ska inte glömma bort fibrerna. Det visar sig nämligen att fibrer kan påskynda
bildandet av oligomerer, varav vissa sedan går vidare och bildar nya fibrer. Den här
processen, som vi på ren svenska kallar sekundärnukleering, leder alltså till en slags
rundgång, om vi har lite fibrer så bildas det väldigt snabbt fler, som i sin tur bildar
ännu fler. På vägen genereras det samtidigt skadliga oligomerer.

Eftersom det är möjligt att sekundärnukleering spelar en roll i Alzheimers sjukdom
så går vårt arbete ut på att försöka förstå processen i så stor detalj som möjligt. Till
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vår hjälp har vi en färgmarkör som ger en ljussignal när den binder till fibrerna och
på sätt kan vi följa hur fibrer bildas i realtid. Genom att mäta hur hastigheten hos
tillväxten ändras med olika betingelser kan vi dra slutsatser om hur processen går till
på molekylnivå. Vi använder också olika typer av mikroskopi för att få en bild av hur
fibrerna ser ut i olika stadier av processen, ibland med överraskande resultat.

Normalt sett, för att det ska gå att tolka resultaten, så sker de här studierna på ren
Aβ under väldigt kontrollerade förhållanden. Det är alltså en helt annan situation
än den som råder inuti hjärnan, där det ofta kan vara ganska rörigt. För att komma
lite närmare realistiska förhållanden har vi här också gjort experiment där vi tillsätter
mänsklig cerebrospinalvätska (fråga inte) till våra experiment och bekräftar att fibril-
bildningen sker på ett liknande sätt även då.

Vi har också gjort mängder av mätningar vid olika temperaturer och pH-värden,
inte nödvändigtvis för att efterlikna betingelser inuti hjärnan, utan för att studera
de grundläggande drivkrafterna bakom processen.

Tanken med allt detta är att att bygga en alltmer detaljerad bild av hur det går till när
Aβ bildar fibrer och oligomerer. På så vis kan vi bidra till en bättre förståelse av hur
det här proteinet fungerar, som sedan, förhoppningsvis, kan öka chanserna att hitta
ett sätt att bemöta Alzheimers sjukdom.

ix





Chapter 1

Background

1 Alzheimer’s disease

Alzheimer’s disease (AD) is the most common form of dementia, causing massive
neural damage, memory loss and eventually death. The risk of getting the disease
increases sharply with increasing age, with an incidence of roughly 1 at age 80 and
5-10 at age 90 [1]. As our successes with combating other leading causes of death and
disease has led to an increased life expectancy, an ever larger fraction of the population
now lives to an age where the risk of AD is high [2–4]. In addition to age there are
several life-style risk factors, including low education [5], lack of sleep [6], smoking
[7], obesity [8, 9] and diabetes [10]. Addressing these risk factors can partially reduce
the incidence of AD [11] but even then the total numbers can be expected to keep
rising. There are also those who carry genetic risk factors, associated with a highly
increased risk to get the disease, and sometimes with an early onset and rapid pro-
gression. There is thus a great need for an effective treatment and currently we have
none. This has prompted a massive research effort into the underlying mechanisms
of the disease in the search for some way to cure or at least delay it.

2 The amyloid cascade

One of the key pathological features of AD is the deposition of extracellular plaques
and the formation of extracellular neurofibrillary tangles. The tangles are composed
of a hyper-phosphorylated form of the microtubule associated protein Tau [12], while
the plaques were identified to be mainly composed of an abnormally folded protein,
Amyloid beta (Aβ) [13, 14]. Aβ exists in a number of different length variants, res-
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ulting from the cleavage of a large, transmembrane protein known as the Amyloid
Precursor Protein (APP) [15]. The most common form of Aβ is Aβ40, while Aβ42 is
more prevalent in plaques[16], more aggregation prone and more cytotoxic[17].

In addition to its presence in the plaques there are several other factors that implicate
Aβ as a key player in AD, including the fact that persons with Down’s syndrome,
who carry an extra copy of chromosome 21 and thus overexpress APP have a signi-
ficantly increased risk of developing AD [14]. There are also several examples where
point mutations in the APP is linked to early onset familial AD [18–20]. This evid-
ence, while not conclusive, has lended support to the amyloid cascade hypothesis.
Essentially it posits that there is a direct causal link between deposition of missfolded
Aβand subsequent formation of neurofibrillary tangles, cell loss and dementia [21].
The hypothesis has been continually updated and refined [22], the largest modification
being the finding that the end product of Aβ deposition, the fibrils, seem relatively
harmless, while species formed during the reaction are far more toxic [23]. The precise
nature of this toxicity has not been conclusively determined, to a large extent because
of the large variety of plausible toxic mechanisms that have been proposed. Some
of the common examples include cell membrane pore formation[24–27], binding to
specific nerve receptors [28, 29], and formation of reactive oxygen species [30–32].
Another suggestion is that Aβ acts as an upstream initiator of other event, such as the
hyper-phosphorylation and aggregation of Tau, which in turn leads to toxicity [33–
36]. While the molecular nature of such is link still remains to be fully established,
one very compelling candidate has been identified in the glycogen synthase kinase
3α, which has been shown to phosphorylate tau more rapidly in the presence of Aβ
oligomers [37].

3 Amyloid structure and organization

Amyloid fibrils are hierarchical assemblies with multiple levels of organization. The
minimal unit of a fibril is called a filament and is built up by a large number of peptide
units stacked perpendicular to the fibril axis. The stacked peptides are stabilized by
intermolecular hydrogen bonds and thus form an extended β-sheet, responsible for
the characteristic amyloid cross β diffraction pattern [38]. Each plane in a filament
consists of one or more copies of the peptide, which pack into the fibril by taking up
a specific fold, shared by every peptide in the fibril. In recent years structural studies
have revealed a number of these folds, including two very similar structures that were
determined for Aβ42 using solid state NMR [39, 40], one of which [40] is depicted
in figure 1.1. For Aβ40, a large number of different structures have been reported [41–
44], indicating that the same peptide is capable of taking on a range of different folds.
Another layer of complexity is added by the fact that two or more filaments can be
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laterally attached, and that this parallel stacking can happen in many different ways
for the same fold [45–47]. Both these effects contribute to the commonly reported
polymorphism of amyloid fibrils where within the same sample fibrils of very different
morphology can be found [48]. The peptide fold, together with the filament stacking,
will determine the surface properties of a fibril, which in turn dictates how it interacts
with its surroundings.

