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Abstract

Amyloid-β (Aβ) is a disordered peptide that aggregates to form amyloid fibrils, and non-amyloid assem-

blies such as globular oligomers and protofibrils. Many Aβ assemblies are neurotoxic, playing a key role

in the onset of Alzheimer’s disease. Mathematical analyses of Aβ self-assembly have shown that amyloids

first form by primary nucleation, and then grow by progressive incorporation of monomers into the fibril

structure; in addition, existing fibrils catalyse secondary nucleation events that result in positive feedback

and the exponential accumulation of toxic oligomers. However, the mechanisms of primary and secondary

nucleation and the structural characteristics of secondary oligomers remain unclear. In addition, current

mathematical models fail to produce the correct scaling behaviours under physiological conditions, pointing

to critical flaws in their description of self-assembly.

In this study, a combination of experimental biophysics and mathematical modelling was used to investi-

gate Aβ aggregation. Both primary and secondary nucleation were found to be surface-catalysed multi-step

processes, involving at least two stages: surface-dependent condensation to form a partly ordered interme-

diate, and slow conversion to an amyloid state. The results suggest that diverse surfaces may catalyse nucle-

ation and oligomerisation in vivo, and different surfaces may condition the populations of toxic oligomers

that are formed. In addition, secondary oligomers, which are usually rare but toxic species, were found to

accumulate to high levels at physiological ionic strength. These oligomers are partly ordered, and appear to

contain fibril-like structural motifs, suggesting a possible mechanism for secondary nucleation. Moreover,

existing mathematical models fail to describe the self-assembly kinetics because they neglect nucleation

intermediates, a conclusion that is relevant to other diseases caused by amyloid formation, such as Parkin-

son’s and Huntington’s disease. Thus, to accurately describe amyloid formation and oligomerisation in vivo,

future mathematical models must incorporate multi-step nucleation with large populations of intermediates.
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Mathematical Notation

Wherever possible, mathematical notation has been chosen to be as similar as possible to that used by

existing studies in the literature. In particular, much of the notation is based on the conventions used by

Knowles et al. [1–6] and Hong and Yong [7]. However, as the work in this thesis covers several fields

of study, changes have been made to some of the notation to avoid certain conflicts. In addition, changes

have been made to ensure that the notation is consistent with that used by Taylor et al. [8], the analytical

results of which are discussed in Chapter 5. In line with the recommendations of the American Physical

Society, the binary operators ∝, ≈, and ∼ are used to mean ‘proportional to’, ‘approximately equal to’,

and ‘approximately or asymptotically proportional to’, respectively. In addition, unary ∼ is used to denote

approximate values. The most commonly used mathematical symbols in this thesis are outlined below; those

that appear infrequently are omitted from this section, but are defined elsewhere at the point of use.

c Molar concentration (M)

c∗ Critical concentration for stability of a species (M)
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Chapter 1

Introduction

1.1 Overview of amyloids

Amyloids are fibrous, highly ordered assemblies of protein (Fig. 1.1) whose formation is associated

with over fifty human diseases [9], including Alzheimer’s disease (AD) [10–14], Parkinson’s disease (PD)

[15], and Huntington’s disease (HD) [16]. These diseases, which are collectively termed amyloidoses, are

often chronic, debilitating, and ultimately fatal. Many amyloidoses are age-related illnesses, and due to the

increase in global life expectancy since the start of the twentieth century, they are rapidly becoming leading

causes of death and disability worldwide [17–19]. Moreover, due to their severity and chronic nature,

amyloid diseases impose a significant economic burden; the annual cost of AD was recently estimated at

$34.7 billion in the UK [20] and $305 billion in the US [21], and the latter figure does not account for the

substantial additional role of unpaid carers. As the global population continues to age, amyloid diseases are

predicted to take centre stage as the predominant cause of age-related morbidity, and a significant barrier to

further global development [17–19].

There is an urgent need to develop better treatments for these diseases. While the majority of therapeutic

candidates to date have been targeted to specific amyloid-forming proteins, it is becoming increasingly clear

that many diseases are characterised by the simultaneous formation of amyloids by several different proteins.

For example, in addition to the well-established role of the amyloid β-peptide (Aβ) [10–13] and Tau [22] in

the onset of AD, two other amyloidogenic proteins, α-synuclein (α-syn) [23–25] and the mammalian prion

protein (PrP) [26], are also believed to be involved. Similarly, while α-syn is the primary amyloidogenic

protein associated with PD [15], a role for Aβ is also supported [27]. In contrast to non-pathogenic protein

polymerisation in which proteins typically adopt a limited range of conformational states, amyloid formation

is also notoriously polymorphic, with a single primary sequence able to give rise to a wide variety of distinct

amyloid and amyloid-related protein structures [28] (Fig. 1.1(b)). The heterogeneous and polymorphic
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Figure 1.1: Basic characteristics of amyloid fibrils. (a) Negative stain electron micrograph of amyloid

fibrils, superimposed with a simplified schematic of an amyloid fibril, showing a twisted ribbon of inter-

molecular β-sheets. Own image, with acquisition methods described in Section 2.7. (b) A simplified free

energy surface of protein folding, misfolding, and amyloid formation. Different wells correspond to differ-

ent conformational/aggregation states. The free energy of aggregates is concentration-dependent, so they

are less stable at lower concentrations, as shown by the dashed lines and green arrow on the right of the

free energy surface. Unfolded monomers are situated around the periphery of the folding funnel. There are

multiple wells corresponding to different amyloid fibril polymorphs, with distinct structures but in principle

the same primary sequence. Panel (b) is based on a similar figure in Hartl and Hayer-Hartl [30], but re-made

to represent the concentration-dependence and polymorphism of protein aggregation.

nature of amyloid self-assembly presents a considerable challenge to traditional therapeutic approaches that

target a limited variety of protein structures. Thus, while studies of individual amyloid species have provided

crucial insights into disease mechanisms, more effective treatments for many amyloid diseases are likely to

require general therapeutic approaches capable of targeting a variety of different amyloids; this, in turn,

requires a general and rigorous theory of the underlying self-assembly process [9, 29].

At the same time, it has become apparent that amyloid self-assembly is a topic well-suited to yielding

general physical principles [9]. Amyloid formation is not restricted to a small number of disease-causing

proteins; it is a near-universal property of polypeptide chains [31]. The cross-β structure that is character-

istic of amyloids, which consists of a continuous intermolecular β-sheet spanning the entire length of the

filament [32, 33] (Fig. 1.1(a)), has now been induced in many non-pathogenic proteins [31, 34, 35], ho-

mopolypeptides [36], demonstrating the lack of requirement for a specific primary sequence, and even in

non-polypeptide amphiphilic polymers [37]. Moreover, the physiological concentrations of many proteins

are now understood to lie above their critical concentration for amyloid formation, meaning that the native

state is often a metastable phenomenon [38, 39]. A schematic of the position of amyloid fibrils in protein
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folding free energy surfaces, and the effect of concentration on amyloid stability, is shown in Fig. 1.1(b).

The fact that such a diverse range of polypeptides can all adopt the cross-β structure has profound implica-

tions for our understanding of protein folding and disease. Amyloids require a more nuanced interpretation

of Anfinsen’s dogma [40]; the native state does not necessarily represent the universal thermodynamic min-

imum under physiological conditions [38, 39, 41], and given the existence of amyloids and their frequent

polymorphism, the primary sequence does not uniquely determine the fold [28, 41]. More saliently for

the study of human disease, the universality of the cross-β structure also offers the promise of developing

broad-spectrum therapeutics that can be used to treat a range of amyloidoses, including those complicated

by heterogeneity and structural polymorphism [42].

Interest in amyloids extends beyond their role as toxic or non-functional aggregates. Given the ubiquity,

stability, and ease of assembly of the cross-β structure, it is unsurprising that many amyloids are now also

understood to have biological functions [41]. Perhaps the most famous example is Curli, a Gram-negative

bacterial adhesion protein [43]; however, many more examples of functional amyloids have now been found.

These include yeast prions such as Sup35p [44, 45], Ure2p [46], and HET-s [47], and the human protein

Pmel17 [48], which is involved in melanin biosynthesis. Thus, the ability to modulate amyloid formation

may have far-reaching consequences for the treatment of a wide variety of illnesses. In addition, artificial

amyloids are increasingly being investigated as potential biomaterials, due to their ease of assembly, rigidity,

high tensile strength, and capacity to host large arrays of repeating functional units [41].

In addition to well-developed, ordered amyloids, there has been considerable interest in the metastable

aggregate states populated during amyloid formation (Fig. 1.1(b)). These may be situated on- or off-pathway

to true amyloids, and are given various names such as oligomers, spheroids, and protofibrils, depending

on their gross morphology (Section 1.4). Many of these prefibrillar assemblies exhibit marked cytotoxi-

city [49]. For example, oligomers of the Alzheimer’s-associated Aβ peptide have been shown to inhibit

neuronal long-term potentiation (LTP) in rodent models [50], and oligomers of Aβ, α-syn, PrP, and several

other amyloidogenic polypeptides have been shown to permeate membranes in a manner similar to bacterial

pore-forming toxins [51]. Thus, there is growing evidence that pathology in some amyloidoses is largely

due to the species formed during amyloid self-assembly, rather than mature amyloids [49]. Nonetheless, the

pathways by which amyloids, oligomers, and other related species form are intricately linked, and autocat-

alytic processes such as fibril fragmentatation and secondary nucleation have been shown to generate toxic

oligomers in a fibril-dependent manner [52–56]. Therefore, a detailed understanding of the mechanism and

kinetics of the entire self-assembly pathway is needed to design effective therapeutics for amyloidoses.

The aim of this literature review is to provide a general overview of the structural biology and bio-

physics of amyloids, with particular attention to their formation mechanisms, and the implications of these

mechanisms for the macroscopic self-assembly kinetics in both experimental and physiological contexts.
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Particular emphasis is given to the Alzheimer’s Aβ peptide, the model system used in this thesis. However,

as argued above, amyloid formation is a field both in need of and well-suited for obtaining general physical

principles. Therefore, the conclusions of this thesis are likely to be relevant to other amyloids, and studies of

other amyloidogenic polypeptides can shed light on Aβ self-assembly mechanisms. As such, this literature

review has a broader scope, examining the general characteristics of amyloid structure and self-assembly,

and their underlying biophysical explanations.

1.2 Alzheimer’s disease and the amyloid β-peptide

Aβ is a disordered, amyloidogenic peptide that is believed to play a causal or contributing role in the

onset of Alzheimer’s disease (AD). AD is the most common form of dementia, and affects around 50 million

people around the world, a number that is predicted to increase to over 130 million by 2050 [18]. At present,

AD is incurable and the efficacy of treatments is poor; therefore, the mechanisms of AD pathology remain

the subject of intense research. Two of the most promising therapeutic targets for AD research are Tau

and Aβ, amyloidogenic polypeptides whose aggregates are the dominant constituents of the intracellular

neurofibrillary tangles and extracellular plaques considered characteristic of AD histopathology, respectively

[57]. Aβ, the dominant component of the plaques, is derived from the amyloid precursor protein (APP), a

transmembrane protein whose extracellular domain is cleaved by β-secretase and γ-secretase to release

Aβ into the extracellular environment, where it then aggregates [58]. Mutations in APP and the presenilin

genes, which encode parts of the γ-secretase complex, are strongly associated with hereditary and early-

onset AD [59, 60], and an increase in copy number of the APP gene has been implicated as the cause of

high rates of AD in people with Down’s syndrome [61]. During Aβ production, β-secretase cleavage forms

the N-terminus and γ-secretase cleavage forms the C-terminus of the peptide, and both proteases have

variable cleavage sites giving rise to several Aβ isoforms whose terminal regions have different lengths. In

vivo, the most abundant isoforms are Aβ(1-40), Aβ(1-42), and Aβ(11-42). The majority of Aβ isoforms

aggregate to form amyloid fibrils and a variety of metastable, non-amyloid aggregates, but the Aβ(1-42) and

Aβ(11-42) isoforms are more amyloidogenic than Aβ(1-40), and are considered to be more toxic [58, 62].

While evidence for direct toxicity of the amyloid fibrils formed by Aβ is scarce, prefibrillar oligomers have

been shown to have a wide range of toxic effects. These include damage to lipid membranes [51, 63–68],

activation of the N-methyl-D-aspartate receptor (NMDAR) [69], and induction of Tau hyperphosphorylation

[70]. Thus, Aβ oligomer preparations are highly neurotoxic [71, 72], and oligomers are believed to be

responsible for a cascade of processes that ultimately results in neuronal death and cognitive decline [73].

In addition, as mentioned in the previous section, there is now strong evidence that amyloid fibrils formed

by Aβ and many other polypeptides can catalyse the formation of toxic prefibrillar oligomers, indirectly

24



Figure 1.2: Formation, aggregation, and toxicity of Aβ. The amyloid precursor protein (APP) is a trans-

membrane protein that is sequentially cleaved by the β- and γ-secretases (left). Cleavage by β-secretase

produces the C99 and sAPPβ fragments, and further cleavage of C99 by γ-secretase causes the release of

Aβ from the membrane. The C-terminus, which is formed by γ-secretase cleavage, is part of the transmem-

brane domain prior to release, and is more hydrophobic than the N-terminus, which is derived from a flexible

extracellular region. After its release, the Aβ monomer aggregates to form amyloids, as well as a variety

of toxic aggregation intermediates and off-pathway species (right). Fibril-dependent ‘secondary’ processes

such as fragmentation and secondary nucleation promote formation of more fibrils and non-fibrillar aggre-

gates, creating positive feedback. Aβ aggregates then cause toxicity by a variety of mechanisms, a selection

of which are represented in this figure. Based on information in Hamley [58] and Dawkins and Small [76].

contributing to toxicity and completing a positive feedback loop that results in exponential accumulation of

toxic species [4,52–54,74,75]. Thus, toxicity depends on the concentration, structure, and polymorphism of

both oligomers and amyloid fibrils [54], and the Aβ self-assembly pathway must be studied in its entirety in

order to understand the effects of potential therapeutics on disease outcomes. The formation, aggregation,

and toxicity of Aβ are summarised in Fig. 1.2.

1.3 Morphological, structural, and biophysical characteristics of amyloids

General opinion on the defining characteristics of amyloids has shifted over the years, in response to

progressive advances in biochemistry and biophysics that have led to a deepening understanding of the

fundamental properties that unify these assemblies and distinguish them from other proteins [41, 77]. Orig-

inally, amyloids were misidentified as lipid deposits, and later as polysaccharides by Virchow, who coined

the term ‘amyloid’ from the Latin ‘amylum’ (starch), based on the observation that they stained blue with

iodine [78, 79]. Shortly after, Friedrich and Kekulé showed that amyloids consisted of protein [80]; how-

ever, the first indications of their structure only appeared after advances in light microscopy and biophysical
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Figure 1.3: Diagnostic features of amyloid fibrils. Although the cross-β structure is arguably the unifying

feature of amyloid fibrils, diagnostic experimental signs include a ∼4.7 Å ring in the X-ray fibre diffraction

pattern, and birefringence when stained with Congo red and viewed under polarised light. (a) X-ray fibre

diffraction pattern of partially aligned amyloid fibrils formed by the AAAK peptide, from Makin et al. [90].

(b-c) Light microscopy images of Aβ fibrils stained with Congo red, under (b) normal illumination and

(c) polarised light, with the latter showing green birefringence indicative of cross-β structure. Panels (b-c)

adapted from Aliyan et al. [91].

techniques in the early-to-mid 20th century. Several authors observed that amyloids exhibited birefringence

when stained with Congo red dye, indicating a high degree of molecular alignment [81–85] now known to

be caused by their repetitive cross-β structure. The cross-β structure consists of a continuous intermolec-

ular β-sheet spanning the entire length of the filament, formed by β-strands from adjacent subunits whose

polypeptide chains are oriented approximately orthogonal to the filament axis. This motif had already been

identified by Astbury and colleagues [86], in their X-ray diffraction study of the denatured states of natively

globular proteins, and was subsequently shown to exist in amyloids by Eanes and Glenner, who observed

an intense ∼4.7 Å ring in the X-ray diffraction patterns of amyloid from human liver and spleen, indicating

the presence of an extensive β-sheet [33]. In addition, both the birefringence data and early electron mi-

croscopy (EM) images led to the conclusion that amyloid was fibrous in nature [87–89]. A representative

EM image of amyloid fibrils is shown in Fig. 1.1(a), and an X-ray diffraction pattern and example of Congo

red birefringence are shown in Fig. 1.3.

Today, EM routinely shows that amyloids are filamentous structures with a typical length up to several

microns, usually unbranched, and possessing ribbon-like, helical, or tubular morphologies [41]. In addition

to binding Congo red, amyloids are also commonly detected by their ability to bind thioflavin T (ThT)

[92], a dye that exhibits enhanced fluorescence when interacting with amyloid fibrils, and allows real-time

quantitation of amyloid self-assembly. Significant progress has been made in the kinetic theory of amyloid

self-assembly [9], and recent advances in solid-state nuclear magnetic resonance (ssNMR) spectroscopy

and cryo-electron microscopy (cryo-EM) have provided atomic-resolution structural models, revealing a
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plethora of hitherto unforeseen features [77]. This more intricate, quantitative portrait of amyloids has

led to the recognition that many of the peculiarities of their formation can ultimately be traced back to

simple physical principles related to their polymeric nature and the unusual physical properties of the cross-

β structure. In addition, while a wide variety of cross-β protein polymers are now described as amyloids,

it has become clear that Congo red and ThT are neither completely amyloid-specific, nor sensitive to all

cross-β structures [93, 94]. As a result, in the molecular biosciences, the cross-β motif has now become

more closely identified with the term ‘amyloid’, and is often considered their defining feature, rather than

their histological characteristics. The aim of this section of this literature review is to describe the basic

physical principles that govern formation of the cross-β motif, and the shared structural, morphological, and

mechanical characteristics of amyloid fibrils. In the following sections, these properties will then be related

to the pathways, intermediates, and kinetics of amyloid self-assembly.

1.3.1 Biophysical and biochemical methods for studying the structure of amyloid fibrils

Amyloids are insoluble, high molecular weight (MDa), fibrous assemblies, making them difficult to

study by conventional structural approaches [95]. Nonetheless, recent advances in structural techniques have

allowed high-resolution structures to be obtained [77, 96]. Diffraction techniques for investigating amyloid

fibrils include: X-ray fibre diffraction [95], which provided the first indications of the cross-β structure

[33,86]; X-ray crystallography, which is harder to apply to amyloids due to their fibrous nature and structural

heterogeneity [95], but has been used to study amyloid-like peptide micro-crystals [97–99]; and micro-

electron diffraction (micro-ED), which can be applied to micro-crystals of smaller sizes [100]. Spectroscopic

techniques that provide general indications of secondary structure content include Fourier transform infrared

(FTIR) and circular dichroism (CD) spectroscopy, with the former measuring infrared (IR) absorbance peaks

corresponding to the vibrational modes of amides and other bonds in the polypeptide chain, and the latter

reporting on the chirality of secondary structures by measuring the differential absorption of circularly

polarised light [95]. Nuclear magnetic resonance (NMR) spectroscopy techniques offer much more detailed

information, providing measurements such as dihedral angles and both intramolecular and intermolecular

distance restraints that can be used to construct 3D models of amyloid fibrils [95,96]; due to the insolubility

of amyloid fibrils, solid-state NMR (ssNMR) is the dominant NMR technique [28], although solution-state

NMR has been applied to unstructured regions of amyloid fibrils, such as the surface domains of some prions

[101, 102]. Electron microscopy (EM) techniques are widely used, and include: negative stain electron

microscopy (NS-EM), which provides high-contrast mesoscale transmission electron microscopy (TEM)

images of amyloids negatively stained with a heavy metal salt such as uranyl formate [95,103]; cryo-electron

microscopy (cryo-EM), in which cryogenically frozen samples are imaged with low electron doses, usually

without staining, in order to obtain TEM images with high resolution and low contrast [103–105]; and
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scanning transmission electron microscopy (STEM), which can be used to obtain mass-per-length (MPL)

measurements of amyloid fibrils [95]. Recent advances in sample preparation, detector design, and image

processing have led to a revolution in cryo-EM resolution that has provided the first near-atomic-resolution

density maps of amyloid fibrils [77, 104, 105]. Besides EM, another commonly used microscopy technique

is atomic force microscopy (AFM). In AFM, a sample is deposited on a flat surface such as mica, and

raster-scanned with a molecularly sharp cantilever tip. Interactions between the sample and the tip are then

detected via a laser beam reflected off the cantilever, resulting in a topographic image of the sample [106].

AFM can be used to obtain high-resolution images of the surface of amyloid fibrils, which can now be

further improved using recently developed tip-sample contact point deconvolution techniques [107]. In

addition, AFM can be carried out under under native conditions, allows real-time imaging, and provides a

means to probe the mechanical properties of the sample and protein-ligand interactions via the use of force-

distance curves [108–110]. Lastly, in addition to structural approaches, biochemical experiments such as

dye binding, cross-linking, and hydrogen-deuterium exchange (HX) have provided supplementary insights

that have often anticipated the conclusions of subsequent high-resolution work [95].

1.3.2 Hierarchical organisation of amyloid fibrils

Amyloids have a hierarchical structural organisation, consisting of symmetric associations of smaller

structural units formed at multiple different length scales [77]. Confusingly, the terminology used to de-

scribe these components is rather inconsistent across the field; in this thesis, an attempt has been made to

use the terms that are the most neutral and least likely to cause confusion, as outlined in this subsection.

Plaques or deposits of amyloid are composed of fibrous assemblies termed fibres or fibrils, although fibres

are sometimes treated as a higher level in the organisational hierarchy than fibrils, and fibril is the most com-

mon term in in vitro contexts. Each fibril consists of one or more laterally associated protofilaments, each

of which is a long, filamentous assembly with its own continuous cross-β structure. The protofilaments ad-

here tightly to one another with a well-defined symmetry and set of inter-protofilament packing interactions,

and often wrap around one another to form a fibril with an overall twisted ribbon or helical morphology.

In turn, each protofilament is a hydrogen-bonded stack of subunits, which are usually monomers. While

some studies have reported single protofilaments that have multimeric subunits, in most cases these can

be re-analysed as tight bundles of separate protofilaments with monomeric subunits. For example, the 2A

polymorph of Aβ(1-40), which was originally described as a single protofilament consisting of a stack of

quasi-planar dimers that stack on top of one another in a face-to-face manner [111], has also been analysed

as an in-register association of two separate protofilaments, each consisting of a stack of monomers [112];

both interpretations are common in the literature. Due to differences in contact area and the nature of the

interactions, attractive forces between monomers are usually much stronger in the direction of the protofil-
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Figure 1.4: Hierarchical organisation of amyloid fibrils. The dominant components of amyloid plaques are

amyloid fibrils, which are formed by close lateral association of protofilaments. In turn, protofilaments are

stacks of subunits, which are often monomeric [77]. The density map obtained by Mizuno et al. [114] was

used as a template for the fibril schematic in the centre-left part of the figure.

ament axis than orthogonal to it (see Section 1.3.5), meaning that separate stacks of monomers usually

only adhere to one another because their length results in a large number of interactions between stacks.

Therefore, if a single dimeric ‘subunit’ from the 2A polymorph were isolated from the rest of the ‘protofil-

ament’, it would most likely dissociate into monomers, lacking the specific contacts needed to overcome

random thermal motion and the net electrostatic repulsion between monomers. Therefore, in this thesis,

the subunits of protofilaments are defined as the smallest asymmetric units capable of stacking to form a

cross-β structure, unless there is a clear reason why a lateral pair of asymmetric units should interact more

strongly with one another than with their neighbours along the fibril axis. This usually favours the interpre-

tation where each protofilament is a stack of monomers, although heterogeneous or very tightly associated

multimers would also satisfy this definition. Assemblies with a level of organisation intermediate between

a protofilament and a fibril are here termed protofilament groups. In certain studies, the term protofibril is

used in place of protofilament (eg. [113–115]); however, that particular usage is less common and is avoided

in this thesis, as protofibril is also the term used to refer to entire, metastable, fibril-like structures formed

by Aβ [116] and some other polypeptides (Section 1.4.3). Lastly, the more neutral term filament is used in

statements that would be true for protofilaments or fibrils alike. The hierarchical organisation of amyloid

fibrils is summarised in Fig. 1.4.

1.3.3 Stacking of subunits to form protofilaments

As outlined above, each protofilament consists of a stack of subunits, usually monomeric, that collec-

tively form a cross-β structure. Although there are notable exceptions [117–120], in pathological amyloids

the subunits usually have a flattened, single-layered tertiary structure containing one or more β-strands with

29



the backbone hydrogen-bonding groups oriented parallel to the protofilament axis. As a result, the protofil-

ament as a whole contains one or more intermolecular β-sheets, with each subunit contributing a single

β-strand per β-sheet. Adjacent subunits may have peptide backbones oriented parallel or antiparallel to one

another, giving rise to parallel or antiparallel β-sheets (Fig. 1.5), although the former type is more commonly

observed [77]. Interactions between monomers along the protofilament axis are clearly dominated by back-

bone hydrogen-bonding; although the hydrophobic effect and van der Waals (vdW) forces play an important

role in inter-protofilament interactions, their role in stack formation is much more limited. This means that

the balance of interactions that defines the topology of amyloid fibrils is different from that observed in

globular proteins, where the hydrophobic effect plays a more important role in maintaining a globular struc-

ture [121]. Accordingly, the anisotropic nature of backbone hydrogen bonding is responsible for the extreme

aspect ratio of amyloid fibrils, in contrast to globular proteins whose folding is dominated by more isotropic

forces. The significant topological differences between amyloids and globular proteins, particularly the

scale, uniformity, anisotropy, and high level of symmetry of the former, affect the nature of supplementary

molecular interactions. This is particularly pronounced in parallel in-register cross-β structures, where the

alignment of the same amino acids in adjacent subunits induces the formation of massive arrays of polarised

amide sidechains and π-stacked aromatics; at the same time, alignment of charged residues results in an

unfavourable enthalpic contribution that opposes this alignment [41, 97, 122].

While the high degree of structural order exhibited by amyloids would be expected to result in an un-

favourable entropy of formation, amyloid formation is also associated with a favourable desolvation en-

tropy [123], which partly mitigates these losses just as it does for globular proteins. In addition, desolvation

creates a less dielectric environment within the fibril, strengthening the hydrogen bonding in the cross-

β core [97]. Existing structures suggest at least two stages of assembly at which desolvation is likely to

occur: firstly, during folding of the subunits, whether this happens before or during their assembly into a

protofilament, and secondly when forming a dry interface between laterally associated protofilaments. It is

also worth noting that most amyloids retain large disordered regions around their periphery, and domains

that are well-folded in the native state may become less ordered in the amyloid. For example, while the

N-terminal domain (NTD) of the yeast prion HET-s is folded in the non-amyloid state, it is a molten globule

in the amyloid [118], an effect which may also help to mitigate the loss of chain entropy in the cross-β core.

Monomer rigidity also strongly affects amyloid formation. More flexible polypeptides suffer from a greater

loss of chain entropy during cross-β structure formation; as a result, under physiological conditions, chains

with a low glycine content tend to aggregate to form amyloids, while those with a high glycine content tend

to remain as solvated, disordered elastomers, despite being in an aggregated state [124].

As previously discussed, the subunits of a protofilament can assemble to form a parallel or antiparallel

cross-β structure [95] (Fig. 1.5). Parallel structures almost always have an in-register alignment between
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Figure 1.5: Types of cross-β structures. In parallel in-register structures, each subunit contributes a single

strand per intermolecular β-sheet, and the strands are oriented parallel and in-register with one another. The

hairpin-like structure shown in this figure has two intermolecular β-sheets. In single-layered antiparallel

cross-β structures, each subunit contributes a single β-strand per β-sheet, but the strand direction alternates.

Multi-layered antiparallel structures are also possible, in which each subunit contributes more than one β-

strand per β-sheet. In β-solenoids such as HET-s [117–119], subunits occupy more than one layer by coiling

in a solenoidal fashion. To make them easier to distinguish, adjacent subunits are alternately coloured blue

and purple in these schematics. To allow comparisons, each monomeric subunit in the parallel in-register

and antiparallel structures is a two-strand hairpin, differing only in orientation of the strands; a different

monomer structure is used for the β-solenoid, based on the HET-s structure [117–119]. Schematics based

on information in Toyama and Weissmann [95] and Tycko [96].
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Figure 1.6: Interactions stabilising parallel in-register structures include π-stacking of aromatic residues

and formation of hydrogen-bonded ladders by amide sidechains. This figure shows these interactions in

amyloid-like microcrystals of the GNNQQNY peptide, which provided early support for their importance

in stabilising parallel in-register cross-β structures. Image from Nelson et al. [97].

β-strands from adjacent subunits, implying that the forces responsible for stabilising parallel orientations are

strongly dependent on the alignment of identical sidechains. An obvious candidate for such an interaction is

π-stacking, which would be expected to occur along the extensive ladders of aromatic residues formed both

within and on the outside of amyloid fibrils, in a manner similar to the stacking of nucleobases within nucleic

acids. The importance of π-stacking is confirmed by existing ssNMR and cryo-EM structures [125–132]. In

addition, studies of polyglutamine (poly-Q) revealed the presence of amide ladders caused by polarisation of

aligned hydrogen-bonding groups in the sidechain amides of adjacent β-strands [122]. Amide ladders have

since been discovered in structures obtained using a wide variety of techniques [97,117,128,133–142], and

it is now believed that they often play an important role in stabilising the parallel in-register alignment [77].

Examples of π-stacking and amide ladders in a parallel in-register cross-β structure are shown in Fig. 1.6.

It is also now understood that the majority of monomeric subunits have a highly complex tertiary structure

often resembling a Greek key motif [128,130,131,135,137–139,142–150], although the backbone hydrogen-

bonding groups are oriented orthogonal rather than parallel to the plane of the key-like structure, in order to

form hydrogen bonds with adjacent monomers (Fig. 1.7). If the chain direction were to alternate between

subunits, the differing distribution of residues such as prolines and glycines, which affect the distribution of

turns and β-strands, would make it difficult for layered subunits to have β-strands in the same place. Thus,

antiparallel cross-β structures may be entropically disfavoured in long, flexible polypeptides that tend to

adopt highly convoluted tertiary structures.

The primary effect that disfavours parallel in-register structures, and favours antiparallel structures, ap-

pears to be the electrostatics [151]. Alignment of the termini and charged sidechains of parallel in-register

subunits results in an unfavourable enthalpic term, which can be lessened by adopting an antiparallel ar-

rangement [151]. Accordingly, one would expect polypeptides with a higher content of aromatics and

sidechain amides to prefer a parallel in-register alignment, while those with more charged sidechains would
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prefer an antiparallel alignment. There is also a length effect, since shorter chains are likely to have a higher

fraction of charged residues (FCR) due to the length-independent charges at their termini [151]. In most

cases, the forces favouring parallel alignment appear to win out, but there are occasional instances of antipar-

allel cross-β structures; these include the sequence-designed peptide KFFEAAAKKFFE (‘AAAK’) [90],

the small Aβ-derived peptides Aβ(11-25) [152] and Ac-KLVFFAE-NH2 [153, 154], and a recent structural

model of Huntingtin exon 1 (HttEx1) [155].

In the majority of protofilament structures, each subunit consists of a single layer of β-strands and other

secondary structural elements [77]. The main reason for this may be the comparative stability of parallel

in-register cross-β motifs; these are most easily formed if each subunit contributes only a single β-strand

per intermolecular β-sheet, favouring quasi-planar subunits that are flattened along the protofilament axis.

The most notable exception to this rule is the existence of amyloids formed by stacked β-solenoid subunits

(Fig. 1.5). In these structures, each subunit folds along the protofilament axis to form a multi-layered

solenoid; the prototypical example of this is the C-terminal domain (CTD) of the HET-s prion from the

fungus Podospora anserina, in which the polypeptide chain folds upon itself in a left-handed β-helical

manner to form a two-layered structure with three parallel β-sheets, each consisting of a pair of stacked

β-strands. Inter-subunit stacking then assembles these sheets into a cross-β protofilament with a β-solenoid

structure, in which each subunit contributes two aligned β-strands to each of the structure’s three paral-

lel intermolecular β-sheets [117–119]. The HET-s CTD structure is remarkable for the elegant manner in

which it overcomes the opposing effects of favourable in-register interactions and electrostatic repulsion

to form a stable protofilament structure. As would be expected, the two layers of the β-helix have a high

degree of sequence complementarity to achieve this. Although π-stacking interactions are not present in

the cross-β core, there are two amide ladders formed by the residue pairs N226-N262 and N243-N279,

which run along the protofilament in an alternating fashion. However, by adopting a two-layered pseudo-

in-register alignment, the HET-s CTD is also able to avoid unfavourable alignment of like charges between

adjacent β-strands; instead, there is a system of complementary alternating charges created by the residue

pairs K229-E265, E234-K270, and R236-E272 [117,118]. Besides the obvious enthalpic advantages of this

structure, it is worth noting that folding of the β-solenoidal subunit is based on more local interactions than

in most amyloids, where interactions between separate subunits are likely to be required for the final tertiary

structure to appear. This may encourage rapid folding and emergence of a mature subunit structure prior

to assembly, potentially explaining the apparent lack of evidence for non-fibrillar intermediates formed by

HET-s. Given their functional role and the need to avoid toxicity caused by prefibrillar intermediates, there

is a clear incentive for yeast prions to form via a predominantly two-state process, and the concentrations

of intermediates formed by the Ure2p prion have previously been shown to be low compared to other amy-

loids [156]. By adopting a β-solenoid subunit structure, HET-s may thus be able to avoid toxic prefibrillar
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Figure 1.7: Structures of amyloid fibril subunits. Panels show space-filling representations of amyloid

fibrils formed by (a) HET-s [117], (b) Aβ(1-42) [144, 159], (c) Aβ(1-40) [111], (d) Tau [128], and (e) α-

syn [135]. All models are filtered to 4 Å, and subunits at the top of each protofilament stack are coloured

red for contrast, with a cartoon representation of the polypeptide chain superimposed to show the fold. The

names of specific polymorphs are shown in quotation marks. Figure from Iadanza et al. [77].

intermediates altogether. Besides HET-s, β-solenoids have now been induced in engineered amyloids based

on modifications of existing β-solenoid proteins [157, 158], and there are data to suggest that at least one

polymorph of the mammalian prion protein may have a four-layered β-solenoid structure [120].

1.3.4 Tertiary structure of protofilament subunits

In the majority of high-resolution cryo-EM structures [115, 129–132, 137–139, 142, 144–150, 160, 161],

and many ssNMR structures [117,135,136,143,162], the subunits are single-layered or rarely multi-layered

monomers that fold orthogonally to the protofilament axis to produce convoluted but flattened tertiary struc-

tures. While early models of amyloids had relatively simple tertiary structures organised from a small

number of secondary structural elements, such as the β-hairpin-like models proposed for Aβ(1-40) [163]

and Aβ(1-42) [164], more recent models based on high-resolution cryo-EM density maps and/or large
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numbers of ssNMR restraints typically depict monomers containing a large number of separate turns and

β-strands, with a complex tertiary organisation (Fig. 1.7). In some cases, the more complex structures

have been likened to Greek key motifs [135], although a key distinguishing feature is that the backbone

hydrogen-bonding groups in these subunits are oriented orthogonal to the plane of the motif, in order to

form inter-subunit β-sheets, rather than parallel to the plane as would be expected in a canonical Greek

key. Reports of differing levels of tertiary structural complexity for the same polypeptide are not mutually

incompatible, since amyloids are often highly polymorphic; thus, in some cases the formation environment

and the natural tendency of amyloids to nucleate a variety of different polymorphs may result in fibrils

with a more or less complex tertiary structure. In addition, studies of amyloids such as Aβ [144, 160] and

α-syn [135, 137, 138, 145–147, 150] have revealed a high degree of polymorphism resulting from protofila-

ments having distinct but comparably complex tertiary structures.

Collapse of subunits orthogonal to the protofilament axis is both entropically and enthalpically favoured.

An alternation between non-β-strand regions and β-strands is statistically probable for all but the shortest

amyloidogenic peptides (/ 10 residues), and the degeneracy of this form of folding is likely to contribute

to the stability of the amyloid state as an ensemble. While the hydrophobic effect and vdW forces play only

a minor role in interactions along the protofilament axis, they appear to be the dominant driver for collapse

of the subunit orthogonal to this axis. The majority of single-layer subunit structures have a desolvated

core containing clusters of hydrophobic residues, while the hydrophilics are typically, but not exclusively,

exposed to the solvent [77]. Similarly, in the multi-layered β-solenoid of HET-s, the β-helix of the CTD

has a hydrophobic cluster of residues at the centre, with the hydroxyl, amide, and charged sidechains on

the outside [117–119]. This orientation effect is usually particularly pronounced for the charged sidechains,

as well as the N- and C-termini in relevant cases, as charged groups experience a highly unfavourable free

energy change upon transfer from the solvent to the less dielectric interior of the cross-β structure. One of

the most common exceptions to this tendency can be attributed to the formation of salt bridges by pairs of

charged residues within the cross-β core, since the desolvated environment results in a very negative free

energy for this interaction; often, these salt bridges stabilise key turns in the subunit structure, such as the

H6-E11 and E11-H13 salt bridges in the LS polymorph of Aβ(1-42) [144]. The structure of this polymorph,

which also demonstrates the importance of clusers of hydrophobic residues in stabilising the fold of subunits,

is shown in Fig. 1.8. Another interesting exception is a zipper-like interface formed by glutamines from

adjacent β-sheets in the memory-associated amyloid Orb2, from Drosophila [161]. In this ‘Q-zipper’ motif,

glutamine repeats on either side of a dry intramolecular interface form an interdigitated system of amide

ladders. In addition to the backbone and sidechain hydrogen bonds running along the protofilament axis,

the -NH2 groups of the ladder each donate an additional hydrogen bond to the backbone carbonyls on the

opposite side of the interface, forming an extended tetragonal network of hydrogen bonds that holds the two
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Figure 1.8: Structure of the LS polymorph of Aβ(1-42), showing typical interactions that stabilise the

fold of protofilament subunits. The fibril consists of a pair of protofilaments, each of which is a stack of

monomers, as shown in this figure. Note the H6-E11-H13 salt bridge, and the formation of clusters of

hydrophobic residues on the interior of each protofilament, and at the interface. Figure from Gremer et

al. [144].

β-sheets together. The authors of the study speculated that similar structures might be observed in amyloids

formed by other glutamine-rich proteins, such as Huntingtin (Htt). More generally, it is also worth noting

that the formation of a desolvated core strengthens backbone hydrogen-bonding between subunits in a wide

variety of amyloids [97], suggesting that desolvation may be coupled to either emergence or consolidation

of the cross-β structure.

While subunits are most often single-layered structures, giving them a quasi-planar character, complete

(or more accurately near-complete) planarity is actually quite rare; one of the best examples to date is

the recent cryo-EM structure of a protease-resistant human prion fragment, PrPSc(94-178), in which the

coordinates of the Cα atoms that are most distant along the protofilament axis differ by only ∼3.6 Å along

that axis [141]. Instead, the vast majority of structures have flexed, non-planar subunits, so that β-strands

from the same subunit occur in different planes of the stack, and the orientation of the β-strands is only

approximately orthogonal to the protofilament axis [128,129,131,137–139,142,144–146,161]. This means

that the non-planar subunit conformation contributes to the polar structure of the amyloid protofilament, and

ensures that the two ends of the protofilament present distinct interfaces for binding of new subunits. In

turn, this explains why association and dissociation of new monomers is often much faster at one end of an

amyloid than at the other [165, 166]. Examples of non-planar subunits are shown in Fig. 1.9.
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Figure 1.9: The subunits of amyloid fibrils often occupy a single layer of the protofilament stack, but

are not truly planar. Panels show side-on views of amyloid fibrils formed by (a) islet amyloid polypeptide

(IAPP) [142], (b) Orb2 [161], and (c) phosphatidyl-inositol-3-kinase Src-homology 3 domain (PI3K-SH3)

[139], with a single subunit highlighted in each case. All images adapted from their respective sources.

Another important feature of the tertiary structure of subunits, which has been clear since the first ss-

NMR and EPR studies [118, 134, 164, 167–171], is that only part of the polypeptide sequence typically

contributes to the highly ordered cross-β core. The rest may exist in a disordered state [128–130, 137–

140, 142, 144–150, 167, 172–175], or even as a relatively well-ordered surface domain often separated by a

flexible linker region [118, 134, 171]. The decoration of the fibril surface with these non-amyloid domains

probably strongly affects surface-mediated processes such as inter-protofilament interactions, protofilament-

oligomer interactions, and secondary nucleation. In addition, it is possible that interactions between aligned

surface domains may contribute to protofilament stability. At present, it is difficult to address these ques-

tions as the dynamic nature of the surface domains means that prevailing biophysical techniques often

struggle to resolve their structure; for example, while additional density corresponding to these domains

is often visible in cryo-EM density maps, resolution is typically far too poor to model a polypeptide back-

bone [128–130,137–140,142,144–150]. In addition, areas of extra density are sometimes also interpreted as

representing heterogeneous fibril constituents that stabilise the protofilament structure, or inter-protofilament

interactions; in some cases these species may be metal ions and polyanions that help to balance aligned

charges on the protofilament surface [115, 128].

1.3.5 Supra-protofilament assembly

While some amyloid fibrils consist of a single protofilament [114, 119, 131, 132, 135, 147–149] (eg.

Fig. 1.10(a)), many contain several protofilaments that closely associate with one another to form the com-

plete structure [111,112,120,128,130,135–142,144–147,150,160–162,164,172,173,175–181]. The most

common variation appears to be a pair of protofilaments (eg. Fig. 1.10(b)), but larger numbers are possi-
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Figure 1.10: Protofilament organisation (part 1). Panels (a-c) show cryo-EM density maps and modelled

polypeptide backbones of amyloid fibrils formed by (a) immunoglobulin light chain [149], (b) α-syn [137],

and (c) Orb2 [161], which consist of a single protofilament or rotationally symmetric associations of two or

three protofilaments, respectively. All images adapted from their respective sources.

ble [111, 150, 161, 172, 173, 176, 182–185] (eg. Fig. 1.10(c)), and in these more complex cases the protofil-

aments are sometimes further organised into subgroups that occupy an intermediate layer of the structural

hierarchy between protofilaments and fibrils [172, 173, 176, 182, 184, 185]. For fibrils without intermedi-

ate levels of structural organisation, the constituent protofilaments typically share the same structure and

associate with one another in a rotationally symmetric manner about the fibril axis (Fig. 1.10(b-c)), al-

though cases of heterogeneous protofilament structures and rotationally asymmetric orientations have been

observed [115,128,182]. In rotationally symmetric fibrils, the associated protofilaments usually twist around

one another, giving the fibril an overall twisted ribbon morphology. In other cases, including many fibrils

with intermediate layers of hierarchical structural organisation, protofilaments or groups of protofilaments

may associate in a row, forming a tape-like structure [164, 178–181, 183–185] (eg. Fig. 1.11); in turn, these

often twist to form helices [178,181], and the grooves of these helices may close up to form a tubular struc-

ture with a solvated core [186]. Lastly, side-by-side association of a large number of protofilaments may

result in a flattened, sheet-like structure similar to a 2D crystal [179,180]. Supra-protofilament organisation

is a source of considerable polymorphism, with different fibril polymorphs differing not only in the num-

ber of protofilaments, but also their arrangement and mode of interaction. For example, there are at least

four α-syn polymorphs that have a similar protofilament structure but a completely different set of packing

interactions [146,147], and a similar phenomenon has been reported for Aβ(1-40) [111,187] and Tau [128].