Figure 1.1: Structure of the peptide fold inside Aβ42 fibrils based on solid state NMR. Figure adapted from Paper III

Outside of the highly organized fibril form, amyloid proteins can also form a large
variety of non-fibril aggregates, with a blanket term referred to as oligomers. These
range from simple dimers, trimers and tetramers up to larger, globular assemblies.
These various prefibrillar aggregates are almost uniformly reported to be cytotoxic
[23, 49–51].

It also seems that some oligomers have the ability to link together to form ’beads-
on-a-string’-like structures called protofibrils [52–54]. Both protofibrils and globular
oligomers have been reported to convert to fibrils [51, 54, 55], or to have elements of
the fibril structure [56]. There are also reports of oligomeric forms that seem to be
incompatible with conversion to fibrils [57].
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Chapter 2

The mechanism of fibril formation

1 Nucleated polymerization

In the past decade, the development of improved experimental techniques has exped-
ited collection of reproducible data on the kinetics amyloid fibril formation [58–60].
At the same time, the analysis of this data has been greatly facilitated by the devel-
opment of analytical kinetic models[60–62]. Integrated rate laws have been derived
based on the microscopic steps that make up the aggregation pathway and their con-
tributions to the overall rates. In this chapter we will walk through this process, with
a focus on the microscopic steps and how they affect the overall reaction.

1.1 Primary nucleation and elongation

In amyloid aggregation, much like in writing, the very first step is the slowest. This is
a feature that is common in many phase transitions, including freezing of water and
formation of bubbles in a carbonated beverage. It is the result of the fact that the

Figure 2.1: Principle sketches of the main mechanistic steps
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smallest aggregates are inherently unstable, due to the large unfavourable free energy
cost of creating a surface. On average they will therefore dissolve faster than they grow.
However, at a certain size this tendency is reversed and further growth is favoured. The
process of random assembly and disassembly until the barrier is overcome is referred to
as primary nucleation, and the aggregate at the critical size is called a critical nucleus
((figure 2.1 A). In the case of amyloid aggregation, it is likely that the critical energy
barrier to be overcome is associated with a structural conversion rather than simply
achieving a specific size. Once a nucleus has formed it can continue to grow through
elongation as new monomers add to the fibril ends and take on their structure (figure
2.1 B). Elongation has a lower energy barrier than nucleation and thus proceeds at a
much higher rate.

1.2 Secondary processes

It is quite possible to have a reaction consisting of only nucleation and growth, but
the aggregation patterns of most amyloids have features that are not captured by this
simple model. This is manifested in a distinct lag phase, followed by a rapid accelera-
tion of growth which suggests a mechanism by which the existence of fibrils accelerates
the rate of further fibril formation. One such mechanism is fragmentation, the break-
ing of fibrils to create new growing ends (figure 2.1 C). This leads to a sharp increase
in growth rate since the fibril ends are the site where new fibril mass is being gener-
ated through elongation. New fibril ends can also be generated by catalysis on the
fibril surface (figure 2.1 D) in a process called secondary nucleation. This effect was
first described for protein systems in the aggregation of sickle cell hemoglobin [63],
but has been a well-known phenomenon in the crystallization of small molecules and
proteins for decades [64]. Several pathogenic amyloid systems have been demon-
strated to be heavily influenced by secondary nucleation, including Aβ42, where it
was found that the common practice of shaking the samples promoted fragmentation
while quiescent conditions made it possible to observe the predominance of second-
ary nucleation [60]. Other examples are Aβ40 [65], α-synuclein, [66], IAPP [67] and
insulin [68]. In contrast, functional amyloids that build up bacterial biofilms do not
have this growth profile because they employ imperfect repeats to counteract second-
ary processes [69]. It could be the case that the uncontrollable growth brought on
by autocatalysis is inherently detrimental to living systems and is by and large selec-
ted against, the pathogenic amyloids representing border cases that are barely stable
enough.
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2 Rate equations

Having identified the possible steps in the reaction, we can now formulate in math-
ematical terms how the system might evolve over time. We will begin by defining
some variables to describe the state of our system.

• m(t) is the concentration of peptides that exist as free monomers.

• M(t) is the corresponding concentration of peptides in the fibril state, also
known as the mass concentration of fibrils.

• P(t) is the number concentration of fibrils.

If we start from a pure monomer solution, m(t) will have some initial value, m0,
while M(t) and P(t) will start at zero. Primary nucleation will generate new fibrils at
a rate determined by the monomer concentration, m(t), the primary nucleation rate
constant, kn, and the primary nucleation reaction order nc.

δP
δt

= knm(t)nc (2.1)

Of course this process will also consume monomers and add to fibril mass, but this
contribution is small enough to be neglected. The process that is mainly responsible
for converting monomers to fibril mass is elongation which will do so with a rate
determined by the concentration of fibril ends, P(t), the elongation rate constant, ke,
and the monomer concentration, m(t).

δM
δt

= kem(t)P(t)

δm
δt

= −kem(t)P(t)
(2.2)

Fragmentation of fibrils will significantly increase the rate of aggregation by creat-
ing new growing ends at a rate proportional to the total fibril mass, M(t), and the
fragmentation rate constant, kf.