Protofilaments are polar structures, with the backbone hydrogen-bonding groups oriented in a particular

direction along the the protofilament axis, and each end of the protofilament presenting a distinct interface

for addition of new subunits. As a result, a pair of associated protofilaments can be oriented either parallel

or antiparallel to one another. The parallel orientation is much more common; while antiparallel and mixed

pairings have been predicted in coarse-grained simulations [188], they are rather uncommon in experimental

structures [77]. The bias towards parallel orientation may be partly driven by the self-assembly mechanism;
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Figure 1.11: Protofilament organisation (part 2). This figure shows the tape-like TTR(105-115) fibrils

characterised by Fitzpatrick et al. [183]. (a-c) Side views of the cryo-EM 3D class averages of these fibrils,

showing width polymorphism. (d-f) Cross-sections of the EM density of the same fibrils, facing down the fil-

ament axis. (g-i) Structural models interpreting the fibrils as consisting of 2, 3, or 4 groups of protofilaments

aligned in a row, respectively, based on a combination of cryo-EM and MAS-NMR data. The backbones are

superimposed on the EM density isosurfaces, with the cut-off at 1σ above the mean density. Panels (a, d,

g) show ‘doublet’ fibrils, panels (b, e, h) show ‘triplet’ fibrils, and panels (c, f, i) show ‘quadruplet’ fibrils.

Figure adapted from Fitzpatrick et al. [183].

as previously mentioned, the polar nature of protofilaments often results in unequal elongation rates at their

two ends, with a bias towards elongation in a particular direction [165, 166]. If two nascent protofilaments

laterally associate in a parallel orientation, they will exhibit biased elongation in the same direction, allow-

ing cooperative extension of the structure as a whole. On the other hand, if two protofilaments associate in

an antiparallel orientation, they will exhibit biased elongation in opposite directions. This will cause one

protofilament to tend to elongate faster than the other at each end, reducing the cooperativity of elongation

and limiting growth of the interface between the protofilaments. In protofilaments with a low growth polar-

ity, the pressure for parallel orientation is not likely to exist; furthermore, successful association of a pair of

protofilaments in this manner will result in an apolar fibril structure, with both ends of the fibril presenting

the same pair of interfaces for elongation.

The structure of a fibril is typically maintained by a well-defined set of interactions between its con-

stituent protofilaments. Early structures of amyloid fibrils assumed an in-plane alignment between the sub-

unit stacks of different protofilaments [111,136,162]. However, with the advent of high-resolution cryo-EM

density maps that give more precise information about the relative orientation of the protofilaments, it has

become clear that many fibrils that consist of a pair of protofilaments have an overall 21 screw symme-

try [128, 130, 137–139, 141, 144–146, 150, 160]. In this arrangement, which is very common, one of the
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subunit stacks is ∼2.4 Å further along the fibril axis than the other, half of the ∼4.8 Å separation between

β-strands in a single stack. Thus, the complete fibril can be analysed as a 21 screw, in which each monomer

is separated from the ‘last’ by a translation of ∼2.4 Å along the fibril axis and a rotation of ∼180o about

that axis. Although in-plane alignments also occur for rotationally symmetric 2-fold fibrils [129], 21 screws

appear to be the most common organisation for this sort of fibril [128,130,137–139,141,144–146,150,160],

which is probably due to the enthalpic advantages of improved packing at the inter-protofilament interface.

In addition, 21 screws may answer the question of how fibrils consisting of a pair of protofilaments can

exhibit elongation kinetics that are first-order with respect to the free monomer [144]. For an in-plane 2-fold

fibril whose protofilaments both end at the same point, addition of a single monomer to one of those protofil-

aments will create an overhanging fibril end. However, for a 21 screw in which one of the protofilaments

ends half a β-sheet spacing further along than the other, addition of a monomer to the non-overhanging

protofilament will simply cause a rotation of the binding interface at the fibril end by ∼180o, preserv-

ing its symmetry. Since the non-overhanging protofilament has the better interface for monomer addition,

monomer addition would usually alternate between protofilaments, causing the entire fibril to grow as a sin-

gle co-ordinated unit at a rate proportional to the free monomer concentration [144]. Examples of 21 screw

symmetry can be seen in Fig. 1.12 and Fig. 1.13.

For both in-plane and screw-symmetric fibrils, the high degree of alignment between protofilaments al-

lows a specific set of molecular interactions to occur at their interface. These interactions are typically more

similar to those responsible for subunit folding than subunit stacking, although there are some interesting

exceptions. Many protofilament interfaces are desolvated; unsurprisingly, the hydrophobic effect and vdW

interactions play an important role in this context. A notable feature of many dry interfaces is a ‘steric

zipper’, which was first observed in amyloid-like microcrystals of the GNNQQNY peptide by Nelson et

al. [97]. In this motif, hydrophobic sidechains pointing into the cleft between protofilaments interdigitate

with complementary sidechains from the opposing protofilament, forming a tight, zipper-like interface that

optimises vdW interactions. Since their discovery, steric zippers have been observed in many amyloid struc-

tures [126,129,130,132,136,137,141,144–146,150,175,184,189], and a similar degree of complementarity

is sometimes observed in the hydrophobic core of individual protofilaments. Examples of steric zippers are

shown in Fig. 1.8(a), Fig. 1.12(a), and Fig. 1.12(c-e).

Polar zipper-like structures have also been observed. The interfaces of many fibril structures, dry or wet,

are stabilised by salt bridges between ladders of charged sidechains [130, 137, 138, 144–146, 150, 160, 162,

184, 185], similar to the ionic ‘polar zipper’ originally described by Perutz and colleagues [190]. In fibrils

with a 21 screw symmetry, the alignment of the subunits of one protofilament with the stacking interface

between the subunits of the other encourages charged residues in these ionic ladders to form bidentate salt

bridges with oppositely charged residues above and below them on the opposing protofilament, creating a
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Figure 1.12: Protofilament packing interactions in α-syn fibrils. The structure of the same fibril polymorph

is shown in Fig. 1.7(e) and Fig. 1.10(b), as well as the bottom right of this figure. (a) A close-up view of

the interface between protofilaments, facing down the fibril axis. (b) A side-on view of the same interface,

showing 21 screw packing and interdigitation of the subunits of the two protofilament stacks. (c) A face-on

view of the interface. The views in panels (a-c) correspond to the red box and black arrows in the ribbon

diagram at the bottom right of this figure. Figure from Guerreiro-Ferreira et al. [137].
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Figure 1.13: Protofilament packing interactions in amyloid A (AA) fibrils. Panels (a-b) show cross-

sectional views of the cryo-EM structures of (a) left-handed murine and (b) right-handed human fibrils,

highlighting the packing interactions at the interface between protofilaments. (c) A side-on view of the ionic

polar zipper at the interface of the murine fibrils. (d) Side-on views of the steric zipper at the interface of

human fibrils. (e) A side-on view of a polar zipper at the interface of human fibrils. Figure from Liberta et

al. [130].

dipolar chain-type arrangement [130]. In addition, in a sub-Ångström micro-ED structure of a mammalian

prion fragment, Gallagher-Jones et al. [191] observed a ‘polar clasp’ formed by juxtaposition of a pair of

amide ladders at a desolvated interface. In this motif, asparagine sidechains from opposite sides of the cleft

formed an extended tetragonal network of hydrogen bonds, with each carbonyl accepting a pair of hydrogen

bonds and each -NH2 donating a pair. This motif was hypothesised to be relevant to the structure of the

complete prion fibril [191], and a similar motif involving inter-protofilament backbone hydrogen bonding

by glycines has been observed in the paired helical filaments (PHFs) of Tau [128]. Two examples of polar

zippers in amyloid A (AA) fibrils are shown in Fig. 1.13.

An unusual and yet informative hydrophobic interface was observed by Iadanza et al. [129], who ob-

tained a cryo-EM structure of fibrils formed by β2-microglobulin (β2m), an amyloid involved in dialysis-

related amyloidosis (DRA). This structure contained a pair of protofilaments whose main interface consisted

of a stack of six tyrosine residues for every pair of laterally opposed subunits, three from each protofilament,

oriented orthogonal to the protofilament axis. Thus, the interface was stabilised by π-π interactions, and per-

haps also π-amide interactions involving the polypeptide backbone. This is a comparatively weak interface,

and illustrates the principle that inter-protofilament interfaces do not need to be particularly strong to hold

protofilaments together, as they occur in large numbers along the length of the fibril, and are also stabilised

by steric constraints resulting from helical twisting of the protofilaments around one another [129]. While
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many 2-fold fibrils have a 21 screw organisation, the β2m structure had protofilament subunits aligned in the

same plane. This may have been due to the lack of a requirement for interdigitation of the sidechains of lat-

erally interacting subunits, which normally serves to optimise vdW contacts; instead, alignment of subunits

in the same plane would have optimised the π-π interaction that held the protofilaments together.

An interesting feature of some amyloid fibrils is the presence of extensive, hydrated channels running

along their interior. Although water-filled cavities do sometimes occur within individual protofilaments,

such as the case of α-syn [137,138,145–147], these are typically narrow and the water molecules within tend

to be relatively ordered. Between protofilaments, however, much larger channels can form. For example,

the 3Q polymorph of Aβ(1-40) [111], which is a rotationally symmetric fibril with three protofilaments,

has a dry interface between the protofilaments around the outside of the fibril, but a hollow core at the

centre [192,193]. A central channel has also been observed in SH3 amyloid fibrils formed by a double helix

of protofilament pairs [176], as well as a double-helical Aβ(1-42) structure [177]. Although such channels

may be able to transport water and metal ions, their potential role in pathology remains unclear.

1.3.6 Mesoscale structural and mechanical properties

The structure of amyloid fibrils is maintained by highly specific molecular interactions at all levels of

their organisational hierarchy, from subunit collapse to protofilament packing. As a result, amyloid fibrils

are very regular, and the conformation and orientation of their constituent monomers remain strongly corre-

lated over large length scales (typically several μm). This allows amyloids to exhibit mesoscale (here ' 100

nm) structural and mechanical properties unlike those of most other protein aggregates, in which the orien-

tation and often also conformation of assembled monomers tend to decorrelate over a matter of nanometres,

resulting in an amorphous structure. Three major consequences of the molecular order of amyloids are their

mesoscale chirality, rigidity, and considerable tensile strength. Viewed by EM or AFM, amyloids are often

visibly chiral, with a helical or twisted ribbon topology, and a strong correlation in their pitch or twist rate

along their length [194]. While some amyloids are flexible, meaning that the persistence length lp over

which the direction of the fibril axis decorrelates is significantly less than their typical length (lp� l), many

are relatively rigid (lp� l) [195]; in addition, many amyloids have high tensile strength [109]. The rigidity

and tensile strength of amyloids are testament to the stable, extensive network of interactions that maintains

their structure, and the low frequency of structural defects. The nanoscale structure of amyloids is inextrica-

bly related to their mesoscale properties, meaning that small changes in the former can dramatically affect

the latter [41]. This section aims to outline the factors that contribute to these properties, and to discuss the

mechanical properties of amyloids in the context of other materials and biomacromolecules.

Amyloids have a tendency towards left-handed helical or twisted ribbbon topologies, although right-

handed and achiral topologies are also observed [41]. The molecular-level chirality of the constituent
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polypeptide chains is only able to propagate to the mesoscale level because of the stable, uniform, and

highly repetitive interactions between stacked subunits, and at the interface between protofilaments. Within

a single protofilament, the interactions responsible for chirality can be separated into backbone-backbone,

backbone-sidechain, and sidechain-sidechain interactions. Generally speaking, backbone-backbone interac-

tions tend to limit twisting of the protofilaments, while those involving sidechains tend to encourage it [196].

Nonetheless, in parallel cross-β structures, which appear to be the dominant type, there is a close, two-way

relationship between the chirality of the protofilament and that of its constituent β-strands, meaning that the

chiral preferences of the amino acids can affect the protofilament topology, and vice versa. The overall twist

of a β-strand can be determined from the average torsion angles of its constituent amino acids, 〈φ〉 and 〈ψ〉,

where 〈φ〉+ 〈ψ〉 > 0 implies a right-handed twist, and 〈φ〉+ 〈ψ〉 < 0 implies a left-handed twist [197]. A

β-sheet formed from β-strands with a right-handed twist will tend to twist in a left-handed manner between

strands, as the effect of a small right-handed rotation of the backbone hydrogen bonding groups along the

length of each β-strand can be partly compensated for by a small left-handed rotation of each β-strand about

the axis of the β-sheet. Since the protofilament axis is approximately parallel to the axis of its constituent

β-sheets, this will in turn result in a protofilament with a left-handed twist. Conversely, a protofilament

consisting of β-strands with a left-handed twist will tend to twist in a right-handed manner, as confirmed by

existing amyloid structures [130, 160]. Non-amyloid proteins strongly prefer right-handed β-strands [198],

which is caused by unfavourable interactions between the backbone carbonyl and the sidechain in the left-

handed orientation [197], and probably explains the tendency of amyloids to form left-handed protofila-

ments. Nonetheless, right-handed protofilaments are by no means rare, and the same polypeptides can often

form left- or right-handed protofilaments depending on their formation conditions [144, 160]. Thus, while

the twisting of protofilaments is coupled to that of their constituent β-strands, neither is solely determined

by the primary sequence, and extrinsic factors can affect both.

Experiments and simulations have demonstrated that the sidechains play an important role in inducing

torsion of amyloid protofilaments [181, 196, 199–201]. While interactions that stabilise parallel in-register

cross-β structures would be expected to favour straighter protofilaments, those that oppose this alignment

would be expected to favour more twisted protofilaments. Accordingly, electrostatics appear to be one

of the key drivers for protofilament twisting [181, 199–201], meaning that factors such as pH and ionic

strength can alter fibril morphology; for example, fibrils of β-lactoglobulin and β-endorphin have a twisted

appearance when grown at low ionic strength, and a flat, ribbon-like appearance at high ionic strength

[181, 200, 201]. Interactions between protofilaments are also important, as their free energy depends on the

alignment of steric zippers, charged residues, and other functional groups; therefore, higher-order assembly

of protofilaments is usually associated with a change in pitch or the rate of twist [142,146,147,173,187,199],

and occasionally even handedness [202]. In addition, the balance of forces that induce and oppose torsion is
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Figure 1.14: Cross-sectional polymorphism and pitch polymorphism of Aβ(1-40) fibrils. (a) Cryo-EM

images of 12 fibril polymorphs identified by Meinhardt et al. [187]. (b) Side views of the density recon-

structions of the same fibrils. (c) Cross-sections of the EM density of those fibrils. The numbering of fibrils

corresponds across panels and refers to different polymorphs from the same sample. Note that fibrils with a

wider or less compact cross-section have a lower twist rate and longer pitch; the authors established that this

variation correlated well with differences in the polar moment of area Iz. Figure from Meinhardt et al. [187].

also affected by the number and relative orientation of the protofilaments [187]. While a fibril with a single

protofilament or a more compact association of protofilaments can maintain a high rate of twist, a fibril

with a greater number of protofilaments, or protofilaments that are distributed further from the central axis,

will have disproportionately greater resistance to torque, and thus a lower twist rate and longer pitch. It has

been demonstrated that the pitch of fibril polymorphs formed from the same primary sequence is positively

correlated with the polar moment of area Iz, which describes the extent to which the volume of fibrils is

distributed away from their central axis [187]. A variety of Aβ(1-40) polymorphs from the same sample are

shown in Fig. 1.14, demonstrating the principle that wider fibrils formed from the same primary sequence

tend to have a lower rate of twist [187]. For particularly wide fibrils, the shear stress on the outer β-strands

makes a twisted ribbon topology unsustainable; in these instances, protofilaments are more likely to arrange

into helically coiled, tape-like structures, as the shear stress in these structures is not closely related to the

number of protofilaments [186].

In a similar manner, the same structural properties affect the bending stiffness of fibrils. When a fibril is

bent in a particular direction, its bending stiffness is proportional to the planar moment of area in that axis,

I, which also strongly depends on the width of the fibril [203]. Thus, thinner fibrils will bend more easily in
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response to thermal fluctuations, and will have a more coil-like appearance when viewed by EM or AFM,

whereas thicker fibrils will tend to have a more rod-like appearance. The persistence length of a fibril is

determined from its bending stiffness and the scale of thermal fluctuations [204],

lp =
EI

kBT
, (1.1)

where E is the Young’s modulus of the fibril, I is the planar moment of area in the relevant axis, kB is

Boltzmann’s constant, and T is the temperature. For bending of a fibril with a highly non-circular cross-

section, I will mostly reflect the lowest-energy bending mode. In general, the dependence of I on the width

of fibrils is approximately I ∼w4, meaning that even small variations in width can strongly affect lp; coupled

with significant variation in total length, from tens of nm to tens of μm, this means that the morphology of

amyloid fibrils can vary from flexible (lp � l) to rod-like (lp � l) [195] (Fig. 1.15). These differences

are mainly attributable to variations in the size, number, and packing of protofilaments, and comparisons

of the second planar moment of area and bending stiffness of a wide variety of fibrils have revealed that

the majority have a Young’s modulus in the 2-14 GPa range. This is a relatively narrow range, implying

underlying structural commonalities, and is comparable to that of silk or collagen [109, 195]. In addition

to bending rigidity, the tensile strength of fibrils has also been measured. The tensile strength is strongly

dependent on the stability of inter-subunit interactions along each protofilament, and requires a relatively

uniform structure with a low defect rate. Amyloids have tensile strength in the 0.1-1 GPa range, in the

same region as steel, which is a testament to the uniformity of the fibril structure, and the strong network

of interactions that maintains it [109]. The Young’s modulus and tensile strength of amyloid fibrils are

compared to a variety of other materials in Fig. 1.16. Overall, the mechanical properties of amyloids make

them highly attractive for materials science applications, as they provide a means to rapidly assemble strong,

flexible, highly regular polymers [109].

1.3.7 Structure of Aβ fibrils

Aβ is one of the most extensively studied amyloidogenic polypeptides, and many structural models

of its fibrils have been proposed. As with other amyloids, ssNMR has historically been the dominant

structural technique [96], although the recent cryo-EM ‘resolution revolution’ [105] has now allowed high-

resolution density maps of Aβ fibrils to be obtained [144, 160]. The wealth of structural models has re-

vealed an impressive level of polymorphism involving diverse tertiary structures and forms of protofila-

ment packing. This polymorphism results from a high degree of sensitivity of Aβ fibril structures to their

self-assembly conditions [187, 205–208], and the natural tendency of Aβ to self-assemble polymorphically

in vitro [187, 209] and in vivo [160, 208]. Nonetheless, there are features that are common to all or al-
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Figure 1.15: Effect of thickness on the bending stiffness of amyloid fibrils. Representative AFM images

(left) of fibrils formed by α-lactalbumin, insulin, and TTR(105-115) are aligned against their AFM height

histograms (centre) and traces of the AFM images, whose initial tangents were aligned to allow comparison

(right). Thinner fibrils are more flexible, whereas thicker fibrils are rigid and rod-like. The scale bar is 250

nm. Figure adapted from Knowles et al. [195].
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Figure 1.16: Tensile strength and Young’s modulus of amyloid fibrils, compared to a variety of other

materials. Figure from Sweers et al. [109].
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most all Aβ fibrils, and in many respects Aβ can be considered quite a typical amyloid, with most of the

common features discussed in preceding subsections often observed among Aβ polymorphs. While some

studies have favoured an antiparallel cross-β structure [210–213], ssNMR and cryo-EM studies in the last

20 years have mostly supported a parallel in-register alignment resulting from stacking of single-layered

subunits [111, 112, 136, 143, 144, 153, 160, 162–164, 172, 173, 214, 215], with the central and C-terminal

regions of the peptide typically involved in the core, and the N-terminal region exhibiting a varying degree

of order. The tertiary structure of Aβ fibrils, examples of which are shown in Fig. 1.7(b-c), Fig. 1.8, and

Fig. 1.17, in addition to the low-resolution density maps in Fig. 1.14, is highly variable and one of the

main sources of polymorphism, but there are several broad classes. One class that was revealed by early

ssNMR studies has a subunit consisting of a planar, hairpin-like monomer, with a dynamic N-terminus and

a turn stabilised by the D23-K28 salt bridge [111, 163, 164]; examples of this class include the 3Q and 2A

polymorphs of Aβ(1-40) [111, 207] (Fig. 1.7(c)), and a similar polymorph formed by Aβ(1-42) [164]. A

second class has a more kinked, S-shaped or LS-shaped cross-β core, with the N-terminus either dynamic

or also part of the core (Fig. 1.7(b), Fig. 1.8); examples of this class are mainly restricted to fibrils formed

by Aβ(1-42) [136,143,144]. A third class, which has been observed for fibrils formed by both Aβ(1-40) and

Aβ(1-42), appears to consist of a J-shaped monomer with straight central and C-terminal regions, and a bent

or dynamic N-terminus [172, 173]. In addition, there are a variety of other polymorphs that do not fit into

these classes, including a recent high-resolution ex vivo structure [160] (Fig. 1.17). Despite this diversity,

the interactions that maintain these structures are broadly similar to those seen in other amyloid fibrils; in

addition to hydrogen bonding and hydrophobic interactions, amide ladders and steric zippers have both been

identified in Aβ fibril structures [136,144,175], and the parallel in-register structures also have aligned aro-

matics, making π-π interactions likely. As with other amyloids, many Aβ fibrils have twofold symmetry and

are formed from paired stacks of monomers [111,112,144,160,162,173,175,187], with examples including

the 2A fibrils of Aβ(1-40) [111] and the LS fibrils of Aβ(1-42) [144], the latter of which was revealed by

high-resolution EM density maps to have an overall 21 screw symmetry. However, threefold fibrils have

also been observed, such as the 3Q polymorph of Aβ(1-40) [111]; in addition, helical tubes and hierarchi-

cally organised fibrils have also been described [164, 177]. Lastly, while the majority of Aβ fibrils have a

left-handed twist [144, 172, 173, 175, 177, 187], a recent structure of patient-derived amyloid fibrils had a

right-handed twist [160] (Fig. 1.17). Although amyloid fibrils formed by Aβ are structurally polymorphic,

they have many features in common with amyloids formed by other polypeptides. Thus, general insights

into the structure and self-assembly mechanisms of Aβ fibrils are likely to be transferrable to other amy-

loids, particularly those formed by peptides and small disordered proteins such as islet amyloid polypeptide

(IAPP) and α-syn, and insights from studies of those systems are likely to be relevant to Aβ.
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Figure 1.17: Cryo-EM structure of ex vivo Aβ fibrils. (a) A side-on view of the fibril structure, showing

a right-handed twisted ribbon formed from a pair of protofilaments. (b) A cross-sectional view of the fibril

structure. (c) A side-on view of the protofilament packing interface, corresponding to the region enclosed in

a box in panel (b). The two subunit stacks are staggered to form a fibril with an overall 21 screw symmetry.

(d) A side-on view of a stack of six monomeric subunits; as with many other amyloids, the subunits are

single-layered but non-planar. (e) The distribution of hydrophilic and hydrophobic residues in the fibril

structure. Figure adapted from Kollmer et al. [160].

1.3.8 Summary

Although the structure and biophysical properties of amyloids are highly varied, there are common

features. The dominant interactions responsible for amyloid formation are markedly different from those

responsible for collapse of globular proteins; as a result, amyloids have repetitive, hierarchically organ-

ised structures with a high degree of symmetry. This organisation causes unusual interaction motifs such

as amide ladders and steric zippers to play an important role in the structure of amyloids, so that there

are further structural commonalities despite extensive polymorphism. The highly ordered structure of the

cross-β core, and the well-defined, specific set of interactions it entails, leads to unusual morphological

and mechanical properties at the mesoscale level, which are closely linked to both the role of amyloids in

pathology and their potential applications in materials science. Nonetheless, in many pathological contexts,

the metastable species that occur during amyloid formation that are the primary species responsible for

toxicity [49]. Thus, in order to understand disease mechanisms, it is important not only to understand the

structure and biophysics of mature amyloids, but also the species populated along their formation pathways,

and the kinetics by which these species are formed. The kinetics and intermediates of amyloid self-assembly

pathways are the focus of the following sections of this literature review.
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1.4 Metastable states populated during amyloid formation

In addition to mature amyloid fibrils, proteins and peptides populate a diverse range of non-amyloid

conformational states en route to amyloid formation. These include misfolded monomer conformers, glob-

ular oligomers with varying degrees of structural order, and filamentous assemblies such as protofibrils. An

overview of these species is provided in Fig. 1.18, the details of which will be elaborated on in the follow-

ing subsections. In most cases, non-amyloid states that form during amyloid formation are metastable with

respect to mature amyloid fibrils, and they often occur transiently. These metastable states can be studied us-

ing a similar range of structural, biophysical, and biochemical techniques to amyloid fibrils, although many

of them are relatively unstructured, meaning that cryo-EM has less potential to yield high-resolution den-

sity maps, and solution-state spectroscopic techniques such as NMR and fluorescence spectroscopy have

a greater role (eg. [216, 217]). In addition, while computational approaches such as atomistic or coarse-

grained molecular dynamics (MD) and Monte Carlo simulations have occasionally been used in structural

studies of amyloid fibrils [218], and more so in the study of fibril-dependent self-assembly kinetics (Section

1.5), they have also proved extremely informative in the study of many of the highly dynamic, structurally

heterogeneous metastable states formed during amyloid self-assembly (eg. [219–224]). The aim of this

section is to discuss the structure, morphology, and toxicity of these metastable species. Their role in the

nucleation and growth of amyloids will be discussed in the next section.

1.4.1 Structure and physicochemical properties of amyloidogenic monomers

Amyloid formation does not typically proceed directly from a fully folded native state [225]. In most

cases, the native and amyloidogenic folding pathways diverge at some point outside of the native basin of

attraction (NBA), defined as the basin in the folding free energy surface that contains the global non-amyloid

thermodynamic minimum [226]. Thus, in order to form amyloids, proteins with a well-defined native state

must typically unfold to some extent. This requirement stems from the substantial conformational differ-

ences between the native and amyloid states of proteins; as outlined in Section 1.3.3, the structure and

topology of the two are governed by a different balance of molecular interactions [121], and they differ fun-

damentally in their symmetry and their propensity for particular structural motifs. As a result, it is difficult

to envisage how the transition between the two could occur directly, without involving intermediates with

a greater degree of conformational flexibility. This explains why peptides such as Aβ and IAPP, and intrin-

sically disordered proteins (IDPs) and domains (IDDs) such as α-syn, Tau, and poly-Q, which have large

disordered regions and in many cases lack a folded ‘native’ state, are particularly prone to amyloid forma-

tion [225]. At the same time, it has been noted that the amyloidogenic pathways of folded proteins, larger

peptides and IDPs often branch off at a collapsed or partly ordered monomer, rather than a true random
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Figure 1.18: An overview of metastable states populated during amyloid formation. Coloured circles rep-

resent separate or assembled monomers, with the colour broadly representing the conformational state: red

or gold, monomeric conformational ensemble; green, non-amyloid aggregates; blue, amyloid. Metastable

or unstable states occurring in amyloid formation include: amyloidogenic monomer conformers (top, left;

see Section 1.4.1); oligomers, which may acquire filamentous or droplet-like morphologies as they grow

(top, centre; see Section 1.4.2, Section 1.4.4, and Section 1.4.5); protofibrils and worm-like fibrils, a hetero-

geneous class of filamentous species that are structurally distinct from oligomers and mature amyloid fibrils

(top, right; see Section 1.4.3); and species associated with membranes or other surfaces (bottom, centre; for

simplicity only membranes are shown here; see Section 1.4.6). Amyloidogenic monomers and oligomers

have variable structure content, ranging from negligible to native-like (bottom, left; see Section 1.4.1 and

Section 1.4.2). Arrows show the most common structural transitions that occur during amyloid fibril for-

mation, but do not represent all possible pathways; in addition, many polypeptides can only form a subset

of the species depicted in this diagram, and may not be able to undergo all structural transitions. For more

information on the species and processes represented in this figure, see the corresponding sections indicated

above. Figure based on the sources cited in the indicated sections.
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coil [225]. The aim of this subsection is to discuss the nature of amyloidogenic monomers in the context of

the conformational state of protein folding intermediates and IDPs, in order to examine the requirements for

initial assembly and the extent to which the structural features of amyloids may originate in the monomer.

A wide variety of distinct conformational states have been identified along protein folding pathways, and

in IDPs and IDDs. The states that are most commonly observed in amyloidogenic monomer conformers are

summarised in Fig. 1.19. Besides random coils, collapsed disordered states are also observed, as well as

more ordered states such as molten globules (MGs), which have native-like secondary structure but rela-

tively ill-defined tertiary contacts, and folding intermediates with a non-native tertiary structure [227–229].

Although amyloidogenic ‘unfolded’ states are often assumed to be random coils, unambiguous examples

of direct, untemplated amyloid formation by a random coil monomer are rare. Small amyloidogenic pep-

tides (/ 10 residues) such as KLVFF and GNNQQNY, which lack persistent secondary structure, do not

have a well-defined distinction between coil and globular states, as they are too short and inflexible to ex-

hibit random coil statistics or undergo collapse. While the full-length Aβ peptides (39-43 residues) are

sometimes proposed to exist in a random coil state, data from CD, NMR, and molecular dynamics (MD)

simulations often reveal a significant, fluctuating secondary structure content [4,219,221,230–234]. For ex-

ample, the simulated free energy surface of the Aβ(1-42) monomer [219] shown in Fig. 1.20 has numerous

local minima corresponding to distinct, rapidly interconverting conformational states, and many of these

contain a substantial amount of secondary structure. In addition, experiments and simulations have shown

that Aβ(1-40) and Aβ(1-42) have a radius of gyration in the 1.0-1.6 nm range, depending on the condi-

tions [235–238], which indicates a partial degree of collapse between a coil (∼1.8 nm) and a dense globule

(∼1 nm) [226]. Analyses of the radial distribution of Cα atoms within the partly collapsed monomer have

revealed a ‘micelle-like’ arrangement, with the hydrophobic residues more often occurring at the centre of

the globule and the hydrophilic residues closer to the exterior, although the average solvent-accessibility of

all residues is still higher than in a folded protein [221]. MD simulations have also predicted a negative

coefficient of thermal expansion under certain conditions, reflecting the formation of extended secondary

structure at lower temperatures (≤ 320 K) [237]. Similarly, α-syn (140 residues), which is highly unstruc-

tured and often assumed to be a random coil, has long-range interactions [239] and a radius of gyration of

∼2.7 nm [240], which is again intermediate between a true coil in neutral solvent (∼3.7 nm) and a dense

globule (∼1.1 nm) [226]. Thus, Aβ, α-syn, and other unstructured amyloidogenic peptides often exist in

partly collapsed disordered states, rather than as true random coils. There is also evidence from NMR, MD,

and Raman optical activity (ROA) data that many unfolded and denatured polypeptides that were previously

interpreted as random coils, including Aβ, α-syn, and Tau, may in fact contain significant quantities of fluc-

tuating polyproline-II (PPII) helices [230, 241–251]. PPII helices are not restricted to polyproline and can

be formed by a wide variety of primary sequences, but can be difficult to distinguish from coils by CD; it
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Figure 1.19: An overview of amyloidogenic monomer conformers. Schematic representations of the

species often associated with amyloid formation are organised by structure content and radius of gyration,

which can be used to measure the degree of hydrophobic collapse of the polypeptide chain. Although there

is often a correlation between the degree of collapse and the structure content, there are exceptions [229],

and some amyloidogenic polypeptides such as α-syn have a low structure content despite exhibiting a rela-

tively high degree of collapse [253]. Nonetheless, many amyloidogenic monomers exhibit an intermediate

degree of collapse and are partly ordered, such as Aβ [221,232] and IAPP [254,255]. Other amyloidogenic

conformers are native-like, such as β2m [256]. Green arrows indicate the trade-off between rapid confor-

mational sampling and stability of nucleated cross-β structure, which is often greater in chains that favour

a more folded state. Figure based on the aforementioned sources, as well as other sources cited in Section

1.4.1.

has been proposed that PPII helices may be suitable precursors for cross-β structure as they are extended,

flexible, and have (φ ,ψ) angles close to those of β-strands [252].

At the other end of the spectrum, some amyloids have been observed to form from highly structured

monomers that are close to the native state (Fig. 1.19). For example, β2m enters the amyloidogenic pathway

via dimerisation of a native-like folding intermediate with a trans-proline in place of a native cis-proline,

and a destabilised β-strand that participates in oligomerisation. These dimers then further assemble to form

hexamers, which progress to amyloids via a thus far undetermined mechanism [256, 257]. In a similar

manner, amyloid formation by the cystatins proceeds via domain-swapped dimers that can be composed

of the native or MG states, although it is implied that the dimerisation of both these species involves a

significantly more unfolded transition state [258]. In general, for assembly pathways whose intermediates

have a native-like structure, formation of amyloids is likely to require transient sampling of more unfolded

states. Therefore, amyloids such as β2m and the cystatins do not completely circumvent the requirement to

unfold, although β2m may be able to delay major unfolding until the hexamer [256]. Most other amyloids,

54



Figure 1.20: Free energy surface of Aβ(1-42) monomer, from MD simulations by Yang and Teplow [219].

The axes are the two main principal coordinates of the peptide’s conformational free energy surface. These

do not formally relate to any single variable, but are derived from the first two eigenvectors of the distance

matrix between sampled conformations; thus, conformations that appear close to one another on this plot

are typically conformationally similar. While principal coordinate 1 is the main correlate of whether the

peptide’s secondary structure is predominantly α-helix or β-sheet, principal coordinate 2 correlates better

with conformational conversion within the α- and β-basins. The colour of the free energy surface represents

the free energy of conformers (kcal.mol−1; key to right of plot), and the red line is a separatrix highlighting

the free energy barrier between the α- and β-basins, with interconversion between these basins depicted by

the white double-headed arrow. Representative conformations corresponding to prominent local minima are

shown arround the edges of the plot, with their position on the free energy surface indicated by numbered

arrows. The structural models are coloured spectrally from the N-terminus (indigo) to C-terminus (red).

Figure adapted from Yang and Teplow [219].
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perhaps including the cystatins, appear to require a more dynamic monomer.

Many authors have argued that amyloidogenic monomers are dynamic species with an intermediate level

of secondary structure, which can be transient or persistent [34,225,255,259–263]. In contrast, aggregation

pathways that begin with more structured, native-like monomers have been proposed to result in aggregates

that are trapped in a globular state, and undergo amorphous rather than fibrillar assembly [259]. Uversky

and Fink [225] have proposed that the amyloidogenic monomer is a pre-molten globule (PMG; see Fig.

1.19). The PMG, which is proposed to be a distinct state of polypeptide chains, is characterised by an

intermediate level of secondary structure and lacks a native-like tertiary organisation. In double-angle plots

derived from CD data, in which the molar ellipticities at 200 nm and 222 nm are plotted against one another,

PMGs form a discrete cluster situated between those corresponding to coils and globules. PMGs have

a partial affinity for 8-anilinonaphthalene-1-sulfonic acid (ANS), a fluorescent dye that detects accessible

hydrophobic regions and is often used as probe for MG states, have a radius of gyration intermediate between

a coil and a MG, and are relatively dynamic [225, 227]. The more structured Aβ conformers are consistent

with this description [4, 230–234]; in addition, the monomers of IAPP, poly-Q, and a number of other

amyloid-forming proteins are similar to PMGs [225,254,255,264], and α-syn is able to undergo a transition

to a PMG-like state when interacting with certain metal ions [265]. PMGs are proposed to be well-suited

for amyloid nucleation as they are more dynamic than folded states, but have an appreciable secondary

structure content, allowing them to transiently sample a diverse ensemble of amyloid-like conformations

until a cross-β structure forms [225].

If the advantage of PMGs lies in their secondary structure content, then structured conformers occurring

in more expanded monomers are also likely to be suitable for amyloid formation, meaning that PMGs

are not the only suitable precursors. The importance of pre-existing secondary structure is supported by

the observation that many amyloidogenic polypeptides transiently form fibril-like structural motifs in their

disordered monomeric state; for example, both Aβ and IAPP form β-hairpins that have been suggested to

be amyloidogenic [255, 260, 261]. In addition, these amyloids appear to exhibit second-order nucleation

kinetics, which has been interpreted as resulting from stabilisation of an unstable β-hairpin conformer by

binding of an additional monomer, forming a stable dimer on-pathway to amyloid formation [263, 266].

Although this mechanism is debated [267–269], even if lasting secondary structure does not originate in the

monomer, the presence of a significant amount of fluctuating secondary structure could increase the success

rate of molecular collisions, enhancing the formation of prefibrillar oligomers.

An alternative interpretation is that it is the poor solubility of the polypeptide backbone that drives

aggregation, rather than specific interactions between transiently formed secondary structure elements. A

high secondary structure propensity is not a universal characteristic of amyloidogenic monomers; for ex-

ample, α-syn only becomes a PMG under highly specific conditions, and assembly usually proceeds from a
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monomer with a very low secondary structure content [253]. In addition, mutations or modifications could

independently destabilise particular secondary structure elements in the monomer and the fibril structure,

without requiring a causal relationship between the two. In the alternative interpretation, the correlation

between secondary structure content and aggregation propensity exists because both are caused by the same

physicochemical properties of the polypeptide chain [268]. Although collapse is not always required for

structure formation [229], in general a collapsed or partly collapsed state has greater proximity between

polypeptide chains, increasing the probability of forming non-local interactions and thus secondary or ter-

tiary structure. Thus, factors that encourage collapse may indirectly encourage structure formation, and

if these factors independently encourage aggregation, a correlation between secondary structure content

and aggregation propensity will emerge. As with other peptides and proteins, collapse of amyloidogenic

monomers is driven by a complex interplay of backbone-backbone interactions and sidechain-dependent

effects [229]. The polypeptide backbone itself has poor solubility, so that both polyglutamine (poly-Q) and

polyglycine undergo collapse transitions driven by the tendency of the backbone amides to preferentially

solvate one another, rather than forming hydrogen bonds with the solvent [270, 271]. At the same time, the

sidechains modulate this tendency; for example, while the burial of hydrophobic sidechains encourages col-

lapse [221], the unfavourable desolvation enthalpy of charged sidechains opposes collapse [229]. MD sim-

ulations have shown that aggregation of small oligomers of Aβ(10-40) [272] and poly-Q [268] is driven by

the same set of physical principles as collapse; just as the polypeptide backbone of a single monomer prefers

to solvate itself, the backbones of monomers within an oligomer can mutually solvate one another [268],

and hydrophobic interactions that encourage collapse also encourage oligomerisation in a similarly nonspe-

cific manner [220, 223, 273–275]. In agreement with this, small oligomers formed by these peptides have

similar secondary structure content and radial density profiles to the monomers [268, 272]. Thus, monomer

collapse, secondary structure formation, and globular oligomer formation may be correlated simply because

they all depend on the poor solubility of the expanded monomer [268].

The prevalence of collapse among amyloidogenic monomers also presents a challenge for hypotheses

that cross-β structure originates in the monomer [268]. Although collapse often results in an increase in sec-

ondary structure content, it also has detrimental effects on the monomer’s ability to sample amyloidogenic

conformers, without first self-assembling to form oligomers. While collapsed disordered states are much

more dynamic than folded states, they are denser than random coils, often contain restrained water, and have

large numbers of non-amyloid-like interactions that create a frustrated free energy surface with numerous

local minima [219,268,270,276], similar to that shown in Fig. 1.20. As a result, PMGs and other collapsed

disordered states have slower conformational sampling than random coils, and can exhibit broken ergod-

icity [229], which means that monomers may be individually unlikely to ‘find’ amyloidogenic conformers

on timescales relevant to nucleation. This is problematic for theories of monomeric ‘nuclei’, since notions
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of nucleation resulting from conformational fluctuations in the monomer are often predicated on the idea

that the monomer is ergodic and exhibits coil-like statistics [263, 266]. As a solution, Vitalis et al. [268]

proposed that the cross-β structure could arise in collapsed disordered oligomers; in this context, the authors

found that intermolecular interfaces were able to promote β-sheet formation, suggesting that nucleation of

the cross-β structure is likely to be enhanced as the size of oligomers increases. Similarly, more recent work

has shown that the apparent second-order nucleation kinetics could be ascribed to a dimer being the smallest

species in which the cross-β structure can nucleate, rather than ‘nucleation’ in a monomer and stabilisation

by dimer formation [224].

Nonetheless, it should be noted that the disordered monomers of different amyloidogenic proteins

present a spectrum of conformational states, with varying degrees of collapse and secondary structure. Thus,

an expanded state with a high secondary structure content may favour nucleation in the monomer, while a

collapsed disordered state may delay nucleation until oligomers are formed. The fact that many polypeptides

exhibit a positive correlation between the degree of collapse and the secondary structure content may create

a trade-off that typically results in an intermediate propensity for these two pathways, as represented in Fig.

1.19. Based on the available evidence, it is not possible to settle the question of when different amyloids

nucleate by only examining the monomer. Therefore, the structural and physicochemical characteristics of

oligomers are investigated in greater detail in the following subsections.

1.4.2 Globular oligomers and micelles

Oligomers are often observed during amyloid self-assembly, and the oligomers formed by many polypep-

tides, such as Aβ, α-syn, and IAPP, have been proposed to be the primary species responsible for toxic-

ity [49]. Species described as oligomers typically have a spheroidal, ellipsoidal, or irregular appearance

when imaged by AFM and EM (Fig. 1.21(a-b)), with a diameter from 2 nm [277] to several tens of

nm (eg. [278, 279]), and range from dimers to large assemblies containing thousands of monomers. Ar-

guably such large aggregates are not true oligomers, but due to the broad size distribution of many oligomer

populations there is often no clear structural distinction between small oligomers and large multimeric

aggregates (eg. [278]); the morphologies of large oligomer-derived aggregates, which are typically fila-

mentous or droplet-like, are discussed in greater detail in Sections 1.4.4 and 1.4.5. The structural and

mechanical properties of oligomers are varied (Fig. 1.21(c-f)); some bind ThT, implying the presence of

amyloid-like structural motifs [278], while others do not [280], and some have well-defined tertiary struc-

tures [256, 258, 281, 282], while others are liquid-like and deformable [283, 284]. In general, oligomers

tend to be less structured and more dynamic than the amyloid and the native state, if present. This sec-

tion provides an introduction to globular oligomers that form in solution; elongated prefibrillar assem-

blies such as protofibrils and filamentous oligomers are discussed in the next two sections, followed by
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Figure 1.21: Morphology and structure of globular oligomers. Panels (a-b) show the typical appearance of

globular oligomers by (a) AFM (Aβ(M1-42), ie. N-terminally methionylated Aβ(1-42), scale bar 200 nm)

[303] and (b) NS-EM (Aβ(1-42), scale bar 100 nm) [304]. Panel (c) shows a representative conformation

of a relatively disordered Aβ(1-42) pentamer, from MD simulations [273]. Coloured spheres represent

residues of interest: red, N-terminal D1; green, selected hydrophobic residues (I31, I32, I41); blue, C-

terminal A42. Panel (d) (bottom left) shows the ssNMR-derived structure of an ordered subdomain of a

globular oligomer formed by Aβ(M1-42) [303], comprising residues 17-42. Ordered regions appeared after

assembly following a delay, and the N-terminal region remained disordered (not shown). Similarly, panel

(e) (top right) shows a representative conformation of the ordered core of a simulated Aβ(1-42) β-barrel

tetramer [305], comprising the C-terminal regions of the peptides (residues 27-43). The remainder is mostly

disordered (not shown). Panel (f) shows the X-ray crystal structure of a domain-swapped dimer of human

cystatin C (hCC) [281]. In panels (d-f), different polypeptide chains are represented in different colours. All

images adapted from their respective sources.

large spheroidal aggregates, and the various assemblies formed at surfaces and in contact with membranes.

Soluble globular oligomers have been described in most amyloid proteins, with examples including the

Aβ peptides [51, 54, 71, 216, 278, 280, 285–296], α-syn [51, 297–299], β2m [256], IAPP [51, 99, 300, 301],

PrP [51], poly-Q [51], Htt [251, 302], and Sup35p [283], and can be divided into several broad classes:

disordered or partly ordered globular oligomers (Fig. 1.21(c-d)), β-barrels (Fig. 1.21(e)), and native-like

oligomers (Fig. 1.21(f)).

Many oligomers formed in experimental contexts are characterised by a low or intermediate level

of secondary structure, a globular appearance, broad size distribution, and in some cases clear evidence

of deformability when interacting with surfaces and amyloid fibrils. Examples include the majority of
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Aβ oligomers that have been analysed at the structural level [216, 286, 287, 290, 296, 303], as well as

oligomers formed by IAPP [99, 300, 301, 306], Sup35p [283, 284], and various Htt constructs and poly-

Q fusion proteins [251, 307, 308]. In addition, these characteristics are likely to extend to many other

amyloid oligomers whose structural properties have been studied in less detail. The morphology and me-

chanical properties of these species strongly imply that their poorly developed secondary structure results

in a lack of long-range higher-order structure throughout the assembly, although there is good evidence

for short-range tertiary and quaternary contacts within subdomains of co-assembled monomers in some

cases [216, 255, 278, 290, 296, 303, 306]. The lack of long-range structure gives these species a ‘molten’

character [268,283,284]; in agreement with this, the majority of oligomers that are spontaneously formed in

molecular simulations have a low or intermediate level of secondary structure, and a fluid or irregular tertiary

and quaternary structure [220, 222, 223, 268, 272–275, 309–314]. Due to the lack of a fixed structure, MD

simulations are often the only means to obtain conformational ensembles for disordered or partly ordered

oligomers, meaning it can be difficult to validate these structures experimentally. Nonetheless, the ensemble

predictions of MD simulations, such as the Rg, structure propensity, and oligomer size distributions, typically

agree with experimental measurements from techniques such as CD and NMR [220,223,268,272–274,314],

validating their use to examine the structural characteristics of these oligomers. Fig. 1.21(c) shows a repre-

sentative conformation of a relatively disordered Aβ(1-42) pentamer from an MD trajectory [273], typical

of the simulated and experimentally supported characteristics of partly ordered oligomers.

Disordered and partly ordered oligomers are a relatively broad class, with considerable variation be-

tween the assemblies formed by different polypeptides, and even by the same polypeptide. For example, ex-

perimental estimates of β-strand content in Aβ(1-40) oligomers range from∼10% [304] to∼40% [290], and

poly-Q dimers are predicted to have a β-strand content of ∼30% [268]. It is important to note that the sec-

ondary structure contents of amyloidogenic monomers and early disordered oligomers are not particularly

different; CD and MD data suggest that the Aβ(1-40) monomer has a β-strand content in the 10-30% range

[4, 219, 221, 230–232], and Vitalis et al. [268] observed only a small difference in the stability of β-strands

between poly-Q monomers and dimers. Thus, the principles that are responsible for collapse and struc-

ture formation of the monomer are also likely to be important early in the oligomerisation process. Some

oligomers with a higher secondary structure content have a number of well-defined tertiary and quaternary

contacts [216, 255, 278, 290, 296, 303, 306]; these oligomers often dissociate into stable dimers and trimers

when treated with sodium dodecyl-sulfate (SDS), indicating that they are organised into ‘subdomains’ con-

taining intermolecular β-sheets [216, 290]. An example of such a motif is shown in Fig. 1.21(d). When

observed, tertiary and quaternary structure usually consists of a mixture of amyloid-like and non-amyloid

elements [216,255,290,296,303,306]. Moreover, while the majority of amyloid fibrils have a parallel cross-

β structure, small antiparallel and mixed β-sheets are common in oligomers [290, 291, 301, 303, 305, 315];
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similarly, NMR and MD data suggest that oligomers are enriched in intramolecular β-sheets compared to

fibrils [220, 273, 274, 290, 301, 303, 305, 315]. Nonetheless, the presence of some amyloid-like contacts

suggests that small oligomers and the subdomains present in larger oligomers may act as precursors for the

subsequent development of a mature cross-β structure [220, 278, 290, 305, 306, 315].

Some authors have described ‘molten’ oligomers as micelles [285, 309, 316–318]. Much of the exper-

imental evidence for micellar oligomers comes from Aβ(1-40), but this is simply a result of particularly

intense research into Aβ oligomers [285,316,317]; oligomers formed by Sup35p [283], κ-casein [318], and

Htt [251] have also been described as micelles, and both the generality of the underlying physical principles

and the results of molecular simulations suggest that a micellar organisation is likely to occur in oligomers

formed by other amphiphilic polypeptides [222, 309]. The main experimental evidence for the micellar na-

ture of Aβ(1-40) oligomers comes from the fact that the monomers have a surfactant-like ability to lower

the surface tension of the solution, but above a critical concentration oligomers form from the excess pep-

tide, and the surface tension stabilises in a manner similar to micelle formation. At the same time, pyrene

segregates into these oligomers and exhibits a drop in the fluorescence intensity ratio of its first and third

vibrational peaks, indicating formation of a hydrophobic environment [317]. These results indicate that

monomers within the oligomers are organised so that their hydrophilic sidechains interact with the solvent,

and their hydrophobics are buried. In addition, Aβ oligomers often exhibit a preference for a particular size

at local equilibrium, which may indicate a micellar arrangement. In some cases, this has been found to be

5-6 monomers [304], whereas in others a size of 25-50 monomers appears to be preferred [316,317]. Either

way, the presence of a discrete peak in the oligomer size distribution could be explained by the geometric

constraints imposed on micelles, as hydrophobic burial is optimised at a particular diameter and curva-

ture [319]. It is worth noting that Aβ(1-40) micelles are not necessarily spherical; in one study, small angle

neutron scattering (SANS) data suggested a spherocylindrical morphology, with an average length of 11

nm and width of 2.4 nm [316]. Besides experimental studies on Aβ(1-40), micelle-like organisation occurs

spontaneously in many molecular simulations of oligomers [220, 222, 223, 273–275], which also suggest

that micellar oligomers can have elongated, non-spherical morphologies [220, 222, 274, 275].

At the same time, describing prefibrillar oligomers as micelles overlooks the other complexities of

their formation and structural organisation. For a relatively disordered oligomer, a micellar organisa-

tion is unsurprising given that the hydrophobic effect, which is one of the main drivers for oligomerisa-

tion [220, 223, 273–275], favours burial of hydrophobic sidechains and vice versa, exactly the same as in

folded proteins and amyloids. The fact that oligomers form above a critical concentration similar to a critical

micellar concentration (CMC) is also unsurprising; all large aggregates are likely to do the same, including

amyloid fibrils. In addition, the fact that monomers with a low level of amphiphilicity such as poly-Q are

able to form oligomers [51] indicates that the hydrophobic effect is not the only factor that drives oligomeri-
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sation; others, such as mutual solvation of polypeptide backbones, sidechain-sidechain interactions, and

intermolecular β-sheet formation are also likely to be important. Lastly, the fact that some studies have

attributed the toxicity of amyloid oligomers to the presence of exposed hydrophobics [320–322] implies

that they are less micellar than amyloids and folded proteins. Thus, while all oligomers may have a varying

degree of micellar organisation, there are other effects that drive their formation.

Analyses from the perspective of polymer physics have emphasised the similarity of prefibrillar oligomers

to collapsed polymer globules in poor solvent. In poly-Q, the formation of disordered oligomers is favourable

for the same reason that collapse of the monomer is favourable; water is a poor solvent for the polypeptide

backbone, and the backbone amides preferentially solvate one another, whether intramolecularly or inter-

molecularly [268]. Similarly, simulations of Aβ(10-40) dimers and tetramers predicted features typical of

collapsed polymer globules [272]. The dimers and tetramers were both relatively unstructured, with similar

radial density profiles that revealed a dense core surrounded by a surface layer through which the density

decreased continuously towards the solvent; at lower temperatures, more atoms where incorporated into the

core, whereas temperature-induced melting of the oligomers was associated with expansion of the surface

layer. The authors concluded that collapse of the oligomers was a continuous structural transition similar to

the collapse of other polymer globules. These conclusions are less likely to apply to oligomers with a high

degree of structural order, or short, relatively inflexible peptides such as KLVFF and GNNQQNY; however,

for the majority of prefibrillar oligomers, which appear to have a low or intermediate secondary structure

content and are formed by polypeptides that are long enough to undergo a collapse transition, it is likely that

many aspects of oligomerisation can be explained by more general principles from polymer theory.

At a more intermediate level of molecular order, it is possible that some soluble oligomers may have

a β-barrel structure. β-barrels are a commonly proposed structure for prefibrillar membrane pores, which

will be discussed in Section 1.4.6, but soluble, relatively dynamic β-barrels have also been predicted by MD

simulations of Aβ(1-40) [305, 315], and coarse-grained Langevin dynamics (LD) simulations of generic

polypeptide chains [310]; an example of a simulated β-barrel structure from MD is shown in Fig. 1.21(e).

β-barrels have also been observed in larger assemblies, such as crystal structures of KVKVLGDVIEV, an

amyloidogenic peptide derived from αB-crystallin [323], and metastable, rod-like protofibrils formed by

Aβcc(1-42), a double-cysteine mutant of Aβ(1-42) in which disulfide bond formation prevents the transi-

tion to fibrils [324]. In both of these examples, the β-barrels have been proposed to form independently as

soluble oligomers, which then assemble to form the final structure. While the crystals and protofibrils are

highly structured, the β-barrels predicted by molecular simulations are typically more dynamic. However,

it is likely that the interactions that occur during higher-order assembly, as well as the engineered disulfide

bond in Aβcc(1-42), would favour greater ordering; thus, if β-barrel oligomers are able to exist indepen-

dently in solution, they may exhibit a more intermediate level of structural order. The 6-fold stoichiometry
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of Aβcc(1-42) β-barrels has been proposed [324] as an explanation for why cross-linking and ion mobility

mass spectrometry (IM-MS) data show a peak in the Aβ(1-42) oligomer size distribution around the pen-

tamer and hexamer [304, 325]; however, it should be noted that MD simulations predicting comparatively

disordered oligomers are also able to replicate this peak, casting doubt on the need for a β-barrel to explain

this observation [220,275]. Although direct experimental evidence for soluble β-barrel oligomers appears to

be relatively scarce, the oligomers formed by KVKVLGDVIEV were found to bind the A11 antibody [323],

a ‘conformational’ antibody [326] that has also been shown to recognise α-hemolysin, a soluble β-barrel pro-

tein, and a variety of toxic prefibrillar oligomers [327, 328]. Thus, it is possible that many toxic oligomers

with a higher β-sheet content may have a β-barrel structure. If this is the case, then it appears that many

amyloidogenic proteins can alternately form either disordered or β-barrel oligomers under different condi-

tions. A transition between relatively isotropic, disordered oligomers and β-barrels has been predicted in

coarse-grained LD simulations, with the β-barrels occurring at lower temperatures or higher chain stiffness;

in addition, the authors noted a quantitative similarity to the isotropic-nematic transition of liquid crystals,

which involves a similar change from spherical to uniaxial symmetry [310]. Thus, β-barrel formation may

be a common property of all amyloidogenic oligomers under appropriate conditions.

At the more structured end of the spectrum, some prefibrillar oligomers are relatively well-folded and

native-like. Examples include the dimers and hexamers formed by β2m [256], and domain-swapped dimers

(see Fig. 1.21(f)) and tetramers formed by the cystatins [258, 281, 282], both of which are able to enter

the amyloidogenic pathway from a relatively well-folded monomer. Despite being comparatively well-

folded, the tetramers and hexamers formed by these proteins are more dynamic than dimers or the native

state, exhibiting features such as enhanced ANS fluorescence and a loss of resonance dispersion in their

NMR spectra [256, 282]. This implies that more structured oligomers have an inverse relationship between

aggregate size and structure content compared to that observed in relatively disordered oligomers, such as

those formed by Aβ or poly-Q, with successive aggregation steps destabilising the native fold and reducing

the free energy barrier for the major structural rearrangement needed to form an amyloid fibril.

Although there are clear exceptions, most prefibrillar oligomers appear to exist in an unfolded or partly

folded state. In these cases, early oligomers typically contain less secondary structure than those occurring

later during aggregation [216, 220, 290, 306, 315], and tertiary and quaternary contacts are observed rather

infrequently [216, 255, 278, 290, 296, 303, 306]. This indicates that oligomerisation is initially driven by

general principles such as the hydrophobic effect and the poor solubility of the polypeptide backbone, with

higher-order structure developing later on. The counterexample to the progressive increase in structure

during oligomerisation is given by proteins such as β2m and the cystatins, which enter the amyloidogenic

pathway from a well-folded precursor and become progressively more dynamic as they assemble [256,258,

281, 282]. Provided both types of oligomers are situated en route to fibril formation, this implies that there
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Figure 1.22: Morphology of protofibrils and worm-like fibrils. (a) A NS-EM image of protofibrils formed

by Aβ(1-40) [116] (scale bar 100 nm). (b) An AFM image of worm-like fibrils formed by β2m [329] (scale

bar 200 nm). (c) An AFM image of metastable, curvilinear fibrils formed by lysozyme [339] (scale bar 300

nm). (d) A 3D represention of an AFM image of rod-like Aβcc(1-42) protofibrils [324]. All images adapted

from their respective sources.

is an approximate level of structure that is optimal for formation of the cross-β structure: the immediate

precursors may be dynamic species that are rich in secondary, tertiary, and quaternary contacts but have the

flexibility needed to undergo the final conformational rearrangement to form a cross-β structure.

1.4.3 Protofibrils and worm-like fibrils

In addition to oligomers and mature amyloid fibrils, many amyloidogenic polypeptides assemble to

form metastable, filamentous species such as protofibrils and worm-like fibrils; as will be discussed in the

next section, the basic physical principles that drive globular oligomer formation can also cause globu-

lar or micellar oligomers to acquire a filamentous morphology, creating an additional class of metastable

filamentous species. In general, protofibrils and worm-like fibrils can be regarded as short, metastable,

filamentous aggregates with an atypical structure or morphology; an overview of these assemblies is pro-

vided in Fig. 1.18 and Fig. 1.22. There is not always a well-defined distinction between amyloid fibrils,

worm-like fibrils, and protofibrils. The description of ‘worm-like’ fibrils is the more specific, as it usually

refers to amyloid fibrils with a cross-β structure that are highly flexible, ie. lp � l [329, 330] (see Sec-

tion 1.3.6). In contrast, the term ‘protofibril’ was originally applied to metastable, curvilinear, non-amyloid

filaments formed by Aβ [116, 331], but has since been applied to metastable amyloid fibrils formed by

other polypeptides [332–335], as well as other metastable filamentous species with a rod-like or beaded

morphology [324,336–339]. Protofibrils and worm-like fibrils have been observed in Aβ [116,324,331], α-

syn [332,335], β2m [329], and a wide variety of other amyloids [330,333,334,337–340]; as with oligomers,

some have been proposed to cause toxicity in vivo [72, 341].

Metastable filamentous species have a wide variety of structural features, and have been proposed to

assemble by either monomer addition or coalescence of oligomers. The three most common models for these

species are: (i) amyloid fibrils with an atypical morphology [209,329,330,333–335,340,342]; (ii) a distinct,
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non-amyloid state [291]; or (iii) stacks or beaded chains of globular oligomers [324, 336–339]. Schematic

representations of these three models are shown in Fig. 1.18. In all three cases, the atypical morphology of

these species is probably connected to their metastability, since both imply that the network of molecular

interactions that stabilise their structure is weaker or less extensive than in mature amyloid fibrils. Worm-like

fibrils and curvilinear cross-β protofibrils, which both fall into the first class, have been observed in α-syn

[335], β2m [329], and various other proteins [330,333,340]. In some instances, the curvilinear morphology

of these species may be explained by a reduced number of protofilaments, which leads to a fibril with a

lower second moment of area and a shorter persistence length as a result [195, 333, 340]. In others, the

greater flexibility may result from polymorphism of the cross-β core, as protofilaments with less extensive

cross-β structure and fewer stabilising interactions will have a less negative free energy of polymerisation

and a lower Young’s modulus, resulting in flexible assemblies that are metastable with respect to more

structured amyloid fibrils [329, 330, 335, 342]. Similarly, the metastability of non-amyloid filamentous

species can be attributed to the lack of a cross-β structure, and protofibrils that are formed by beading of

globular oligomers are likely to be flexible and metastable due to the poorly folded nature of their subunits,

and the weak interactions between them. While some protofibrils and worm-like fibrils have been proposed

to be on-pathway to formation of mature amyloid fibrils [116,331, 334–337, 340,342], others are suggested

to be off-pathway [329, 339], particularly if there is a well-folded tertiary and quaternary structure that is

markedly different from that of stable fibrils.

1.4.4 Filamentous oligomers

Metastable filamentous assemblies can also arise as a natural consequence of the growth of globular

oligomers without requiring dramatic structural changes or a different mode of supramolecular assembly

(Fig. 1.18), a possibility that is sometimes overlooked. The tendency of large oligomers to acquire an

elongated and even filamentous morphology is supported by the majority of sufficiently large molecular

simulations [220, 222, 223, 275, 343] and several experimental studies [251, 290, 296, 304, 307, 344, 345],

and can be explained in terms of simple physical constraints on the dimensions of oligomers. For example,

both NS-EM and AFM have revealed irregular, thread-like oligomers formed during aggregation of Aβ(1-

40) [290,296,304,344,345], Aβ(1-42) [290,344], and some poly-Q-containing proteins, including Htt [251,

307]; these appear to develop from smaller globular oligomers, are relatively unstructured (∼80% coil for

Aβ), and seem to be on pathway to fibril formation; in addition, SANS data indicate that ‘micelles’ formed

by Aβ(1-40) have an elongated morphology, with a length almost five times their width [316]. Atomistic

simulations also predict that globular oligomers formed by a wide variety of Aβ peptides, including Aβ(1-

40) and Aβ(1-42) as well as N-terminally truncated variants, will undergo a transition from spheroidal to

protofibril-like growth around the size of approximately a pentamer or hexamer [220, 223, 275]; a similar
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Figure 1.23: Oligomers may acquire a filamentous morphology as a consequence of continued growth.

Panels (a-b) show NS-EM images of oligomers with a filamentous or elongated morphology formed by (a)

Aβ(1-40) [304] (scale bar 100 nm) and (b) Met(O2)35 Aβ(1-40) [344] (scale bar 100 nm). Panels (c-d) show

representative conformations of large Aβ(1-42) oligomers from MD simulations: (c) shows a disordered 18-

mer with an elongated morphology [223]; and (d) compares the morphology of hexamers and 28-mers with

a higher β-sheet content than the oligomers in the previous panel [220]. The red spheres mark the N-termini

(D1) of each assembled peptide. Note that the width of the 28-mer is approximately the same as that of the

6-mer. All images adapted from their respective sources.

morphology has been predicted for oligomers of the KLVFFAE peptide [343]. Lastly, the self-assembly

kinetics of α-syn oligomers have also been shown to be consistent with a pseudo-1D mechanism of growth

[346]. Filamentous oligomers contrast with protofibrils as they are small, appear to lack a recurring tertiary

or quaternary structure, and have a highly irregular morphology; moreover, they are structurally continuous

with smaller globular oligomers, and their formation is a natural consequence of the growth of such species,

rather than resulting from a change in structure or growth mechanism. Examples of the morphology and

simulated structures of filamentous oligomers are shown in Fig. 1.23.

The possibility of filamentous, disordered oligomers is often overlooked because it is assumed that a

filamentous morphology requires a specific quaternary structure, such as a cross-β structure or the stack-

ing of relatively folded globular subunits. Relatively disordered oligomers are often assumed to be either

completely lacking in any type of internal organisation, which would result in isotropic growth [347], or

being typical micelles, which often have ellipsoidal or spherocylindrical structures, but are often restricted
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in size and curvature [319]. However, as discussed previously, globular oligomers are neither completely

unstructured, nor simple micelles; they are more complex. Similar to micelles, the requirement to solvate

the charged groups and other hydrophilic moieties means that the maximum width of a globular oligomer

is restricted under many conditions; an oligomer that is too wide must contain desolvated polar groups,

which is unfavourable in the absence of compensating interactions. However, oligomers differ from non-

polypeptide micelles in their complexity; in addition to the poor solubility of the backbone and hydropho-

bic sidechains [220, 223, 268, 273–275], globular oligomers are held together by more specific interactions,

whether transient or persistent; these include the formation of small β-sheets and various sidechain-sidechain

and sidechain-backbone interactions [268, 272, 276, 290, 301, 303, 315]. Even if these interactions are too

irregular to result in long-range order, they can contribute to the overall stability of oligomers. In addition,

most amyloidogenic monomers are flexible, deformable, and have alternating hydrophobic and hydrophilic

regions. The presence of additional stabilising interactions and the flexibility and sequence complexity of

polypeptide chains may allow globular oligomers to tolerate larger structural deviations than the smaller or

more rigid molecules found in many ‘typical’ micelles, allowing them to adopt a more elongated morphol-

ogy.

The micellar origin of the transition from spheroidal to filamentous growth is supported by the fact that

this transition happens around the pentamer or hexamer for Aβ [220, 275], when the width of an oligomer

is slightly more than twice that of a pseudo-spherical monomer of the same density, and there is a peak

in the oligomer size distribution. More direct evidence for a micellar explanation is also provided by the

coarse-grained MD simulations of Barz et al. [222], who considered the self-assembly of coarse-grained

amphiphilic monomers with a variable energy term disfavouring desolvation of the hydrophilic groups.

Completely ‘hydrophobic’ monomers, for which there was no penalty for desolvating those groups, under-

went amorphous assembly to form large spheroidal structures. Progressively increasing the penalty caused

the simulations to produce increasingly filamentous structures with a smaller width and a more micellar

cross-section, without need for specific features to mimic intermolecular β-sheets. Another important fea-

ture of this study was the fact that they modelled each monomer as a deformable entity, rather than a hard

spherocylinder as in many other coarse-grained simulations [224, 319, 348]. While hard spherocylinder

models have computational advantages, they do not form elongated structures under a micelle-like inter-

action potential. This indicates that coarse-grained models must incorporate some degree of flexibility or

deformability in order to replicate the filamentous oligomers seen in atomistic simulations and experiments,

supporting the hypothesis that the deformability of polypeptide chains allows oligomers to tolerate more

filamentous arrangements.
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1.4.5 Large spheroidal and droplet-like aggregates

Past a certain point, continued growth of oligomers usually requires a transition to a structurally dis-

tinct protofibrillar or fibrillar state (see Section 1.4.3), or a gradual shift to an elongated morphology due to

the micellar constraints on oligomer size (see Section 1.4.4). However, in some cases, continued isotropic

growth may occur, resulting in large, spheroidal aggregates consisting of thousands of monomers, with-

out an obvious micellar architecture (Fig. 1.18, Fig. 1.24). This is a rather uncommon occurrence, but

has been observed in Aβ(1-40), where spheroidal aggregates can grow to widths as great as several mi-

crons [278, 292, 295]. The morphology of these species indicates that favourable energetic terms resulting

from desolvation of the backbone and hydrophobic sidechains, and in at least one case β-sheet forma-

tion [278], outweigh unfavourable terms resulting from desolvation of charged sidechains and other hy-

drophilic moieties, allowing non-micellar assembly. Although there does not appear to be a single envi-

ronmental factor that induces this mode of assembly, there may be individual explanations. In one study,

the Aβ(1-40) monomers within the aggregates were found to be relatively structured, with tertiary and qua-

ternary contacts reminiscent of cross-β structure [278]; in this case, it is possible that the structured nature

of the constituent monomers may have prevented them from adopting a micellar arrangement, with assem-

bly driven instead by high peptide concentration (100 μM). In the other studies, the peptide concentration

was lower, so the cause of the phenomenon remains unclear. In some instances, the formation of these

large, droplet-like species may be similar to liquid-liquid phase separation (LLPS), in which interactions

with electrolytes often provide the charge neutralisation required for the protein to condense. LLPS has

been observed in many IDPs and has been proposed to play a role in the nucleation of amyloid fibrils by

Tau [349].

While one study suggested that spheroidal and droplet-like Aβ(1-40) aggregates were off-pathway from

amyloid formation [292], others have suggested that that they provide a favourable environment for fibril

nucleation. In the studies by Chimon et al. [278] and Luo et al. [295], spheroidal aggregates were metastable

and ultimately replaced by amyloid fibrils, and both studies presented evidence to suggest that the aggregates

acted as nucleation sites for amyloid fibrils. Chimon et al. [278] (Fig. 1.24(a-b)) observed the formation

of β-sheets and amyloid-like tertiary and quaternary contacts in spheroidal aggregates, similar to the sub-

domains described in smaller oligomers [216, 255, 290, 296, 303, 306]. In addition, immediately before the

appearance of amyloid fibrils, elongated aggregates were observed, with an apparently spherocylindrical

morphology intermediate between spheroids and fibrils [278] (Fig. 1.24(b)); it is possible that these may

have represented an intermediate state in the transition to amyloid fibrils, or spheroids undergoing struc-

tural distortions due to the growth of amyloid fibrils in their interior. Similarly, Luo et al. [295] presented

AFM images showing the emergence of amyloid fibrils from within droplet-like aggregates of Aβ(1-40)
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Figure 1.24: Metastable spheroidal aggregates formed by Aβ(1-40). Panels (a-b) show NS-EM images of

spheroidal aggregates (a) 52 h and (b) 55 h after the start of assembly [278], with elongated morphologies

beginning to appear in the second image. The scale bar is 100 nm, or 25 nm in the inset panels. Amyloid

fibrils appeared shortly after the appearance of elongated assemblies [278]. Panels (c-d) show AFM images

of spheroidal aggregates and amyloid fibrils (c) 57 h (scale bar 500 nm) and (d) 71 h (scale bar 2 μm) after

the start of assembly [295]. Note that fibrils often appear to pierce or emerge from the spheroids, as indicated

by the white arrows. All images adapted from their respective sources.

(Fig. 1.24(c-d)), sometimes accompanied by structural distortions of the droplets. Thus, even if the crowded

interior of spheroidal or droplet-like aggregates slows the conformational sampling of individual constituent

monomers, the total fibril nucleation rate in these aggregates may be high simply due to the large number of

monomers incorporated into them, and the resulting degeneracy of possible nucleation sites.

1.4.6 Surface and membrane-bound aggregates

Many surfaces stabilise oligomers and other nonfibrillar assemblies, or catalyse their formation. Com-

mon experimental surfaces that cause this effect include polystyrene [350, 351], mica [352] and the air-

water interface (AWI) [353], and lipid membranes have received considerable attention as physiological

surfaces [51, 63–68, 313, 354–358]. There are a number of reasons why surfaces may induce aggregation:

firstly, attractive surfaces create a concentration effect that encourages aggregation [359, 360]; secondly,

surfaces typically present a less dielectric environment than the solvent, which strengthens intermolecular

interactions and encourages structure formation [359, 361]; and thirdly, interactions with the surface may

induce orientation preferences in the polypeptide chains, which increase the probability of forming parallel

in-register β-sheets [350,352,362,363]. In addition to stabilising and catalysing formation of prefibrillar as-

semblies, surfaces may also bind to species formed in solution, and this interaction may alter their structural

properties in a way that promotes the transition to fibrils [357, 364]. The species observed either assem-

bling on or binding to surfaces are morphologically diverse. In addition to species similar to those formed in

solution, such as globular oligomers and protofibrils [334,352], structurally distinct species can occur on sur-

faces; Aβ has been observed to form both thin films [350–353, 365] and pseudo-crystalline sheets [352] on
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Figure 1.25: Metastable assemblies formed on non-membrane surfaces. (a) A 3D representation of an AFM

image of Aβ(1-42) oligomers formed on mica [352]. (b) An AFM image of amyloid fibrils and protofibrils

formed by IAPP on a hydrocarbon-coated mica surface [334] (scale bar 660 nm). (c) An AFM image of

pseudo-crystalline sheets of Aβ(1-42) formed on graphite [352] (scale bar 200 nm). All images adapted

from their respective sources.

experimental surfaces, and many polypeptides are able to form transmembrane oligomers [63–66,355,356]

(see Fig. 1.18 for a summary). Examples of aggregates formed on non-membrane surfaces are shown in

Fig. 1.25, and examples of membrane pores formed by N-terminally truncated Aβ isoforms are shown in

Fig. 1.26.

Membrane-induced aggregation is of particular interest due to its physiological relevance. Lipid mem-

branes are the most abundant physiological surface for which there are well-established interactions with

a variety of amyloidogenic polypeptides [63–68, 355, 357]. There is evidence that membranes both induce

the formation of on-pathway oligomers [357], and catalyse the conformational conversion of pre-existing

assemblies [313]; in addition, many oligomers have been shown to cause membrane permeabilisation or

other forms of membrane damage, with toxic consequences [63–66, 68, 355, 356]. Transmembrane pores

appear to be the most common class of membrane-active prefibrillar assemblies. AFM images have revealed

that many of these species are small, annular oligomers with a similar appearance to those formed by bac-

terial pore-forming toxins [64, 66, 355, 356]. While these oligomers are likely to be structurally diverse,

AFM-validated MD simulations have predicted that pores formed by N-terminally truncated Aβ(1-42) vari-

ants (see Fig. 1.26) and several other polypeptides have a β-barrel structure [66,354–356], and this model is

supported by the observation that many toxic oligomers bind to the A11 antibody [65,323,328], a ‘conforma-

tional’ antibody that also recognises β-barrel pores formed by α-hemolysin [327]. As previously discussed

in Section 1.4.2, the transition from disordered, globular oligomers to soluble β-barrel oligomers has simi-

larities to the isotropic-nematic transition occurring in liquid crystals [310]. The soluble β-barrel oligomers

predicted by molecular simulations are relatively dynamic, and are physically similar to liquid crystals;

therefore, this transition may be underpinned by similar physical principles [310]. However, while soluble

β-barrel oligomers appear to be relatively uncommon, there is considerably more evidence for the existence
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Figure 1.26: Membrane pores formed by N-terminally truncated Aβ isoforms. Panels (a-d) show MD

simulations and AFM images of pores formed by Aβ(9-42), and panels (e-h) show simulations and images

of pores formed by Aβ(17-42) [66]. Panels (a) and (e) show the average pore structures predicted by MD

simulations, consisting of 16 Aβ monomers each: left, surface representation with subunits highlighted;

centre, ribbon representation with the solvent-accessible pore predicted by the HOLE program embedded

in the channel; right, side-on cut-through view of a surface representation, showing the predicted pore. In

the protein structures, the colour corresponds to the hydropathy and charge of exposed residues: white,

hydrophobic; green, neutral hydrophilic; blue, positively charged; red, negatively charged. In the calculated

pore, the colour qualitatively corresponds to the diameter: red, constrictions; green, intermediate; blue,

wider regions. Panels (b) and (f) show error-mode AFM images of reconstituted lipid bilayers containing

membrane pores formed by the same peptides, with the pores enclosed in dotted circles. The white arrow

indicates an area of mica without lipid bilayer. Panels (c-d) and (g-h) show high-resolution AFM images of

individual channels, with image sizes: (c) 22 nm; (d) 19 nm; (g) 15 nm; and (h) 23 nm. Channel subunits

are numbered, and the typical inner pore diameter is 1-2 nm. Figure adapted from Jang et al. [66].
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of these species in membranes. This is unsurprising, as the uniaxial symmetry of the monomers within

these oligomers allows each monomer to span the membrane in a way that is not possible for oligomers

with a spherical symmetry. It is interesting to note that both AFM images and MD simulations suggest that

transmembrane β-barrel oligomers are relatively fluid, and are organised into loosely associated oligomeric

subunits that cluster together to form a single channel (see Fig. 1.26). This organisation allows channels to

have a range of different sizes, and suggests that they may grow by insertion of subunits; thus, membrane

pores may form by the stepwise assembly of smaller oligomers [66, 355]. In addition to channel forma-

tion, some oligomers disrupt membranes by other mechanisms; for example, globular oligomers formed by

Aβ(1-42), α-syn, and poly-Q induce membrane permeabilisation without containing an obvious pore [51],

and oligomers formed by IAPP have been shown to more generally disrupt the structure and integrity of

membranes [366].

1.4.7 Summary

Metastable, non-amyloid self-assembly states associated with amyloid formation are highly diverse, but

can be split into several broad classes on the basis of their morphology. Because the morphology of these

species can often be attributed to general physical principles that drive their formation, members of the same

class often have similar physical, structural, and functional properties. For example, many amyloidogenic

peptides are able to form remarkably similar ion channels in lipid membranes, with shared structural features

such as parallel β-hairpins and organisation into smaller domains, and a shared mechanism of toxicity [64–

66, 355, 356, 367]. Similarly, polypeptides with little to no sequence identity are able to form disordered,

globular oligomers simply as a result of the poor solubility of all or part of the polypeptide chain [283,

301, 304, 308]. Although their aggregation is initially driven by poor solubility, these oligomers often have

shared structural and functional characteristics, such as the progressive development of amyloid-like tertiary

and quaternary contacts [220,278,306], a transition to a filamentous morphology with increasing size [220,

304,307,343], and exposed hydrophobics with the potential to cause toxicity [320–322]. Although there are

recurring structural features such as β-hairpins [255, 290], there do not appear to be any universal structural

motifs, and there is certainly no ‘fold’ shared by all amyloid-related oligomers and protofibrils. Nonetheless,

many characteristics of the aggregation, amyloidogenicity, and toxicity of these species can be explained in

terms of general physical, structural, and biological principles, so that polypeptides with similar amino acid

composition, such as Aβ and IAPP, form similar oligomers and amyloid fibrils [142, 144, 301, 304], and

may have similar mechanisms of toxicity [51]. As with mature amyloids, where there is also considerable

polymorphism (see Section 1.3), this means that insights into oligomers formed by one polypeptide are

transferrable to similar polypeptides. Moreover, small molecules or proteins that target diverse oligomers

from the same class, such as the A11 antibody, which appears to generally bind β-barrel oligomers [323,
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326–328], may have general therapeutic potential.

1.5 Mechanisms and kinetics of amyloid fibril formation

In order to limit or control the self-assembly of amyloids and metastable aggregates, it is necessary to

understand not only the structure of these species, but also the mechanisms by which they form. While the

structural approaches detailed in Section 1.3.1 give snapshots of the self-assembly process that can be used

to suggest mechanisms, a purely structural approach is ill-suited to test these mechanisms. Moreover, the

dynamic, partly ordered nature of many of the species formed during amyloid self-assembly means that high-

resolution structures can often be difficult to obtain, and the rapidity of many processes and transience of

conformational transition states and short-lived intermediates leaves little time for structural investigation.

Thus, while more detailed mechanistic information can be acquired via structural means, especially with

measures to arrest the self-assembly process, kinetic data are needed to fully understand the self-assembly

process. These can be obtained through spectroscopic techniques, such as solution-state NMR or CD spec-

troscopy, as well as real-time imaging techniques such as HS-AFM [368] or high-resolution fluorescence

microscopy (Section 1.3.1). In addition, fluorimetry using ThT or other dyes has become a workhorse tech-

nique to assay the concentration of fibril-like species as an ensemble, subject to the caveats that these dyes

are not ideal probes for amyloid, and do not detect many non-amyloid species [93, 94]. Light-scattering

techniques such as dynamic light-scattering (DLS) or multi-angle light-scattering (MALS) also provide in-

formation about the size and hydrodynamic properties of species that can be used to further characterise

the self-assembly process [292, 369, 370]. Similarly, imaging techniques such as NS-EM and AFM can be

used to obtain size distributions of fibrils and self-assembly intermediates, which are specific predictions

made by most kinetic models and can thus be used to constrain model fitting [371, 372]. Lastly, theoretical

approaches such as molecular simulations and kinetic modelling provide highly complementary approaches

in this field, and the workflow of proposing mechanistic models and testing their mathematical predictions

against the available kinetic data has proved highly productive [9,373]. In this section, kinetic and structural

insights into amyloid self-assembly are discussed, as well as mathematical models and general analytical

theories of the self-assembly process.

1.5.1 Nucleated polymerisation

Kinetic studies of amyloid self-assembly often reveal a sigmoidal progress curve, with the accumula-

tion of amyloid mass beginning at a low rate, gathering speed, and then slowing down again due to the

depletion of soluble precursors. As a result, these progress curves are often conveniently divided into three

phases of self-assembly: the lag phase, the ‘growth’ phase, and the plateau phase (Fig. 1.27(a)), although
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this is usually an artificial distinction that is not underpinned by a fundamental change in the self-assembly

mechanism [374]. Amyloid formation is typically considered to be a nucleated polymerisation (NP), mean-

ing that amyloids are initially formed by a nucleation event, generally defined as the crossing of a size or

conformation-dependent free energy barrier to form a minimally sized self-assembling species, and then

subsequently grow by polymerisation (Fig. 1.27(b)) [375]. Nucleation that occurs independently of pre-

existing fibrils is termed primary nucleation, and will later be contrasted with secondary nucleation, in

which pre-existing fibrils provide a surface that catalyses further nucleation events [376]. While variant

models such as nucleated conformational conversion (NCC) are often described as an alternative to NP

models [283, 345, 377–379], they still involve nucleation and polymerisation, regardless of whether poly-

merisation proceeds via addition of monomers or oligomers to growing aggregates; as such, while models

involving conversion of intermediates are referred to as NCC by some authors [345, 378, 379], they are

referred to as NP by other authors [224, 380], and the latter convention is followed here. Therefore, the

discussion of multi-step nucleation models provided in much of this section contains arguments that are also

applicable to scenarios previously described as NCC, since there is often no formal distinction between the

two. In addition to the basic processes of primary nucleation and polymerisation, other processes may occur.

These often include secondary (ie. fibril-dependent) processes such as fragmentation, where fibrils break

in two, and secondary nucleation, where existing fibrils provide a surface that catalyses further nucleation

events (Fig. 1.27(c)) [381].

In vivo, and in ensemble in vitro experiments, the processes of nucleation and polymerisation occur pro-

gressively and affect different fibrils at the same time. Early studies proposed that the lag phase represented

the time required for nucleation to occur, while the ‘growth’ phase constituted the period of time in which

monomer was incorporated into the newly nucleated fibrils [382, 383], and many authors persist in this in-

terpretation. However, this is usually only the case in small volumes, where a limited number of nucleation

events are expected to occur (Fig. 1.27(d)). In a typical experiment containing approximately 109− 1016

monomers, one would expect large numbers of individual nucleation events to occur (perhaps 104− 1013

events, if fibrils have a typical size of 103− 105 monomers and the rate of fragmentation is low); thus,

the timescale for the first nucleation event is much less than the timescale for monomer depletion, so that

nucleation occurs continuously throughout the lag phase (Fig. 1.27(e)), rather than as a single event [374].

Moreover, the specific growth rate of fibrils is usually expected to be highest when the free monomer con-

centration is highest, which occurs at the start of the lag phase. Thus, the distinction between ‘lag’ and

‘growth’ phase in most experiments is not because nucleation and elongation of the entire ensemble occur

at different times, but because progressive nucleation causes the accumulation of elongating filaments, with

the increasing number of filaments causing a continuous increase in the total fibrillisation rate and thus the

slope of the self-assembly curve. In addition, secondary (ie. fibril-dependent) processes such as fragmenta-
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Figure 1.27: Nucleated polymerisation of amyloids. (a) Amyloid formation often has a sigmoidal progress

curve. The half-time τ50 is defined as the time at which half of the monomer has been converted to an

amyloid state, and according to one definition [374] the lag time τlag is found by extrapolating a tangent to

the curve from the inflection point back to the time axis. (b) Nucleated polymerisation is characterised

by two basic processes, primary nucleation and polymerisation (elongation). Simplified schematics of

these processes are provided in this panel, with non-fibrillar monomers represented as red spheres, and

monomers incorporated into fibrils shown as blue spheres. In primary nucleation, nc monomers assemble

to form a minimally-sized fibril; in this instance nc = 2. In polymerisation, a fibril grows by incorporation

of monomers or other precursors. (c) In addition to primary nucleation and polymerisation, other processes

may occur. These include secondary (fibril-dependent) processes such as fragmentation, where a fibril

breaks in two, and secondary nucleation, where a fibril provides a surface that catalyses further nucleation

events. Same colouring as previous panel. (d) In a small reaction volume (typically fl-pl), polymerisation

depends on a single nucleation event; thus, the lag time is the time required for this event to occur, and

polymerisation only begins once the first fibril nucleates. (e) In a larger reaction volume (including most

experimental contexts), total polymerisation results from the cumulative growth of many thousands or mil-

lions of fibrils. These fibrils are nucleated progressively throughout the time course, and the accumulation

of greater numbers of fibrils results in a progressive increase in total fibrillisation rate, which is responsible

for the smooth, sigmoidal kinetics. Figure based on information from the sources cited in Section 1.5.1.
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tion and secondary nucleation can create positive feedback, enhancing the distinction between the lag and

growth phases [374].