(
δP
δt

)
frag

= kfM(t) (2.3)

Secondary nucleation, finally, leads to a generation of new fibrils, and thus new grow-
ing ends, that depends on the secondary nucleation rate constant k2, the monomer
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(a) Variations in curve shape by increasing kf (b) Shift in monomer concentration depend-
ence by increasing kf

(c) Variations in curve shape by increasing k2 (d) Shift in monomer concentration depend-
ence by increasing k2

Figure 2.2: Numerical simulations of fibril formation in different regimes.

concentration, m(t), the secondary nucleation reaction order, n2 and the fibril mass
M(t):

(
δP
δt

)
sec

= k2m(t)n2M(t) (2.4)

The contributions of these different processes add up to create a differential equation
system that describes the time evolution of the fibril formation process. We can use
this to investigate how changing the influence of the different microscopic steps affect
the overall process, as shown in Figure 2.2. Panel (a) shows how the shape the of
the aggregation curve changes as we go from a reaction with only primary nucleation
and elongation (blue curve) to reactions with increasing rates of fragmentation (cyan,
green and red curves). Panel (c) shows the same for increasing rate of secondary
nucleation. In both cases the introduction of a secondary process creates a steeper
aggregation curve. Panels (b) and (d) show the time it takes for half of the monomers
to become incorporated into fibrils, denoted t1/2, as a function of initial monomer
concentration. The dotted lines represent a power function on the form:

t1/2 = A ∗ mγ
0 (2.5)

The scaling exponent, γ, describes how the rate of fibril formation depends on the
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monomer concentration. This makes it possible to quickly assess which microscopic
steps are of importance under a given set of conditions. In the case of fragmentation,
its rate does not depend on the monomer concentration, which leads to an overall
decrease in the monomer dependence of the reaction. This shows up in the flatter
t1/2-curves and decrease of |γ|. Secondary nucleation on the other hand is strongly
dependent on the monomer concentration and thus gives the opposite effect, with
steeper t1/2-curves and increasing |γ|.

2.1 Integrated rate law

In the end we want to arrive at a means to determine the individual rate constants,
kn, ke, kf and k2, in order to quantify the contributions of the different microscopic
processes. To facilitate this, the rate equations have been solved to create a single
master equation that describes the time evolution of fibril mass [70]:

M(t)
M∞

= 1 −
(

B+ + C+

B+ + C+eκt ·
B− + C+eκt

B− + C+

) k2
∞

κk∞
e−k∞t (2.6)

where
λ =

√
2k+knm(0)nc

κ =
√

2k+k2m(0)n2+1

B± = (k∞ ± k̃∞)/(2κ2)

C± = ±λ2/(2κ2)

k∞ =
√

2κ2/[n2(n2 + 1)] + 2λ2/nc

k̃∞ =
√

k2
∞ − 4C+C−κ2

(2.7)

Using this equation, and expansions of it, it has been possible to extract the indi-
vidual rate constants and how they change with conditions, and thus gain insights
into the aggregation mechanism. To facilitate this the online platform Amylofit was
developed, allowing large datasets to be uploaded and anlayzed by globally fitting the
models to the entire dataset and estimate the parameters [61].
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Figure 2.3: A: Heterogeneous primary nucleation may saturate as the available surfaces become increasingly covered.
B: Multi-step elongation may saturate as the fibril ends become increasingly occupied.
C: Multi-step secondary nucleation as the fibril surfaces become increasingly covered.

3 Saturation

3.1 Microscopic steps can be saturated

One of the early indications that secondary nucleation is an important contribut-
ing factor was the monomer concentration dependence, described by the scaling ex-
ponent. However, in several conditions it was observed that the scaling exponent
changes with monomer concentration, indicating saturation of secondary nucleation.
This was observed for Aβ40 [65], but also for Aβ42 at pH 7.4 [71] and at high ionic
strength [72]. In both experiment [65] and simulations [73] it seemed like the rate
of secondary nucleation depends on the fractional surface coverage of fibrils, making
it scale with concentration similarly to what is seen in Michealis-Menten kinetics, as
catalysis is preceded by the formation of a relatively long-lived enzyme-substrate com-
plex [74]. All monomer dependent steps can in principle be saturated in analogous
ways. Primary nucleation has been seen to saturate in the case of Aβ40 at pH 7.4
[62]. This saturation is most probably the result of heterogeneous primary nucleation
(figure 2.3 A) where the catalytic surface might be the air-water interface or the inside
of the reaction container. Even though there are many conditions where saturation
of primary nucleation is not observed it is very likely that the nucleation is surface
catalyzed also in those cases, only not to an extent that leads to detectable satura-
tion. Several studies have shown that elongation seems to be a multi-step reaction
involving attachment to the fibril end followed by a conversion step where it takes up
the structure of the fibril [75–78] (figure 2.3 B).
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(a) Effect on curve shape as ke saturates (b) Effect on t1/2 shape by saturation of ke

(c) Effect on curve shape as k2 saturates (d) Effect on t1/2 shape as k2 saturates

(e) Effect on curve shape as ke and k2 saturates (f) Effect on t1/2 shape as ke and k2 saturates

Figure 2.4: Numerical simulations of fibril formation as various processes are saturated.

3.2 A model of saturation

Saturation of microscopic steps can be accounted for using an analogy of Michaelis-
Menten kinetics (see box). In this, the rate constants of each process are replaced by
effective rate constants as follows:

k′n = kn
Knc

P
1 + Knc

P

k′+ = k+
KE

1 + KE

k′2 = k2
Kn2

S
1 + Kn2

S

(2.8)

Here, KP, KE and KS associated with the respective rate constants are analogous to
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the Michealis constant in that they are related to the affinity between the substrate and
the catalytic surface. These modified rate constants form the basis of a newly derived
version of the integrated rate law [62] :

M(t)
M∞

= 1 −
[
1 +

ϵ′

c′
(
eκ

′t + e−κ′t−2
)]−c′

(2.9)

where
ϵ′ =

k′nmnc
tot

2k′+k′2m
n2+1
tot

κ′ =
√

2k′+k′2m
n2+1
tot

c′ =
3

2n′2 + 1

(2.10)

The value of the affinity constants can change, both with peptide sequence and with
solution conditions, which will affect whether saturation effects are observable in a
given concentration span. Only if the value of KP, KE or KS fall inside the examined
concentration span can it be determined with any accuracy. If it is significantly below
the lowest concentration the process will be saturated through the whole range.If it
falls well above the highest concentration no signs of saturation will be detectable, as
is the case for Aβ42 at pH 8.0.