1.5.2 Primary nucleation

Primary nucleation is the process by which amyloid fibrils first form, without need for pre-existing

amyloid fibrils (Fig. 1.27(b)). Broadly speaking, nucleation is the emergence of a new thermodynamic

phase by crossing a free energy barrier, and is the mechanism by which first-order phase transitions usually

occur. In classical nucleation theory, which was originally developed for non-amyloid systems such as

nucleation of liquid droplets from vapour or solution, this barrier results from the fact that the free energy

of the system initially increases as the new phase grows, before reaching a maximum, and then beginning

to decrease with continued growth. The maximally unstable species is termed the critical nucleus, and the

nucleation rate is defined as the rate at which nuclei proceed to form larger species for which growth is

stable, rather than disassembling or otherwise returning to the old phase [384]. In the context of amyloid,

this implies that growth of the amyloid is initially unfavourable, but becomes favourable past a certain point,

so that the nucleation rate is given by the rate at which critical nuclei proceed to form larger species rather

than reverting to soluble monomer. This sort of nucleation can be termed one-step nucleation. However, it

is now clear that first-order phase transitions can often have two-step or multi-step nucleation mechanisms,

proceeding via metastable intermediates that are distinct from the old phase, and separated from the new

phase by an additional free energy barrier [385]. Multi-step nucleation was first identified in the context

of protein crystallisation [386, 387], but has since been described in non-biological contexts such as AgBr

and acetic acid crystallisation [388, 389], as well as polymerisation of Boc-diphenylalanine [390], sickle-

cell haemoglobin (HbS) [391], and now many amyloids [217, 251, 278, 283, 287, 335, 345, 346, 370, 392,

393]. The presence of additional free energy barriers is often the result of a more complex free energy

landscape with multiple degrees of freedom, rather than a simple size-dependence of the free energy of

newly formed clusters; these can include differences in supramolecular organisation and the conformation

of the assembled monomers. In the context of amyloid formation, commonly proposed causes of free energy

barriers include nucleation of prefibrillar intermediates [347, 394], expulsion of ordered water [395, 396],

and reorganisation of the polypeptide chains to form a cross-β structure [315, 335, 394, 397–401]. In non-

amyloid systems, intermediates are often distinct solid phases [390] or liquid-like droplets [386–388, 391];

in amyloid formation, proposed nucleation intermediates include partly ordered [251, 283, 287, 345, 346]

or native-like [256, 281, 282] globular oligomers, droplet-like spheroidal aggregates [295], and protofibrils

[331, 335]. The aim of this subsection is to review the various underlying mechanisms of one-step and

multi-step primary nucleation of amyloids, and the role of intermediates in this process.
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Figure 1.28: Thermodynamics of nucleation (part 1). (a) In one-step nucleation, a new thermodynamic

phase emerges by crossing a free energy barrier that is often, but not always, associated with a change in the

size of the nucleating phase. This panel shows a plausible nucleation mechanism of an amyloid fibril, with

multiple degrees of freedom (size, arrangement of constituent monomers, and monomer conformation). For

visual simplicity, it is assumed that size is the only slowly equilibrating degree of freedom, so that oligomers

of a particular size rapidly assume a particular arrangement and conformational state. This linearises the

free energy profile, allowing the free energy ∆G to be plotted as a function of size n. In the annotated

schematics, spheres represent individual self-assembling monomers, and the colour of the spheres represents

the conformational state, ranging continuously from red (monomer-like) to blue (fibril-like). The least stable

species, the critical nucleus, is shown in the centre in purple, and has size n∗. Successive growth steps are

mostly unfavourable for oligomers smaller than the critical nucleus, and mostly favourable for those that

are larger. In order for nucleation to occur, the critical nucleus must first form as a fluctuation, and then be

stabilised by further growth, conformational change, or some other variation with respect to a slow degree

of freedom. (b) Multi-step nucleation has more than one significant free energy barrier, when compared to

kBT . In this schematic, there are two significant free energy barriers, with an intermediate phase (green) in

between. As with the previous panel, changes in colour of the oligomers represent continuous variation in

the conformational state. Figure based on information from the sources cited in Section 1.5.2.
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1.5.2.1 Phenomenological kinetics

The rate of primary nucleation is often described by a phenomenological rate law of the form [2, 375],

Φn(t) = knm(t)nc , (1.2)

where Φn(t) is the molar rate of formation of new fibrils by primary nucleation, kn is the effective nth
c -order

nucleation rate parameter, m(t) is the free monomer concentration, and nc is the effective reaction order. In

one-step nucleation, the nucleation theorem [402] allows the effective reaction order nc to be directly related

to the size of the critical nucleus n∗; the exact relationship between the two depends on the mechanism

by which the nucleation barrier is crossed [224, 384], and is discussed in greater detail in the following

subsections. In multi-step nucleation, the same rate law is still valid if all intermediate populations are at a

steady state, and it is still possible to relate nc to n∗ with the aid of analytical theory [224, 380]. However, if

intermediate populations are not at a steady state, then it is necessary to describe nucleation as a cascade of

sequential assembly or conversion processes [380], in which case Eq. (1.2) alone is not sufficient.

1.5.2.2 Classical nucleation theory

Classical nucleation theory, which was originally developed for non-amyloid systems such as conden-

sation of liquid droplets [384], provides a starting point for theories of the thermodynamics and kinetics of

amyloid nucleation. In classical nucleation theory, the free energy profile of nucleation has only a single

degree of freedom, the size of the nucleating phase, and the free energy of this phase results from the bal-

ance of volume and interfacial terms. While the former becomes more favourable with increasing size of

the nucleating phase, the latter becomes less favourable, and the balance of the two results in a peak in the

free energy profile that must be crossed for nucleation to occur, resulting in one-step nucleation [384]. For

example, during nucleation of condensed spherical droplets (Fig. 1.29(a)), the free energy ∆G is expressed

as

∆G =−4
3

πr3
ρn∆µ +4πr2

σ , (1.3)

where r is the droplet radius, ρn = 1/veff is the density of molecules in the nucleating phase, inversely

proportional to the effective volume veff of those molecules, ∆µ is the chemical potential of the pre-existing

phase minus that of the nucleating phase, and σ is the droplet surface tension [384,403]. Nucleation occurs

under conditions where ∆µ > 0, in which case the first term accounts for favourable contributions due to

increasing volume of the stable phase, and the second term accounts for the unfavourable contribution of
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Figure 1.29: Thermodynamics of nucleation (part 2). (a) Classical nucleation of condensed spherical

droplets, showing a plot of the free energy ∆G against the droplet radius r, annotated with representations

of droplets of different sizes. The droplet radius is the only degree of freedom, and the free energy ∆G is

the sum of unfavourable surface tension (∝ r2) and favourable bulk (∝ r3) terms. For small droplets, the

surface tension term dominates, making growth unfavourable. For larger droplets, the favourable bulk term

dominates, so that growth is favourable. The critical nucleus occurs when ∆G reaches a maximum. (b)

The same balance between bulk and interfacial terms does not exist for truly one-dimensional biopolymers

without additional degrees of freedom, as their bulk and interfacial terms are both grow linearly with size. In

this panel, three plausible free energy profiles are plotted for nucleation of amyloid fibrils, with free energy

∆G shown as a function of size n. The colour of the linearised free energy profiles corresponds to whether

there are any additional degrees of freedom: blue, none (ie. size only); green, supramolecular arrangement

of monomers; red, conformational. For convenience, any additional degrees of freedom are assumed to

equilibrate rapidly compared to changes in size, so that they can be assumed to reach a local minimum and

the free energy can be plotted as a linearised function of the size. For a more realistic representation of a free

energy surface with more than one slow degree of freedom, see Fig. 1.30. The curves are annotated with

schematics representing possible oligomer structures; constituent monomers are represented as spheres, and

the colour of the spheres represents the conformational state, varying continuously from red (monomer-like)

to blue (fibril-like). For nucleation of one-dimensional polymers without additional degrees of freedom, free

energy is a linear function of size, so there is no critical nucleus. Introducing additional degrees of freedom

can lead to a peak in the free energy profile, which is the critical nucleus. Figure based on information from

the sources cited in Section 1.5.2.2.
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surface tension between the old and new phases. In a dilute solution,

∆µ = kBT ln
(

c
csat

)
, (1.4)

where c the concentration of molecules of the old phase, and csat is the critical concentration above which

the new phase nucleates. For spherical droplets, the free energy has a maximum when

∂∆G
∂ r

=−4πr2
ρn∆µ +8πrσ = 0, (1.5)

which is the condition for the critical nucleus [403]. Thus, the critical nucleus has radius

r∗ =
2σ

ρn∆µ
, (1.6)

and free energy

∆G∗ =
16πσ3

3(ρn∆µ)2 =
2
3

ρn∆µ(r∗)3. (1.7)

In other systems, there will be a different relationship between the size and free energy of the nucleating

phase, which will give rise to a different definition of the size and free energy of the critical nucleus. In

general, at a non-equilibrium steady state where species no larger than the critical nucleus are in local

thermodynamic equilibrium with one another, the homogeneous nucleation rate has the expression [384]

Φn = A(c) exp
(
− ∆G∗

kBT

)
, (1.8)

where A(c) is a pre-exponential factor that accounts for the concentration of precursors and the rate of

successful barrier crossing, and is approximately proportional to c for nucleation of a condensed phase

(A(c)∼ c) [384]. For diverse geometries, including cases where the critical nucleus is small so that discrete

size effects are important, as is the case with amyloid fibrils [404], nucleation theorem states that [402]

∂∆G∗

∂∆µ
=−n∗, (1.9)

where n∗ is the number of molecules in the critical nucleus. Thus, taking the logarithmic derivative of Eq.

(1.8) with respect to ∆µ ,
∂ lnΦn

∂∆µ
≈ ∂ lnA(c)

∂∆µ
+

n∗

kBT
. (1.10)

Multiplying both sides by ∂∆µ/∂ lnc, which can be obtained by differentiating Eq. (1.4), and applying

∂ lnA(c)/∂ lnc≈ 1,
∂ lnΦn

∂ lnc
≈ 1+n∗. (1.11)
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Noting from Eq. (1.2) that ∂ lnΦn/∂ lnc = nc, and exchanging the order of terms,

nc ≈ n∗+1. (1.12)

This relationship is often applied to nucleation of amyloids, in which the critical nucleus is considered to be

a fibrillar or non-fibrillar oligomer of size n∗ [375]. However, this relationship is not necessarily correct, as

classical nucleation theory and its extensions do not necessarily apply to amyloids, and the identity nc ≈ n∗

is expected in many non-classical cases where it is conformational change, rather than growth, that stabilises

the critical nucleus [224, 380].

An important consequence of the insights of classical nucleation theory and statistical physics is that, re-

gardless of whether nucleation is classical or non-classical, amyloid formation can only occur as a nucleated

phase transition if each assembled monomer interacts with more than two other monomers in the fibril, or has

additional degrees of freedom such as conformational heterogeneity. In the context of classical nucleation

theory, this is because the bulk and interfacial free energy terms of a one-dimensional polymer with only

nearest-neighbour interactions between subunits and no additional degrees of freedom are linear functions of

its size. Thus, the free energy profile has no maximum except for the soluble monomer, meaning that there is

no free energy barrier and a nucleated phase transition cannot occur (Fig. 1.29(b)) [384]. However, there is

also a more general principle from statistical physics, that equilibrium phase transitions do not occur in 1D

systems without non-nearest-neighbour interactions [405, 406], meaning that the requirement for additional

interactions or degrees of freedom is more general than classical nucleation theory alone would suggest.

In reality, of course, amyloids usually have multiple protofilaments, non-nearest-neighbour interactions be-

tween monomers, and additional conformational, structural, and motional degrees of freedom; theoretical

treatments have shown that these factors allow nucleation to occur [404, 407]. For example, interactions

between laterally associated protofilaments can give amyloids a quasi-2D character, resulting in a nucleated

phase transition [404]. Due to the small, discrete number of protofilaments in amyloid fibrils, theories of this

sort predict sharp jumps in nc as c varies, resulting from changes in the number of protofilaments in the criti-

cal nucleus [404]. However, these models only produce nucleated assembly when the interaction free energy

between laterally associated monomers in different protofilaments is comparable to or greater than ∆µ . As

discussed in Section 1.3.3 and Section 1.3.5, lateral interactions between monomers in different protofila-

ments are typically weak compared to interactions between hydrogen-bonded monomers in the same cross-

β protofilament; thus, many amyloids consist of single protofilaments [114,119,131,132,135,148,149], and

others exist polymorphically as either a single protofilament or several [136, 143, 144, 147], despite the fact

that the highly cumulative nature of inter-protofilament interactions would usually be expected to stabilise

the latter. In these systems, as well as others at sufficiently high supersaturation, conformational degrees of
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freedom are likely to be required for nucleation.

1.5.2.3 The importance of non-fibrillar assembly states in amyloid nucleation

As discussed in Section 1.4, amyloidogenic polypeptides often form metastable assemblies such as

oligomers and protofibrils, which are structurally distinct from amyloid fibrils. Many studies have proposed

that these species are involved in nucleation, with representatives from Aβ [216,278,285,287,295,331,345],

α-syn [335, 346], Tau [392, 393], β2m [256], poly-Q [251, 268], and many other amyloidogenic polypep-

tides [217, 258, 283, 306, 318, 370, 408] all proposed to act as precursors for amyloid fibrils. In some cases,

there is direct evidence to support this role, such as images revealing the emergence of amyloid fibres from

condensed droplets of Aβ(1-40) [295], or the observation that kinetically trapped α-syn protofibrils undergo

a direct conversion to amyloid fibrils following a temperature change [335]. In other cases, the evidence is

less direct, but not necessarily weaker; for example, studies of Tau [401] and Ure2p [217] have shown that

the simplest model that explains the kinetics of oligomer and fibril formation is one where the oligomers

are structurally distinct from fibrils, but situated on-pathway. The additional conformational degrees of

freedom associated with the transition from a non-amyloid aggregate to an amyloid state provide one pos-

sible justification for why amyloid formation is a nucleated process [407]. Nucleation of intermediates or

structural conversions between sequential intermediates can also introduce extra free energy barriers, re-

sulting in a multi-step nucleation mechanism in which the intermediate and amyloid are distinct phases.

Likely examples of this include oligomer and protofibril-dependent nucleation of Aβ(1-40) [278, 295, 345],

Aβ(1-42) [216], Sup35p [283], and α-syn [335], under appropriate conditions. In other cases, the distinction

between non-fibrillar precursors and amyloid fibrils is less clear, with a smooth structural transition from a

non-amyloid to an amyloid state occurring after nucleation, as a result of coupling between size and struc-

ture [409]; these cases are arguably one-step nucleation, as the precursor and amyloid are not truly distinct

phases. An example of a simulated free energy surface for fibril nucleation is shown in Fig. 1.30. In this

instance, which comes from coarse-grained simulations of Aβ(1-40), the transition from a pre-fibrillar state

dominated by β-barrel conformers to a fibrillar state occurs between the tetramer (IV) and the pentamer (V),

and manifests as a saddle point in the free energy surface [315]. It should be noted that, although the single

free energy barrier in this figure suggests a one-step nucleation mechanism, the authors do not make this

claim, and there are additional degrees of freedom that are not represented on this free energy surface. Sim-

ulations on polyvaline have shown that multi-step nucleation processes may appear single-step or barrierless

when viewed in lower dimensional spaces [397].

Regardless of whether the mechanism is one-step or multi-step, nucleation of the majority of amy-

loids initially involves oligomers that are structurally distinct from mature fibrils, and in many cases these

oligomers lack cross-β structure altogether [216, 251, 256, 281, 283, 287, 299, 318, 345]. There are several
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Figure 1.30: A simulated free energy surface for nucleation of Aβ(1-40) fibrils, from coarse-grained MD

simulations by Zheng et al. [315]. (a) The free energy surface. The axes are n, the effective oligomer size,

and Q-fibril, a numerical measure of the structure’s similarity to the fibril structure published by Petkova et

al. [218]; the colour corresponds to the free energy in the Grand canonical ensemble (kcal.mol−1; key to

right of plot). The simulation was performed at a concentration of 1 mM, and a correction was implemented

to reduce the effective concentration to 40 μM. (b) Representative conformations corresponding to the most

populated clusters in the simulations. The Roman numerals correspond to the size of the oligomers, and are

marked on the free energy surface in panel (a). Both helical and hairpin-like conformations were observed

for the monomer. Note that the authors used umbrella sampling to selectively sample regions of conforma-

tional space containing structures similar to that published by Petkova et al. [218]. This does not affect the

reported free energies, as a correction is made as part of the umbrella sampling procedure. Nonetheless,

since conformational sampling was slow without this procedure, other areas of conformational space may

be unexplored, including those close to other fibril polymorphs. It should also be noted that the transition

from a pre-fibrillar β-barrel state (eg. panel (b), IV) to a fibril-like state (eg. panel (b), V) is not necessarily

direct, and the authors proposed that a significant amount of backtracking was likely to have to occur. Figure

adapted from Zheng et al. [315].
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lines of evidence to support both the broader and narrower points. Firstly, on-pathway oligomers formed

by polypeptides such as α-syn, Tau, and Ure2p all have distinct self-assembly kinetics compared to fibrils,

with greater accumulation of these oligomers implying slower elongation, and thus less efficient templating

of the conformation of new monomers; in turn, this indicates that there are underlying structural differ-

ences [156, 217, 346, 401]. Fig. 1.31 shows an example of these measurements for Tau, from Shammas et

al. [393]. Secondly, while amyloidogenic monomers are often assumed to be random coils that are able to

rapidly sample conformational space, both experimental and computational evidence suggests that the den-

sity, structure content, and conformational dynamics of many amyloidogenic monomers are not dissimilar

from small, disordered, globular oligomers [268, 272]. In this case, globular oligomers have the advantage

as environments for cross-β structure formation, as monomers do not benefit from significantly enhanced

conformational sampling [268], experimental and computational results show that progressive growth of

oligomers promotes secondary and higher-order structure formation [220,278,290,296], including amyloid-

like structural motifs [216,255,278,290,296,303,306], and amyloid-like conformers that arise in condensed

phases can be rapidly stabilised by intermolecular β-sheet formation without need for further molecular col-

lisions [268]. This may also explain the observation that the amyloidogenicity of small peptides correlates

with their propensity to form globular oligomers [287], although this correlation could exist because both de-

pend on another factor, such as poor solubility. Thirdly, while small non-amyloid oligomers are commonly

observed in experiments and simulations [216,220,223,256,268,272–275,287,289,290,293,294,298,299],

and there is strong evidence that many of these are involved in nucleation, evidence for small amyloid-like

oligomers [301,306,410,411] is comparatively rare. This agrees with the suggestion of multiple authors that

cross-β structure is stabilised by progressive increases in oligomer size, and is not stable in small oligomers

formed by many polypeptides [268,410–412]. Aβ, whose oligomers have been extensively studied by com-

putational techniques on account of their small number of atoms and pathogenic role, has been shown to

be incapable of maintaining a fibrillar structure in the dimer [315, 410, 411], relaxing from an initially fib-

rillar conformation to a disordered, non-amyloid state on a timescale of / 50 ns [410]. Thus, while it has

been proposed that the rate-determining step in Aβ self-assembly is formation of structurally committed

on-pathway dimers from an amyloid-like monomer conformer [263], explaining why nc ≈ 2 [54], the fact

that Aβ dimers relax to a non-fibrillar state on a timescale several orders of magnitude less than the typical

timescale for addition of monomers to fibril ends (∼10 s, at a typical concentration of 2 μM Aβ(1-42) [54])

indicates that the fate of an Aβ aggregate cannot be determined at the dimer. Otherwise, on-pathway dimers

would be much more likely to relax to off-pathway dimers than proceed to on-pathway trimers, and the

concentration-dependence of the ratio of these rates would entail nc = 3. In other words, nc = 2 is only

possible if the majority of accessible dimer conformations are on-pathway, meaning that Aβ self-assembly

initially proceeds via disordered dimers, with cross-β structure arising in larger oligomers. This is likely to
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be the case with other disordered peptides and IDPs that have low-order nucleation kinetics, such as α-syn,

Tau, and poly-Q, which have low-order primary nucleation [346, 393, 413] and for all of which there is

evidence to support an initial non-amyloid assembly step [251, 346, 393].

Thus, nucleation of amyloids by many polypeptides initially involves non-amyloid self-assembly states

prior to the emergence of cross-β structure. In addition, in systems where direct evidence is not available, it

is not necessarily the most probable a priori hypothesis that nucleation should proceed without non-amyloid

precursors. While the multi-layered subunit structure of some amyloids [117, 118, 157, 158] suggests that

cross-β structure may be stable in assemblies as small as the dimer, many amyloids arise from highly dis-

ordered monomers that are unable to form long-lasting tertiary structure, and similar structure propensities

are often observed in small oligomers [216, 268, 280, 290, 304]. In these cases, nucleation may prefer non-

amyloid precursors until aggregates have reached sufficient size for cross-β structure to be stable. Although

this argument does not apply to oligomers formed by more structured proteins, native-like β2m oligomers

have also been demonstrated to have non-amyloid structures [129,256]. Thus, there may be distinct reasons

why both disordered and native-like monomers typically form non-amyloid oligomers before proceeding

to amyloid fibrils. Lastly, it should be noted that some polypeptides may initially aggregate via amyloid-

like or non-amyloid pathways depending on the conditions; high supersaturation, molecular crowding, high

sidechain hydrophobicity, and low β-propensity are predicted to favour an initially unstructured aggregation

pathway, followed by conversion to amyloid, while marginal supersaturation, low sidechain hydrophobicity,

and high β-propensity are predicted to favour early cross-β structure formation [309, 347, 394, 414–418].

1.5.2.4 Structural and morphological differences between on-pathway and off-pathway aggregates

Although many amyloidogenic polypeptides form oligomers that are distinct from mature amyloids en

route to amyloid formation, this does not mean that the majority of non-fibrillar assemblies are on-pathway,

and many have been shown to be off-pathway. This raises the questions: what characteristics make an

aggregate a suitable precursor for cross-β structure formation, and at what point do the amyloidogenic and

non-amyloidogenic pathways diverge?

As discussed in Section 1.4.2, progressive increases in the size of globular oligomers from either an

unstructured or native-like starting point are often coupled to structural changes that make the transition

to fibrils more likely to occur. Globular oligomers formed by disordered polypeptides typically have an

intermediate level of secondary structure [99, 216, 251, 284, 286, 287, 290, 296, 300, 301, 303, 306–308],

and often contain subdomains that have amyloid-like tertiary and quaternary contacts [216, 255, 278, 290,

296, 303, 306]. In addition, there is a progressive increase in structure content with increasing oligomer

size [220, 290]. Although globular oligomers often develop non-amyloid structural motifs [220, 273, 274,

290, 301, 303, 305, 315], amyloid-like contacts also develop [220, 278, 290, 296, 305, 306, 315], and partly
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Figure 1.31: Primary nucleation of Tau involves oligomers that are structurally and kinetically distinct from

mature amyloid fibrils. (a) The model of Tau nucleation proposed by Shammas et al. [393]. Non-growing

oligomers form by an nth
c -order nucleation process, followed by monomer-dependent conversion to growing

amyloid fibrils. The rate constants are annotated on the diagram. (b) Fits of the above model to the oligomer

and fibrillar monomer concentrations for wild-type K18 Tau and three different mutants (K18-PP, K18-

∆K280, K18-P301L), from the same paper [393]. Note that the data and fits for the PP mutant are shown

on the same row as the wild-type, in a lighter shade. On the plots of oligomer concentration, the dashed

lines represent the predicted upper bounds for the oligomer concentration if the oligomers were structurally

indistinct from small fibrils, and there were no rate-determining conversion. Comparison of the fits obtained

for the two alternative scenarios strongly favours structurally distinct oligomers. The on-pathway nature of

the oligomers was established elsewhere in the paper. Figure from Shammas et al. [393].
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ordered globular oligomers with amyloid-like intermolecular β-sheets are commonly suggested precursors

for amyloid formation [220,278,290,305,306,315]. At the same time, proteins that enter the amyloidogenic

pathway from a more structured precursor form oligomers that are more structured and native-like, but

are progressively destabilised as they grow [256, 282], meaning that the initially disordered and initially

native-like self-assembly pathways may converge to some extent. This suggests that the most favourable

intermediates for amyloid nucleation may be oligomers or protofibrils with a moderate to high β-strand

content, but a relatively unstable tertiary and quaternary structure.

While initial increases in oligomer size usually increase the likelihood of converting to a fibrillar state,

one might expect the more constrained environment of larger oligomers to slow conformational sampling

of the constituent monomers. In some cases, this may well be true; for example, structures of Aβcc(1-

42) protofibrils suggest that stacking of globular Aβ(1-42) oligomers might stabilise a non-amyloid β-

barrel conformation [324], which could prevent the transition to fibrils. In addition, the large spheroidal

oligomers formed by Aβ(1-40) [278, 292, 295] may create an environment that retards conformational dif-

fusion, meaning that fibril nucleation is restricted to their more dynamic surface. However, size does not

always strongly affect the conformational dynamics of constituent monomers, particularly in the case of

filamentous oligomers and thin protofibrils, where most polypeptide chains have regions in contact with

the solvent; in these aggregates, an assembled monomer is unlikely to behave in a markedly different way

depending on whether it is part of a 20-mer or a 50-mer. In addition, although the conversion rate of in-

dividual monomers may be reduced within large aggregates, the total rate at which conversion occurs may

still be higher than in a small aggregate, as larger oligomers contain more sites where cross-β structure

can originate; thus, computational simulations have predicted a positive correlation between the size and

total nucleation rate in oligomers, partly owing to the degeneracy of the sites where cross-β structure can

emerge [224]. Instead of excessive size, development of non-amyloid structural motifs is perhaps more

likely to commit a particular aggregate to non-amyloidogenic self-assembly. While the comparatively or-

dered oligomers formed by β2m [256] demonstrate that non-amyloid structure is not always a barrier to

cross-β structure formation, in general it certainly seems plausible that the suitability of oligomers as pre-

cursors would correlate with the presence of amyloid-like structural motifs, as has been suggested by several

authors [220, 278, 290, 301]. This means that some oligomers with particularly unfavourable, non-amyloid

structures may be more likely to ‘backtrack’ to a less ordered state than convert directly to amyloid, or

may be more likely still to simply disassemble once amyloids formed from more suitable precursors be-

gin to grow and thus deplete the soluble monomer [315, 400, 419]. Nonetheless, in general there is strong

experimental evidence for nucleation of cross-β structure in diverse classes of aggregates, including partly

ordered globular oligomers [216, 251, 304, 306, 318, 392], native-like oligomers [256], large, droplet-like

‘oligomers’ [295], and protofibrils [335]. Thus, although individual aggregates may have particular struc-
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tural features that promote or prevent cross-β structure formation, the diversity of nucleation intermediates

across different systems suggests that amyloid formation does not require a single specific pathway, and

instead supports the proposal that amyloid formation is a general behaviour of condensed, poorly folded

phases [268, 287].

1.5.2.5 Summary

Nucleation of amyloids can probably proceed via a range of different mechanisms depending on the

primary sequence and the conditions under which aggregation occurs. However, amyloids that form from

larger peptides, intrinsically disordered proteins, and misfolded globular proteins are likely to first aggregate

via non-fibrillar states, due to the complexity of the required conformational rearrangements and the fact that

they are unlikely to be coupled to or precede dimerisation. In itself, this does not guarantee that nucleation

will have a multi-step mechanism, and many experimentally observed non-fibrillar aggregates are also likely

to be off-pathway. Nonetheless, more recent structures of many amyloids have complex subunit folds with

large numbers of mutually supporting interactions [77], suggesting that the transition from the intermediate

to the amyloid state is likely to be cooperative, and involve a significant free energy barrier. Thus, multi-step

nucleation mechanisms may be relatively widespread among amyloids, in agreement with the conclusions

of an increasing number of experimental studies [217, 251, 278, 283, 287, 335, 345, 346, 370, 392, 393].

1.5.3 Polymerisation and depolymerisation

After nucleation, amyloids grow by adding subunits to their ends, a process that is variably termed ei-

ther elongation or polymerisation, and whose reverse process is termed depolymerisation or disassembly.

During this process, a precursor binds to the end of an amyloid fibril and undergoes a templated conforma-

tional change, becoming part of the fibril structure; thus, the precursors themselves are often non-amyloid,

although in some cases they may contain amyloid-like structural elements [420] (Fig. 1.32(a)). Although

various studies have proposed that these precursors are either monomeric [166, 421–424] or oligomeric

[283, 369], in the majority of cases the specific elongation rate of amyloid fibrils is linearly proportional to

the free monomer concentration, supporting the addition of monomers rather than oligomers [166,421–424].

In addition, in some cases, closer analysis of the polymerisation kinetics has caused mechanisms of oligomer

addition to be re-evaluated as monomer addition [421,424]; thus, monomer addition appears to be by far the

most common polymerisation mechanism across systems (Fig. 1.32(a)). Polymerisation and depolymerisa-

tion by addition or removal of monomers have the rate laws [425, 426]

ν
+
e (t) = 2k+e m(t), (1.13)
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ν
−
e (t) = 2k−e , (1.14)

where ν+
e (t) and ν−e (t) are the frequencies with which monomers are added to and removed from the

ends of a single fibril, and the factor of 2 can be omitted if the processes only occur at a single end. For

fibrils that have multiple protofilaments, growth of these protofilaments is typically co-ordinated [165],

which is probably due to the stabilising effect of inter-protofilament interactions and the fact that many

fibrils have an overall 21 screw symmetry, so that successive monomer additions simply result in rotation

of the binding interface for new monomers at the fibril end (Fig. 1.32(a)) [144]. It has been suggested that

amyloid fibril elongation may be driven by desolvation entropy of the incorporated monomer [427], and both

entropic effects and the thermodynamic contributions of π-π interactions have been implicated in stabilising

the conformational transition state [428, 429]. Nonetheless, elongation often proceeds at a rate well below

that expected for diffusion-limited bimolecular collisions, which has been interpreted as evidence that this

transition state is highly unstable [422]. Alternatively, other causes have been suggested; in particular, it has

been found that the success rate of collisions between monomers and the fibril end is reduced by the high

frequency with which monomers bind in incorrect orientations, and have to dissociate in order for further

attempts at binding to occur (Fig. 1.32(b)) [430, 431]. This may also be the cause of commonly observed

‘stop-start’ kinetics, where single-molecule measurements reveal that growth sometimes periodically stalls,

perhaps reflecting the binding of monomers in long-lived, growth-incompetent states (Fig. 1.32(b, c)) [166,

429, 432]. Several studies have also supported a ‘dock-lock’ mechanism of growth, where the monomer

initially weakly binds to the fibril end, and must cross a free energy barrier in order to adopt the final

fibrillar conformation, resulting in Michaelis-Menten-like saturation of the growth kinetics (Fig. 1.32(b,

d)) [6, 420, 427, 429, 433–436]. Lastly, as previously discussed in Section 1.3.4, polar growth is sometimes

observed, with elongation occurring at a higher rate at one end of the fibril than at the other (Fig. 1.32(e))

[165, 166]. This behaviour has also been predicted by MD simulations [420], and results from the fact that

amyloid fibrils have distinct interfaces for growth at each end (Section 1.3.4).

1.5.4 The Oosawa model

Models of amyloid formation can be tested by obtaining mathematical predictions for experimental

variables such as the concentration of fibrils, the total fibril mass, and the fibril length distribution, and

comparing these predictions to the experimental data [9, 373, 437]. To convert a model into a set of math-

ematical predictions, the rate laws for the underlying microscopic self-assembly processes are integrated

either analytically or numerically to obtain predictions based on particular values of the rate constants and

other kinetic parameters. These parameters can be constrained based on known or likely parameters, or

varied in order to determine the values that best fit the experimental data. The ability of different models to
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Figure 1.32: Elongation of amyloid fibrils. (a) Elongation has been suggested to involve addition of either

monomers or oligomers. Spheres represent individual assembled monomers, with the colour corresponding

to the conformational state: red, monomeric; green, part of an oligomer; blue, fibrillar. (b) Polymerisation

and depolymerisation often involve growth-incompetent states. Same colour scheme as the previous panel,

but with purple spheres representing fibrillar monomers in a state incapable of further monomer addition.

Both incorrect binding and conformational change at the fibril end are plausible explanations for stop-start

kinetics; the dock-lock mechanism is more likely to result in Michaelis-Menten kinetics. (c) Examples of

growth traces of Aβ(1-42) fibrils, from Young et al. [166]. The change in fibril length is plotted against

time; the colour corresponds to the free monomer concentration, as indicated on the plot. Note that growth

sometimes stalls; this is termed ‘stop-start kinetics’. (d) A free energy surface for elongation of Aβ(17-42)

fibrils, from MD simulations by Han et al. [420]. The simulations involve the addition of a monomer onto

a pre-formed fibril fragment, converting from a largely disordered to a fibrillar state. The axes are the two

main principle coordinates of the conformational free energy surface, derived from the first two eigenvectors

of the distance matrix between sampled conformations. The colour represents the free energy (units of RT ,

key to right of plot), and the most common sampled trajectories have been superimposed on the free energy

surface as as white lines, or red for the pathway that was most populated overall. Selected conformations

are shown around the outside of the plot, with arrows indicating their location on the free energy surface.

The free energy barriers on this surface are the cause of dock-lock kinetics. (e) In situ growth of Aβ(1-42)

amyloid fibrils viewed by TIRFM, from Young et al. [166]. Two different fluorophores were used, allowing

discrimination between fibril seeds (violet) and material added by subsequent elongation (green). Scale bar

5 μm. Note that seeds exhibit polarised growth, with faster monomer addition at one end. Panels (a-b) based

on information in Section 1.5.3, and panels (c-e) adapted from their respective cited sources.
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Figure 1.33: The Oosawa model. (a) The curve shape predicted by the Oosawa model, with the free

monomer concentration m(t) shown in red and the fibrillar monomer concentration M(t) in blue (from Eq.

1.20). The lag phase is brief and fibril mass accumulation is quadratic in the early time, ie. ∼ t2. The Oosawa

model only accounts for primary nucleation and polymerisation, as shown in the schematic (here nc = 2).

(b) The Oosawa model predicts a power law relationship between the initial monomer concentration m(0)

and the half-time τ50, which appears linear when plotted on double-logarithmic axes. The scaling exponent,

which can be obtained from the slope on this plot, is equal to γ = nc/2. The data for Salmonella flagellin

(red) [439], tubulin (green) [440] and actin (orange and blue) [441] all have γ ≈ 2, indicating nc ≈ 4. Panel

(a) is based on the information in Section 1.5.4; panel (b) is adapted from the review by Michaels et al. [442],

with the original data from the sources indicated above.

fit the data can then be used to determine which candidate model is most likely to be correct [9, 373, 437].

Primary nucleation and elongation form a minimal self-assembly pathway, and the vast majority of

mathematical models of amyloid formation are based on extensions to this basic scenario [438]. Thus, this

basic form of nucleated polymerisation provides an introduction to the more complex pathways discussed in

the remainder of this literature review. Nucleated polymerisation involving nth
c -order primary nucleation and

monomer-dependent elongation can be described by Eq. (1.2, 1.13, 1.14). This type of self-assembly is not

unique to amyloids, and global solutions for the concentration of polymers P(t) and polymerised monomers

M(t) were first obtained by Oosawa and colleagues, who studied actin polymerisation [425, 426]. The rates

of change of P(t) and M(t) are [375, 425, 426]

dP(t)
dt

= knm(t)nc , (1.15)

dM(t)
dt

= ncknm(t)nc +2k+e m(t)P(t)−2k−e P(t), (1.16)

where the terms proportional to kn account for the change in polymer number and mass due to primary

nucleation, and the subsequent terms in Eq. (1.16) account for the change in mass due to reversible poly-
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merisation of the existing fibrils. The total number of monomers is conserved, so that

dm(t)
dt

=−dM(t)
dt

. (1.17)

Initial insights into the accumulation of polymer number and mass can be gained by examining the early

time limit (t → 0), in which the free monomer concentration can be treated as approximately constant

(m(t) ≈ m(0)). Experimentally, these solutions are valid for timescales on which significant monomer

depletion does not occur, ie. during the lag and early growth phase. In this limit, assuming that aggregation

is unseeded (P(0) = 0 and M(0) = 0) and the solution is sufficiently supersaturated (m(0)� k−e /k+e ), Eq.

(1.15-1.16) can be linearised and integrated to give the results [375, 426]

lim
t→0

P(t) = knm(0)nct, (1.18)

lim
t→0

M(t) = ncknm(0)nct + knk+e m(0)nc+1t2. (1.19)

The linear terms in these equations come from direct contributions to P(t) and M(t) due to nucleation of

fibrils with initial size nc, and the quadratic term in M(t) accounts for elongation of these fibrils at a linearly

increasing rate, and is usually the dominant term on experimental timescales. Models involving intermedi-

ates whose concentrations have not reached a steady state are predicted to have higher-order scaling in the

early time, due to the greater number of sequential processes occurring at non-steady rates [380]. Oosawa’s

exact solution for Eq. (1.15-1.16), which is valid throughout the entire time course so long as aggregation

is unseeded and m(0)� k−e /k+e , is [2, 443]

M(t) = m(0)

[
1− sech2/nc

(√
nc

2
λ t
)]

, (1.20)

where λ is the ‘macroscopic’ or effective rate constant for the combined pathway of primary nucleation and

polymerisation [2],

λ =
√

2knk+e m(0)nc . (1.21)

Eq. (1.20) predicts a sigmoidal progress curve, and recovers Eq. (1.19) as t→ 0 (Fig. 1.33(a)). The Oosawa

model also predicts a power-law relationship between the initial monomer concentration m(0) and either the

lag time τlag or the half-time τ50 [425, 426, 444], where the former is defined as the time at which a tangent

from the steepest part of the curve intercepts the m(0) axis, and the latter is the time taken for half of the

monomer to have been polymerised (M(t) = m(0)/2) (Fig. 1.33(b)). This power law relationship can be

written

τlag ∼ τ50 ∼ m(0)−nc/2. (1.22)

92



Alternatively, one can express the scaling law in the form of the scaling exponents γlag and γ50

γlag =−
∂ logτlag

∂ logm(0)
, (1.23)

γ50 =−
∂ logτ50

∂ logm(0)
, (1.24)

where γlag ≈ γ50 ≈ nc/2. Thus,

τlag ∼ m(0)−γlag , (1.25)

τ50 ∼ m(0)−γ50 . (1.26)

Note that, in the above formulae, the binary operator ‘∼’ denotes that two quantities are approximately or

asymptotically proportional to one another. As per the convention in Gillam et al. [438], a factor of −1 has

been introduced before the derivative in Eq. (1.23-1.24), and into the exponent in Eq. (1.25-1.26), as the

relationship between m(0) and the characteristic times is usually inverse; however, there is an alternative

convention that does not include this factor of −1, in which case the sign is flipped [2].

Although the Oosawa model predicts a sigmoidal progress curve, the quadratic scaling of M(t) in the

early-time is comparatively low-order, and does not produce a particularly pronounced lag phase (Fig.

1.33(a)). However, experimental data often show well-defined lag phases, indicating that M(t) exhibits

higher-order scaling in the early time than the Oosawa model is able to produce [9]. Although one possible

cause of this scaling is a cascade of multiple sequential nucleation intermediates [380], this would typically

require a large number of sequential intermediates, and closer analysis of the kinetic data often reveals that

the scaling behaviour is exponential, indicating that positive feedback is the cause of high-order early-time

kinetics [9, 381]. The most common processes that result in positive feedback are fibril fragmentation, in

which a fibril breaks in two (Section 1.5.5), and secondary nucleation, in which the surface of existing fibrils

catalyses additional nucleation events (Section 1.5.6). Both cause a fibril mass-dependent increase in the

concentration of growing fibril ends, which in turn increases the rate of mass accumulation, resulting in pos-

itive feedback. Schematics of these processes are shown in Fig. 1.34(a-b), and their mechanisms and effects

on the macroscopic self-assembly kinetics are discussed in greater detail in the following subsections.

1.5.5 Fragmentation and end-to-end annealing

Amyloids can fragment due to thermal fluctuations under quiescent conditions, or in response to shear

forces caused by factors such as stirring or agitation of the reaction mixture. When a fibril breaks, the

total fibril mass is usually unchanged, but the number of growing fibril ends doubles; thus, the cycle of

successive growth and breakage can create a positive feedback loop that causes exponential accumulation
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Figure 1.34: Secondary processes. (a) A schematic of commonly discussed secondary processes. The

spheres represent self-assembling monomers, with the colour corresponding to the conformational/assembly

state: red, monomeric; blue, fibrillar. The ellipsis in the schematic for branching represents intervening

elongation steps affecting the newly formed branch. Secondary nucleation encompasses a wide range of

processes that produce new, independent fibrils in a manner dependent on both the pre-existing fibrils, and

soluble species such as monomers or oligomers. In this panel, a simple version of secondary nucleation has

been shown, with intermediates omitted and ns = 2. (b) Schematics of possible mechanisms of secondary

nucleation, based on speculative proposals by Törnquist et al. [445]. Same colour scheme as the previous

panel, but with green spheres corresponding to monomers that have been incorporated into non-fibrillar

oligomers. (c) The curve shape observed for pathways dominated by secondary processes, with the free

monomer concentration m(t) shown in red and the fibrillar monomer concentration M(t) in blue (from Eq.

1.20). The dashed blue and red curves are for ns = 0 (fragmentation), and the solid curves are for ns = 2

(secondary nucleation operating as an apparent dimerisation). Increasing ns causes progressive levelling

of the approach to maximum fibril yield, as indicated by the green arrow. Unlike the Oosawa model (Fig.

1.33(a)), models with secondary processes often have pronounced lag phases and exponential early-time

scaling (∼ eκt). (d) Like the Oosawa model, models with secondary processes usually exhibit a power law

relationship between the initial monomer concentration m(0) and the half-time τ50, which appears linear

when plotted on double-logarithmic axes. The scaling exponent is equal to γ =(ns+1)/2, becoming γ = 1/2

in the case of unbiased fragmentation. Panels (a-c) are based on the information in Sections 1.5.5-1.5.7;

panel (d) is adapted from the review by Michaels et al. [442], with the original data from earlier studies

[54, 74, 439–441, 446–450].
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of fibril mass [381]. The simplest models of fibril fragmentation involve a fragmentation rate proportional

to the aggregate mass, leading to the rate law [1]

dP(t)
dt

= knm(t)nc + k f
[
M(t)− (2nc−1)P(t)

]
, (1.27)

where k f is the fragmentation rate constant, and the term proportional to 2ncP(t) accounts for the possibility

that fragmentation may produce a fragment that is too small to be stable. The rate law for the fibrillar

monomer concentration is mostly unchanged from the Oosawa model, but has a small term to account for

the formation of unstable fragments [1],

dM(t)
dt

= ncknm(t)nc +2k+e m(t)P(t)−2k−e P(t)− k f nc(nc−1)P(t), (1.28)

and the conservation of mass condition described by Eq. (1.17) is still valid. For unseeded aggregation

(P(0) = 0 and M(0) = 0) at sufficient supersaturation (m(0)� k−e /k+e ), Eq. (1.27-1.28) predict approxi-

mately exponential accumulation of aggregate mass in the early time [1, 9],

lim
t→0

M(t) = m(0)

{
λ 2

2κ2 eκt +
λ 2

2κ2 e−κt − λ 2

κ2

}
, (1.29)

where κ is the ‘macroscopic’ or effective rate constant for secondary pathways, and has the form [1]

κ =
√

2k f k+e m(0). (1.30)

From a single fixed-point iteration, Knowles and colleagues obtained an approximate solution for the whole

time course [1, 9]

M(t)≈ m(0)

{
1− exp

(
− λ 2

2κ2 eκt − λ 2

2κ2 e−κt +
λ 2

κ2

)}
. (1.31)

Similar solutions have also been obtained for seeded aggregation [2], and an example of this curve shape is

shown in Fig. 1.34(c). If most new fibrils are produced by fragmentation of existing fibrils, the above model

predicts γlag ≈ γ50 ≈ 1/2 (Fig. 1.34(d)) [1, 2], in contrast to γlag ≈ γ50 ≈ nc/2 as predicted by the Oosawa

model [425, 426]. Although the Knowles model assumes that fragmentation occurs at all locations in the

fibril with equal probability, in reality the fragmentation rate is likely to depend on the position where the

break occurs, as well as the fibril length. While thermally induced fragmentation is predicted to occur more

often at the ends, agitation-induced fragmentation is more likely to occur at the centre of fibrils [451, 452].

In addition, some authors have used length and position-dependent fragmentation kernels based on polymer

statistics [7, 378, 450], as the rotational and translational degrees of freedom of suspended polymers mean
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that even in the absence of factors such as protofilament pairing or conformational differences, the free

energy of amyloid fibrils is not a linear function of length; this introduces a length and position-dependence

of the free energy change associated with fragmentation, and thus the free energy barrier, affecting the

rate of the process [453]. As a result, fragmentation is typically expected to occur disproportionately more

often in longer fibrils. In cases where fragmentation is the dominant secondary process, such as assembly

of β2m [450] or Ure2p [454] fibrils, a detailed characterisation of the length and position-dependence of

fragmentation is likely to be needed to accurately describe the macroscopic self-assembly kinetics.

The reverse process, end-to-end annealing, is sometimes also discussed. A proper description of this

process is attractive from a physical standpoint, as it provides a reverse process for thermally induced

fragmentation, allowing the system to reach equilibrium under quiescent conditions. However, practically

speaking, for long amyloid fibrils the end-to-end annealing rate is probably very low, as the rate of this

process is heavily penalised by slow diffusion of the merging fibrils [378,453]. In addition, while annealing

can allow the fibril length distribution to reach an equilibrium on long timescales, it does not significantly

affect the kinetics during assembly [455]. Nonetheless, there are cases where annealing may be more com-

mon, including: non-fibrillar oligomers, which diffuse more rapidly and are sometimes proposed to join

together [220,275,339]; Tau, in which end-to-end annealing of separate fibrils has been observed [392,456];

and apoC-II, where annulation can occur due to annealing of the ends of the same fibril [457].

Not only is an accurate description of fragmentation needed to describe fibril self-assembly, but also

prion-like spreading and toxicity. Fragmentation is more effective than secondary nucleation in preserving

the conformational state of the seed fibril [454, 458–460], meaning it is probably the basis of prion strain

propagation [454,461]. In addition, the infectivity of PrP fibrils and toxicity of β2m fibrils are both correlated

with the number of fibril ends, and thus sensitive to the effects of fragmentation on the average fibril size

[461, 462]. In the former case, this is probably because shorter fibrils have more ends at which templated

assembly can occur [454], whereas in the latter it is because exposed hydrophobics at the fibril ends can

disrupt lipid membranes [462]. In both cases, fragmentation increases the number of fibril ends, resulting in

a more biologically ‘active’ fibril population that is either indirectly or directly more toxic.

1.5.6 Secondary nucleation and branching

Secondary nucleation is a common phenomenon in crystallisation processes in which new crystals nu-

cleate on the surface of pre-existing crystals [445, 463]. Secondary nucleation has also been observed in

non-crystalline phases such as biopolymers, where it was first described in sickle cell haemoglobin (HbS)

gelation by Ferrone and colleagues [376, 381]. Like fragmentation, secondary nucleation results in positive

feedback, causing approximately exponential accumulation of fibril mass in the early time (Fig. 1.34(c)).

However, unlike fragmentation, which occurs at a rate independent of the free monomer concentration, sec-
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ondary nucleation involves the assembly of soluble monomers to form an entirely new fibril, rather than

breakage of a pre-existing fibril; thus, self-assembly reactions with secondary nucleation as the dominant

secondary process are more concentration-dependent, and have a less abrupt approach to the plateau as

the rate of secondary nucleation begins to decrease earlier in the growth phase [2, 376, 381, 464, 465] (Fig.

1.34). Since its identification in HbS, secondary nucleation and similar processes have been identified in a

number of amyloids, such as IAPP [74], glucagon [466], HET-s [114], Aβ [4, 54], and α-syn [56]. Usually,

new fibrils detach after nucleating on the sides of pre-existing fibrils, but in some cases this does not occur,

resulting in branched structures as seen in glucagon [466]. There are diverse forms of evidence to support

secondary nucleation in certain amyloids. Besides the diagnostic self-assembly kinetics, imaging data have

allowed direct visualisation of secondary nucleation of Aβ(1-42) [460], α-syn [56], and glucagon [466] fib-

rils, and a growing number of molecular simulations have also predicted behaviours similar to secondary

nucleation [348, 467]. Secondary nucleation of Aβ fibrils has recently been demonstrated to occur in the

cerebrospinal fluid (CSF), supporting its relevance under physiological conditions [75].

Usually, secondary nucleation is proposed to occur at sites distributed along the sides of fibrils, rather

than at the ends [3, 56, 376, 460, 466, 468]. In this case, the secondary nucleation rate is proportional to the

fibril mass,

Φs(t) = ksm(t)nsM(t), (1.32)

where ks is the rate parameter for secondary nucleation, and ns is the effective number of monomers involved

in the process. The rate of accumulation of aggregate number and mass are [3, 376]

dP(t)
dt

= knm(t)nc + ksm(t)nsM(t), (1.33)

and
dM(t)

dt
= ncknm(t)nc +nsksm(t)nsM(t)+2k+e m(t)P(t)−2k−e P(t). (1.34)

The early time behaviour is still approximately described by Eq. (1.29), but the value of κ is different [3],

κ =
√

2ksk+e m(0)ns+1. (1.35)

Although Eq. 1.31 provides an approximate solution for self-assembly with dominant secondary nucleation,

provided the correct value of κ is used, it has low accuracy as the free monomer is depleted. Knowles and

colleagues [3] obtained a more accurate solution through several iterations of fixed point analysis,

M(t) = m(0)

{
1−
(

B++C+

B++C+eκt
B−+C+eκt

B−+C+

) k2
∞

κ k̃∞

e−k∞t

}
, (1.36)
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where

B± =
k∞± k̃∞

2κ
, (1.37)

C± =± λ 2

2κ2 , (1.38)

k∞ =

√
2κ2

ns(ns +1)
+

2λ 2

nc
, (1.39)

k̃∞ =
√

k2
∞−4C+C−κ2. (1.40)

Similar solutions have also been obtained for seeded aggregation [3], and it is worth noting that Eq. (1.36)

is also an accurate solution for fragmentation in the limit ns → 0 [3]. While the Oosawa model predicts

γlag ≈ γ50 ≈ nc/2, and the fragmentation-dominated Knowles model predicts γlag ≈ γ50 ≈ 1/2, the secondary

nucleation-dominated Knowles model predicts γlag≈ γ50≈ (ns+1)/2, with the extra factor of 1/2 compared

to primary nucleation accounting for the effect of M(t) on the secondary nucleation rate [3]. Secondary

nucleation can be distinguished from fragmentation as it results in a stronger concentration-dependence,

and a more gentle approach to the plateau [2, 381, 465] (Fig. 1.34(c-d)).

Until recently, mechanistic information on secondary nucleation was limited; however, details have

now begun to emerge. Coarse-grained simulations have suggested that secondary nucleation is likely to

proceed via enhanced formation of on-pathway pre-fibrillar oligomers (Fig. 1.34(b), middle schematic),

some of which then go on to convert to fibrils [348]. This is effectively surface-catalysed two-step nucle-

ation, and is consistent with the observation that the concentrations of oligomeric species observed during

Aβ fibrillisation peak during the ‘growth’ phase, when the rate of secondary nucleation is highest [469].

In addition, secondary oligomers have been shown to correlate with toxicity in cell and lipid-based assays,

indicating that secondary nucleation plays an important role in Aβ neurotoxicity [54, 55, 68]. While the

coarse-grained simulations do not give precise information about the regions of Aβ involved in secondary

nucleation, more detailed simulations have shown that Aβ(1-42) monomers and oligomers interact with

the hydrophobic C-termini of the corresponding amyloid fibrils [467]. In addition, the same simulations

predicted enhanced assembly and β-structure content of Aβ(1-42) oligomers in this environment, lend-

ing credence to the hypothesis that secondary nucleation results from enhanced formation of on-pathway

oligomers [348, 467]. The importance of exposed hydrophobics in stimulating secondary nucleation is also

supported by studies of HET-s, where the packing interfaces of unpaired protofilaments provide sites for sec-

ondary nucleation, but lateral association of those protofilaments to form a fibril occludes those interfaces,

and prevents secondary nucleation from occurring [114].

Secondary nucleation has been shown to be relatively sequence-specific, with Aβ(1-42) and Aβ(1-40)

unable to cross-seed via this mechanism [458–460]. This suggests a more structured route for secondary
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nucleation than simple non-specific aggregation. In addition, near-neutral pH has been shown to stabilise

relatively ordered protofibrillar aggregates on the surface of Aβ(1-42) fibres, which were suggested to be

on-pathway [460]. At the same time, secondary nucleation does not propagate strain polymorphism of

Aβ [459] or α-syn [470], meaning that pre-fibrillar secondary oligomers typically lose ‘memory’ of their

seed fibril prior to the conversion to an amyloid state. In this sense, secondary nucleation contrasts with

fragmentation, which conserves strain polymorphism [454]. Thus, while fragmentation is likely to be the

basis of prion-like propagation behaviours [454, 461], secondary nucleation may play more of a role in

generating heterogeneous populations of partly folded oligomers that can be responsible for direct toxicity

[54, 55, 68]. Nonetheless, it is not yet clear whether these are general trends, as fragmentation can also

directly produce toxic species [462], and it has been speculated that forms of secondary nucleation that

conserve polymorphism may yet be identified [471].

1.5.7 Self-similarity and the effects of changes in the microscopic kinetic parameters

As previously discussed, Eq. (1.36) is valid for cases of both secondary nucleation and fragmentation,

with the latter described by the equation in the ns → 0 limit [3]. More recently, it has been shown that a

simpler approximation provides a good fit for the experimental data [465],

M(t)≈ m(0)

{
1−
[

1+
C+eκt√

2/[ns(ns +1)]

]−√2/[ns(ns+1)]
}
, (1.41)

which is essentially a generalised logistic function, or Richards’ function [472]. While κ is the main deter-

minant of the maximum rate, both κ and C+ affect the lag time, and the main effect of ns is on the approach

to the plateau. When ns is large, there is a smooth approach to plateau; when ns is small (ie. the fragmen-

tation limit), there is a sharper approach to plateau. In the special case where ns = 1, a logistic function is

obtained [465]

M(t)≈ m(0)

{
C+eκt

1+C+eκt

}
, (1.42)

which is symmetric on either side of the half-time. In the fragmentation limit (ns→ 0), a Gompertz function

is obtained [465, 473],

M(t)≈ m(0)
{

1− exp
(
−C+eκt)}, (1.43)

which can be seen to be similar to Eq. (1.31). Thus, curves with different microscopic rate constants but

similar ns can often be rescaled onto one another by compressing or expanding the time axis to correct for

differences in κ , although small adjustments to the length of the lag phase may sometimes be needed to

account for changing κ/λ [442,465]. More generally, these universal scaling behaviours lead to the follow-

ing conclusions regarding the effect of various microscopic processes on curve shape: primary nucleation
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mainly affects the length of the lag time and half-time; secondary nucleation mainly affects the lag time,

half-time, and maximum rate; elongation generally stretches or compresses the curve shape, affecting all the

characteristic times and rates; and the order of the dominant nucleation process affects how sharply the curve

approaches a plateau [374, 465, 471]. The self-similarity of biopolymer self-assembly kinetics is shown in

Fig. 1.35, and the effects of variations in the microscopic rate constants on the macroscopic self-assembly

kinetics are shown in Fig. 1.36.

1.5.8 Saturable microscopic processes

While the following subsections have dealt with non-saturable microscopic processes, in reality many

microscopic processes are likely to be saturable [6]. This is because, as discussed in the preceding sections,

the microscopic processes are usually multi-step processes with rate-determining conformational conversion

steps; in addition, these processes often occur in restricted environments, which can be saturated. For exam-

ple, in some cases primary nucleation has been shown to be surface-catalysed [6, 350–352, 357, 359, 361–

363,474,475], so that saturation of catalytic sites can cause Michaelis-Menten-like kinetics [6]. In addition,

secondary nucleation is by definition a surface-catalysed process, and has been shown to be saturable in the

case of Aβ(1-40) and Aβ(1-42) [4–6]. Lastly, as discussed in Section 1.5.3, elongation often proceeds via

a dock-lock mechanism in which the monomer binds to the fibril end and converts to an amyloid state in

distinct steps [6,420,427,429,433–436]. Michaelis-Menten-style rate laws have been proposed for all three

processes [4–6],

Φn(t) = knm(t)nc
KM,n

KM,n +m(t)nc
, (1.44)

Φs(t) = ksm(t)nsM(t)
KM,s

KM,s +m(t)ns
, (1.45)

ν
+
e (t) = 2k+e m(t)

KM,e

KM,e +m(t)
, (1.46)

where KM,n, KM,s, and KM,e are the nth
c -order, nth

s -order, and first-order effective Michaelis constants for the

process. These can be accounted for in the macroscopic rate constants by using the more general definitions

λ =

√
2knk+e m(0)nc

KM,n

KM,n +m(t)nc

KM,e

KM,e +m(t)
, (1.47)

κ =

√
2ksk+e m(0)ns+1 KM,s

KM,s +m(t)ns

KM,e

KM,e +m(t)
, (1.48)
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Figure 1.35: The self-assembly kinetics of amyloid fibrils and other biopolymers are either exactly or ap-

proximately self-similar, so that curves that are dominated by the same pathway and have the same reaction

order of microscopic processes can thus be rescaled onto one another. Panels (a-b) show the normalised mass

accumulation of actin filaments at different monomer concentrations and under a variety of conditions [441],

and panels (c-d) show mass accumulation by Aβ(1-42) at a range of monomer concentrations [54]. The pan-

els on the left (a, c) show the data in absolute time units, and the panels on the right (b, d) show the data

rescaled according to the macroscopic rate constant of the dominant self-assembly pathway. Rescaling

causes the actin kinetics, which are described by the Oosawa model (Section 1.5.4), to overlay exactly. The

Aβ(1-42) kinetics, which are described by the Knowles model (Section 1.5.6), overlay approximately but

have the small discrepancies due to changes in λ/κ across the concentration range. Figure adapted from

Michaels et al. [442], with the original data from the sources cited above.
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Figure 1.36: The effects of variations in the microscopic rate constants on the macroscopic self-assembly

kinetics. Panels in the upper row show the effect of varying (a) kn, (b) ks, or (c) k+e on the normalised

accumulation of fibril mass. Panels in the lower row show the effects of varying (d) kn, (e) ks, or (f) k+e
on the absolute nucleation rate. In each panel, the black curve corresponds to the expected self-assembly

kinetics for 3 μM Aβ(1-42), predicted by the Knowles model with dominant secondary nucleation (Eq.

(1.36), using the best-fit parameters from Cohen et al. [54]). The coloured curves indicate the effects of

various fold-reductions in those rate constants, as indicated on the panels. Note that reducing kn only delays

the peak in nucleation, as the dominant nucleation process is secondary. A sufficient reduction in ks results

in primary-dominated Oosawa kinetics. Figure from Törnquist et al. [445].
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or for the case where only the nucleation processes are saturable,

λ =

√
2knk+e m(0)nc

KM,n

KM,n +m(t)nc
, (1.49)

κ =

√
2ksk+e m(0)ns+1 KM,s

KM,s +m(t)ns
. (1.50)

Meisl et al. [4] showed that Eq. (1.36) can be adapted to account for the case where only secondary nucle-

ation is saturable by using the value of κ given by Eq. (1.50), and a modified expression for k∞,

k∞ =
√

A(∞)−A(0), (1.51)

where

A(t) =− λ 2

nc
−2ksk+e KM,sm(0)

log [KM,s +m(t)ns ]

ns

−2ksk+e KM,sm(t)

(
2F1

[
1
ns
,1,1+

1
ns
,−m(t)ns

KM,s

]
−1

)
,

and 2F1 is a hypergeometric function. More recently, Dear et al. [6] presented an approximate solution

similar to Eq. (1.41) that accounts for saturation of all microscopic processes,

M(t)≈ m(0)

{
1−
[

1+
C+(eκt + e−κt −2)

3/(2n′s +1)

]−3/(2n′s+1)
}
, (1.52)

where the appropriate definition of κ is given by Eq. (1.48), the definitions of λ and κ used to calculate C+

are given by Eq. (1.47) and Eq. (1.48), respectively, and

n′s = ns
KM,s

KM,s +m(t)ns
−2

KM,e

KM,e +m(t)
. (1.53)

By applying Eq. (1.52) to Aβ(1-40) self-assembly kinetics, the authors showed that the best fit for the

kinetics was obtained in the scenario where all three processes saturated [6], although saturation of elonga-

tion only occurred at high concentrations (KM,e ≈ 130 μM). By reducing the apparent order of microscopic

processes, saturation causes weaker concentration scaling of the macroscopic self-assembly kinetics. For

example, self-assembly with saturated secondary nucleation as the dominant nucleation process, and un-

saturated elongation, is expected to give γ = 1/2, similar to fragmentation, although it is still possible to

distinguish the processes based on the curve shape and fibril length distributions [4, 5]. In addition, in cases

where elongation also saturates, an even lower concentration-dependence is expected [4, 6]. Thus, in or-
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der to test whether saturation of microscopic processes is occurring, it is preferable to acquire kinetic data

over a broad concentration range, allowing identification of any saturation-induced variation in the scaling

exponents of the characteristic times or the macroscopic rate constants.

1.6 Overview of this thesis

The aim of this study was to use a combination of macroscopic self-assembly kinetics from ThT as-

says, complementary measurements from other biochemical and biophysical techniques, and theoretical

approaches to investigate outstanding questions regarding Aβ(1-42) self-assembly mechanisms. In partic-

ular, three major areas of uncertainty were investigated. Firstly, while there is evidence to suggest that

surfaces can sometimes catalyse primary nucleation (see Section 1.4.6, Section 1.5.2, and Section 1.5.8),

the extent to which primary nucleation depends on a surface at physiological peptide concentrations remains

unclear. Secondly, this thesis aims to address some of the continuing uncertainty regarding the mechanisms

of primary and secondary nucleation, in particular the extent to which these processes have multi-step mech-

anisms involving pre-fibrillar intermediates, and the possible identity and conformational characteristics of

those intermediates. Thirdly, this thesis aims to investigate the cause of kinetic behaviours that are not ex-

plained by existing models, but have been observed in experiments, such as weak monomer-dependence of

the half-time and lag-time. While Chapter 2 contains a general description of the methods used throughout

the other chapters in this thesis, Chapter 3 describes the development and validation of an improved protocol

for solubilisation of Aβ, which establishes the validity of the kinetic results obtained in the rest of this the-

sis. Chapter 4 presents an investigation of the role of heterogeneous surfaces in the self-assembly process,

leading to the conclusion that primary nucleation is usually dependent on surfaces at physiological peptide

concentrations, and a diverse range of surfaces are likely to stimulate the process in vivo. Lastly, Chapter

5 presents the results of investigations of the effects of ionic strength on Aβ(1-42) self-assembly, which led

to the finding that previously inexplicable features of the self-assembly kinetics that occur at physiological

ionic strength can be ascribed to the accumulation of on-pathway oligomers produced by secondary nucle-

ation. Altogether, the results presented in this thesis suggest that both primary and secondary Aβ nucleation

are surface-catalysed multi-step processes at physiological concentrations.
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Chapter 2

Materials and Methods

The details of materials and methods that are common throughout this thesis are described below, while

details that are specific to individual chapters are provided in the methods sections of those chapters.

2.1 Materials

Ultra-pure recombinant Aβ(1-42) was purchased from rPeptide (Watkinsville, GA) in glass vials con-

taining 0.5 mg (catalogue number A-1163-1) or 1.0 mg (catalogue number A-1163-2) lyophilised peptide,

from HFIP. All other materials were analytical grade and were purchased from Fisher Scientific (UK) or

Sigma-Aldrich (UK). Buffers and solvents were prepared with deionised water (dH2O) and passed through

a 0.2 μm filter, except where otherwise stated, and were checked frequently for the presence of dust, mi-

crobial growth, or other contaminants. Buffers and solvents for SEC and AF4 were passed through a 0.1

μm filter, degassed, and prepared no more than 3 days before use. To prevent microbial growth, sodium

azide (NaN3) was added to buffers whenever experimental constraints would allow, and its use is indicated

wherever relevant in the remainder of this thesis.

2.2 Preparation and handling of Aβ(1-42)

Aβ is notoriously sensitive to preparative and experimental conditions [476]. The high aggregation rate

and extreme sensitivity of this peptide to contaminants such as dust, metal ions, and chemical modifications

mean that Aβ must be handled carefully to avoid seeding or otherwise altering the aggregation process, or

allowing uncontrolled aggregation to occur prior to experimentation. Thus, it is essential to take appropriate

precautions when handling Aβ in order to limit these effects. In addition, Aβ preparations or solubilisations

must attain a high level of reproducibility, and sufficiently sensitive quality control procedures must be

applied to identify any issues with Aβ samples. The protocols described here, which were used for the work
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in Chapters 4 and 5, were based on the optimisation described in Chapter 3.

2.2.1 Precautions when handling Aβ(1-42)

In all preparative and experimental work, it was essential to avoid exposing Aβ(1-42) to contaminants

such as dust, bubbles, and chemical residues that might affect the aggregation process. This meant that extra

precautions had to be taken when handling the peptide, in addition to those described in Section 2.1. Pipet-

ting of Aβ(1-42) solutions was performed gently, to avoid introducing bubbles that might affect aggregation.

Aβ(1-42) solutions were mixed gently before extraction from tubes or microplates, as larger aggregates have

a tendency to sediment. Wherever possible, Aβ(1-42) was handled in low-binding Eppendorf tubes (Ham-

burg, Germany), to reduce adhesion of the peptide to the interior of the tubes and the presence of dust or

other contaminants. Similarly, buffers and solvents used in Aβ(1-42) preparation and self-assembly exper-

iments were only prepared and handled in labware that was supplied at a high degree of cleanliness, or

had been thoroughly cleaned before use. Other precautions are mentioned where relevant in the rest of this

methods section, and subsequent chapters of this thesis.

2.2.2 Solubilisation of Aβ(1-42)

As described in Section 2.1, recombinant Aβ(1-42) was supplied in glass vials containing 0.5 mg or 1.0

mg of lyophilised peptide, from HFIP. Vials were thawed on the benchtop for 5 min, and 50 mM NaOH

was injected into them with a Hamilton syringe (Reno, NV) to a peptide concentration of 1 mg/ml. Vials

were manually rotated for 10 s to ensure that any material on the sides came into contact with solvent,

and sonicated for 5 min using a DECON Ultrasonics sonicator bath (Sussex, UK). Dissolved peptide was

extracted using a Hamilton syringe, split into 50 μl aliquots in Eppendorf tubes (Hamburg, Germany), and

flash-frozen by immersion in liquid N2. The syringe was kept clean by repeated washing in dH2O and 50

mM NaOH between uses. The pH of the 50 mM NaOH was tested with pH indicator strips before injection

into vials, and after extraction from vials, to check for pH changes. Prior to use in experiments, peptide

aliquots were thawed at 37oC and triturated to ensure that they were well-mixed. As described in Chapter

4, it was found that samples could be successfully re-frozen and re-thawed between uses, without affecting

the quality of the peptide; wherever possible, samples were re-frozen with liquid N2.

2.2.3 Quality control

Aβ(1-42) samples were routinely tested for pre-aggregation by ThT assays and AF4-MALS, according

to the procedures described in Chapter 3.

106



2.3 Determination of peptide concentration

The concentration of peptide was determined from either the UV absorbance at 280 nm (UV280) or the

refractive index (RI). UV280 measurements were obtained using either a NanoDrop One (Thermo Scientific,

UK) or the in-line UV detector of the AF4/SEC-MALS system (Shimadzu, UK). RI measurements were

obtained using the inline RI detector of the AF4/SEC-MALS system (Postnova Analytics, Germany). Molar

concentration was calculated from UV280 measurements according to the Beer-Lambert law,

A = εlc, (2.1)

where A is the absorbance, ε is the extinction coefficient, l is the path length, and c is the concentration.

The extinction coefficient of Aβ(1-42) was calculated from the primary sequence using the ProtParam tool

provided by ExPASy [477]. At pH well below the pKa (≈ 10.5) of the tyrosine hydroxyl, the predicted

extinction coefficient at 280 nm was 1490 M−1.cm−1 (= 0.330 ml.mg−1.cm−1), which was confirmed em-

pirically. At pH 11, the extinction coefficient of the same samples increased to an empirically determined

value of 1860 M−1.cm−1 (= 0.412 ml.mg−1.cm−1) as the tyrosine hydroxyl was mostly deprotonated. Con-

centration was calculated from the RI according to the relation

∆n = c
∂n
∂c

, (2.2)

where ∆n is the change in refractive index of the solution, c is the concentration, and ∂n/∂c is the refractive

index increment of the peptide. A refractive index of ∂n/∂c = 0.871 M−1 (= 0.193 ml.g−1) was calculated

from the primary sequence based on the per-residue ∂n/∂c values in Zhao et al. [478]. Concentrations

determined by UV280 and RI were compared, and the two were found to be self-consistent.

2.4 Fibrillisation buffers

The fibrillisation buffers used in this thesis are similar to those used in other studies in the literature

[5, 479], but were pre-adjusted to correct for pH changes occurring after the addition of Aβ dissolved in 50

mM NaOH, as the addition of NaOH raises the pH of the final buffer. Adjustment had to be carried out before

the addition of Aβ, rather than afterwards, as Aβ typically aggregates rapidly once the pH drops below ∼10

[294]. This required preparation of buffer stocks that were more acidic than desired, but would reproducibly

reach the intended pH after addition of a known quantity of 50 mM NaOH. In order for the strategy to work,

the quantity of NaOH added to the buffer had to be constant, so the Aβ concentration was varied by adding

complementary volumes of 50 mM NaOH with and without dissolved peptide. The theoretical basis of
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the preparation of these buffers is described in the following subsection, and the application of the process

to produce pre-adjusted 20 mM and 10 mM sodium phosphate buffers with varying salt concentrations is

described in the subsequent subsections. In addition to sodium phosphate, all fibrillisation buffers contained

various concentrations of NaN3 to limit microbial growth, 200 μM EDTA to sequester transition metal

ions, and 20 μM ThT, to allow their use in ThT assays. ThT was included in all fibrillisation buffers

regardless of whether they were used in ThT assays, in order to ensure that results were comparable, and

ThT has previously been shown not to affect the aggregation process at these concentrations and under these

conditions [4]. Buffers often also contained variable quantities of the halide salts NaF, NaCl, and NaI, which

were used to investigate screening, Hofmeister, and electroselective effects on Aβ(1-42) self-assembly.

2.4.1 Preparation of pH-corrected buffers

The pH of the buffer solution is given by the Henderson-Hasselbalch equation [480],

pH = pKa,app + log10

(
[A−]
[AH]

)
, (2.3)

where pKa,app is the apparent pKa of the acid, correcting for the effects of factors such as ionic strength

on the activity of the solutes, [AH] is the concentration of the acid, and [A−] is the concentration of its

conjugate base; for phosphate buffers at pH ≈ 8, the acid and base are H2PO−4 and HPO2−
4 , respectively.

Let us distinguish between the initial composition of the buffer stock before addition of a known quantity

of NaOH, which has concentrations [AH] = [AH]initial and [A−] = [A−]initial, and the final composition after

addition of the NaOH, which has the concentrations [AH] = [AH]final and [A−] = [A−]final. Thus,

pHinitial = pKa,initial + log10

(
[A−]initial

[AH]initial

)
, (2.4)

pHfinal = pKa,final + log10

(
[A−]final

[AH]final

)
, (2.5)

where pKa,initial and pKa,final are apparent pKa values that account for the changing activities of the solutes

between the initial and final solutions. When NaOH is added, most of the hydroxide is consumed in the

reaction

OH−+AH→ H2O+A−, (2.6)

and only a small quantity is neutralised,

OH−+H+→ H2O. (2.7)
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Thus, if NaOH is added from a separate stock with concentration [NaOH]stock, and the added volume of

NaOH stock is VNaOH,

[AH]finalVfinal ≈ [AH]initialVinitial− [NaOH]stockVNaOH, (2.8)

[A−]finalVfinal ≈ [A−]initialVinitial +[NaOH]stockVNaOH, (2.9)

where Vinitial is the initial volume of the buffer stock before addition of the NaOH, and Vfinal is the final

volume of the buffer after this addition. Let us now consider the case where the NaOH is added from two

sources: a stock containing only NaOH, with concentration [NaOH]stock (= 50 mM) and volume VNaOH; and

a stock containing NaOH with 1 mg/ml dissolved Aβ, which also has an NaOH concentration of [NaOH]stock

and has volume VNaOH+Aβ. The final concentration of Aβ is comparatively small (< 20 μM), so that it does

not significantly affect [AH] and [A−]. Thus,

[AH]finalVfinal ≈ [AH]initialVinitial− [NaOH]stock(VNaOH +VNaOH+Aβ), (2.10)

[A−]finalVfinal ≈ [A−]initialVinitial +[NaOH]stock(VNaOH +VNaOH+Aβ). (2.11)

By varying VNaOH and VNaOH+Aβ while keeping VNaOH +VNaOH+Aβ the same, one can prepare solutions with

different Aβ concentrations, but a constant final pH. If only NaOH ± Aβ were added at this point, one

would expect Vfinal = Vinitial +VNaOH +VNaOH+Aβ. However, at this point one also has to add ThT, and it is

convenient to make the solution up to a greater volume with dH2O, as this provides the flexibility to add

other solutes for specific experiments. Thus,

Vfinal =Vinitial +VNaOH +VNaOH+Aβ+VThT +VdH2O, (2.12)

where part of VdH2O can be replaced with stocks of salts, proteins, or other constituents as required, although

it is sometimes more convenient to incorporate those constituents into Vinitial. Rearranging Eq. (2.10-2.11)

yields theoretical expressions for the concentrations of AH and A− in the buffer stock,

[AH]initial =
[AH]finalVfinal +[NaOH]stock(VNaOH +VNaOH+Aβ)

Vinitial
, (2.13)

[A−]initial =
[A−]finalVfinal− [NaOH]stock(VNaOH +VNaOH+Aβ)

Vinitial
, (2.14)

where [AH]final and [A−]final are determined from Eq. (2.5) as one normally would for a buffer, Vfinal is

determined from Eq. (2.12), and the volumes of the individual buffer constituents are chosen as part of the

experimental design.

When estimating [AH]final and [A−]final, it is important to be mindful that the pKa,app of the acid con-
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stituent of the buffer varies with its concentration; for example, while the pK2,app of phosphate (ie. the

pKa,app for the equilibrium between H2PO−4 and HPO2−
4 ) is 7.2 at an ionic strength close to 0 mM, it de-

creases to around 6.8 at an ionic strength of 300 mM, due to the changing activity coefficients of H+,

HPO2−
4 , and H2PO−4 [481]. Thus, the final total concentration of phosphate affects the ratios of A− and

AH in the initial buffer stock. In addition, apparently innocuous solutes such as NaCl can affect the pH

by altering the ionic strength of the solution, and can also be accompanied by small quantities of free acid

that complicate the results. Therefore, in practice, it is essential to empirically confirm that the buffer stock

produces the correct final pH over the full range of Aβ concentrations. If a buffer stock does not produce

the correct final pH, its pH must be adjusted, and the test repeated. Because the buffers used in this thesis

had a constant concentration of phosphate and variable (ie. pH-dependent) concentration of Na+, this could

not be performed by adding acid; therefore, stocks had to be prepared to a pH that was slightly too low, and

adjusted upwards. This optimisation process requires a repeated cycle of testing the stock by making up a

reaction mixture containing added NaOH and other buffer constituents, measuring the pH of the mixture,

and then incrementally adjusting the pH of the stock. These tests were performed in small volumes in Ep-

pendorf tubes (Hamburg, Germany), and the amount of NaOH that had to be added was recorded and used

to adjust the ratios of [HPO2−
4 ], and [H2PO−4 ] used to produce a larger volume of stock. The pH of a solution

prepared from this larger volume of stock was then confirmed empirically, and the stock was stored for use.

The application of this procedure to produce pre-adjusted 20 mM and 10 mM sodium phosphate buffers is

described in the following subsections.

2.4.2 Preparation of 20 mM sodium phosphate buffers without halide salts

The procedures used to carry out the pH correction in this protocol were also applied to the protocols

described in the following subsections; therefore, this protocol is given in greater detail, and the subsequent

protocols refer back to this one. The buffer has the following constituents:

• 20 mM sodium phosphate (pH 8),

• 1 mM NaN3,

• 200 μM EDTA,

• 20 μM ThT,

and is designed to be made up immediately prior to use from:

• a pre-adjusted buffer stock, described below (20% of final volume),

• 1 mg/ml Aβ dissolved in 50 mM NaOH (x% of final volume, where x≤ 10),
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• 50 mM NaOH stock ((10− x)% of final volume),

• 2 mM ThT stock (1% of final volume),

• dH2O (69% of final volume),

where the volumes of Aβ + NaOH and NaOH stock are complementary so that the same quantity of NaOH

is added despite varying the Aβ concentration. Thus, to make 1 ml of fibrillisation buffer, the volumes are

as follows,

• Vinitial = (20%/100%)×1 ml = 200 μl,

• VNaOH+Aβ = (x%/100%)×1 ml = 10x μl,

• VNaOH = ((10− x)%/100%)×1 ml = (100−10x) μl,

• VThT = (1%/100%)×1 ml = 10 μl,

• VdH2O = (69%/100%)×1 ml = 690 μl.

The concentration of Aβ in the final mixture will be 1 mg.ml−1× (x%/100%) = 2.22x μM (for Aβ(1-42).

Therefore, for 1 μM Aβ(1-42), x%= 0.451%, for 2 μM Aβ(1-42), x%= 0.902%, and so on. The pre-adjusted

buffer stock contains:

• 100 mM sodium phosphate (ratios of NaH2PO4 to Na2HPO4 depend on pH pre-adjustment, as de-

scribed below),

• 5 mM NaN3,

• 1 mM EDTA.

Theoretically, given pK2,app ≈ 6.9 at ionic strength I ≈ 60 mM [481], one would expect [H2PO−4 ]final ≈

1.5 mM and [H2PO−4 ]final = 18.5 mM; applying Eq. (2.13-2.14), [H2PO−4 ]initial≈ 32.5 mM and [H2PO−4 ]initial≈

67.5 mM, which would give pHinitial ≈ 7.1, accounting for the change in pK2,app due to the higher ionic

strength of the stock. However, the buffer stock is first produced as a test solution so that its pH can

be checked and adjusted with NaOH if necessary, recording the final amount of NaOH added in order to

determine the precise NaH2PO4:Na2HPO4 ratio needed to attain the correct pH. As the pH can only be

adjusted upwards, this test solution is initially produced to yield a lower final pH than ultimately intended

(pHfinal ≈ 7.8). In the test solution, [H2PO−4 ]final ≈ 2.2 mM and [H2PO−4 ]final ≈ 17.8 mM; applying Eq.

(2.13-2.14), [H2PO−4 ]initial ≈ 36 mM and [H2PO−4 ]initial ≈ 64 mM, which would give pHinitial ≈ 7.0. There-

fore, a small volume (typically 5-10 ml) of a test stock was prepared, containing the following:
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• 36 mM NaH2PO4, from 500 mM stock,

• 64 mM Na2HPO4, from 500 mM stock,

• 5 mM NaN3, from 1 M stock,

• 1 mM EDTA, from 200 mM stock.

After preparing the test stock, 200 μl was mixed with 100 μl of 50 mM NaOH, 10 μl of 2 mM ThT, and 690

μl of dH2O to produce 1 ml of ‘final’ test buffer with an expected pHfinal ≈ 7.8. The pH of this test buffer

was measured empirically, and the quantity of concentrated NaOH that had to be added to raise the pH to

8.0 was recorded. The corresponding concentration (ie. concentrated 5× due to the concentration difference

between test stock and test buffer) of NaOH was then added to another aliquot of the test stock; this was

added from a concentrated NaOH stock to avoid significantly diluting the other constituents of the test stock.

The adjusted test stock was used to produce another ‘final’ test buffer with an expected pHfinal ≈ 8.0. If the

pH was too high (> 8.02), the process was repeated with a smaller quantity of NaOH; if the pH was too low

(< 7.98), more NaOH was added, the required amount was recorded, and a new test buffer was produced.

Once a test stock had been produced that would produce a test buffer at pH 8.0 when mixed with the other

ingredients, the quantity of NaOH that had been added to this test buffer was then used to inform a change in

the NaH2PO4:Na2HPO4 ratio; for example, if 25 mM NaOH had to be added to the test stock to produce a

‘final’ test buffer with pH 8.0, 25 mM of NaH2PO4 was replaced with Na2HPO4 in the new test stock. This

was then tested again to check that the strategy had worked. If the new test stock produced a test buffer with

pH 8.0 (or in the pH 7.98-8.02 range) when 200 μl of test stock was mixed with 100 μl of 50 mM NaOH, 10

μl of 2 mM ThT, and 690 μl of dH2O, a larger quantity of stock was made with the same NaH2PO4:Na2HPO4

ratio, for use in experiments. Before use, the pH of fibrillisation buffers prepared with this larger stock was

checked again, and this time the pH was also checked with variable quantities of Aβ(1-42). Buffers were

only tested with variable quantities of Aβ(1-42) at the end as, in practice, they never failed this test, so

they never had to be re-made because of it; nonetheless, in order to be certain that varying the Aβ(1-42)

concentration did not affect the pH, this test was regularly performed. The final NaH2PO4:Na2HPO4 ratios

of buffer stocks were usually close to the theoretical predictions, but differed enough to require empirical

determination as described above.

2.4.3 Preparation of 20 mM sodium phosphate buffers with variable NaCl

These buffers were prepared in a similar manner to 20 mM sodium phosphate buffer without halide salts,

except that NaCl was incorporated into the buffer stocks. The buffers had the following constituents:

• 20 mM sodium phosphate (pH 8),
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• 1 mM NaN3,

• 200 μM EDTA,

• 20 μM ThT,

• y mM NaCl,

where the concentration of NaCl was variable. Due to the effect of ionic strength on the pK2,app of phosphate,

a separate buffer stock had to be prepared for each NaCl concentration; therefore, it was most convenient

to incorporate the NaCl into the stock itself, rather than adding it separately. The buffer was made up

immediately prior to use from:

• a pre-adjusted buffer stock, described below (20% of final volume),

• 1 mg/ml Aβ dissolved in 50 mM NaOH (x% of final volume, where x≤ 10),

• 50 mM NaOH stock ((10− x)% of final volume),

• 2 mM ThT stock (1% of final volume),

• dH2O (69% of final volume).

The pre-adjusted buffer stock contained:

• 100 mM sodium phosphate (ratios of NaH2PO4 to Na2HPO4 depend on pH pre-adjustment, as de-

scribed below),

• 5 mM NaN3, from 1 M stock,

• 1 mM EDTA, from 200 mM stock,

• 5y mM NaCl, from 1 M stock.

The correct NaH2PO4:Na2HPO4 ratio was determined by the same process that was described for 20 mM

sodium phosphate buffers in Section 2.4.2, and the final pH of all buffers was checked prior to use.

2.4.4 Preparation of 20 mM sodium phosphate buffers with 300 mM NaF

This buffer was prepared in a similar manner to 20 mM sodium phosphate buffer with 300 mM NaCl,

but with a more dilute buffer stock, as the solubility of NaF at room temperature is around 1 M. The buffer

had the following constituents:

• 20 mM sodium phosphate (pH 8),
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• 1 mM NaN3,

• 200 μM EDTA,

• 20 μM ThT,

• 300 mM NaF,

and was made immediately prior to use from the following ratios:

• a pre-adjusted buffer stock, described below (50% of final volume),

• 1 mg/ml Aβ dissolved in 50 mM NaOH (x% of final volume, where x≤ 10),

• 50 mM NaOH stock ((10− x)% of final volume),

• 2 mM ThT stock (1% of final volume),

• dH2O (39% of final volume),

with the pre-adjusted buffer stock containing:

• 40 mM sodium phosphate (ratios of NaH2PO4 to Na2HPO4 depend on pH pre-adjustment, as dis-

cussed below),

• 2 mM NaN3, from 1 M stock,

• 400 μM EDTA, from 200 mM stock,

• 600 mM NaF, from 750 mM stock.

The correct NaH2PO4:Na2HPO4 ratio was determined as described for 20 mM sodium phosphate buffers

without NaF in Section 2.4.4, accounting for the difference in dilution factor (here 2×) between test stocks

and the test buffers prepared from them.

2.4.5 Preparation of 10 mM sodium phosphate buffers with variable NaCl or NaI

This buffer was prepared in a similar manner to 20 mM sodium phosphate buffer with variable concen-

trations of NaCl, except that the salts were added separately from the stock (although a separate buffer stock

still had to be produced for each intended salt concentration). The buffer had the following constituents:

• 10 mM sodium phosphate (pH 8),

• 200 μM NaN3,
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• 200 μM EDTA,

• 20 μM ThT,

• y mM NaCl or NaI,

where the concentration of NaCl or NaI was variable. NaF was also used, but required slight modifications

to the protocol in order to achieve the high concentrations used in the buffer, and is discussed separately in

the following subsection. The buffer was made immediately prior to use from the following ratios:

• a pre-adjusted buffer stock, described below (10% of final volume),

• 1 mg/ml Aβ dissolved in 50 mM NaOH (x% of final volume, where x≤ 7),

• 50 mM NaOH stock ((7− x)% of final volume),

• 2 mM ThT stock (1% of final volume),

• 1 M NaCl or NaI stock (0.1y % of final volume),

• dH2O ((82−0.1y)% of final volume),

with the pre-adjusted buffer stock containing:

• 100 mM sodium phosphate (ratios of NaH2PO4 to Na2HPO4 depend on pH pre-adjustment, as dis-

cussed below),

• 2 mM NaN3, from 1 M stock,

• 2 mM EDTA, from 200 mM stock.

The correct NaH2PO4:Na2HPO4 ratio was determined as described for 20 mM sodium phosphate buffers

in Section 2.4.4, accounting for the difference in dilution factor (here 10×) between test stocks and the test

buffers prepared from them.

2.4.6 Preparation of 10 mM sodium phosphate buffers with variable NaF

This buffer was prepared in a similar manner to 10 mM sodium phosphate buffer with variable concen-

trations of NaCl or NaI, but a more dilute NaF stock had to be used as the solubility of NaF is∼1 M at room

temperature. The buffer had the following constituents:

• 10 mM sodium phosphate (pH 8),

• 200 μM NaN3,
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• 200 μM EDTA,

• 20 μM ThT,

• y mM NaF,

where the concentration of NaF was variable. The buffer was made immediately prior to use from the

following ratios:

• a pre-adjusted buffer stock, described below (10% of final volume),

• 1 mg/ml Aβ dissolved in 50 mM NaOH (x% of final volume, where x≤ 7),

• 50 mM NaOH stock ((7− x)% of final volume),

• 2 mM ThT stock (1% of final volume),

• 750 mM NaCl or NaI stock (0.133y % of final volume),

• dH2O ((82−0.133y)% of final volume),

with the pre-adjusted buffer stock containing:

• 100 mM sodium phosphate (ratios of NaH2PO4 to Na2HPO4 depend on pH pre-adjustment, as dis-

cussed below),

• 2 mM NaN3, from 1 M stock,

• 2 mM EDTA, from 200 mM stock.

The correct NaH2PO4:Na2HPO4 ratio was determined as described for 20 mM sodium phosphate buffers

in Section 2.4.4, accounting for the difference in dilution factor (here 10×) between test stocks and the test

buffers prepared from them.