4 What happened to the oligomers?

The attentive reader might have noticed that, for all our talk of oligomers in the pre-
vious chapter, there is no mention of them in the model. The reason is that even
though the model describes multi-step processes, we do not explicitly add in all the
steps. Primary nucleation, for example, might require several stages of oligomerisation
and rearrangement, but the rate constant kn only reports on the net rate of formation
of growth competent species. Various intermediate forms created along the way are
only present in the model by their influence on the net rate. The same is true for
secondary nucleation.
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Chapter 3

Methods

1 Considerations when working with Aβ

Figure 3.1: ”The problem seems to be this green seed-pod
stuck in the transport mechanism”
Public domain illustration by AlfredWalter Bayes

The infamous difficulty in acquiring re-
producible results with Aβ aggregation
once earned it the moniker ”the peptide
from Hell”. It might be more accurate
to describe it as the molecular equival-
ent of the Princess and the Pea. As long
as it is payed attention to and doted on
it behaves amiably, but even the tiniest
perturbation might alter the outcome of
an experiment. In the last decade we
have seen that by carefully controlling
some key aspects of the reaction condi-
tions this chaotic streak can be managed
[59].

• Purity: The kinetics are extremely sensitive to the molecular purity of the sample,
even minute traces of contaminant proteins can disturb it. To alleviate this we
express the peptide recombinantly and purify it from inclusion bodies using
ion exchange chromatography and several rounds of size exclusion chroma-
tography. The purity of the final product is confirmed with SDS-Page, mass
spectrometry and finally we confirm that it gives reliable kinetics at the stand-
ard condition (pH 8.0, 20 mM phosphate) before using a batch for further
experiments.
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• Well defined starting conditions: In order to get meaningful kinetics steps must
be taken to ensure that the starting state is pure monomer. That means that
the purified peptide is dissolved in 6 M GuHCl and the solution run on a size
exclusion column, the monomer peak collected, immediately placed on ice and
used within a few hours. All solutions must be kept on ice at all times until the
start of the experiment.

• Surfaces: Since Aβ is very surface active it is important to control what types
of surfaces it is exposed to. For normal kinetic experiments we always use low-
binding, PEG-coated plates (Corning 3881) which have been found allow for
reproducible kinetics. In other experiments it is sometimes necessary to use
other types of reaction vessels, which tends to put the aggregation on a different
time scale and impair reproducibility.

• Careful handling - The sensitivity of primary nucleation to surfaces, and of
secondary nucleation and fragmentation to shear forces, also mean that careful
handling of the samples in all stages is of importance. This includes careful
pipetting to avoid the introduction of bubbles and to minimize shear forces.
This has proven especially challenging when dispensing solutions into deep
NMR tubes.

• Sample homogeneity: Many techniques pertaining to amyloid samples, both
analytical and preparative, assume that the protein concentration is homogen-
eous throughout the sample. Unfortunately this is rarely the case forAβ. Amyl-
oid fibrils, once formed, will tend to aggregate into higher order assemblies. In
cryo-EM samples of Aβ fibrils are often found in spherical clusters that can be
a few µm in diameter. In addition the fibrils tend to associate into clusters that
can get to large enough to be observable with the naked eye.

2 Thioflavin t

Apart from the actual amyloid proteins, Thioflavin t (ThT), is perhaps the most im-
portant molecule to the amyloid field. Initially used to stain amyloid material in
tissues [79], it has become the workhorse of amyloid kinetics after it was reported
that it can give a fluorescent signal proportional to the fibril concentration [80]. The
ThT molecule (Figure 3.2 (a)) consists of a benzothiazole ring and a benzyl ring con-
nected by a single carbon-carbon bond. In solution, the two rings can rotate freely
with respect to each other, allowing the molecule to dissipate energy and lowering the
fluorescence quantum yield. As ThT binds to amyloid fibrils the rings are locked into
place and the quantum yield increase (Figure 3.2 (b)).
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Figure 3.2: (a): The structure of the Thioflavin T molecule. (b):The fluorescence spectrum of Thioflavin T alone (grey line)
and in the presence of Aβ42 fibrils (black line).

If the assay is properly calibrated the fluorescence response is proportional to the total
fibril mass [59, 60]. However, there are cases where the presence of ThT itself may
interfere with the aggregation kinetics [81, 82] or where some aspect of the experi-
mental setup affects ThT fluorescence rather than the fibril formation. For each case
it is therefore important to confirm findings based on ThT fluorescence with inde-
pendent methods, and in general to have a good understanding of the experimental
system [83].
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Figure 3.3: Example of NMT spectra collected from a
sample of Aβ42 at different time points. The
depletion of monomer is detected as a uniform
loss of intensity.

Nuclear magnetic resonance (NMR)
spectroscopy is a very powerful tech-
nique with a vast number of variations
that can give information of molecular
structures and dynamics. On the most
fundamental level, NMR spectroscopy
employs a very strong magnetic field to
induce an enhanced energy difference
between the spin states of nuclei in the
sample. This difference can be probed
by a radio-frequency pulse. Each nuc-
leus in the sample contributes to a peak
at the frequency that corresponds to the
energy difference between its spin states.
Since the nuclei are partially shielded
from the external magnetic field by the
surrounding electrons the energy differ-

15



ence, and hence the peak position in the spectrum, is shifted by the particular chemical
environment of each nucleus, an effect which is aptly named the chemical shift. The
specific pattern of chemical shifts in a molecule contains a wealth of chemical and
structural information and can also be used as a fingerprint to differentiate molecules
in a sample.

NMR spectroscopy can be used follow amyloid aggregation. The intensities of the
peaks with the chemical shift known to represent the methyl protons of the peptide
are integrated to get a measure of the protein concentration in solution. Over the
course of the aggregation reaction the peptide monomers are depleted from solution
and thus the intensity is reduced (Figure 3.3). By collecting spectra at intervals over
a time course the kinetics of monomer depletion can be tracked. This technique is
a powerful complement to the ThT assay, as it is label free and gives information on
a different aspect of the aggregation process, monomer concentration as opposed to
fibril mass concentration. The main limitations are that it is typically limited to one
sample at a time and that relatively high protein concentrations are required to get a
sufficient signal.