2.4.7 Preparation and handling of stocks and salt solutions

Stocks of NaH2PO4 and Na2HPO4 were prepared to 500 mM, stocks of EDTA were prepared to 200

mM, and stocks of ThT were prepared to 2 mM. To prevent bleaching, ThT stocks were covered in foil

and stored in the fridge; to avoid over-exposure of the main stock from repeated use, small aliquots of ThT

were periodically separated into Eppendorf tubes for use in experiments. Stocks of NaCl and NaI were

prepared to 1 M, while stocks of NaF were prepared to 750 mM, as the solubility of NaF is ∼1 M at room

temperature. NaI was wrapped in foil and stored in the dark to prevent photo-oxidation, and was checked

frequently for brown discolouration caused by oxidation (2I−→ I2 + 2e−); if oxidation was observed, the
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stock was replaced. NaF stocks were stored in Falcon tubes rather than glass, as NaF slowly reacts with

glass. In addition, NaF stocks could not be vacuum-filtered as the NaF reacted with the filters; nonetheless,

there was no detectable seeding in buffers prepared with NaF, and the results of experiments carried out with

NaF always agreed closely with the results of those carried out with NaCl. Larger quantities of NaF were

handled in the fume hood due to the risk of producing HF gas.

2.5 Thioflavin T (ThT) assays

ThT is a fluorescent dye that non-covalently binds to amyloid fibrils, as well as some other proteins,

and exhibits enhanced fluorescence (excitation at 440 nm, emission at 485 nm) when bound [92]. ThT has

previously been shown not to affect the self-assembly process under the conditions used in this thesis [4].

In addition, ThT binding is weak at these concentrations, so that an excess of ThT is not strictly required to

ensure linearity between the fibril mass and the ThT signal [5, 54]. Nonetheless, other phenomena such as

polymorphism and fibril-fibril interactions may still affect the linearity of the ThT response. It should also be

noted that ThT is neither a completely sensitive nor a completely specific probe for amyloid fibrils [93, 94],

and non-fibrillar oligomers have been observed to bind ThT [278].

2.5.1 Setup of fibrillisation experiments

ThT assays were initiated by dilution of Aβ(1-42) dissolved in 50 mM NaOH into fibrillisation buffer,

whose pH had been pre-adjusted so that it would reach the intended value after mixing with the Aβ(1-42)

stock. The preparation of pre-adjusted buffers is discussed in Section 2.4, and the success of this strategy

was confirmed by pH measurements. Before thawing the Aβ(1-42), all constituents of fibrillisation buffers

apart from the Aβ(1-42) stock were pre-mixed in low-bind Eppendorf tubes (Hamburg, Germany), in the

ratios described in Section 2.4. Aβ(1-42) stocks, which had been prepared in 50 mM NaOH and stored

at −80oC as described in Section 2.2, were thawed and added to the pre-mixed fibrillisation buffers. If

added Aβ(1-42) volumes were small, the Aβ(1-42) was diluted in 50 mM NaOH beforehand, correcting

the compensatory volume of 50 mM NaOH that was added to the pre-mixed buffer accordingly. Buffers

were mixed thoroughly after addition of Aβ(1-42), taking care not to introduce bubbles, and then pipetted

into the wells of 96-well microplates, with 100 μl per well. Unless otherwise specified, ThT assays were

carried out in 96-well microplates treated with a PEG-like low-binding surface (Corning 3881, NY). For

each buffer composition in a single plate, there was a control containing the same buffer without any Aβ(1-

42), which was also used as a blank. Experiments were typically performed with 5 replicate wells per set

of conditions, although a smaller number of replicates was used in some instances. Each plate was sealed

with a qPCR seal (4titude, UK) to restrict evaporation, and incubated in a FLUOstar Omega plate reader
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(BMG Labtech, UK). The scale of experiments was always planned so that the dead time would be small

(typically < 300 s) compared to the self-assembly timescale. Most time courses were collected with reading

every 2 min, and 4 s double-orbital shaking (100 rpm) before reading to dislodge any aggregates weakly

associated with the sides or bottom of the plate wells; as shown in Section 3.3.9 and Section 5.3.2, shaking

did not cause significant fibril fragmentation. Due to limitations on the number of reads the plate reader

could perform in a single program, some of the longer experiments were carried out with reading every 5

min, and 10 s double-orbital shaking (100 rpm) before reading. ThT fluorescence was measured with an

excitation wavelength of 440 nm and emission wavelength of 485 nm. Except where otherwise stated, ThT

experiments were carried out at 37oC. At all stages of the experiment, pipetting had to be fast in order to

reduce the dead time, but also accurate, and care had to be taken to ensure that solutions were mixed well

without introducing bubbles.

2.5.2 Processing of kinetic data

Initial data processing was carried out in Microsoft Excel (2010/2013/365), with final processing in

GraphPad Prism 8. As discussed in Section 2.5.1, each experiment typically had a set of blank wells con-

taining the same buffer as other wells in the plate, but without any Aβ(1-42). In these experiments, the

fluorescence intensities were baselined by subtracting the average fluorescence intensity of all comparable

blanks, without smoothing. For older data and data collected by some other lab members, blanks were not

always available. In these cases, the baseline was determined wherever possible by linear extrapolation of

the minimum fluorescence intensity of wells containing different Aβ(1-42) concentrations to m(0) = 0, with

averaging across replicate wells and smoothing of the averaged fluorescence intensities (Savitzky-Golay,

2nd order) to eliminate noise from the minimum intensities. Comparisons using data for which blanks were

available showed that this approach yielded very similar results to blank subtraction, as the ThT signal of the

blanks was typically flat throughout the entire experimental time course, and the blank-subtracted minimum

fluorescence intensities were linearly proportional to the Aβ(1-42) concentration. In cases where blanks

were not available and an extrapolated baseline could not be determined, the baseline was simply set as the

minimum average fluorescence intensity across all replicates, with smoothing (Savitzky-Golay, 2nd order)

to eliminate noise. Yield analyses were only performed on data for which blanks were available. After

subtracting the baseline, ThT data were often normalised relative to the maximum fluorescence intensity, as

indicated where relevant in the remainder of the thesis. This was defined as the maximum average fluores-

cence intensity of all comparable replicate wells, with smoothing of the average intensities (Savitzky-Golay,

2nd order) to eliminate noise. This caused the average fluorescence intensity of all replicates to range

between 0 and 1, without eliminating variation between replicates. Although smoothing was used when

determining maximum and minimum intensities for the purpose of normalisation, it was not applied to the
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raw, blank/baseline-subtracted, or normalised fluorescence intensities; therefore, the ThT data presented in

this thesis are all affine functions of the raw intensities, ie. I = aIraw +b, where I is the presented intensity,

Iraw is the raw intensity, a is the normalisation, and b is the baseline. The half-time τ50 was defined as

the time at which the baseline-subtracted fluorescence reached 50% of its maximal value. The maximum

relative rate νmax was defined as the maximum normalised rate of fluorescence intensity gain, and the lag

time was determined by extrapolation of a tangent from the inflection point of the curve back to the x-axis,

as described in Arosio et al. [374].

2.6 Circular dichroism (CD) spectroscopy

CD spectroscopy was performed on a JASCO J-810 (JASCO, UK) spectropolarimeter, in a quartz cuvette

with a 1 mm path length (Hellma, UK) at 37oC. Spectra were acquired over the 190 nm ≤ λ ≤ 250 nm

range, with a bandwidth of 1 nm and scan speed of 20 nm.min−1. All spectra were blank-subtracted; the

samples and their corresponding blanks are described in the methods sections of subsequent chapters. Three

replicates were acquired for each spectrum (3 min apart), and the replicates were compared to ascertain

whether the sample changed between replicates. In all experiments, no significant change was observed,

so the replicates were averaged to improve the signal-to-noise. Spectra were often truncated at the shorter

wavelengths, as the HT increased and the signal-to-noise became too poor; due to the low signal-to-noise

of many of the spectra in this thesis, this often occurred at HT ≈ 500, but occasionally higher. Due to the

requirement to use low concentrations and the peptide’s mixed conformational state, low signal-to-noise

was unavoidable for some experiments in this thesis. Measured ellipticities were converted to mean residue

ellipticities according to the equation

[Θ]MR =
Θ

10ncl
, (2.15)

where [Θ]MR is the molar residue ellipticity in deg.cm2.dmol−1, Θ is the measured ellipticity in mdeg, n is

the number of amino acids in the polypeptide, c is the molar concentration of the sample in M, and l is the

path length in cm.

2.7 Negative stain electron microscopy (NS-EM)

Samples for NS-EM were prepared and incubated in the same manner as samples for ThT assays (Sec-

tion 2.5), but were aspirated and pipetted onto pre-prepared carbon-coated grids after allowing fibrillisation

for a set amount of time, as described in the following subsections. Carbon coating and preparation of stain

were performed by myself and Dr. Svetomir Tzokov; negative staining and imaging were carried out by

myself and other experimentalists mentioned where relevant in this thesis.
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2.7.1 Carbon coating of grids

Carbon film was deposited on freshly cleaved mica using a TEM Turbo Carbon Coater (Agar Scientific),

and then transferred to Cu-Pd grids (Agar Scientific). To transfer the carbon film, grids were arranged on a

piece of filter paper that had been immersed in a tank of Milli-Q water and weighted down. After cleaning

the water surface, the carbon film was transferred to the surface from the mica and the water was siphoned

out of the tank to float the carbon film onto the the grids, which were then covered and left to dry overnight.

2.7.2 Preparation of uranyl formate stain

Uranyl formate was prepared to a concentration of 0.75% (w/v). To prepare the stain, 5 ml of dH2O was

boiled in a glass test tube over a bunsen and poured into a foil-wrapped beaker containing 0.0375 g uranyl

formate. The beaker was covered and left to stir for 5 min, then 5 M NaOH was added dropwise until a

small colour change was observed (∼8 μl required), and the solution was covered and stirred for another

5 min. The uranyl formate solution was then passed through a 0.2 μm filter, made up to 5 ml with dH2O,

and stored in the fridge in a foil-wrapped falcon tube. Stain was discarded once a precipitate formed at the

bottom of the tube.

2.7.3 Sample deposition and negative staining

Carbon-coated grids were glow-discharged at low pressure in the glow discharge unit of a Cressington

208 carbon coater (Ted Pella Inc., CA). The usual glow discharging time was 20 s, but was increased to

40 s when grids were not expected to be used immediately, which was often the case when samples were

extracted from fibrillisation experiments at specific time points, as time constraints required the grids to be

glow-discharged in batches before the start of the experiment. Samples were prepared according to one of

two methods: dilution into fibrillisation buffer followed by immediate staining, or incubation in fibrillisation

buffer in a 96-well microplate at 37oC. Further details of sample preparation are experiment-specific, and

are described in the relevant methods sections of the following chapters. Samples were mixed gently and 7

μl was pipetted onto a glow-discharged grid and left to adsorb for 1 min. Grids were blotted edge-on with

filter paper and briefly washed twice in dH2O and once in 0.75% uranyl formate stain, blotting after each

wash. Grids were then immersed in 0.75% uranyl formate stain for 20 s, blotted again, and dried with a

vacuum pump. For long-term storage, grids were covered with foil to prevent damage to the stain.

2.7.4 Imaging and analysis

Grids were imaged on a Philips CM100 TEM at 100 kV, with either a LaB6 cathode or tungsten filament

and spot size 2. Micrographs were recorded with a 1024×1024 px Gatan CCD camera, typically at 8900-
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28500× magnification. Images were analysed using FIJI [482, 483].

2.8 Size Exclusion Chromatography (SEC)

Samples were analysed and purified using an analytical Superdex 75 column (GE healthcare), with in-

line UV (280 nm; Shimadzu, UK), MALS (Postnova Analytics, Germany), and RI (Postnova Analytics,

Germany) detectors. The details of specific experiments are described in the methods sections of the fol-

lowing chapters. Data processing and analysis were carried out in the AF2000 Control software (Postnova

Analytics, Germany), with final data processing in GraphPad Prism version 8.3.0. For analysis of elution

volumes, Kav values were calculated for each peak. These describe the extent to which the molecules parti-

tion into the beads, and were determined according to the relation

Kav =
Ve−V0

Vt −V0
, (2.16)

where Ve is the elution volume of the peak, V0 is the void volume, and Vt is the total column volume. The

Kav values are expected to be proportional to the logarithm of the molecular weight, and so were plotted

against Mw and fitted to the equation

Kav = a logMw +b, (2.17)

where a and b are unconstrained parameters.
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Chapter 3

Optimisation of the Aβ Preparation

Protocol

3.1 Introduction

Biophysical investigation of Aβ self-assembly requires reproducible, controlled experiments with a

well-defined starting point. For this reason, it is essential that Aβ preparation protocols produce highly

monomeric, unseeded solutions with minimal chemical modification or pre-aggregation. Moreover, any

such protocol must eliminate other common sources of error, such as contamination, pH variation, and in-

consistent yields. Obtaining such a high level of reproducibility has been a significant challenge in the study

of Aβ, and despite more than 50 years of intense experimental research, there is still no single preferred pro-

tocol. While many groups use synthetic peptide (eg. [51,163,214,233,278,280,285,286,289,383,484–486]),

others use recombinant peptide, which may be prepared in-house [303, 487–496] or obtained commer-

cially [144,277,295,365,497,498]. A wide variety of solvents may be used to monomerise the peptide before

addition to the reaction buffer, including urea [369], hexafluoroisopropanol (HFIP) [116,216,233,277,279,

289, 296, 498–500], NaOH [72, 216, 234, 279, 296, 466, 497–499], and NH4OH [116, 165, 280, 286, 500]; in

addition, solvent treatment is often supplemented by steps such as sonication [116, 289, 484] or additional

rounds of size exclusion chromatography (SEC) [116,231,286,485,494,501,502] to remove high molecular

weight species. These options allow for considerable diversity of possible preparation protocols, and the

methods used vary almost from one research group to the next. Given the lack of consensus and the extreme

sensitivity of Aβ to its self-assembly conditions, it is unsurprising that the consistency of the experimental

literature remains poor. For example, different groups using apparently similar conditions have reported

fibrillisation half-times spanning several orders of magnitude [234, 383, 479, 486]. Furthermore, many have

reported considerable variation between replicate experiments [486, 487, 503]. While this variability has
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sometimes been attributed to stochasticity of the underlying aggregation process [487], careful experimen-

tal work has shown that recombinant preparations can yield highly reproducible kinetics, so long as steps

are taken to ensure sufficient sample quality and reproducible self-assembly conditions [479].

Previous work in this lab has used recombinant Aβ [504, 505], as synthetic preparations are highly

prone to truncation, racemisation, and other chemical modifications, and are thus considered less reliable

and physiologically relevant [495]. Dr. Abigail Williams, a past member of the lab, was able to express and

purify sufficient quantities of Aβ(1-40) for NMR; however, the aggregation-prone nature of Aβ required the

peptide to be expressed with a ubiquitin tag, and the peptide’s tendency to aggregate following cleavage

of this tag meant that purification was both complex and time-consuming [504]. More generally, many

research groups have found that the time and loss of peptide required to purify Aβ prohibit the use of in-

house preparations in high-frequency experiments, such as ThT or CD assays screening a broad range of

conditions. Because commercial preparations require fewer monomerisation and purification steps prior to

use, they provide an attractive alternative. However, while highly consistent kinetics have been attained with

in-house preparations [479], the same level of consistency has not been observed from commercial sources.

To some extent, development of a reproducible protocol is hindered by a lack of transparency regarding

commercial preparation procedures and the identity of possible contaminants; any protocol aiming to use

commercial peptide must account for this uncertainty. In addition, experimentalists have differed over the

preferred protocol for solubilising commercial peptide, which is typically supplied in a lyophilised form to

prevent self-assembly during storage. A variety of solvents are used for this purpose, including bases such

as NaOH [72,216,234,279,296,466,497–499] and NH4OH [116,165,280,286,500], and denaturants such

as urea [369] and HFIP [116, 216, 233, 277, 279, 289, 296, 498–500]; research groups also use a wide range

of solvent concentrations, balancing the need to avoid chemical modification against the risk of using overly

‘gentle’ conditions that allow pre-aggregation.

This chapter describes the development of a simple, reproducible protocol for solubilisation of commer-

cial Aβ(1-42), capable of yielding highly consistent self-assembly kinetics suitable for biophysical study.

This protocol was validated using a variety of biophysical techniques, including a novel fractionation tech-

nique, asymmetric flow field-flow fractionation (AF4) [506], which was coupled with multi-angle light scat-

tering (MALS) to fractionate samples and determine their molecular weight in the liquid phase. To assist

with discussion of the AF4-MALS results, a brief overview of these techniques is given in the following two

subsections of this introduction. The data presented in this chapter show that the dilute base (often 1-10 mM

NaOH or 0.02-1% NH4OH (v/v)) used in many existing protocols [72,165,234,280,497–499] is insufficient

to prevent pre-aggregation; however, a high level of sample monomerisation can be attained by using more

concentrated base, coupled with cryogenic storage and careful batch control. Samples prepared in this way

are stable, not chemically modified, and do not contain detectable seed. In addition, self-assembly assays
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reveal an extremely high level of experimental reproducibility, and additional purification measures simply

result in loss of peptide, without significantly altering the kinetics. Thus, this preparation protocol is simple,

convenient and economical, and allows commercial Aβ(1-42) to be used to obtain high-quality biophysical

data.

3.1.1 Principles of AF4

Asymmetric flow field-flow fractionation (AF4) [506] is a powerful analytical and preparative technique

for liquid-phase fractionation of samples with a broad range of particle sizes, from 1 nm to 50 μm [507]. AF4

is a member of the broader field-flow fractionation (FFF) family of techniques, which rely on a separation

field to sort the constituents of a heterogeneous sample to different positions within a channel, and laminar

flow within the channel to translate that separation into different elution times [508]. While a variety of

separation fields are used in FFF techniques – electrophoresis, thermophoresis, and sedimentation can all

generate the initial separation – AF4 is uniquely characterised by the use of asymmetric flow orthogonal to

the main flow of material through the channel, fractionating the sample by translational diffusion coefficient

[506]. A schematic of the ‘normal’ mode of AF4 separation is provided in Fig. 3.1(a). With the frit inlet

channel, which was used in the experiments described in this chapter, the sample enters the channel via

the TIP flow, passing through a frit inlet which prevents over-concentration during injection. The TIP flow

entering the channel is matched by the detector flow leaving the channel, causing an overall flow of material

through the channel towards the detector outlet. Solvent also enters the channel via the focus flow, which has

a variable rate that is matched by the cross-flow. The cross-flow draws solvent out of the channel through a

semi-permeable membrane at the channel bottom, creating an additional asymmetric flow orthogonal to the

flow along the channel. This cross-flow exerts force on the sample and causes it to accumulate next to the

membrane, through which it is unable to pass. The flux density Jx of a solute particle in the direction of the

cross-flow depends on the distance x from the membrane,

Jx =Uc(x)−D
dc(x)

dx
, (3.1)

where U is the drift velocity of the solute particle, c(x) is its concentration, and D its translational diffusion

coefficient. In Eq. (3.1), the first term accounts for advection of the particle towards the membrane due to

the cross-flow, and the second accounts for diffusion along the established concentration gradient, according

to Fick’s law. At a steady-state, Jx = 0, such that

c(x) = c0e−
Ux
D , (3.2)
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Figure 3.1: Schematic of sample separation by AF4 with a frit inlet channel. (a) Operation in normal mode.

(b) Operation in steric mode. In both schematics, green arrows indicate flows in and out of the channel, blue

arrows indicate the general direction of flow within the channel, and the gray arrows represent the parabolic

flow profile, with flow faster towards the centre of the channel and slower towards the edges. See text for full

description of elution behaviour in both modes. Figure based on information in Cölfen and Antonietti [507]

and training material provided by Postnova Analytics (Landsberg am Lech, Germany).
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where c0 is the sample concentration at the membrane. Thus, after the sample enters the channel its distance

from the membrane reaches a steady-state distribution according to U and D; greater U will cause the sample

to be concentrated close to the membrane, while greater D will cause the sample to spread out through the

channel. For AF4, the former is expressed as

U =
V̇cw
V0

, (3.3)

where V̇c is the cross-flow rate, V0 the channel volume, and w the channel thickness along the axis of cross-

flow. Thus,

c(x) = c0e−
V̇cwx
V0D . (3.4)

At this point, it is useful to introduce a dimensionless parameter λr = 〈x〉/w, which is the average distance of

the sample from the membrane as a proportion of the channel thickness. From the mean of the exponential

distribution described by Eq. (3.4),

λr =
V0D
V̇cw2 . (3.5)

For sufficiently small particles undergoing rapid rotational diffusion, the translational diffusion coefficient

D is connected to the hydrodynamic (Stokes) radius RH by the Stokes-Einstein relation,

D =
kBT

6πηRH
, (3.6)

where kB is the Boltzmann constant, T the temperature, and η the dynamic viscosity of the carrier fluid.

Thus, particles with smaller RH will have greater D, resulting in greater λr due to Eq. (3.5). In other words,

smaller particles are more able to diffuse against the cross-flow, meaning they are distributed further from

the membrane, as shown in Fig. 3.1(a). Flow along the channel has a low Reynold’s number Re, meaning

that it is laminar and not turbulent. Under these conditions, friction with the channel walls causes the carrier

fluid to exhibit a parabolic flow profile, faster towards the centre of the channel and slower towards the edges,

including the membrane. Because smaller particles occupy a position more distant from the membrane, they

will experience faster flow towards the detector outlet, and will thus elute first, as shown in Fig. 3.1(a). For

small λr, theoretical work has shown that the sample retention time tr is given by the relation

tr ≈
t0

6λr
=

t0V̇cw2

6V0D
=

t0V̇cw2

V0

πηRH

kBT
, (3.7)

where t0 is the elution time of an unretained solute. Thus, the retention time is inversely proportional to the

diffusion coefficient D, or simply proportional to the hydrodynamic radius RH [507]. In addition, sample

retention may be improved by increasing the cross-flow rate V̇c or channel thickness w. The former of
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these may be actively controlled throughout a sample run in order to give fine control over the elution of

the sample. A typical AF4 run will begin with high cross-flow for maximum retention, and then slowly

ease the cross-flow to allow increasingly large particles to elute. This level of fine control and the lack of

a solid phase allow AF4 to fractionate samples across a broad range of sizes. The channel thickness w can

be controlled via a spacer, which separates the top of the channel from the membrane. Although changing

w also affects V0, the quadratic dependence of Eq. (3.5) on w2 ensures that this still results in a change in

λr. The ability to recover larger species and exert fine control over the fractionation process gives AF4 a

significant advantage over SEC. In addition, the column matrix used in SEC provides a large surface area

with the potential to bind to Aβ, potentially affecting the aggregation process; by separating particles in the

liquid phase, AF4 is therefore a less perturbative technique for analysis of aggregation-prone samples.

In addition to the ‘normal’ elution mode, AF4 exhibits an alternative form of elution for particularly

large samples, such as amyloid fibrils. Steric elution occurs when a particle’s hydrodynamic radius is large

compared to its mean distance from the membrane, with the transition zone typically occurring around

RH ≈ 500 nm [507, 509]. As shown in Fig. 3.1(b), the large size of the particle limits its proximity to the

membrane, so that larger particles have a centre of mass further from the membrane, rather than closer to it

as in normal mode. As a result, larger species flow faster through the channel, and elute first. The expression

for λr is thus proportional to RH ,

λr =
RH

w
, (3.8)

and the retention time is inversely proportional to RH ,

tr ≈
t0

6λr
=

t0w
6RH

, (3.9)

This reversal of the elution order can present a challenge to fractionation of particularly polydisperse sam-

ples in which both normal and steric elution occur, although careful optimisation of the flow profile will

usually allow adequate resolution to be attained. In addition to normal mode and steric mode, samples

may sometimes be compressed against the membrane, in which case they will usually only be released af-

ter cross-flow has ceased. For small, soluble molecules, this is rare; however, particularly large particles

may sometimes adhere, and poor choice of membrane chemistry can also encourage attraction between the

sample and the membrane.

Fig. 3.2(a) shows an example of the detector output from a typical AF4 run, demonstrating the three

main types of peak that can occur during elution. The first is the ‘system’ peak (tr ≈ 2 min), which contains

a mixture of (i) the smallest constituents of the sample that did not pass through the membrane, and (ii) some

of the largest constituents of the sample, undergoing steric elution. In this case, the system peak has a strong

light scattering (LS) signal, indicating an abundance of high molecular weight species; the relationship
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Figure 3.2: Analysis of AF4-MALS data. (a) Detector output from a typical AF4-MALS run, in this case a

sample of 1 mg/ml Aβ(1-42) solubilised by 30 min sonication in 10 mM NaOH, with a 1 mM NaOH mobile

phase. Colour scheme: red, UV280 signal; blue, LS at 90o, with the other angles omitted for clarity; black

dashed, cross-flow rate. (b) Analysis of an AF4 peak, in this case a sample of 1 mg/ml Aβ(1-42) solubilised

by 5 min sonication in 50 mM NaOH, with a 1 mM NaOH mobile phase. Colour scheme: red, UV280 signal;

blue, LS at 90o; black, estimated Mw. (c) Cumulative molecular weight distribution P(M) of the peak in

panel (b). (d) Mass-weighted molecular weight distribution Mp(M) of the peak in panel (b), derived by

differentiation and transformation of panel (c) as described in Section 3.1.2

between molecular weight and LS intensity is discussed in the following subsection. The second peak

(tr ≈ 5 min) consists of properly separated sample eluting in normal mode, mainly Aβ(1-42) monomer

with some oligomer forming a tail on the right-hand side. If the oligomer size distribution were bimodal

or multimodal, this would be revealed by additional peaks after this point. The third peak (tr > 30 min)

consists of very high-molecular-weight species that were compressed against the membrane when cross-

flow was high, and were released at after the end of cross-flow.

3.1.2 Analysis of AF4-MALS data

After eluting from the channel, the sample passes through the detectors. In the work described in this

chapter, the primary concentration detector was UV absorbance at 280 nm (UV280), although a refractive
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index (RI) detector was also used for the SEC-MALS data. In addition, MALS was used to determine the

sample’s molecular weight (working range from ∼200 Da to ∼109 Da) and radius of gyration (Rg; working

range from ∼8 nm to ∼500 nm). The two most commonly used molecular weight averages in AF4-MALS

data analysis are the number-averaged molecular weight Mn and the weight-averaged molecular weight

Mw [510]. The former is defined as

Mn =
∑i nimi

∑i ni
, (3.10)

where ni represents the number and mi the molecular weight of each particle i in the sample mixture. The

mass-averaged molecular weight is defined as

Mw =
∑i nim2

i

∑i nimi
. (3.11)

While Mn gives the expected molecular weight of a randomly chosen particle in the sample, Mw gives the

expected molecular weight of a particle containing a randomly chosen unit of mass; since larger particles

have greater mass, more of the mass of the sample will be contained within these species. For example, for a

sample consisting only of different Aβ self-assembly species, Mn will give the expected molecular weight of

a randomly chosen species, while Mw will give the expected molecular weight of a species that a randomly

chosen Aβ molecule is part of. For a monodisperse sample containing species of only a single size, Mn and

Mw will be the same; however, for any other sample, Mw will exceed Mn due to the greater contribution of

larger species. The ratio of these masses gives the polydispersity index (PDI) [510],

PDI =
Mw

Mn
≥ 1. (3.12)

A PDI of 1 indicates that the sample is completely monodisperse; a PDI greater than 1 indicates a hetero-

geneous size distribution, or the presence of experimental noise artificially broadening the apparent size

distribution. The PDI can be related to the variance of the MW distribution σ2 according to the relation

PDI = 1+
σ2

M2
n
, (3.13)

which confirms that PDI = 1 when σ = 0. Practically speaking, it is Mw rather than Mn that is determined

from the MALS data [511]. However, provided separation is good, the polydispersity of the sample passing

through the detector at any given time is small, so that Mw ≈Mn. In these cases, the calculated Mw values

can be used to construct a molecular weight distribution for the entire region of interest, which has its own

Mn and Mw values.

As the sample passes through the MALS detector, it is irradiated with laser light at wavelength λ . The
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light interacts with the sample, is scattered, and the angular dependence of the scattered light is measured

at discrete angles θ . Small particles (Rg / λ/20) scatter isotropically, while larger particles scatter with

an angular dependence. This results from interference between photons scattered by different mass centres

within the same particle. At each angle, the Rayleigh ratio Rθ gives the normalised ratio of the scattered light

intensity to the incident light intensity. For a homogeneous sample, Rθ depends on the mass concentration

ρ and average molecular weight Mw according to the relation

Rθ =
KρMwPθ

1+2A2ρMw
, (3.14)

where K is the optical constant, Pθ is a form factor that accounts for the angular dependence, and A2 is

the second virial coefficient. The form factor Pθ , which satisfies the boundary condition Pθ=0 = 1 and has

Pθ < 1 for θ > 0, depends on the Rg and shape of the particles in the sample; thus, by using known values of

K, A2, and ρ , with the latter supplied by the concentration detector, it is possible to fit a model assuming a

particular shape to the angular dependence, and thus estimate Mw and Rg. Comparison of fits can then inform

which model describes the data best, and thus provides the best estimate of these parameters. Alternatively,

in the absence of specific information about the geometry of particles, one can still obtain the Mw from the

value of Rθ when θ = 0, since Pθ = 1 at this point. Although the high intensity of unscattered light at θ = 0

makes direct measurement of Rθ=0 impossible, an extrapolated Rθ=0 value can be obtained by polynomial

fitting of Rθ across a range of angles. The form factor is a polynomial of sin2(θ/2) of the form [511]

Pθ = 1− 2
3!
〈R2

g〉

[
4π

λ
sin
(

θ

2

)]2

+ ... , (3.15)

so that for 2A2ρMw� 1,

Rθ

Kρ
= Mw

{
1− 2

3!
〈R2

g〉

[
4π

λ
sin
(

θ

2

)]2

+ ...

}
. (3.16)

In the Debye fitting method [512], Rθ/Kρ values are plotted against sin2(θ/2) and polynomially fitted. The

Mw value can then be obtained from the extrapolated Rθ/Kρ value at θ = 0, and 〈R2
g〉 from the gradient at

this point. In the Zimm fitting method [513], the reciprocal quantity Kρ/Rθ is plotted against sin2(θ/2),

which extends the region close to θ = 0 in which the curve is approximately linear. Thus, one can make the

approximation,

Kρ

Rθ

≈ 1
Mw

{
1+

2
3!
〈R2

g〉

[
4π

λ
sin
(

θ

2

)]2}
, (3.17)

which allows Mw and 〈R2
g〉1/2 to be obtained from linear fitting. In order for this approach to work across
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the range of sin2(θ/2) values, Rg must be sufficiently small compared to λ . In the Berry method [514],

the square root reciprocal intensity (Kρ/Rθ )
1/2 is plotted against sin2(θ/2), and polynomially fitted. While

the Debye method is typically superior for spherical particles, the Berry plot is favoured for random coils.

For large particles, the Zimm plot is inferior, but it is appropriate for small particles for which one does not

expect a highly non-linear angular dependence [511].

An example of the analysis of an AF4 peak is given in Fig. 3.2(b), with Mw values determined from the

Zimm plot. In practice, most well-separated peaks in the samples investigated in this chapter consisted of

small species with a low angular dependence, making fitting of Rg unreliable; however, this did not affect

fitting of Mw. As can be seen in the figure, the calculated Mw is initially around 4500 Da, indicating that the

peak corresponds to Aβ(1-42) monomer. Towards the right-hand side, the Mw begins to increase, reflecting

an increasing concentration of oligomers. The cumulative mass proportion P(M) of sample that eluted in

fractions with Mw up to a certain value M can be calculated from the relation

P(M) =

∫ tr,2
tr,1 H[M−Mw(tr)]V̇d(tr)ρ(tr)dtr∫ tr,2

tr,1 V̇d(tr)ρ(tr)dtr
, (3.18)

where the limits of the integral can correspond to the entire experimental timescale, or a particular region

of interest (ROI). Here, H(x) is a Heaviside step function such that H(x) = 1 for x ≥ 0, and H(x) = 0 for

x < 0. In addition, Mw(tr) is the Mw value calculated from the concentration detector and MALS, V̇d(tr)

is the detector flow rate, and ρ(tr) is the sample mass concentration, where all are functions of retention

time tr. The denominator in Eq. (3.18) is equal to the total recovery of sample. An example of a plot of

P(M) is shown in Fig. 3.2(c). The corresponding probability density function p(M) can then be obtained

by differentiating P(M),

p(M) =
dP(M)

dM
=

∫ tr,2
tr,1 δ [M−Mw(tr)]V̇d(tr)ρ(tr)dtr∫ tr,2

tr,1 V̇d(tr)ρ(tr)dtr
, (3.19)

where δ (x) is a Dirac delta function. In practice, of course, measured tr values are discrete, so discrete

approximations must be used for Eq. (3.18, 3.19) (see Section 3.2.4) [515]. Although p(M) is important for

further calculations, it has a significant drawback for data representation as it is typically most convenient

to use a logarithmic M axis. This causes peaks occurring at lower M to be laterally stretched, and those

occurring at higher M to be compressed. When presenting data, this can cause the area under peaks situated

at lower M to appear overly large, and vice versa. Therefore, for presenting data it is often preferable to use

a mass-weighted probability density function Mp(M),

Mp(M) = M
dP(M)

dM
≡ dP(M)

d logM
, (3.20)
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which corrects for the distortion occurring when a logarithmic M axis is used. Thus, the apparent area under

peaks in Mp(M) when using logarithmic M will be proportional to the actual area under the corresponding

peak in p(M) obtained via linear integration, and thus the corresponding ∆P(M). An example of a plot of

Mp(M) is shown in Fig. 3.2(d).

Technically, the distributions P(M), p(M), and Mp(M) represent the quantities of sample eluting in

fractions with Mw(tr) at or below a certain value. As previously discussed, if the separation is good, the

polydispersity of the sample at each tr will be relatively low so that Mw(tr)≈Mn(tr). In these instances, the

Mw(tr) value during elution is close to the molecular weight of a single eluting species, so that P(M), p(M),

and Mp(M) closely approximate the underlying mass distribution of the entire ROI. If this is the case, then

it is appropriate to use p(M) to calculate molecular weight averages for the ROI as a whole, according to

the relations [510]

MROI
n =

[∫
∞

0
M−1 p(M)dtr

]−1

, (3.21)

MROI
w =

∫
∞

0
Mp(M)dtr. (3.22)

Similarly, the corresponding PDI can then be calculated from these averages using Eq. (3.12). If separation

is poor, the eluting sample will be polydisperse, so that P(M), p(M), and Mp(M) will be poor approxima-

tions for the underlying molecular weight distributions. In practice, this is likely to cause unresolved peaks

in p(M) to ‘merge’ into a single peak occurring at an intermediate M value, with corresponding changes in

P(M) and Mp(M). If separation is poor but experimental noise is low, this can even give the appearance

of a narrow molecular weight distribution and a low PDI; however, such a result is misleading as proper

estimation of the PDI across an ROI requires good separation of the sample.

It is also important to remember that experimental noise has a strong effect on the breadth of peaks in the

apparent molecular weight distribution. The sample itself has a discrete distribution of molecular weights.

However, error in ρ(tr) and Rθ (tr) is propagated in Mw(tr), and results in broadening of the peaks in p(M).

In addition, random clustering of Mw(tr) values at points away from the mean can result in artificial peaks

in p(M); this effect is responsible for much of the fine detail in Fig. 3.2(c-d), such as the organisation of the

right-hand tail of the peak in Fig. 3.2(d) into a succession of small peaks. The solution to this problem is

simply to eliminate the noise; this can be achieved by only investigating the regions of the elugram where

the signal-to-noise is good, carrying out data processing to remove the noise, or accumulating the results of

replicate experiments. The latter option has the advantage of allowing investigation of a broad region of the

elugram with a low risk of creating artifacts due to data processing.
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3.2 Materials and methods

3.2.1 Materials

For a description of the materials used in this chapter, see Section 2.1.

3.2.2 Aβ(1-42) preparation and handling

When preparing Aβ(1-42), it was important to avoid introducing contaminants such as dust and bubbles

that might affect self-assembly; readers are referred to Section 2.2.1 for details of the general precautions

taken. In this chapter, three different dissolution protocols were used. In protocol 1, Aβ(1-42) was dissolved

in HFIP to a concentration of 1 mg/ml peptide. Solvent was injected into the vials in which the peptide

was supplied using a Hamilton syringe (Reno, NV), which was kept clean by frequent washing. After

addition of solvent, vials were manually rotated for 10 s to ensure that any material on the sides came into

contact with solvent, and then sonicated for 30 min using a DECON Ultrasonics sonicator bath (Sussex,

UK). Peptide was extracted from the vials using a Hamilton syringe and split into 100 μl aliquots. The HFIP

was evaporated off under a stream of N2 gas and the peptide was re-lyophilised and stored at -20oC. Prior

to the start of experiments, each aliquot was solubilised in 10 mM NaOH to a peptide concentration of 1

mg/ml, with trituration to ensure adequate mixing. In protocol 2, the HFIP treatment step was omitted. Each

peptide sample was directly dissolved in 10 mM NaOH to a concentration of 1 mg/ml peptide, again injected

using a Hamilton syringe. The vial was manually rotated for 10 s after addition of solvent, and sonicated for

30 min using a DECON Ultrasonics sonicator bath (Sussex, UK). Peptide was extracted using a Hamilton

syringe, split into 50 μl aliquots in Eppendorf tubes, and flash-frozen by immersion in liquid N2. Protocol 3

was the same as protocol 2, except that the solvent was 50 mM NaOH and the sonication time was 0 min (ie.

directly flash-frozen), 5 min (the default for this protocol), or 30 min. Prior to use in experiments, peptide

aliquots prepared according to protocol 2 or 3 were thawed at 37oC; thawing on ice was not attempted as it

would prolong the time spent in the liquid phase at high pH. Samples were then triturated to ensure that they

were well-mixed. As described in the Section 3.3.8, it was found that peptide samples prepared according

to protocol 3 could be successfully re-frozen and re-thawed between uses, without affecting the quality of

the peptide. Three re-freezing protocols were attempted: flash-freezing in liquid N2 (freezing time < 1 s);

freezing in contact with pre-cooled metal at -80oC (< 1 min); and simply placing the sample in a rack in the

-80oC freezer (< 5 min). All re-freezing protocols had identical results.

3.2.3 ThT assays

ThT assays were carried out as described in Section 2.5, with a fibrillisation buffer containing 20 mM

sodium phosphate (pH 8), 200 μM EDTA, 1 mM NaN3, and 20 μM ThT.

133



3.2.4 Asymmetric flow field-flow fractionation (AF4)

Samples were analysed using an AF4 frit inlet (FI) channel equilibrated in 1 mM NaOH, with a 250 μm

spacer and a 1 kDa PES membrane, and in-line UV (280 nm; Shimadzu, UK), MALS, and RI detectors.

Except where otherwise stated, the channel, associated pumps, autosampler, and detectors were purchased

or loaned from Postnova Analytics (Landsberg am Lech, Germany). The RI detector was purged following

equilibration, and the UV and RI detectors were then zeroed. The sample injection volume was 20 μl, except

where otherwise stated. The sample was run with 0.2 ml/min TIP and detector flow; the focus and cross-

flow rates were also matched to one another, and varied throughout the run. To ensure that results were

comparable, the same flow profile was used for all runs after initial optimisation: cross-flow began at 4.5

ml/min for 20 min, followed by a linear decay to 0 ml/min over the course of 10 min, followed by a period

with constant cross-flow of 0 ml/min for at least 30 min. Blanks consisting of the same solvent without

the Aβ(1-42) were run before and after samples, to ensure that the channel was clean and to allow blank

subtraction of the UV and RI detector signals. For AF4-MALS, UV280 was found to be preferable to RI

for concentration determination, as the latter is highly sensitive to changes in flows, and given the relatively

small quantities of sample injected gave poor signal-to-noise as a result. Data processing and estimation

of sample concentration, molecular weight, and recovery were carried out in the AF2000 Control software

(Postnova Analytics, Landsberg am Lech, Germany), with additional data processing in GraphPad Prism

version 8.3.0. The Mw values were calculated using a variety of different fitting methods for each ROI, and

the method that gave the best fit without over-fitting the data was used wherever possible. Collated Mw

estimates were converted to the cumulative density function P(M) using a discrete approximation of Eq.

(3.18),

P(M)≈
∑ tr|M>Mw(tr) V̇d(tr)ρ(tr)∆tr

∑ tr V̇d(tr)ρ(tr)∆tr
, (3.23)

where ∆tr is the time interval between reading, which was sufficiently small (∼0.12 min) for the approxi-

mation to be reasonably accurate. The probability density functions p(M) and Mp(M) were then calculated

from P(M) according to Eq. (3.19) and Eq. (3.20), respectively.

3.2.5 Circular dichroism (CD) spectroscopy

CD spectroscopy was carried out as described in Section 2.6. The sample contained 0.1 mg/ml Aβ(1-42)

in 5 mM NaOH, prepared by 10x dilution of an aliquot of Aβ(1-42) prepared according to protocol 3. The

blank was simply 5 mM NaOH.

134



3.2.6 Negative stain electron microscopy (NS-EM)

NS-EM was carried out as described in Section 2.7. Prior to staining, Aβ(1-42) was diluted to a con-

centration of 4 μM peptide in a pre-adjusted fibrillisation buffer containing 20 mM sodium phosphate (pH

8.0), 200 μM EDTA, 1 mM NaN3, and 20 μM ThT. The sample was stained either immediately, or after

incubation for ∼1 h in a 96-well plate treated with a PEG-like low-binding surface (Corning 3881, NY), at

37oC.

3.2.7 Ultracentrifugation

Ultracentrifugation was carried out at 436,000 g and 21oC for 60 min. In order to obtain a sufficiently

large volume, a 70 μl sample of 1 mg/ml Aβ(1-42) in 50 mM NaOH was diluted 10x in dH2O, to give

700 μl of 0.1 mg/ml Aβ(1-42) in 5 mM NaOH, at pH 11.6. The control was similarly treated, but was

simply incubated at 21oC in a centrifuge tube without ultracentrifugation, for the same amount of time. For

AF4-MALS, a larger-than-usual injection volume of 200 μl was used to ensure the same mass injection as

other experiments with undiluted Aβ(1-42). For ThT assays, the buffer was pre-adjusted to account for the

increased volume of the Aβ(1-42) as described in Section 2.4, and the pH of the dissolved solution was

checked.

3.2.8 Size exclusion chromatography (SEC)

Samples were analysed and purified in small batches using an analytical Superdex 75 column (GE

healthcare) equilibrated in 20 mM sodium phosphate buffer (pH 8) with 200 μM EDTA and 1 mM NaN3.