4 cryo-EM

In transmission electron microscopy an image is created by shooting a high energy
electron beam through a sample and measuring the transmitted electrons. In order
for this to be possible the sample must be solid and very thin and be kept at low
temperature and in a high vacuum. cryo-EM allows liquid samples to be analyzed in
TEM by freezing them in a thin slab at ultra-low temperatures. The sample is first
deposited on a thin carbon film with a large number of holes, mounted on a copper
grid. The sample is then carefully blotted to remove excess fluid and rapidly plunged
into a bath of liquid ethane. This rapid freezing is required to avoid the formation of
crystalline ice that would otherwise interfere with imaging. The rapid freezing also
allows components of the samples to be frozen in place with minimal perturbations
before imaging, providing a snap-shot of the process under investigation.

5 Automated creation of dilution series

Out of the previously mentioned need for controlled and reproducible sample pre-
paration was born the idea of an automatic dispenser to set up concentration series.
While there are many commercially available pipetting robots none of them worked
in quite the way needed to create dilution series for aggregation assays, so in the end
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Figure 3.4: Linear dilution series of fluorescent dyemade by the GraDis dispenser robot. The highest volume of dispensed
dye solution going from 100 to 0 µl with steps of 4.3 µl (A), 10 to 0 µl with steps of .43 µl(B), 1 to 0 µl with
steps of 0.04 µl (C), into a total volume of 100 µl.

one was constructed in-house. The device, called GraDis, consists of two step-motor
controlled syringes which are connected to a dispenser head mounted on a movable
arm. The user can design a desired concentration series to be dispensed into a 96-well
plate.

Before GraDis was used for amyloid aggregation kinetics a large number of test rounds
were performed using a fluorescent dye, pyranine, confirming that the delivered con-
centrations were accurate and reproducible. After several rounds of optimization and
troubleshooting the dilution series in figure 3.4 could be produced, showing that the
resulting concentrations retained linearity even when the dispensed volumes differed
by as little as 40 picoliters.

17





Chapter 4

Discussion of the papers

Here we will take a closer look at the papers and discuss some of the main findings
within, with a focus on how they add to our understanding of secondary nucleation.
In Paper I we follow aggregation kinetics in human cerebrospinal fluid, showing that
secondary nucleation remains a significant part of the aggregation mechanism in this
complex environment. In Paper II we use NMR and cryo-EM to uncover an interme-
diate state were fibrils are transiently covered in dense, non-fibril protrusions, which
seem to be the result of heavily saturated secondary nucleation. In Paper IV we fol-
low aggregation kinetics over a wide range of pH, showing that decreasing pH seems
to lead to saturation not only of secondary nucleation but also of other microscopic
steps. In Paper V we follow aggregation kinetics over a span of different temperat-
ures to determine the thermodynamic signatures of the different microscopic steps.
Remarkably, we find that the energy barriers in secondary nucleation has a distinct
profile from those of elongation and primary nucleation, a fact which might stem
from the influence of fibril surface coverage. Since Paper III did not contain any
novel data, but rather summarized our understanding at the time and ended with a
number of open questions I will save that for the next chapter.
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1 Paper I

The highly idealized conditions typically used to generate accurate and reproducible
aggregation kinetics are a far cry from the highly complex environment where Aβ
aggregates in vivo. In the biological setting there is a myriad of other proteins at
very high concentrations, leading to molecular crowding and a wealth of potential
interaction partners. Surfaces, mostly in the form of lipid walls of cells and organelles,
are also ubiquitous. In addition, various ions are present at high concentrations. All
of these factors are known to affect the aggregation pathway of Aβ to various degrees,
and they all add up to a net effect which is effectively impossible to predict. In order
to bridge this gap and connect the findings made in vitro to biologically relevant
conditions we performed a series of experiments where we followed the aggregation
of Aβ42 in human cerebrospinal fluid (CSF).

We established that Aβ42 does aggregate in CSF and that the aggregation, like in
buffer, gives a measurable ThT signal. cryo-EM experiments confirmed that fibrils
were formed with a morphology similar to those formed in pure buffer.
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Figure 4.1: Left: t1/2as a function of increasing CSF concentration. Right: t1/2 as a function of Aβ42 concentration at
four different concentrations of CSF.

The effect of increasing percentage of CSF on the aggregation rate of a fixed Aβ42
concentration was measured. The t1/2 of the reaction increased with increasing CSF
concentration, showing that the net effect of all components in CSF was retarding
fibril formation. The precise pattern of this retardation varied between batches of
CSF, some displaying a smooth increase reminiscent of a Langmuir binding isotherm
(Figure 4.1, left), others having a less coherent appearance, but in all cases the overall
trend persisted.
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In order to assess the more detailed effects on the mechanism we also performed a
series of experiments at constant CSF concentration and varying initial concentration
of Aβ monomer. The concentrations of CSF were chosen, based on the previous
experiments, to be 0, 15, 32 and 66. The buffer conditions were chosen to
allow the buffer to be mixed with CSF in different ratios without creating any major
shifts in ionic conditions. We thus used 140 mM NaCl and 1 mM CaCl2. Hepes was
used as a buffer to avoid the tendency for precipitation with Ca2+ associated with
phopshate buffers.

Again the overall aggregation rate decreased with increasing concentration of CSF
(Figure 4.1, right). When analyzing the data using the global fitting methodology
described in Chapter 2 we found that the the model based on saturating secondary
nucleation provided the best fit to the data at all CSF concentrations. Curiously,
the most challenging condition from a data analysis perspective was the pure buffer,
in order to achieve acceptable fits for this condition the reaction order of primary
nucleation, nc, had to be set to effectively 0. In other words, it seems like primary
nucleation was fully saturated in this condition, which sets it apart from the previously
studied systems, but the cause of this effect is not completely clear. The increased
ionic strength could be partially responsible, as investigations at this and higher ionic
strength has shown that secondary nucleation becomes increasingly more saturated,
but reported no signs of saturation of primary nucleation [72]. Another possible
candidate is calcium since studies have found it to accelerate amyloid aggregation
[84].

In all conditions the affinity constant for secondary nucleation, KS, (in the paper given
as KM, since at the time it was the only affinity constant under consideration) is well
below the lowest Aβ concentration used in the study. This means that we cannot get
an accurate measure, either of KS or k2, the rate constant of secondary nucleation, but
only their product. Because of this we cannot completely disassemble the effects of
CSF on the secondary nucleation, but the general trend is a decrease in the effective
secondary nucleation rate with the addition of CSF.

In conclusion we note thatAβ42 aggregates in CSF and forms fibrils following kinetics
that can be described by the same mechanistic model as has been established in a pure
buffer system. Secondary nucleation remains a major source of new fibrils, albeit
at a reduced rate. The system starts off heavily saturated and grows less so with the
addition of CSF which is in agreement with the effects of a competitive inhibitor.
These findings can help to focus the design of experiments to identify the various
molecular components responsible for these effects.
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2 Paper II

This project started out with the aim to follow the consumption of Aβ42 monomers
using NMR spectroscopy, as a complementary method to the standard ThT fluores-
cence assay. The overall trend, unsurprisingly, was that the monomer was depleted
from solution at a rate that increased with decreasing pH (Figure 4.2. However, at
pH 6.8 a curious effect appeared, the aggregation started off fast, only to slow down
after approximately 10 h and the speed up again after 20 h. This behaviour was further
accentuated with decreasing pH, with a very sharp initial drop followed by a slow drift
towards the baseline. In order to get a better picture of what might be happening,
samples were withdrawn from the ongoing reaction at pH 6.8 and investigated with
cryo-EM. Samples were taken after 10 h and 30h, to investigate the beginning of the
first plateau and the end state. The images from the 10 h sample revealed a second
surprise, a dense covering of curly filaments protruded from the surface of all fibrils.
In the end state the protrusions were gone and only typical amyloid fibrils could be
found.
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Figure 4.2: (a): Aβ42 monomer concentration over time as monitored by NMR signal intensity at different pH
(b):cryo-EM image taken after 2h at pH 6.8

In a series of follow up experiments additional time points were collected. It was found
that the protrusions can be observed as early as after 2 hours but with less dense cov-
erage. When studying the reaction in the presence of the chaperone domain Brichos,
known to inhibit secondary nucleation [85], the surface coverage was markedly de-
creased and instead a large number of free-floating oligomers were observed. In a set
of seeding experiments, where we added Aβ40 fibrils to Aβ42 monomers, the degree
of coverage was also decreased, in keeping with the established absence of surface nuc-
leation between Aβ40 and Aβ42 [86]. We finally attempted to seed the solution with
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fibrils of Aβ(M1-42) that had been truncated using the GluC protease, yielding pep-
tides of Aβ(12-42). With these seeds again the surface coverage seemed diminished,
suggesting that the N-terminal part plays a role in attachment.This too, is in keeping
with other studies, where altering the sequence of the N-terminal part of Aβ has a
marked effect on secondary nucleation [87]. Overall we could see that the surface
coverage was diminished in conditions of suppressed secondary nucleation.

Putting the findings in the perspective of our earlier description of multi-step sec-
ondary nucleation it seems quite probable that the structures observed here are the
result of heavy saturation. As the pH decreases the net charge of the Aβ peptide is
also reduced (less negative), leading to weaker electrostatic repulsion and giving the
monomers a higher affinity for the fibril surface. Based on the appearance of the
buildup on the fibril, it is likely that the process is stalled after oligomer formation
but before detachment and structural conversion. Gaining further insights into the
structure of the attached oligomers would do much to clarify this picture, especially if
they could be compared with any of numerous other prefibrillar aggregates that have
been reported.

There is also ongoing methods development to find a more quantitative method to
follow the growth and disappearance of these intermediate structures. The aim is
to investigate a range of different fluorescent probes, called luminescent conjugated
oligothiophenes (LCOs) that have been reported to have differential affinities to dif-
ferent species throughout the aggregation pathway [88–90]. With a more facile and
quantitative approach to complement the cryo-EM experiments we aim to continue
elucidating the determinants and time evolution of this phenomenon.
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3 Paper IV

This study aims to systematically investigate how the aggregation mechanism of Aβ42
changes as a function of pH. The approach is similar to previous work on the effects
of ionic strength [72] where the fibril formation process was followed across a wide
span of NaCl concentrations. The motivation comes partly from the direct interest
in the mechanism of fibril formation in mildly acidic conditions, as these might be
relevant to the in vivo aggregation of Aβ, due to the link between Aβ aggregation and
the endo-lysosomal pathway [91–94].

The other aim is to extend the general mechanistic understanding of the fibril form-
ation process. Several previous studies have already shown that Aβ forms aggregates
faster at lower pH [95–100]. There have also been findings showing an increased
toxicity from those aggregates [101]. By altering the pH step-wise we hope to build
a continuous mechanistic map from the well-known mechanism at pH 8.0 [60] to
conditions where our current understanding is limited. Hopefully, other difficult to
understand cases could then be placed on this map, allowing us to further connect up
the previously so disjointed landscape of amyloid aggregation.

Table 4.1: The scaling exponent, γ, calculated from t1/2 in figure 4.4A

pH: . . . . . .
γ: -. -. -. -. -. -.