The column was run with the TIP pump from the AF4 system (Postnova Analytics, Landsberg am Lech,

Germany), and in-line UV (280 nm; Shimadzu, UK), MALS (Postnova Analytics, Landsberg am Lech, Ger-

many), and RI (Postnova Analytics, Landsberg am Lech, Germany) detectors. The RI detector was purged

following equilibration, and the UV and RI detectors were then zeroed. The sample injection volume was

50 μl, and the sample was run at 1.0 ml/min for 35 min. Between sample runs, blanks consisting of the same

solvent without the Aβ(1-42) were loaded to ensure that the column was clean and to allow blank subtrac-

tion of the detector signals. As molecular weight standards, lysozyme (14.3 kDa), β-phosphoglucomutase

(βPGM; monomer, 24.2 kDa), insulin (hexamer, 34.4 kDa), bovine serum albumin (BSA; monomer, 66.5

kDa; dimer, 133.0 kDa), and blue dextran (∼2000 kDa) were used. Although MALS confirmed the ex-

pected molecular weight of all standards, lysozyme and insulin interacted with the column due to the low

ionic strength and the former’s high pI, and had to be excluded. Data processing and estimation of sample

concentration, molecular weight, and recovery were carried out in the AF2000 Control software (Postnova

Analytics, Landsberg am Lech, Germany), with final data processing in GraphPad Prism version 8.3.0. For
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preparative runs, the protocol was the same except that the sample was collected at the end. Purified Aβ(1-

42) was collected on ice between 15.3 min and 16.3 min after injection, corresponding to an elution time

of 13.6 min to 14.6 min; the detector volume (1.7 ml) was determined by flowing blue dextran through the

detectors. Eluted Aβ was mixed and split into three aliquots; these were then diluted to 60%, 80%, or 100%

(ie. undiluted) their concentration in the same elution buffer and supplemented with 20 μM ThT from a 2

mM stock, as described in Hellstrand et al. [479]. This yielded final solutions containing approximately 3.8

μM, 5.0 μM, or 6.3 μM Aβ(1-42) as determined by RI, in almost exactly 20 mM sodium phosphate (pH 8),

200 μM EDTA, and 1 mM NaN3 (99.0% nominal concentration), with exactly 20 μM ThT. The pH of these

samples was confirmed experimentally. Due to the potential for ThT to interact with the column, ThT had to

be added from a concentrated stock after purification; the slight dilution of the buffer due to addition of 1%

ThT is too small to significantly affect the kinetics, and cannot explain any significant differences between

these experiments and corresponding experiments performed with exactly 20 mM sodium phosphate, 200

μm EDTA, and 1 mM NaN3. Purified Aβ(1-42) was then used immediately in ThT assays, as described in

Section 2.5; exact Aβ(1-42) concentrations accounting for all dilutions were calculated retrospectively from

the RI quantitation data, after the start of the ThT experiment. All SEC and SEC-ThT methods are based

on the protocol described by Hellstrand et al. [479]. The Kav values, which describe the extent to which

molecules partition into the beads of the column matrix, were calculated according to Eq. 2.16 and fitted to

2.17, as described in Section 2.8.

3.2.9 Liquid chromatography mass spectrometry (LC-MS)

LC-MS was performed by the staff at the Department of Chemistry’s mass spectrometry facility. Each

sample was loaded onto an Agilent Zorbax Extend-C18 reverse-phase column with a 1.8 μm particle size,

equilibrated with 0.1% formic acid and 5% acetonitrile. The injection volume was 1 μl, and the sample was

eluted at 0.4 ml/min, with a linear acetonitrile gradient from 5% to 95% over 15 min. Masses were detected

using an Agilent 6530 Q-ToF (Agilent Technologies, Santa Clara, CA) in ESI positive ion mode.

3.2.10 Nonlinear regression

Wherever possible, analytical models were fitted in GraphPad Prism 8 using Levenberg-Marquardt least

squares fitting. Due to its complexity, Eq. (1.36) could not be fitted in GraphPad Prism; therefore, initial

parameter estimates were found by fitting Eq. (1.41) in GraphPad Prism, and then refined by fitting to

Eq. (1.36) using the solver add-in in Microsoft Excel (365). When fitting τ50, whose error is expected

to scale with the mean, residuals were weighted relative to the square of the mean. Akaike’s corrected

information criterion (AICc) values were calculated from the residual sum of squares (RSS) according to
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the relation [516]

AICc = N ln
(

RSS
N

)
+2K +

2K2 +2K
N−K−1

, (3.24)

where N is the number of data points and K is the number of fitted parameters. The likelihood of each model

was proportional to exp(−AICc/2), so that the relative likelihood between two models was exp(−∆AICc/2).

3.3 Results and discussion

3.3.1 Irreproducible kinetics of Aβ(1-42) prepared using existing protocols

Prior to the work described in this chapter, members of the lab had used 10 mM NaOH to solubilise

commercial Aβ(1-42) samples. Two main protocols were used, the full details of which are given in Section

3.2.2. In protocol 1, which was based on Sato et al. [499], lyophilised peptide was first dissolved in HFIP by

sonication for 30 min, then aliquoted, re-lyophilised, and stored at -20oC. Aliquots were then thawed and re-

solubilised in 10 mM NaOH. In protocol 2, which is close to several protocols in the literature [72,234,497],

Aβ(1-42) was directly dissolved in 10 mM NaOH by sonication for 30 min, flash-frozen in liquid N2, and

then stored at -80oC. Protocol 2 was originally introduced by Dr. Liam Aubrey as a simplification of protocol

1, and was also motivated by concerns that HFIP treatment might induce pre-aggregation [231, 517, 518].

Several members of the lab prepared Aβ(1-42) according to both these protocols, and the self-assembly

kinetics of the solubilised Aβ(1-42) were investigated by ThT assays. These kinetics are highly sensitive

to the peptide’s composition and chemical environment, and so provide a quick and informative initial

experiment to assess the quality of different preparations. ThT assays were carried out in low-binding

plates (Section 3.2.6) with a 20 mM sodium phosphate buffer (pH 8.0) containing 200 μM EDTA, 1 mM

NaN3, and 20 μM ThT; in-house recombinant preparations have previously been shown to produce highly

reproducible kinetics under these conditions [479, 519]. Fig. 3.3(a) shows a representative example of a

ThT assay of Aβ(1-42) prepared according to protocol 2, with peptide concentrations ranging from 1-5 μM.

The concentration-dependence γ50 of the fibrillisation half-time is significantly lower than expected, with

γ50 = 0.88 for Aβ(1-42) concentrations in the 1-4 μM range, compared to the value of γ50 = 1.33 previously

reported for the same concentration range with in-house recombinant peptide [54]. In addition, curves have

a significant, non-zero initial fluorescence indicating that some aggregation had occurred before the start of

the experiment.

In addition, a low level of consistency was observed between the self-assembly kinetics of different

Aβ(1-42) preparations. Fig. 3.3(b) provides a comparison of the fibrillisation half-times of ThT experiments

in which the Aβ(1-42) concentration was varied. Each data point corresponds to the accumulated results of

several replicate fibrillisations, carried out with Aβ(1-42) from a single solubilisation. The green and cyan
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Figure 3.3: Self-assembly kinetics of Aβ(1-42) solubilised with 10 mM NaOH. (a) Representative fibrilli-

sation kinetics of Aβ(1-42) prepared according to protocol 2, viewed by ThT assay. Colour scheme encodes

Aβ(1-42) concentration: red, 1 μM; orange, 1.5 μM; yellow, 2 μM; green, 3 μM; cyan, 4 μM; blue, 5 μM.

Three replicate curves are shown for each Aβ(1-42) concentration. (b) Comparison of the concentration-

dependence of the fibrillisation half-times of 9 different Aβ(1-42) samples prepared in 10 mM NaOH. The

colour scheme indicates individual preparations of Aβ(1-42). The datasets coloured red, orange, yellow,

green, and cyan were prepared using protocol 1; those coloured blue, indigo, violet, and gray were prepared

according to protocol 2. Error bars, which for most datasets are too small to show, indicate the standard

deviation of several replicate fibrillisations with the same Aβ(1-42) sample.

datasets are from Aβ(1-42) that was solubilised by Miss Zoe Parton and Mr. Joshua White, respectively,

who also acquired those datasets. In addition, the blue dataset is from Aβ(1-42) that was solubilised by

Mr. Joshua White, which I later examined by ThT assay. Concordancy between replicate experiments

was typically good; thus, Fig. 3.3(b) shows variability between Aβ(1-42) preparations, rather than replicate

experiments. Both the absolute rate and concentration-dependence can be seen to vary significantly between

different Aβ(1-42) samples. For kinetics at single peptide concentrations acquired by other members of the

lab (data not shown), a similar degree of inconsistency was also observed. This variation persisted despite

standardisation of the protocol for ThT assays, and did not correlate with the experimentalist preparing the

sample or carrying out the experiment. Thus, comparison of these data indicated that flaws in the existing

protocols resulted in poor control of one or more experimental variables during solubilisation, and that this

was responsible for the observed variation. The high initial ThT fluorescence suggested that significant

pre-aggregation was one of the likely causes of the poor reproducibility.

3.3.2 Kinetic variability results from incomplete monomerisation

In order to diagnose the cause of the irreproducible self-assembly kinetics, Aβ(1-42) samples prepared

using protocol 2 were analysed by AF4-MALS, in a 1 mM NaOH mobile phase. The sample composition

was then correlated with the final pH at the end of solubilisation, and the self-assembly kinetics observed in
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ThT assays. Fig. 3.4(a-b) shows the UV280 and MALS elugrams from a representative selection of experi-

ments; for two of these datasets, the corresponding Mw elugrams are shown in Fig. 3.4(c), and representative

ThT kinetics acquired with the same Aβ(1-42) are shown in Fig. 3.4(d). The fitting methods used for the

MALS analysis depended on the sample, and are described in greater detail in the following paragraphs.

The UV280 and MALS elugrams revealed three different peaks in varying quantities: the system peak at 2.0

min, containing varying quantities of sterically eluting material; the main peak from normal elution, with a

maximum at 4.2-5.0 min; and a broad peak after 30 min, corresponding to large material that accumulated

close to the membrane and was only released after cross-flow. The high degree of variation in the UV280

and MALS signals of these peaks supported the hypothesis that poor sample consistency was responsible for

the irreproducible kinetics. By correlating the pH of preparations following dissolution with the extent of

pre-aggregation revealed by AF4 and the ThT assembly kinetics, it was possible to classify the preparations

into two distinct groups. Only protocol 2 was used here, so the differences between these groups result from

the inability of the protocol to result in consistent Aβ(1-42) samples, rather than differences in methodology.

In both sets of preparations, it is important to note that the pH (6.5-10.5) was well below the expected pH

(12.0) of 10 mM NaOH. The pH of the solvent was checked immediately prior to use and a substantial

reduction was always observed following dissolution of the peptide, indicating that a constituent of the vials

was neutralising the NaOH to a varying extent. Since the concentration of Aβ(1-42) (222 μM) was not high

enough to neutralise a sufficient proportion of the solvent, variable quantities of residual counterions were

most likely to be responsible.

The first set of preparations solubilised to a moderately high pH (10.0-10.5). Representative examples

are provided by the datasets coloured red and amber in Fig. 3.4(a-d), which are from different preparations

that both had a final pH of 10.0. These samples usually had little to no steric elution and mostly eluted in

normal mode, although some larger species were also detected after cross-flow (Fig. 3.4(a-b)). The UV280

and MALS data were used to obtain a Mw elugram (Fig. 3.4(c)), with the linear Zimm fit used from 3.3-

12.0 min and the 4th degree Berry fit from 30.0-45.0 min. Examination of this elugram revealed that the

peak at ∼4.2 min had Mw ≈ 4500 Da, consistent with Aβ(1-42) monomer; after ∼6 min, the Mw began to

increase, indicating that the tail of the peak contained Aβ(1-42) oligomers. It was not possible to exactly

quantify the monomer content, as the data were too noisy to obtain a reliable molecular weight distribution.

Nonetheless, it was possible to estimate the proportion of low molecular weight (LMW) and high molecular

weight (HMW) species by integrating the UV280 signal from 3.3-30.0 min and 30.0-60.0 min, respectively.

In this chapter, LMW fractions are defined as those that elute in normal mode during crossflow, while HMW

fractions are defined as those that elute in the system peak or after cross-flow, as this is a convenient and

informative distinction to make based on the experimental data. While monomers, oligomers, and small

fibrillar species would be expected to elute in the LMW fraction, larger aggregates such as mature fibrils
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Figure 3.4: AF4-MALS analysis of Aβ(1-42) samples previously solubilised with 10 mM NaOH (protocol

2). (a) Blank-subtracted UV280 elugrams from the AF4-MALS analyses, with each curve corresponding

to the results of a single experiment. For clarity, data were selected from a broader body of experiments

(6/13) to represent the full range of results. (b) The corresponding LS 90o elugrams, with the same colour

scheme. (c) The Mw elugrams corresponding to the red and blue curves in panels (a) and (b), with the same

colouring. For clarity, only these two datasets are shown in this panel. (d) Representative ThT self-assembly

kinetics obtained with the same Aβ(1-42) samples as the red and blue curves in panels (a) and (b). The ThT

experiments were conducted at different times and with different gain settings; to allow comparison, each

ThT curve has been normalised relative to the maximum mean fluorescence of its own set of replicates. The

colour scheme corresponds across all panels, and identifies different Aβ(1-42) samples. After solubilisation,

the final pH values of the samples were: red and amber, 10.0; green, cyan and blue, 7.4; violet, 7.0.
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would be expected to elute in the HMW fraction. Empirically, the transition between these two fractions

appeared to occur at molecular weights of 105-107 Da, although the high level of noise and poor separation

at tr = 30 min mean this is a very approximate figure. Averaged across all AF4-MALS analyses of Aβ(1-

42) samples in this group, around 18.4 ± 0.144 μg eluted in the LMW fractions and 2.35 ± 1.65 μg in

the HMW fraction, where the error margins represent one standard deviation. Given that a nominal 20

μg of peptide was injected in each case, this indicates that approximately 10% of the injected Aβ(1-42)

was in too aggregated a state to be recovered in the LMW fraction. Similarly, the blank-subtracted initial

fluorescence in ThT assays was typically around 10% of the final fluorescence (Fig. 3.4(d)), suggesting that

a significant proportion of these HMW species were able to bind ThT. Although ThT-positive aggregates

are often suggested to seed fibrillisation, a clear relationship between the size of the HMW fraction and the

fibrillisation rate was not observed. Furthermore, the fact that the ThT kinetics had a well-defined lag phase

despite such large quantities of aggregate indicated that the majority of aggregates did not seed fibrillisation.

Nonetheless, results presented later in this chapter show that elimination of the HMW species results in a

reduced initial ThT fluorescence and highly consistent kinetics, indicating that they are responsible for the

reproducibility issues. Instead, they may exert a more complex effect on the self-assembly process, with

some species seeding fibrillisation and others inhibiting it. Although some studies have proposed that pH

>10.0 is sufficient to prevent aggregation [233, 486, 520, 521], others have observed limited self-assembly

behaviour in the pH 10.0-11.0 range [294]. The AF4-MALS data presented here clearly show significant

levels of aggregation in this range, indicating that the moderate pH either allowed aggregation to occur, or

was unable to disassemble pre-formed aggregates.

While one set of preparations reached a moderately high pH (10.0-10.5) after dissolution, the other

had a more neutral pH (6.5-8.7). Representative examples are provided by the remaining datasets in Fig.

3.4(a-d). The data coloured green, cyan, and blue are all replicate experiments from a single Aβ(1-42)

preparation (pH 7.4), demonstrating the poor concordancy of experiments carried out with this sample; the

dataset coloured violet is from a separate Aβ(1-42) preparation (pH 7.0). The lower pH of these preparations

suggested that the 10 mM NaOH had been more extensively neutralised by counterions, and was well within

the established aggregating range [294, 421]. Unsurprisingly, these samples had strong UV280 (Fig. 3.4(a))

and MALS (Fig. 3.4(b)) signals at tr ≈ 2 min, indicating that large species (RH ' 500 nm) were sterically

eluting in the system peak. The UV280 and MALS signals were used to obtain a Mw elugram (Fig. 3.4(c));

the angular dependence was analysed using the 4th degree Berry fit from 2.0-7.0 min, the linear Zimm fit

from 7.0-12.5 min, and the 3rd degree Berry fit from 28.0-50.0 min. Analysis of the Mw elugram revealed

high molecular weights and a reversal of separation order early during elution, as would be expected for

steric elution, although for these particular experiments the system peak and monomer peak were not fully

resolved. The quantity of material in the system peak (Fig. 3.4(a)) varied considerably; in some cases, as
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much as half of the sample eluted in this peak, whereas in others this portion of the sample appeared to be

missing. Samples were mixed before injection, but were often very viscous, and had a strong tendency to

foam when pipetted; therefore, insoluble aggregates may still have been inhomogeneously distributed in the

vials. Alternatively, other protein aggregates have been observed to adhere irreversibly to the membrane

when injected at high concentrations, and this may have contributed to the observed variation. On average,

out of the 20 μg of sample injected, 6.36 ± 6.75 μg eluted in the system peak (0.0-3.3 min), 6.62 ± 2.07 μg

eluted in normal mode (3.3-30.0 min), and 2.52 ± 1.51 μg after cross-flow (30.0-60.0 min), confirming that

the sample was in a highly aggregated state. In some cases, ThT experiments with these samples simply

resulted in a high fluorescence with no observable kinetics; in other cases, kinetics were observed (Fig.

3.4(d)), but the blank-subtracted initial fluorescence was large compared to the final fluorescence, and the

kinetics were delayed. The fact that the kinetics were delayed despite the high initial fluorescence further

supports the conclusion that the aggregates contaminating these samples are predominantly off-pathway.

3.3.3 High-pH solubilisation yields highly reproducible Aβ(1-42) preparations

The above data indicate that preparations with a final pH in the 10.0-10.5 range do not contain large

quantities of seed material, but the pH must be raised higher still to remove the confounding influence of non-

fibrillar aggregates. Furthermore, overly dilute base can be neutralised even by small quantities of residual

counterions in the vial; this causes pH inconsistency, and risks total failure of the preparation. Therefore,

in order to improve both the quality and the reliability of preparations, the issue of pH neutralisation had to

be addressed. One possible approach was to purify solubilised samples by SEC, removing the counterions.

However, SEC of Aβ(1-42) typically results in significant loss of peptide and dilution of the eluted sample,

limiting the concentrations that can be used in experiments down the line. This negates one of the main

advantages of commercial preparations, which are already supplied at at high level of purity. Furthermore,

given the substantial cost of commercial peptide, the losses incurred in purification are more of an issue

than they are for in-house preparations. This approach also fails to address the sub-optimal yields and

high failure rate of dilute base treatments, since SEC cannot recover Aβ(1-42) that has already aggregated.

Lastly, in order to use Aβ(1-42) at even moderate concentrations (1-6 μM) it is typically necessary to purify

the peptide in the buffer that will be used for subsequent experiments [479]. This is inconvenient, limiting

the lifespan of the purified samples to a few minutes, and risking further pre-aggregation during elution and

sample collection. For these reasons, the decision was made to address the issue of partial neutralisation at

the point of dissolution, before attempting any additional purification procedures.

The simplest means to achieve a higher and more reliable pH was to increase the concentration of

NaOH. This would ensure that there was an excess of strong base, preventing formation of a buffered

solution with any residual acids in the vials. In addition, the greater the concentration of base, the smaller
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the proportional variation of the concentration that would be neutralised, resulting in a more consistent

pH. The main disadvantages of this approach were (i) uncertainty over whether the higher pH would cause

modification of the peptide, and (ii) the increased care required to properly control the pH of experiments

carried out using such samples. Nonetheless, since the current pH was clearly not high enough to prevent

pre-aggregation, and proper pH control was still completely possible so long as experimental buffers were

pre-adjusted and the pH was regularly checked (Section 2.4), higher pH solubilisation was attempted.

In protocol 3, Aβ(1-42) was directly dissolved in 50 mM NaOH by sonication for 5 min, flash-frozen

in liquid N2, and then stored at -80oC; more complete details are provided in Section 3.2.2. The sonication

time was reduced as a precaution to limit the exposure of the peptide to high pH while in the liquid phase;

as will be shown in Section 3.3.8, flash-freezing and cryogenic storage then reduce the rate of any potential

chemical modifications and allow long-term storage. In most cases (92%), peptide samples solubilised in

this manner had a final pH above 12.0, and the final pH was typically around 12.5, which is close to the

expected value (12.7) for 50 mM NaOH. Initial investigation by AF4-MALS, using the same method that

was applied to samples prepared by other methods (1 mM NaOH mobile phase, pH 11), showed that these

samples were highly consistent and had negligible steric elution. These data are presented in Fig. 3.5. On

average, 20.1 ± 1.11 μg of material eluted from 3.3-30.0 min, and a nominal 0.777 ± 0.380 μg eluted from

30.0-60.0 min, where the error margins represent a single standard deviation. It is worth noting that the

sum of these values is slightly larger than the injected mass of 20 μg Aβ(1-42), whereas the mean recovery

between 3.3 and 30.0 min is remarkably close to the expected value. This suggests that close to 100% of

peptide may have been recovered in the LMW fraction, and the material eluting after cross-flow may instead

have been other contaminants, such as dust. This assessment is supported by analyses presented later in this

chapter, which show that removal of the material eluting after cross-flow in high-pH preparations did not

affect the self-assembly kinetics.

Initial comparison of the collated UV280 elugrams suggested that samples prepared in 50 mM NaOH ex-

hibited a greater degree of monomerisation and overall solubilisation than those prepared in 10 mM NaOH.

Fig. 3.6(a) compares the average UV280 elugrams of these samples. The use of 50 mM NaOH resulted in a

more intense monomer peak with a shorter tail, indicating that the sample contained more monomer and a

smaller proportion of oligomers. In addition, the quantity of sample eluting after cross-flow was significantly

reduced, in line with the previously stated recovery figures and a lower level of pre-formed aggregates. As

can be seen in Fig. 3.6(b), the final preparation pH strongly affects the degree of solubilisation, confirming

the importance of using sufficiently concentrated base to achieve full peptide recovery.

The abundance of AF4-MALS data enabled a detailed analysis of the molecular weight distribution

of the 50 mM NaOH Aβ(1-42) samples. Fig. 3.7(a) contains an overlay of Mw elugrams obtained from

11 closely concordant experiments, and Fig. 3.7(b) shows the geometric average of those results. For self-
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Figure 3.5: AF4-MALS analysis of Aβ(1-42) samples previously solubilised with 50 mM NaOH (part

1). (a) Blank-subtracted UV280 elugrams from the AF4-MALS analyses, with each curve corresponding to

the results of a single experiment (n = 13). (b) The corresponding LS 90o elugrams, with the same colour

scheme. Further analysis of the data in this figure is shown in Fig. 3.7.

Figure 3.6: AF4 comparison of Aβ(1-42) samples previously solubilised with 10 mM NaOH (protocol

2) and 50 mM NaOH (protocol 3). (a) Average blank-subtracted UV280 elugrams of Aβ(1-42) samples

prepared with 10 mM NaOH (n = 5) and 50 mM NaOH (n = 11). Due to consistency issues with low-pH

samples, only those that had final pH≥10.0 are included in this panel. Two experiments with 50 mM NaOH

samples were excluded, as a difference in the volume of the detector tubing caused a small peak shift that

would have artificially broadened the average UV280 peak. The inset panel shows the average signal after

cross-flow. (b) Proportion of injected sample eluting in LMW fractions (3.3-30.0 min). Colour scheme

for both panels: red, Aβ(1-42) prepared with 10 mM NaOH, with final pH in the 6.5-8.7 range (n = 8);

green, Aβ(1-42) prepared with 10 mM NaOH, with final pH in the 10.0-10.5 range (n = 5); blue, Aβ(1-42)

prepared with 50 mM NaOH, with final pH in the 11.0-12.7 range (n = 13). One of the Aβ(1-42) samples

included in this analysis was prepared by Dr. Liam Aubrey (10 mM NaOH, final pH 10.5).
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consistency, the linear Zimm fit was used throughout this ROI, from 0.0-20.0 min; this provided a good fit for

all retention times. Applying Eq. (3.22) gave the molecular weight average MROI
w = 4380 Da for the fractions

eluting from 4.0-5.0 min (with PDI = 1.00046), within an expected level of systematic error of the value of

4513 Da expected for a monomeric self-assembly state. As in the 10 mM NaOH samples (Fig. 3.4(c)), the

Mw began to increase towards the tail of the peak, suggesting that some oligomeric species were present.

Although distinct peaks were not observed for the oligomers, meaning that the particle size distribution was

approximately unimodal, the low dMw/dtr indicated that separation was of sufficient quality to produce a

molecular weight distribution. Due to the noise present in individual Mw elugrams, it was preferable to first

sum or average the data before calculating the distributions, as this is theoretically predicted to improve the

signal-to-noise in proportion to the square root of the number of concordant replicates. Initial attempts to do

this involved separate summations of the UV280 and MALS signals; these were then combined to produce a

Mw elugram with a lower level of noise. In practice, this approach did not work well, as small variations in

the volume of the detector tubing meant that it was difficult to properly align data from different experiments.

In the end, an alternative approach was adopted. The Mw elugrams (Fig. 3.7(a)) exhibited a high degree

of concordancy, meaning that the average of those elugrams (Fig 3.7(b)) could be used to obtain molecular

weight distributions. Since the logMw values varied more slowly than the MALS signals, the difficulties

with alignment affected the outcome less. Using Eq. (3.23), with Mw(tr) supplied by the geometric mean

Mw across samples and ρ(tr) obtained from the arithmetic mean of the UV280 signal, a cumulative density

function (CDF) was obtained for the molecular weight of an ROI lasting from 3.3-20.0 min (Fig. 3.7(c)).

Fractions eluting before 3.3 min were not analysed as they contained too much material undergoing steric

elution, biasing the MALS signal, and fractions eluting after 20.0 min were excluded due to excessive

noise. Strictly speaking, this CDF gives the proportion of sample that eluted in fractions with Mw below

a particular value; however, due to the low dMw/dtr, it is likely to be a reasonable approximation of the

underlying molecular weight distribution. Around 88% of sample eluted in fractions whose Mw was closest

to monomer, and 12% of sample eluted in higher Mw fractions, mostly consistent with small oligomers. This

probably somewhat underestimates the monomer content, as: (i) the excluded material eluting before 3.3

min was probably monomer contaminated with trace amounts of sterically eluting material; (ii) the averaging

process did not fully eliminate the noise from the Mw elugram, which will have exaggerated the oligomer

content; and (iii) samples with Mw closer to dimer or larger may still have been predominantly monomer,

with small quantities of particularly large species biasing the results. Nonetheless, although this analysis

suggests that the LMW fraction consisted predominantly of monomer, it is clear that small quantities of

oligomeric species were present.

The cumulative molecular weight distribution was then used to obtain a mass-weighted probability den-

sity function (PDF) of the sample (Fig. 3.7(c)), according to Eq. (3.19, 3.20). As described in Section 3.1.2,
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Figure 3.7: AF4-MALS analysis of Aβ(1-42) samples previously solubilised with 50 mM NaOH (part

2). (a) Overlay of Mw elugrams obtained from 11 concordant experiments. Calculated Mw values are

represented as points on a logarithmic axis, with the colour representing different experiments. The average

UV280 signal has been included for reference (black line, linear scale, relative units). (b) Average of the

Mw values presented in panel (a) (blue line, logarithmic axis), with the average UV280 signal included for

reference (black solid line, linear scale, relative units). The inset panel shows a close-up of the monomer

peak, with the Mw represented on a linear axis. The dashed vertical lines represent the boundaries of the

ROI used to construct molecular weight distributions. (c) Cumulative density function P(M) of the ROI in

panel (b). (d) Mass-weighted probability density function Mp(M) of the ROI in panel (b).
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Figure 3.8: CD spectrum of an Aβ(1-42) sample solubilised with 50 mM NaOH, showing molar residue

ellipticity Θ as a function of wavelength λ . The spectrum is an average of 3 concordant replicates; elliptici-

ties below 195 nm were excluded due to a poor signal-to-noise ratio. The sample was diluted 10× in dH2O

before measurement, resulting in a concentration of 0.1 mg/ml Aβ(1-42) in 5 mM NaOH.

the mass weighting corrects for the distortions caused by using a logarithmic molecular weight axis, so that

the area under the peaks is proportional to the area under the corresponding unweighted peaks on a linear

axis. Consistent with the lack of additional peaks in the UV280 elugrams, the molecular weight distribution

had a single major peak at ∼4500 Da corresponding to the Aβ(1-42) monomer. The tail to the right-hand-

side of this peak reflects the presence of fractions containing a mixture of monomer and oligomers, and the

small peak from 104-105 Da may reflect the presence of fractions containing mainly 2-20mers, or alterna-

tively a mixture of retarded monomer and larger species. The finer peaks in the PDF are the result of noise,

and should not be interpreted.

The predominantly LMW composition of the high-pH Aβ(1-42) samples was also indirectly supported

by CD spectroscopy. An Aβ(1-42) sample that had been prepared in 50 mM NaOH was diluted 10x in

dH2O, and then a CD spectrum was immediately acquired (Fig. 3.8). The spectrum had a strongly negative

signal at 199 nm, indicating a high level of disorder consistent with Aβ(1-42) monomer, or certain non-

fibrillar oligomers, and was quantitatively similar to monomer spectra previously reported in the literature

[4, 230, 231, 233, 234].

Altogether, the AF4-MALS data indicate that high-pH treatment causes almost complete dissolution

of the Aβ(1-42), and that the dissolved peptide is predominantly monomeric, with small but significant

quantities of oligomers detected during elution. It is unclear whether these oligomers existed in the ini-

tial preparations, or were induced by pH changes occurring in the channel, since the dilution would have

brought the pH to the edge of the aggregating range. If they were present in the preparations themselves,

their formation was probably induced by the high Aβ(1-42) concentrations, as Aβ(1-42) monomers would

otherwise be expected to repel one another strongly at pH 12.5. Small oligomers are inevitable in all Aβ(1-
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42) preparations, due to the peptide’s high aggregation propensity and the requirement to prepare samples at

high concentrations. There do not appear to be any equivalent analyses of the oligomer content of Aβ(1-42)

preparations in the literature, as most protocols use more qualitative approaches to check for oligomers, such

as NS-EM and gel electrophoresis. In addition, it should be noted that these techniques lack the sensitivity

to identify oligomers of the size and quantities identified here: NS-EM struggles to identify aggregates with

diameter <5 nm (∼200 kDa), and electrophoretic techniques are unlikely to detect oligomers that have a very

broad size distribution and consequently a low individual abundance. Nonetheless, since the conditions used

here are more denaturing than those used to monomerise Aβ(1-42) in most other studies, and the methods

such as filtration [216,234,278,287,336,466,522,523] and centrifugation [51,165,357] that are commonly

used to ‘monomerise’ the protein would be unable to remove most of the species observed here (see Sec-

tion 3.3.3 and 3.3.5 for comments and data regarding the effectiveness of SEC in native buffers), it seems

likely that other preparations would give similar results if subjected to the same analysis. Furthermore, it is

shown in Section 3.3.5 that isolation of the monomer peak by SEC does not affect the self-assembly kinet-

ics, despite purportedly increasing the monomer content of the purified sample. The simplest interpretation

of this result is that any oligomers formed at high pH and peptide concentration rapidly equilibrate with

the monomer upon dilution into the fibrillisation buffer, so that the free monomer content of untreated and

‘monomerised’ samples are ultimately the same. This argument does not negate the possible role of SEC

in removing persistent oligomers or on-pathway species such as fibril seeds, which is evaluated in the next

section.

3.3.4 Aβ(1-42) samples solubilised at high pH exhibit highly reproducible, unseeded self-

assembly kinetics

In order to determine whether Aβ(1-42) samples prepared in 50 mM NaOH exhibited controlled, un-

seeded fibrillisation, ThT assays were carried out under the same conditions previously used for 10 mM

NaOH Aβ(1-42) (Section 3.3.1). The higher pH of the Aβ(1-42) preparations meant that the fibrillisation

buffer had to be pre-adjusted so that it would reach the correct pH when the Aβ(1-42) was added (Section

2.4); the success of this strategy was confirmed by pH measurements, and further adjustments were never

needed after adding the peptide. The results of these ThT assays are shown in Fig. 3.9. Consistent with their

predominantly monomeric composition and lack of large populations of HMW species, Aβ(1-42) samples

prepared in 50 mM NaOH had a low initial ThT fluorescence, typically < 6% of the final value (mean 2.2%),

and exhibited classically unseeded sigmoidal fibrillisation kinetics with a distinct lag phase. Moreover, un-

like Aβ(1-42) prepared in 10 mM NaOH, the Aβ(1-42) samples prepared in 50 mM NaOH produced highly

consistent self-assembly kinetics, with the concentration-dependences from different samples aligning al-

most exactly. Since the main differences between these samples and the 10 mM NaOH data shown in Fig.
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Figure 3.9: Self-assembly kinetics of Aβ(1-42) solubilised with 50 mM NaOH prior to use in ThT assays.

Self-assembly was induced by dilution of the high-pH Aβ(1-42) sample into a pH-corrected 20 mM sodium

phosphate buffer (pH 8) containing 200 μM EDTA, 1 mM NaN3, and 20 μM ThT, at 37oC. (a) Representative

fibrillisation kinetics of Aβ(1-42) prepared according to protocol 3, viewed by ThT assay. Colour scheme

encodes Aβ(1-42) concentration: red, 1 μM; orange, 1.5 μM; yellow, 2 μM; green, 3 μM; cyan, 4 μM. Five

replicates are shown for each Aβ(1-42) concentration. (b) Comparison of the concentration-dependence of

the fibrillisation half-times of four Aβ(1-42) samples prepared according to protocol 3. The colour scheme

indicates individual preparations of Aβ(1-42). For all datasets, the standard deviation between replicate

experiments is too small to represent in this panel.

3.3 are the full solubilisation of Aβ(1-42) and reduced levels of HMW material, this result confirms that

those two factors were responsible for the majority of variation between preparations.

To examine the kinetic consistency of 50 mM NaOH preparations in greater detail, the ThT curves of 4

μM Aβ(1-42) were collated from experiments involving 8 different preparations, with a total of 88 curves

collated. These data, summarised in Fig. 3.10, show a high level of reproducibility across preparations.

The fibrillisation half-times of these samples ranged from around 6900-8620 s, with a mean of 7700 s

and a standard deviation of 380 s (4.9%). To investigate whether the variation in initial ThT fluorescence

accounted for the half-time variation, the two were plotted against one another. As can be seen in Fig.

3.11, they do not correlate, indicating that the low level of initial ThT fluorescence seen in these samples is

not caused by seed material. In agreement with this, negative stain electron microscopy (NS-EM) did not

reveal any fibrillar species present in 4 μM Aβ(1-42) samples immediately after dilution into pre-adjusted

fibrillisation buffer; after incubation for ∼1 h under fibrillisation conditions, equivalent to the early growth

phase in ThT assays, amyloid fibrils were observed (Fig. 3.12).

3.3.5 Aβ(1-42) samples solubilised at high pH do not contain detectable fibril seeds

The very low initial fluorescence and high level of reproducibility of the kinetic data strongly indicated

that the assembly kinetics were not confounded by seeding or off-pathway aggregation, which would be
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Figure 3.10: Kinetic consistency of 4 μM Aβ(1-42) solubilised with 50 mM NaOH prior to use in ThT

assays. Self-assembly was induced by dilution of the high-pH Aβ(1-42) sample into a pH-corrected 20 mM

sodium phosphate buffer (pH 8) containing 200 μM EDTA, 1 mM NaN3, and 20 μM ThT, at 37oC. (a)

An overlay of the ThT self-assembly kinetics of 8 different Aβ(1-42) preparations, normalised relative to

their maximum fluorescence to correct for varying gain between experiments. The colour scheme indicates

individual preparations of Aβ(1-42). For each preparation, 3-25 self-assembly curves are shown, from 1-5

experiments with 3-5 replicate wells. A total of 88 self-assembly curves are shown. (b) Consistency of

the self-assembly data shown in panel (a). The black central curve is the mean, while the dashed curves

represent the mean plus or minus a single standard deviation, and the thin black curves at the edges show

the range.

Figure 3.11: The initial ThT fluorescence of Aβ(1-42) solubilised in 50 mM NaOH does not correlate with

the fibrillisation half-time. Self-assembly was induced by dilution of the high-pH Aβ(1-42) sample into a

pH-corrected 20 mM sodium phosphate buffer (pH 8) containing 200 μM EDTA, 1 mM NaN3, and 20 μM

ThT, at 37oC. Each data point corresponds to the interpolated half-time and initial fluorescence of a ThT

curve shown in Fig. 3.10, with the same colour scheme.
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Figure 3.12: Negative stain electron microscopy of 4 μM Aβ(1-42) solubilised with 50 mM NaOH, and then

diluted into pH-corrected fibrillisation buffer containing 20 mM sodium phosphate (pH 8), 200 μM EDTA, 1

mM NaN3, and 20 μM ThT. Panels (a) and (b) are representative images of Aβ(1-42) samples immediately

after the dilution. Panels (c) and (d) show early growth phase samples from the same experiment, after

incubation for ∼1 h in a 96-well microplate at 37oC.
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expected to vary between preparations. In order to test this, HMW material was removed from Aβ(1-42)

samples using either ultracentrifugation or SEC, and the self-assembly kinetics of the purified peptide were

compared to those of an untreated control. For the ultracentrifugation experiment, a 1 mg/ml Aβ(1-42)

sample solubilised according to protocol 3 was diluted 10× in dH2O to give 0.1 mg/ml Aβ(1-42) in 5

mM NaOH. This sample was then centrifuged at 436,000g for 1 h, and examined by AF4 and ThT assays.

As a control, another aliquot from the same Aβ(1-42) preparation was diluted in the same manner, and

incubated in a centrifuge tube for the same period of time without ultracentrifugation. As shown in Fig.

3.13, ultracentrifugation resulted in an approximately 3× reduction in the integral of the UV signal after

cross-flow; in the control, the integrated signal was equivalent to 1.004 μg Aβ(1-42) (although it is not

certain that this material was Aβ(1-42), so the true mass is unknown), whereas in the centrifuged sample

the integral was equivalent to 0.365 μg Aβ(1-42). Similarly, ultracentrifugation caused an approximately

4× reduction in the integral of the LS 90o signal. Although the composition and degree of homogeneity of

the HMW material is not known, making exact quantitation difficult, the AF4 data indicate that the majority

of this material was removed. Despite removal of this material, the treated and untreated samples exhibited

almost identical ThT kinetics, indicating that the HMW material did not cause a significant level of seeding.

To analyse this result more quantitatively, one can calculate the expected fibrillisation half-time if the

HMW material consisted of homogeneous fibril seed. In the EM data acquired throughout this PhD, Aβ(1-

42) fibrils have been observed to have a typical length of 100-2000 nm. Mass-per-unit-length measure-

ments were not acquired, but literature values typically range from 2 to 4 monomers per β-sheet spacing

of 0.48 nm [136, 164], meaning that a typical Aβ(1-42) fibril may contain approximately 400 to 20,000

monomers (to 1 s.f.). If all of the 1.004 μg of HMW material in the uncentrifuged sample had been fibril

seed, then approximately 95% of the sample would have been in LMW state, giving an approximate free

monomer concentration of m(0) ≈ 3.8 µM and a fibrillar monomer concentration of M(0) ≈ 0.2 µM. In

the corresponding ultracentrifuged sample, m(0) would have been the same but the fibrillar monomer con-

centration would have been reduced to M(0) ≈ 0.073 µM, with a fibril number concentration in the range

3.65 pM / P(0) / 183 pM, depending on the mean fibril length. Regardless of nucleation, based on the

elongation rate constant k+e ≈ 3×106 M−1.s−1 [54], and assuming symmetric elongation at both fibril ends,

one would expect an initial polymerisation rate of 83.2 pM.s−1 / −dm(0)/dt / 4.16 nM.s−1; this would

result in exponential disappearance of the monomer with a half-time in the 630-32000 s range. Even the

slower bound would have resulted in a significant linear gradient in the 0-3000 s region of Fig. 3.13, which

was clearly not observed; this suggests that, at the very least, the 0.365 μg of HMW material that remained

in the ultracentrifuged sample did not contain a large quantity of seed.

Let us now consider the case where the 0.365 μg of HMW material in the ultracentrifuged sample

was non-seed material, but rest of the material that was removed by ultracentrifugation was fibril seed.
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Figure 3.13: Removal of HMW material from high-pH Aβ(1-42) preparations does not affect the self-

assembly kinetics. Panels show (a) the UV280 signal, (b) the LS 90o signal, (c) the approximate Mw dis-

tribution, derived from MALS analysis of the ROI from 3.3-12.0 min using the linear Zimm fit, and (d)

the corresponding ThT self-assembly kinetics of an Aβ(1-42) sample prepared in 50 mM NaOH. Colour

scheme: red, 1 mg/ml sample before dilution (not included in ThT assay); green, 10× diluted 0.1 mg/ml

sample, incubated for 1 h before use in experiments; blue, 10× diluted 0.1 mg/ml sample, centrifuged at

436,000g for 1 h and then used in experiments.

153



Therefore, the quantity of seed was 1.004− 0.365 ≈ 0.639 μg, equivalent to 3.2% of the Aβ(1-42) in the

sample. Thus, in the ThT experiment shown in Fig. 3.13(d), the untreated sample would have had a free

monomer concentration of m(0) ≈ 3.87 µM, and a seed concentration of M(0) ≈ 0.13 µM. Given the

estimated range of fibril lengths, the fibril number concentration would have been in the range 6.5 pM /

P(0)/ 325 pM. In the treated sample, m(0) would have been the same, but with M(0) = P(0) = 0. Fitting

the self-assembly kinetics of the treated sample with Eq. (1.36) gave an estimated primary nucleation

rate constant kn ≈ 3.06× 10−5 M−1.s−1 and secondary nucleation rate constant ks ≈ 2.15× 103 M−1.s−2;

for the other constants, the literature values of k+e ≈ 3× 106 M−1.s−1, k−e ≈ 0.01 s−1, and nc = ns = 2

were used [54], with k f = 0 to reflect negligible fragmentation as supported by Cohen et al. [54]. For the

fitted kn and ks values, adding fibrillar seed with the M(0) and P(0) values estimated above would cause

a pronounced loss of the lag phase, reducing the half-time from around 7600 s to between 650 s (for 400

monomers/fibril) and 4000 s (for 20,000 monomers/fibril). Clearly, this effect was not observed, since the

kinetics of the untreated sample are almost identical to those of the treated sample; thus, the HMW material

does not engage in secondary nucleation or elongation at an appreciable rate. One possibility is that the

HMW fraction consists of off-pathway Aβ(1-42) species. However, the fact that the full expected 20 μg of

Aβ(1-42) was recovered in the LMW fraction favours the alternative possibility, that the HMW material is

not actually Aβ(1-42). Instead, it may consist of small quantities of dust, microorganisms, or pre-existing

contaminants in the vials, which were resistant to 50 mM NaOH but had no observable seeding potential.

Although ultracentrifugation removed the majority of the HMW material, it did not remove all of it,

and was also unable to remove oligomers. A more common approach in the literature is SEC [116, 231,

286, 485, 494, 501, 502], which has the advantage of allowing the monomer peak to be selectively purified,

with the disadvantages of loss of peptide and possible aggregation in the column. To test whether column

purification altered the self-assembly kinetics of high-pH Aβ(1-42) preparations, a 50 mM NaOH-treated

Aβ(1-42) sample was purified according to the SEC protocol previously described by Hellstrand et al. [479].