The initial experiments have consisted of unseeded kinetics of Aβ42 aggregation, car-
ried out at six different pH values, ranging from pH 6 to pH 8.5. By and large, we
found and overall increase of the rate of aggregation with decreasing pH. This was
accompanied by a flattening of the monomer concentration dependence, as repor-
ted by t1/2, (Figure 4.4A, table 4.1) suggesting that saturation effects become more
prominent. Especially at pH 6.0, with a γ of -0.1, the monomer concentration of
t1/2 is almost completely gone. There are also effects on the curve shape, at pH 6.5
the highest concentrations have almost identical slope and lag phase, leading to an
overlap of the curves. Since monomer seems to be consumed at the same rate, and in
the higher concentrations there is more total monomer to start with, this means that
at the higher concentrations it actually takes longer to complete the reaction (Figure
4.3B) leading to an upturn in the t1/2-curve (Figure 4.4B). At pH 6, the curve shape
is more perplexing. Over the time course of the aggregation the slope of the ThT-
curve decreases significantly, an effect that would normally be interpreted as a strong
dependence on monomer concentration (Figure 4.3C). However, since the rate of
the different reactions scales very weakly with initial monomer concentration, some
other effect must be in play here. It is interesting to compare with work done on a
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different amyloid system, GLP-1, where a very similar kinetic profile was observed
in a pH-dependent manner, and was linked to the rapid early formation of a high
concentration of oligomers [102]. Comparing also with our previous studies on Aβ42
monomer depletion in Paper II, we see there a very rapid initial drop in monomer
concentration followed by a slow depletion of the last portion over the course of sev-
eral hours.

The effects seen this far can mostly be rationalized in terms of saturation effects
brought on by an increased affinity of monomers for the various catalytic surfaces
as electrostatic repulsion is reduced. Future experiments will be aimed at further dis-
secting these effect. Surface binding experiments with SPR can give independent
measures of the surface affinity constants and mass spectrometry and size exclusion
chromatography, possibly in conjunction with cross-linking could be employed to
investigate early oligomer populations.
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(a) pH 8.0

(b) pH 6.5

(c) pH 6.0

Figure 4.3: ThT fluorescence curves at three different pH. Initial monomer concentrations are 0.8, 1.1, 1.4, 1.9, 2.5, 3.5,
4.5 and 6 µM.
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(b) t1/2 as a function of pH at 6 µM initial monomer concentration.
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(c) t1/2 as a function of pH at 0.8 µM initial monomer concentration.

Figure 4.4: Summary of t1/2as a function of concentration and pH
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4 Paper V

In this work the fibril formation of Aβ42 was studied at a range of different temperat-
ures in order to determine the temperature dependence, and thus the energy barriers,
of the microscopic steps, primary nucleation, secondary nucleation and elongation.
Using a combination of seeded and unseeded kinetics the individual rate constants,
ke, k2 and k+, could be determined at each temperature.

The temperature dependence of a rate constant is expected to follow the Arrhenius
equation:

k = A exp
(
−ΔG‡Θ

RT

)
(4.1)

where A is a prefactor, R is the universal gas constant, T is the temperature an ΔG‡Θ

is the height of the highest energy barrier along the reaction pathway compared to the
initial state. From this the contributions from enthalpy, ΔH‡Θ, and entropy, ΔS‡Θ,
could be determined using ΔG‡Θ = ΔH‡Θ − TΔS‡Θ.

As might have been expected, the overall rate of aggregation increased with increas-
ing temperature. As can be seen in figure 4.5 this was the result of an increase in the
rate constants of primary nucleation and elongation. The rate constant for secondary
nucleation, in contrast, displayed a very flat dependence on temperature. When ex-
tracting the energy barrier components (listed in table) it is revealed that while both
kn and k+ are associated with an enthalpic barrier while being favoured by entropy,
the reverse is true for k2 (Table 4.2). The increased relative influence of secondary nuc-
leation becomes strikingly visible when comparing the shapes of the curves generated
at the same concentration at different temperatures (Figure 4.6). As the temperature
is decreased, the lag phase becomes much longer, but once the reaction takes off the
increase is very sharp.
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Figure 4.5: Arrhenius behaviour of the microscopic rate constants for Aβ42 aggregation. a: k+ as determined by heavy
seeding experiments. b, c: Combined rate constants k+kn and k+k2, respectively. d: The individual rate
constants calculated from k+ and the combined constants. Figure adapted from Paper V

Figure 4.6: Comparison of the curve shapes at different temperatures. (a) between 29◦C and 45◦C. (b) between 10◦C
and 45◦C.
Decreasing temperature gives sharper curves as the relative influence of secondary nucleation gets more
prominent, compare figure 2.2C. Figure adapted from Paper V
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Table 4.2: The derived free energy barriers and their enthalpic and entropic components for the different microscopic
steps. Entropy term given at T = 298 K.

Elongation Primary nucleation Secondary nucleation
ΔH‡Θ (kJmol−1) ±5 ± -± 
T ΔS‡Θ(kJmol−1) ±5 ± -±8
ΔG‡Θ (kJmol−1) ±1 ±2 ±2

In an effort to dissect the different effect of temperature on the composite steps of
secondary nucleation SPR binding experiments were performed, revealing that the
fractional surface coverage increased at lower temperatures. We have seen previously
that the surface coverage of fibrils can work in an analogous way to the fractional site
occupancy in enzyme kinetics. It then seems to be the case that the actual conversion
steps in secondary nucleation can have a similar energetic profile to those in primary
nucleation and the main driver behind the increased relative prominence of secondary
nucleation is the favouring of the fibril-associated state in colder solutions.
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Chapter 5

Outlook

”And still I am there falling, down in this evil pit
But until I hit the bottom, I won’t believe it’s bottomless”

The Handsome Family: The Bottomless Hole

The aggregation pathway of amyloids and their role in disease has proven to be im-
mensely complex. The literature on the subject can often seem labyrinthine, vast,
and at many points rife with conflicting evidence. However, through a massive effort
of thousands of researchers we are moving forward. For example, when it comes to
the role of secondary nucleation, the image has gradually been growing more clear.
In Paper III, in 2018, we formulated a number of questions pertaining to secondary
nucleation. Even in the relatively short time that has passed since then, in some cases
we are closer to an answer, and in some cases the questions themselves have become
better defined. In this final chapter I will go through the questions again and discuss
them in the light of new evidence, some of which is presented in the earlier chapters
of this book.

1 Does secondary nucleation happen along the fibril sides?

The involvement of the fibril sides in secondary nucleation is at this point well sup-
ported. In Paper III we mentioned evidence based on secondary nucleation being
selectively suppressed by molecules that bind to the fibril surface, such as Brichos [85]
and antibodies [103, 104]. We also discussed evidence based on microscopy [66, 105],
including the microscopy images in Paper II. In addition to this, it is a recurring
theme throughout several studies that the effective rate of secondary nucleation scales
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with the degree of surface coverage of fibrils. It seems like, no matter the nature of the
following catalytic steps, attachment to the fibril surface is crucial in setting the pace
for secondary nucleation. This also means that preventing surface attachment remains
a valid approach to break the aggregation feedback loop and reduce the generation of
oligomers.

2 Does secondary nucleation occur at defined sites or is it a
diffuse process?

The precise nature of the catalytic sites along the fibril sides is more difficult to de-
termine and remains an open question. The short structural repetition distance along
fibril structures, the separation between two beta strands, would speak for overlapping
sites or more diffuse character. On the other hand, it is also plausible that structural
defects along newly formed fibrils serve as catalytic sites, in which case they would be
more distinct in nature. Structural studies of the interaction between fibrils and at-
tached species are challenging due to the heterogeneous and transient nature of such
samples, but the findings in Paper II provide a promising starting point for future
studies.

3 Does secondary nucleation involve the highly ordered fibril
core structure or the flexible termini that decorate the fibril?

Recent work on variations in the amino acid composition and sequence in the N-
terminal part of Aβ [106] as well as on variations in charge in the same region [87]
has shown that the N-terminus does indeed act as a modulator both of the rate and
specificity of secondary nucleation. This is partly backed up by our findings in Paper
II, that surface coverage of wt Aβ42 is diminished on N-terminally truncated fibrils.
However, the lack of cross nucleation between Aβ40 and Aβ42 [86], which have an
identical N-terminal, suggests that the core region is also critical. In addition, recent
work on mutations on exposed residues in the fibril core region has revealed that this
too can act as a determinant of specificity by way of modulating the core structure
[107]. It would seem like control over secondary nucleation is not a feature that is
exclusive to one specific part of the protein.
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4 Do oligomers form in solution or at the fibrils surface?

There is no doubt, of course, that prefibrillar oligomers can form spontaneously in
solution. The question is whether such oligomerization necessarily precedes attach-
ment to the fibril surface. In Paper III, we referred to a simulation made in a minimal
system wherein Lennard-Jones particles at an intermediate level of supersaturation
tended to form unstructured oligomers that would , on contact with a crystal sur-
face, take up the structure of that crystal [108]. The net effect of such a mechanism
would be to reduce the number of oligomers in solution. In amyloid aggregation the
reverse seems to be the case, making it more likely that the net flow of the reaction is
attachment of monomers and release of oligomers.

5 Does structural conversion happen before or after detach-
ment?

The circumstances of structural conversion is a crucial question as it relates to the
nature of the species that are released from the fibrils, yet this remains a difficult ques-
tion. Investigations into the time evolution of oligomer populations have shown a
profile that suggests that fibrils can release of oligomers that have not yet undergone
structural conversion into an elongation-competent form [109]. However, these re-
leased species are not in themselves a product of secondary nucleation. As mentioned
at the end of chapter 2, the secondary nucleation rate constant reports on the net pro-
duction of fully converted species, a process which may contain several steps. If the
release of unstructured oligomers represent one of these steps, or happens in parallel
to secondary nucleation, remains to be determined.

However, it is not clear whether the released oligomers undergo structural conversion
in solution, subsequent to release, or structural conversion takes place on the fibril
surface in parallel to the release of unstructured oligomers. The main challenge in
settling this question is that once structural conversion has taken place the resulting
species will rapidly elongate and become indistinguishable from other fibrils.

6 What is the driving force for detachment?

Since amyloid fibrils characteristically do not branch it is clear that secondary nuc-
leation involves detachment from the parent fibril. In addition, elevated oligomer
populations would not be detected were it not for efficient detachment. Efficient
catalysis requires an intermediate affinity between the substrate/product and the cata-
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lytic surface strong enough to promote binding, but not so strong as to impair release
[73]. Paper V shed some light on the energetics of secondary nucleation, revealing
that the net free energy barrier for secondary nucleation is entropic in nature, with a
favourable enthalpic term. However, it was further seen that this profile is determined
by the attachment to the fibril surface, the subsequent steps have a thermodynamic
signature that is similar to that of primary nucleation, suggesting that the driving
forces could be similar. It has been speculated that shear forces might enhance the
rate of secondary nucleation by speeding up the release, but in the case of amyloid
formation this remains to be tested .

7 Is secondary nucleation the origin of strain propagation?

Connected to the nature and circumstances of structural conversion is the question of
whether the products of secondary nucleation take up the fold structure of the parent
fibril. It seems plausible that structural conversion on the fibril surface would indeed
propagate structure, but if the conversion happens in solution this is more difficult to
imagine. Experiments have shown that when cross-reacting Aβ40 and Aβ42, parent
fibril structure is propagated through elongation, but not through secondary nucle-
ation [110]. Similarly, in work on α-synuclein, where different folds are favoured by
different solution conditions, has shown that surface catalyzed aggregates do not take
on the structure of a parent fibril made in a different condition [111].

8 What is the role of secondary nucleation in amyloid patho-
logy and spreading?

This final question is the one that motivates all the others and it remains a chal-
lenge.We have seen that secondary nucleation can act as a major source of oligomers
and that these can be toxic. We have also seen, in Paper I, that secondary nucle-
ation remains active in human CSF. We have also seen, in papers II and IV, that the
aggregation propensity of Aβ can be enhance by altering solution conditions, provid-
ing a possible explanation of how aggregation may extend into the typically much
lower peptide concentrations in vivo. In conclusion, exploring secondary nucleation
remains a promising approach for uncovering the molecular mechanisms of patholo-
gical amyloid formation.
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