In summary, 50 μl of Aβ(1-42) was loaded onto a Superdex-75 column in a 20 mM sodium phosphate (pH

8) mobile phase, with 200 μM EDTA and 1 mM NaN3. The fraction eluting from 13.6-14.6 min (at 1

ml/min) was collected on ice, diluted variably (60%, 80%, or 100%, ie. undiluted) in the elution buffer

to give a range of concentrations, supplemented with 20 μM ThT from a concentrated stock, and used

in ThT assays. Because the peptide was diluted considerably during purification, the elution buffer had

to be almost the same as the fibrillisation buffer in the subsequent ThT experiments, as Aβ(1-42) is too

aggregation-prone for a slow buffer-exchange process and the desired concentration range was close to the

concentration of the eluent. This purification was carried out several times, with reproducible results; a

representative elugram is shown in Fig. 3.14(a). The UV280 and RI elugrams are very similar to those

previously reported for in-house recombinant peptide purified according to the same protocol [479], and the
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peak at∼14 min has already been identified as the monomer. MALS analysis of the ROI from 13.6-14.6 min

was challenging, as the very weak LS signal meant that the Mw estimates were particularly sensitive to LS

baseline subtraction errors. Nonetheless, the average MROI
w value of three concordant replicates was 6460 ±

712 Da, where the error margins represent one standard deviation; this was calculated using the linear Zimm

fit. This MROI
w is consistent with the peak containing mostly monomer, with a small but significant amount

of contaminating oligomer. It is interesting to observe that, despite claims in the literature [479, 494, 496],

this SEC protocol does not yield particularly monomeric Aβ(1-42) solutions. As discussed previously, some

oligomeric species are inevitable in any Aβ(1-42) preparation, and in this case the purification protocol

was either unable to completely separate pre-formed oligomers, or actively encouraged re-formation of

oligomers during elution, since purification was carried out under aggregation conditions. In addition to the

MALS analysis, comparison of the Kav value of the peak at ∼14 min with those of other molecular weight

standards also confirmed the predominantly monomeric nature of the peptide. Due to time constraints and

issues with some of the standards, a full set of molecular weight standards was not obtained. Nonetheless,

Fig. 3.14(b) clearly shows that Aβ(1-42) monomer, βPGM, BSA monomer, and BSA dimer all exhibited the

expected logarithmic dependence of elution volume on molecular weight, further supporting the monomeric

nature of the material eluting at ∼14 min.

The total mass of Aβ(1-42) recovered from SEC was calculated by integrating the UV280 and RI signals

from 8.0-16.3 min; data acquired after this time could not be used due to elution of NaOH and salts. While

the UV280 signal gave an estimate of 55.4 ± 1.84 μg peptide, the RI gave an estimate of 47.2 ± 0.945 μg

peptide, out of a nominal 50 μg injected. The RI estimate was unsurprising since some Aβ(1-42) would be

expected to elute outside of the ROI or become trapped in the column; however, the UV280 estimate was

somewhat higher than expected. This discrepancy was not caused by an error in the extinction coefficient

of the monomer, which was determined theoretically and empirically for both the AF4 and SEC mobile

phases. However, closer inspection of the UV280 and RI elugrams revealed that the signals from the two

detectors were not always proportional (Fig. 3.14(a)); this was reproducible across replicates, and the signal

from both detectors had a sufficiently flat baseline at early and late elution times that baselining error could

not explain this effect. If the composition of the eluting material remained the same from 8.0-16.3 min,

then the UV280 and RI signals would be expected to remain approximately proportional. However, the

shoulder to the left of the monomer peak appeared to have an excess of UV280 signal, indicating that it had

a higher extinction coefficient than would otherwise be expected, and this was responsible for the apparent

increase in recovery. One explanation would be that a larger, non-Aβ(1-42) contaminant was eluting before

the Aβ(1-42) monomer. However, this was unlikely to be the case as: (i) the RI signal gave far too low a

recovery when this shoulder was excluded; (ii) this shoulder is commonly seen in purification of Aβ(1-42)

samples, and is already established to contain Aβ(1-42) oligomers [479]; and (iii) no such contaminant was
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Figure 3.14: SEC purification of high-pH Aβ(1-42) preparations does not affect the self-assembly kinetics.

Aβ(1-42) that had been solubilised in 50 mM NaOH was purified using a Superdex-75 column and then

used in ThT assays at 37oC. The buffer used for elution and ThT assays was sodium phosphate (pH 8)

containing 200 μM EDTA and 1 mM NaN3, and the sample was eluted at 1 ml/min. (a) Detector outputs

from a typical SEC-MALS run of Aβ(1-42) prepared in 50 mM NaOH. Colour scheme: black, RI; red,

UV280; blue, LS 90o. Dashed vertical lines demarcate the fraction (13.6-14.6 min) that was collected for

ThT assays. (b) Kav values versus molecular weight of Aβ(1-42) and standards. Colour scheme: red, Aβ(1-

42) monomer (4.5 kDa); amber, βPGM (24.2 kDa); green, BSA monomer (66.5 kDa); blue, BSA dimer (133

kDa). (c) Normalised ThT curves of purified Aβ(1-42). Colour scheme indicates Aβ(1-42) concentration as

a percentage of the eluent concentration: red, 60% (∼3.8 μM); green, 80% (∼5.0 μM); blue, 100% (∼6.3

μM). (d) Similarity between the fibrillisation half-times of unpurified (red) and purified (blue) Aβ(1-42).
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observed by AF4, for which the UV280 signal gave the correct extinction coefficient. An alternative and

more likely possibility was that the shoulder consisted of Aβ(1-42) oligomers binding to a small molecule

or peptide contaminant (/ 1000 Da) with a stronger UV280 signal. This explanation is compatible with the

fact that excess UV280 signal was not observed in AF4 experiments; in the higher-pH AF4 mobile phase (1

mM NaOH), deprotonation and reduced Aβ(1-42) oligomerisation would abolish this interaction, allowing

the contaminant to independently pass through the membrane (∼1000 Da MWCO) instead of eluting.

Due to the issues with the UV280 signal, the RI detector was used for quantitation of Aβ(1-42) in the

fraction collected from 13.6-14.6 min, although both detectors provided very similar estimates for this nar-

rower ROI. On average, 28.4 ± 7.13 μg of peptide was collected in this fraction, equivalent to 56.8% of the

nominal injected mass at a concentration of 0.0284 mg/ml (6.29 μM), approximately 35× more dilute than

the concentration at which the sample was injected. For each purification, the Aβ(1-42) was then diluted in

the same buffer to 60%, 80%, or 100% (undiluted) of that concentration, supplemented with ThT, and used

in a ThT assay (see Section 3.2.8 for more details). Exact concentrations of Aβ(1-42) in individual exper-

iments were then calculated retrospectively for use in further analyses. An overlay of all concordant ThT

self-assembly curves is shown in Fig. 3.14(c), in which the kinetics can be seen to have broadly the same

rate and characteristics as the untreated peptide. Because the Aβ(1-42) eluted at a variable concentration,

an exact overlay of the self-assembly kinetics of SEC-treated samples with those of untreated samples was

not possible. However, the relative rates can still be compared by overlaying the concentration-dependences

of the fibrillisation half-times. As shown in Fig. 3.14(d), the fibrillisation half-times of the SEC-treated and

untreated Aβ(1-42) samples overlay almost exactly. While it is possible that the SEC-treated samples may

be slightly slower, the difference between the two is very minor and well within experimental variation.

Even a small quantity of seed would be expected to strongly affect the fibrillisation rate; however, SEC has

little if any effect on the half-time, indicating that the untreated samples did not contain a significant level of

seed. If an effect does exist, it is very small and more consistent with the removal of very low quantities of

heterogeneous contaminants such as dust or microorganisms, which may weakly stimulate heterogeneous

primary nucleation. Thus, SEC results in a substantial loss of peptide and places considerable constraints

on the way the Aβ(1-42) can be used in subsequent experiments, without effectively removing oligomeric

species or significantly affecting the self-assembly kinetics. The only obvious advantage of the SEC step is

removal of the UV-absorbing contaminant; however, this is a very minor advantage given that the presence of

this species does not seem to alter the self-assembly kinetics. Thus, it was decided that column purification

was not necessary for the majority of Aβ(1-42) samples, and was best restricted to control experiments in

cases where it was particularly important to eliminate seeding, heterogeneous primary nucleation, or small

molecule contaminants.
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3.3.6 LC-MS to assess the purity of Aβ(1-42) preparations

Although the AF4-MALS analysis showed that Aβ(1-42) prepared according to protocol 3 was predom-

inantly monomeric and lacked detectable seed, MALS did not provide sufficient Mw resolution and accuracy

to identify chemical modifications, truncated Aβ variants, and contaminants with a similar molecular weight.

To address this issue, Aβ prepared according to protocol 3 was examined by LC-MS. Fig. 3.15(a) shows

the reverse-phase HPLC elugram of an Aβ sample, with a monomer peak at ∼5.9 min, and Fig. 3.15(b)

shows the ESI-MS spectrum of the fraction collected from 5.84-6.04 min. The mass spectrum contained

a strong peak at 4513 Da, corresponding to monomeric Aβ(1-42), as well as a number of smaller peaks in

the 2500-5000 Da range, which likely corresponded to contaminants and truncated variants. The only other

species that could be identified from its molecular weight alone was the secondary peak at 3895 Da, whose

molecular weight was consistent with the N-terminally truncated Aβ(6-42) variant. Thus, the mass spectrum

indicates that the peptide samples consist predominantly of Aβ(1-42), with a small but significant quantity of

Aβ(6-42), and smaller amounts of chemically modified, truncated, or non-Aβ species. As shown in the next

section, this heterogeneity appears to have been present in the vials prior to solubilisation, as it is not caused

by the high pH treatment. The loss of the 5 N-terminal residues (DAEFR) in the Aβ(6-42) variant is unlikely

to strongly affect the self-assembly process as the central and C-terminal regions of the peptide are believed

to be more important in initiating and stabilising fibril structures [136, 143, 164, 219, 273, 324, 383, 524].

Nonetheless, some studies have supported a supplementary role for the N-terminus in modulating the aggre-

gation rate, toxicity, and mechanical properties of fibrils [275,525–527], so the presence of a small quantity

of Aβ(6-42) may explain some kinetic differences between this peptide and Aβ from other sources. Overall,

the degree of heterogeneity in the commercial peptide is similar to that observed for in-house recombinant

preparations, which also contain contaminants and truncated variants [494]. As with oligomerisation, some

level of contamination and truncation is impossible to eliminate, and does not necessarily affect the validity

or reliability of experimental results.

3.3.7 Effect of sonication time on preparation quality and kinetics

The 50 mM NaOH solubilisations discussed above had all been carried out with 5 min sonication, due

to concerns that the 30 min sonication previously used for 10 mM NaOH preparations might cause chemical

modification at higher pH. However, experiments had not yet been carried out to establish whether this was

actually the case, and whether sonication was even necessary in 50 mM NaOH. In order to determine the

optimum sonication time, AF4-MALS experiments and ThT assays were used to compare the composition

and self-assembly kinetics of Aβ(1-42) samples that had been sonicated for different amounts of time during

preparation. These data, presented in Fig. 3.16, did not show a significant difference between the AF4-
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Figure 3.15: LC-MS of Aβ(1-42) prepared by 5 min sonication in 50 mM NaOH (protocol 3). (a) Reverse-

phase HPLC elugram. (b) Deconvolved mass spectrum of the fraction collected from 5.84-6.04 min.
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Figure 3.16: Effect of sonication time on Aβ(1-42) preparations. (a) The UV280 signal from AF4-MALS

separation of 50 mM NaOH Aβ(1-42) preparations. (b) The corresponding LS 90o signal. (c) The nor-

malised ThT self-assembly kinetics, where error margins represent a single standard deviation. ThT data

are normalised as described in Section 2.5.2, as they were acquired in different experiments with different

gain values. (d) The proportional initial fluorescence plotted against the interpolated fibrillisation half-time,

for the ThT assays shown in panel (c). All panels use the same colour scheme: red, no sonication; green, 5

min sonication, same data as presented in previous figures; blue, 30 min sonication.

MALS elugrams and self-assembly kinetics of samples that were sonicated for 5 min and 30 min. The

stability of the Aβ(1-42) over this timescale was further corroborated by LC-MS. Fig. 3.17(a) shows the

reverse-phase HPLC elugram of a sample, and Fig. 3.17(b) shows the ESI-MS spectrum of the fraction

collected from 5.81-6.11 min; both are almost identical to the corresponding data for Aβ sonicated for 5

min, shown in Fig. 3.15. Thus, significant degradation does not appear to have occurred on this timescale.

Furthermore, AF4-MALS and ThT analysis of samples that were flash-frozen immediately after injection

of 50 mM NaOH into the vials, without sonication, provided very similar results (Fig. 3.16), indicating

that the sample did not change significantly during the first 5 min of sonication. The samples that were not

sonicated had a very similar yield and initial fluorescence, but did fibrillise slightly faster; this may indicate

that some seed was initially present, and was removed by sonication. For this reason, to minimise the risk

of chemical modification while allowing complete removal of any pre-formed seed, 5 min appears to be the

optimum sonication time for Aβ(1-42) solubilisation.
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Figure 3.17: LC-MS of Aβ(1-42) prepared by 30 min sonication in 50 mM NaOH. (a) Reverse-phase

HPLC elugram. (b) Deconvolved mass spectrum of the fraction collected from 5.81-6.11 min.
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3.3.8 Long-term stability of high-pH Aβ(1-42) preparations

The data presented in Fig. 3.15-3.17 indicate that Aβ did not undergo major chemical modifications,

such as alkaline hydrolysis of the peptide backbone, on timescales of up to 30 min in 50 mM NaOH. The

LC-MS data do not rule out deamidation of sidechains, as this modification only has a small impact on

the molecular weight (+1 Da). However, sidechain amides play a prominent role in stabilising the Aβ(1-

42) fibril structure [136, 144], and the corresponding carboxylic acids formed by deamidation would repel

one another in a parallel cross-β structure, further destabilising monomer-monomer interactions. Therefore,

deamidation would be expected to strongly delay or even abolish fibrillisation at the concentrations used in

the ThT assays. Aβ(1-42) samples have indistinguishable fibrillisation half-times regardless of whether they

were sonicated for 5 min or 30 min, indicating that deamidation did not occur on this timescale. Moreover,

these kinetics are similar to those of other samples reported in the literature [479], low-pH preparations with

the same peptide (Fig. 3.3), and un-sonicated samples that were kept in the liquid phase for only a very

short time period (< 30 s; Fig. 3.16), indicating that deamidation did not occur in the first 5 min.

Although these data indicate that Aβ(1-42) was not chemically modified by spending short periods of

time in 50 mM NaOH, it was useful to determine whether longer timescales or harsher treatments could

result in modification. To test this, Aβ(1-42) aliquots from a single sample prepared by 5 min sonication in

50 mM NaOH were thawed and incubated at 21oC, for times up to 20 h. In addition, one aliquot was thawed

and incubated at 37oC for 100 h, to further stress the peptide. As shown in Fig. 3.18, incubation at 21oC did

not significantly affect the AF4-MALS or ThT data, indicating that chemical modification and degradation

were not significant on these timescales. This shows that, while it is still best practice to minimise the

amount of time spent at high pH in the liquid phase, the peptide is relatively stable under these conditions

and attempts to minimise this time should not be made at the expense of other experimental precautions.

While the 37oC aliquot also did not show a significant change in the AF4-MALS elugrams, it failed to

produce ThT kinetics, indicating that the severe treatment of this sample had resulted in chemical modi-

fication. LC-MS revealed a second peak at ∼5.1 min in the reverse-phase HPLC elugram (Fig. 3.19(a)),

which was not present in the corresponding untreated sample (Fig. 3.15(a)). While the existing peak at

∼5.9 min (Fig. 3.19(b)) appeared similar to the untreated sample by ESI-MS (Fig. 3.15(b)), the peak at

∼5.1 min appeared to consist mainly of truncated variants (Fig. 3.20), which were probably formed by

alkaline hydrolysis of Aβ. The formation of these species and/or the effects of possible deamidation are

likely to be responsible for the lack of self-assembly of this peptide sample. Thus, while storage at 21oC is

possible for moderate timescales, longer timescales or higher temperature may increase the risk of chemical

modification. As a result, time spent in the liquid phase should be minimised and the peptide stored at -80oC

wherever possible.
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Figure 3.18: Stability of high-pH Aβ(1-42) preparations in the liquid phase. (a) UV280 signal from AF4-

MALS separation of Aβ(1-42) preparations incubated for different amounts of time in the liquid phase.

Colour scheme represents the incubation time and temperature: red, 10 min at 21oC; amber, 140 min at

21oC; green, 270 min at 21oC; purple, 6000 min (100 h) at 37oC. (b) The corresponding LS 90o signal,

with the same colour scheme as panel (a). (c) The normalised ThT self-assembly kinetics of Aβ(1-42)

preparations incubated for different amounts of time in the liquid phase. The colour scheme is different

from panels (a) and (b): red, 15 min at 21oC; orange, 60 min at 21oC; yellow, 120 min at 21oC; green, 300

min at 21oC; cyan, 600 min at 21oC; blue, 1200 min at 21oC; purple, 6000 min (100 h) at 37oC.

The Aβ(1-42) used in the experiments shown in Fig. 3.10 was stored at -80oC for a range of different

times before use, ranging from 1-39 days. Despite this, the data shown in that figure are highly consistent,

indicating that the peptide was stable at -80oC and did not undergo significant modification during storage.

To more quantitatively determine whether this was the case, the mean fibrillisation half-time τ50 of each

ThT experiment was plotted against the storage time tstorage of the corresponding aliquot. As shown in Fig.

3.21, there is little to no relationship between the two. If such a change did occur, one of the most likely

empirical relationships between τ50 and tstorage would be an exponential curve,

τ50 = τ50,0ekmodtstorage , (3.25)

where τ50,0 is the τ50 value prior to chemical modification, and kmod is the rate of change of the fibrillisation

half-time due to chemical modification such that the characteristic timescale is |1/kmod|. Fitting this equation

to the data in Fig. 3.21 gave an exponential decay with fitted values τ50,0 = 7760 s and kmod = −6.53×

10−4 d−1, indicating a very slow decrease in half-time. To determine whether this fit suggested a significant

level of degradation, the fitted kmod value was then compared to a hypothetical value of kmod = 0 using the

extra-sum-of-squares F-test. This gave a P-value of 0.3011, too high to reject the null hypothesis that kmod =

0, and thus indicating that a significant level of degradation was not observed for this dataset. Therefore,

Aβ(1-42) samples prepared according to protocol 3 and stored at -80oC remain stable for well over 39 days,

and possibly a matter of years (note that |1/kmod| = 1530 d ≈ 4 yr). Since this analysis, different members

of the lab have obtained identical results with Aβ(1-42) samples stored for considerably longer periods of
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Figure 3.19: LC-MS of Aβ(1-42) prepared by 5 min sonication in 50 mM NaOH and subsequently stressed

by incubation at 37oC for 100 h. (a) Reverse-phase HPLC elugram. (b) Deconvolved mass spectrum of the

fraction collected from 5.85-6.25 min.
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Figure 3.20: Deconvolved mass spectrum of the fraction collected from 4.89-5.32 min in the reverse-phase

HPLC purification shown in Fig. 3.19(a).

time (up to 1 year, although exact storage times were not recorded), further supporting this conclusion.

Lastly, it was useful to determine whether the remainder of Aβ(1-42) aliquots that had been thawed for

use could be re-frozen, allowing Aβ(1-42) from a single aliquot to be used on multiple separate occasions.

To test this, aliquots were thawed and then re-frozen according to one of three methods: flash-freezing by

immersion in liquid N2 (freezing time < 1 s); freezing by placing the Eppendorf tube in contact with pre-

cooled metal at -80oC (< 1 min); and simply placing the sample in a rack in the -80oC freezer (< 5 min).

While the former was obviously preferable, the other two methods were tested due to their convenience, and

to ascertain whether improper freezing protocols could affect the quality of Aβ(1-42) aliquots. The AF4-

MALS elugrams and ThT self-assembly kinetics obtained with re-frozen peptide, shown in Fig. 3.22, are

identical to the results obtained with first-use aliquots (Fig. 3.5, Fig. 3.10), and did not depend significantly

on the re-freezing method. Therefore, Aβ(1-42) aliquots solubilised according to protocol 3 can be re-frozen

for multiple uses, which is highly convenient when performing a range of experiments requiring different

quantities of peptide. Although the re-freezing protocol does not appear to make a difference, so long as the

final temperature is -80oC, liquid N2 is still recommended whenever possible.
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Figure 3.21: Effect of storage time on the fibrillisation half-time of Aβ(1-42) samples solubilised by 5

min sonication on 50 mM NaOH (protocol 3). Each point corresponds to the average fibrillisation half-time

of a single ThT experiment; the error bars, which in some cases are too small to show, represent a single

standard deviation. The colour scheme indicates individual Aβ(1-42) preparations, and corresponds to the

experiments shown in Fig. 3.10. The fitted curve is Eq. 3.25; see text for values of the fitted parameters.

Figure 3.22: Effect of re-freezing on Aβ(1-42) solubilised by 5 min sonication in 50 mM NaOH. (a)

UV280 signal from AF4-MALS separation of re-frozen Aβ(1-42) preparations. (b) The corresponding LS

90o signal. (c) The normalised ThT self-assembly kinetics. All panels use the same colour scheme, which

encodes re-freezing method: red, placement in a rack in the -80oC freezer; green, freezing in contact with

pre-cooled metal at -80oC; blue, flash-freezing by immersion in liquid N2.
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3.3.9 Identical self-assembly pathway of commercial and in-house recombinant Aβ(1-42)

preparations

The experimental results presented in Sections 3.3.3-3.3.8 show that protocol 3 provides a reliable means

to obtain highly monomeric Aβ(1-42) samples from a pre-purified commercial recombinant source. Peptide

samples solubilised and stored in this way are stable for long time periods, convenient for use in high-

throughput experimental assays, and produce highly reliable self-assembly kinetics that are not complicated

by detectable seeding, chemical modification, or the effects of contaminants. As a result, these peptide

samples satisfy all the criteria for use in highly sensitive biophysical assays. To test whether the self-

assembly kinetics of these samples were similar to those obtained using in-house recombinant peptide, the

four concentration-dependent kinetic datasets summarised in Fig. 3.9(b), each of which corresponds to a

single Aβ(1-42) sample, were compared to results in the literature [54,519]. An analysis of a representative

dataset, corresponding to the curve shown in blue in Fig. 3.9(b), is presented in Fig. 3.23-3.25.

Firstly, the initial monomer concentration was plotted against the fluorescence intensity change in the

corresponding ThT assays, which is expected to be proportional to the fibril yield under these experimen-

tal conditions [54]. Because experiments were carried out on different occasions with minor variations in

experimental parameters, the fluorescence intensities of different experiments were not exactly equivalent.

Therefore, a normalisation procedure was needed before collation could occur. In brief, each experiment

featured a range of Aβ(1-42) concentrations with a large number of data points in the 1.5-4.0 μM range,

across which an approximately linear relationship between the initial monomer concentration and fluores-

cence intensity change was observed. Data from different experiments were linearly fitted in this range,

with a shared x-intercept and different gradients to account for small variations in the gain or the activity

of the ThT. Data were then divided by the fitted gradient to obtain normalised intensities ∆Inorm that could

then be collated. For a full justification of this procedure and the corresponding equations see Section 4.3.2.

As shown in Fig. 3.23(a), the collated data exhibit an approximately linear relationship between the initial

monomer concentration and the fluorescence intensity change, as would be expected and has previously

been observed for in-house recombinant preparations [54]. Data points at 5.0 μM and 6.0 μM, which were

not included in the fitting, can be seen to deviate somewhat from this relationship. This deviation was ob-

served across preparations, and was confirmed by the more detailed characterisation of the initial intensities

presented in Section 4.3.2, which extended to lower Aβ(1-42) concentrations. Since the normalisation is a

linear transformation, the deviation is not caused by the normalisation process, and the slightly superlinear

appearance of data in Fig. 3.23(a) would persist regardless of the fitting range used in the normalisation

process. Instead, the excess intensity at high concentrations may reflect a change in fibril polymorphism,

since different polymorphs would be expected to bind ThT with different affinities. A more detailed charac-
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Figure 3.23: Kinetic analysis of commercial Aβ(1-42) preparations solubilised according to protocol 3

(part 1). (a) The relationship between the initial monomer concentration and the normalised fluorescence

intensity change in ThT assays. The normalisation allows collation of data from multiple experiments

and is described in greater detail in Section 4.3.2. Error bars represent a single standard deviation. The

black line is a linear fit from 1.5-4.0 μM. (b) Concentration-dependence of the mean fibrillisation half-time.

Error bars represent a single standard deviation. Data from 1.5-4.0 μM have been fitted to the equation

τ50 = αm(0)−γ50 . All data in this figure are from repeat experiments using a single Aβ(1-42) sample.

terisation of the initial intensities that is better suited to calculation of an x-intercept is provided in Section

4.3.2.

An important indicator of the underlying mechanism of biopolymer self-assembly is the scaling ex-

ponent γ50 = −∂ logτ50/∂ logm(0), which relates the polymerisation half-time τ50 to the initial monomer

concentration m(0), and is described in more detail in Section 1.5. In Cohen et al. [54], the fitted γ50

value was 1.33±0.03, which is consistent with a self-assembly pathway dominated by secondary nucleation

(γ50 = (ns + 1)/2, where ns ≈ 2) with a minor contribution from primary nucleation (γ50 = nc/2, where

nc ≈ 2). In that study, a fragmentation-dominated model was unable to fit the data, as it had too low a

scaling exponent (γ50 = 1/2). Fig. 3.23(b) shows the relationship between m(0) and τ50 for a represen-

tative sample of commercial recombinant peptide, from the same dataset that was shown in blue in Fig.

3.9(b), and also in Fig. 3.23(a). Nonlinear regression with the scaling law τ50 ∝ m(0)−γ50 gave the fitted

value γ50 = 1.32± 0.02, which is almost identical to the value reported in Cohen et al. [54]. Fitting was

only carried out in the 1.5-4.0 μM range, as the higher concentrations were not present in the equivalent

data in Cohen et al. [54]. Similarly, the other Aβ(1-42) samples prepared according to protocol 3 had

γ50 = 1.26± 0.04, γ50 = 1.26± 0.03, and γ50 = 1.26± 0.05 in the same concentration range. It should be

noted that the dataset shown in Fig. 3.23, which equates to the blue curve in Fig. 3.9(b), is not an outlier in

having a slightly higher concentration-dependence than the others in the 1.5-4.0 μM range. Not only is the

difference small, but this dataset is the most complete in the 1.5-4.0 μM range and has the greatest number
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of repeats. Thus, the estimate of γ50 = 1.32±0.02 is probably the most accurate, as reflected by its smaller

error margins.

The similarity of the concentration-dependences indicates that commercial recombinant Aβ(1-42) fib-

rillises according to the same microscopic processes as in-house recombinant peptide, and with a similar

balance of primary versus secondary pathways. In Cohen et al. [54], nonlinear regression of Aβ(1-42)

self-assembly curves supported a nucleated polymerisation model with autocatalytic secondary nucleation

(Knowles model with secondary nucleation, see Eq. (1.36, 1.35)). Models without secondary nucleation

(Oosawa model, see Eq. (1.20)), or where fragmentation was the dominant secondary process (Knowles

model with fragmentation, see Eq. (1.36, 1.30)), were discounted by comparison of fits. Since then, data

obtained using Aβ(1-40) and higher concentrations of Aβ(1-42) have suggested a modified secondary nu-

cleation mechanism in which the process is saturable, proceeding via Michaelis-Menten-like kinetics (see

Eq. (1.36, 1.50, 1.51)); this modification extends the model’s range to include higher Aβ(1-42) concentra-

tions [4, 5].

To test whether the kinetics of commercial recombinant peptide are also consistent with secondary nu-

cleation, a similar comparison was made for each of the Aβ(1-42) samples prepared according to protocol 3,

with representative examples for a single dataset shown in Fig. 3.24. Four models were tested: the Oosawa

model, which includes primary nucleation and elongation but lacks secondary processes (Fig. 3.24(a)); the

Knowles model with fragmentation as the dominant secondary process (Fig. 3.24(b)); the Knowles model

with non-saturable secondary nucleation (Fig. 3.24(c)); and the Knowles model with saturable secondary

nucleation (Fig. 3.24(b)). The fitted parameters, which were shared across all Aβ(1-42) concentrations

and whose significance is discussed in Section 1.5, are summarised in Table 3.1. Although nc and ns are

often assumed to take integer values, they are effective reaction orders and can thus take non-integer val-

ues; therefore, for these four fits, non-integer values were allowed. Another common convention is to set

nc = ns, which reduces the size of parameter space and is mechanistically justified, since secondary nucle-

ation is currently believed to involve a similar mechanism to primary nucleation [74, 348]; this constraint

was used here. Lastly, when fitting the Knowles model with fragmentation as the dominant secondary pro-

cess, the value of k f was constrained such that k f k+e = knk+e × (10−5.5 M)nc/(10−8 M), a constraint that was

also applied in [54]. This ensures that fragmentation becomes dominant when the fibril mass concentration

M(t) ≈ 10 nM for a reaction with initial monomer concentration m(0) =
√

10 μM, forcing the fitting algo-

rithm to maintain an appreciable level of fragmentation. Without this constraint, k f is simply minimised

in order to attain a high concentration-dependence, resulting in a fit very similar to that obtained for the

Oosawa model.

As shown in Fig. 3.24(a-d), saturable secondary nucleation provides the best fit, followed closely by

non-saturable secondary nucleation. A poor fit is obtained for the other two models. The main cause of fail-
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Parameter Global fits in this chapter Ref. [519]
Fig.

3.24(a)
Fig.

3.24(b)
Fig.

3.24(c)
Fig.

3.24(d)
Fig. 3.25

Eq. (1.20) Eq. (1.36),
Eq. (1.30)

Eq. (1.36),
Eq. (1.35)

Eq. (1.36),
Eq. (1.50),
Eq. (1.51)

Eq. (1.36),
Eq. (1.35)

Eq. (1.36),
Eq. (1.35)

nc 2.37 5.23 1.68 2.37 2 2

ns — 1.68 2.37 2 2

knk+e , M−nc .s−2 9.72×104 2.43×1019 1.75×101 1.19×104 1.00×102 9×102

ksk+e , M−(ns+1).s−2 — 8.10×107 1.29×1012 5.52×109 1×1011

k f k+e , M−1.s−2 — see text —

K1/ns
M,s , μM — 2.74 —

AICc -125352 -126594 -166419 -181155 -134338 —

R2 0.888 0.892 0.970 0.982 0.965 —

Table 3.1: Globally fitted parameters and diagnostic statistics for the data fitting in this chapter and

Ref. [519]. In cases where an ns value was present, the fit was constrained such that nc = ns, as

in Refs. [54, 519]. As described in the text, the value of k f was constrained to ensure that k f k+e =

knk+e × (10−5.5 M)nc/(10−8 M), as previously performed in Ref. [54]. Diagnostic statistics for the data

fitting in this chapter are the AICc and R2 values. Note that AICc values are only meaningful in a compara-

tive sense, with lower AICc indicating a higher probability, and the fact that the AICc values are negative is

simply a reflection of the fact that the fitted data had been normalised (ie. RSS < N).
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Figure 3.24: Kinetic analysis of commercial Aβ(1-42) preparations solubilised according to protocol 3

(part 2). This figure shows various fits of nucleated polymerisation models to the ThT kinetics of the dataset

summarised in Fig. 3.23. Panels (a-d) show global fits of (a) the Oosawa model (Eq. (1.20)) [425, 426], (b)

the Knowles model with fragmentation as the secondary process (Eq. (1.36, 1.30)) [1–3], (c) the Knowles

model with non-saturable secondary nucleation (Eq. (1.36, 1.35)) [3], and (d) the Knowles model with

saturable secondary nucleation (Eq. (1.36, 1.50, 1.51)) [4], with all fitted parameters shared across Aβ(1-

42) concentrations. Panels (e-f) show fitting of the Knowles model (Eq. (1.36, 1.35)) [3] to the same data

on linear and semi-logarithmic axes, with only nc = ns shared across Aβ(1-42) concentrations. The colour

scheme is the same across all panels, and indicates the initial Aβ(1-42) concentration: red, 1.5 μM; orange,

2.0 μM; yellow, 2.5 μM; green, 3.0 μM; cyan, 3.5 μM; blue, 4.0 μM; indigo, 5.0 μM; violet, 6.0 μM. The

fitted curves shown as black lines. The 1.5 μM dataset was omitted from panel (f) for clarity, as it otherwise

obscured the other data points.
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ure of the Oosawa model (Fig. 3.24(a)) is its inability to produce exponential scaling in the early time, which

means it lacks a pronounced lag phase. The fragmentation-dominated Knowles model (Fig. 3.24(b)) fails for

a number of reasons. While fragmentation causes exponential early-time scaling, the rate of fragmentation

is insensitive to monomer depletion, causing an overly sharp approach to maximum fluorescence. Further-

more, the fragmentation-dominated secondary pathway has a low concentration-dependence (γ50 = 1/2), so

the fit tries to compensate by increasing the order of primary nucleation to a high value (nc = 5.23). Had the

value of k f been left unconstrained, the fit would instead have done this by minimising the role of secondary

pathways, producing an Oosawa-like fit similar to Fig. 3.24(a). Non-saturable secondary nucleation (Fig.

3.24(c)) provides a significantly better fit, as it is able to simultaneously produce exponential early-time

scaling, the correct concentration-dependence at intermediate m(0), and a less abrupt approach to maximum

fluorescence caused by greater sensitivity to monomer depletion. Nonetheless, the fit is not perfect, since the

concentration-dependence is not constant across the 1.5-6.0 μM range (Fig. 3.23(b)). Saturable secondary

nucleation (Fig. 3.24(d)) addresses this issue by allowing γ50 to vary with m(0), and so further improves the

fit. Although the difference between non-saturable and saturable secondary nucleation visually appears to

be small, it is significant; comparison of the two using using the AICc favoured the latter (∆AICc = 14736,

equivalent to >99.99% probability).

Although saturable secondary nucleation provides the best fit for the data, it should still be noted that

this fit is not perfect, with some difference between the data and the fitted curves in the early growth phase,

particularly at lower m(0). To test whether this was caused by insufficiently exponential early-time scaling

in the experimental data, the Knowles model was individually fitted to each Aβ(1-42) concentration, with

only the nc = ns values shared (Fig. 3.24(e-f)). This significantly improved the quality of the fits, and both

the data and the fitted curve exhibit a pronounced straightening at higher concentrations when viewed on

semi-logarithmic axes, which is indicative of exponential scaling caused by secondary processes. Thus,

the discrepancies in Fig. 3.24(d), which are comparable to those seen in other papers using the Knowles

model [4, 5, 464, 468, 519, 528, 529], do not mean that the wrong type of scaling is present in the early time.

Instead, they indicate that the fitting algorithm is sacrificing fit quality in the early time for other regions

of the curve. This may indicate that other processes are also present that still have not been accounted

for, such as lag-phase oligomerisation. However, the main conclusions are not affected: (i) the expo-

nential early-time scaling supports the existence of a secondary process; (ii) the overall curve shape and

concentration-dependence suggest a higher-order secondary process such as secondary nucleation, rather

than a lower-order process such as fragmentation; and (iii) the concentration-dependence shows some ev-

idence of variation with m(0), which may be explained by saturation of secondary nucleation, or another

process along the secondary pathway. Thus, the same conclusions can be drawn from this comparison of

fits as were drawn in Cohen et al. [54].
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One significant difference between commercial and in-house recombinant Aβ(1-42) is the overall fib-

rillisation rate. For example, while the τ50 of 4 μM commercial peptide was shown to be 7700 ± 380 s

in Section 3.3.4, the τ50 of 4 μM in-house peptide appears to be around 2000 s, based on interpolation of

the data presented in [519], which is almost 4× faster. This is actually a rather small difference in the

context of the Aβ(1-42) literature [234, 383, 479, 486], but is still worthy of attention. To investigate the

cause of slower fibrillisation in the commercial preparations, a comparison was made between the fitted

microscopic rate parameters of the commercial and in-house recombinant peptide. To make an exact com-

parison with Silvers et al. [519], which provides the most exactly equivalent set of fitted rate parameters in

the literature, the same fitting procedure was used: non-saturable secondary nucleation, nc = ns = 2, and a

range of initial monomer concentrations across which γ50 was approximately constant (here 1.5-4.0 μM).

The fitted curves are shown in Fig. 3.25 and the kinetic parameters of both this fit and the one in Silvers

et al. [519] are included in Table 3.1. As would be expected from the difference in rate, the commercial

peptide has fitted rate parameters (knk+e = 1.00×102 M−nc .s−2 and ksk+e = 5.52×109 M−(ns+1).s−2) around

an order of magnitude lower than those obtained for the in-house preparations (knk+e = 9×102 M−nc .s−2 and

ksk+e = 1×1011 M−(ns+1).s−2) [519]. One possible explanation for this is a reduction in the elongation rate

constant k+e ; alternatively, since primary and secondary nucleation are believed to have very similar mecha-

nisms [74,348], both kn and ks may differ in a similar way between the two preparations. The data presented

in Section 3.3.3-3.3.8 show that Aβ(1-42) solubilised according to protocol 3 is seedless, lacks off-pathway

aggregates, and does not acquire chemical modifications during solubilisation; Silvers et al. [519] have also

shown that their peptide is seedless and mostly monomeric [479, 494]. Therefore, changes occurring be-

tween preparation and experimentation are unlikely to explain this effect. Instead, small differences in the

abundance and variety of truncated species, post-translationally modified peptides and other contaminants

are much more likely to be responsible. Even a small change in the primary sequence of Aβ(1-42) can

strongly affect self-assembly behaviour: for example, in the 1.5-4.0 μM concentration range, removal of

residues 1-4 causes a 2-5× increase in the fibrillisation rate [530], and the absence of residues 41-42 (ie.

Aβ(1-40)) causes a 15-20× reduction in the fibrillisation rate [4]. While the mass spectra in both Fig. 3.15

and Walsh et al. [494] have major peaks that appear to be unmodified monomer, both reveal an abundance of

smaller peaks that most likely correspond to other Aβ(1-42) variants. Even small quantities of slowly aggre-

gating variants could ‘poison’ elongation or nucleation, and rapidly aggregating variants could template the

self-assembly of other peptides in solution. Therefore, co-aggregation of the unmodified peptide with small

quantities of truncated or post-translationally modified variants appears to be the most plausible explanation

for the difference in rate. Since both preparations appear to be equally monomeric and these contaminating

species could either accelerate or retard fibrillisation, it is impossible to say with any confidence which of

the two is closer in behaviour to pure Aβ(1-42). However, since completely pure Aβ(1-42) does not exist
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Figure 3.25: Kinetic analysis of commercial Aβ(1-42) preparations solubilised according to protocol 3

(part 3). This figure shows a global fit of the Knowles model with non-saturable secondary nucleation (Eq.

(1.36, 1.35)) [3] to the ThT kinetics of the dataset summarised in Fig. 3.23. Fitting was carried out for ThT

curves with an initial monomer concentration of 1.5-4.0 μM, with nc = ns = 2. The colour scheme indicates

the initial Aβ(1-42) concentration and is the same as Fig. 3.24: red, 1.5 μM; orange, 2.0 μM; yellow, 2.5

μM; green, 3.0 μM; cyan, 3.5 μM; blue, 4.0 μM. The fitted curves shown as black lines.

in vivo, and both preparations produce highly reproducible kinetics suitable for the same kinds of analyses,

this question is of limited value anyway.

3.4 Conclusions

The results presented in this chapter show that commercial recombinant Aβ(1-42) can be used to obtain

reproducible, high-quality self-assembly kinetics, consistent with the same underlying mechanism that was

previously characterised for in-house preparations [54,519]. Until now, the poor consistency of peptide from

commercial sources has presented a barrier to its use in quantitative biophysical analyses, a major problem

for smaller research groups that lack the resources to prepare peptide in-house on a large scale. Although

some of the kinetic inconsistency in the literature may be due to contamination with different truncated or

post-translationally modified variants, and such variation is probably unavoidable due to the requirement for

different groups to use peptide from different sources, much of the observed variation between experiments,

solubilised samples, and batches prepared according to the same protocol appears to result from improper

dissolution and storage techniques. In particular, for the large number of studies that use basic solvents to

monomerise Aβ [72, 116, 165, 216, 234, 279, 280, 286, 296, 466, 497–500], the use of insufficiently concen-

trated base is an issue. While pH 10-11 is often assumed to monomerise Aβ [233, 486, 520, 521], there is

evidence against this in the literature [294], and the data presented in this chapter show that higher pH is

required to completely eliminate pre-formed aggregates, and minimise the risk of preparation failure. By

addressing this issue, the protocol developed in this chapter allows highly monomeric Aβ(1-42) samples to
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be reproducibly obtained from a pre-purified commercial recombinant source, and is expected to be equally

applicable to other Aβ isoforms. Peptide prepared in this way exhibits a remarkable level of consistency,

lacks detectable seed, and is easy to store and use. Although small quantities of LMW oligomers and pre-

existing modified variants were detected, their levels are maintained at a minimum by the solubilisation

protocol, and are comparable to those seen in in-house recombinant preparations [116]. Furthermore, while

many groups rely on additional purification steps such as SEC to remove pre-formed aggregates immedi-

ately prior to use, the results in this chapter show that high-pH sonication and proper storage eliminate the

need for this, except in control experiments where appropriate. Since these steps result in considerable

loss of Aβ and limit its manner and timescale of use in subsequent assays, this finding will allow users of

both commercial and in-house preparations to acquire biophysical data in greater quantities, and under a

wider variety of conditions. Thus, the results presented in this chapter are expected to make it easier for

experimentalists to acquire high-quality biophysical data, and provide insights important to improving the

reproducibility of the Aβ literature.
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Chapter 4

Surface-Catalysed Primary Nucleation of

Aβ(1-42) Fibrils

4.1 Introduction

Interactions between Aβ and a variety of physiologically and experimentally relevant surfaces are well-

supported by the literature. In a physiological context, Aβ oligomers are able to permeate or otherwise

damage lipid membranes [51, 63–68], and membranes have also been proposed to catalyse the assembly

and conformational conversion of on-pathway oligomers, enhancing the rate of primary nucleation and thus

accelerating fibril formation [313, 357, 531]. The effect of non-physiological surfaces on Aβ self-assembly

is less well-characterised; however, there is evidence that Aβ adsorbs tightly to many common experimental

surfaces, such as polystyrene [350,351], mica [352], graphite [352], and the air-water interface (AWI) [353],

forming assemblies such as films, sheets, oligomers, and protofibrils. Thus, the surfaces present in vitro may

strongly affect the Aβ self-assembly pathway.

Although recent progress in the mathematical theory of protein polymerisation has led to major ad-

vances in our understanding of Aβ self-assembly mechanisms [1–5,54,68], the majority of studies that have

successfully applied these models have used a restricted range of experimental surfaces. In particular, re-

gardless of the presence or absence of additional physiological surfaces such as vesicles, most studies that

produce ensemble kinetic data suitable for the application of these mathematical models use polystyrene

microplates coated with a polyethylene glycol (PEG) low-binding surface, which reduces adsorption of the

peptide. While the use of a low-binding surface substantially improves the consistency, reproducibility, and

interpretability of the experimental data, the role of other experimental surfaces remains poorly understood.

In many experiments, it is not possible to use PEG-treated surfaces, and the majority of published studies

use other experimental surfaces, many of which interact strongly with Aβ and may thus alter the peptide’s
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self-assembly pathway [317, 350–353, 365]. The lack of data on the aggregation mechanisms that occur in

the presence of these surfaces means that it is difficult to apply the mechanistic insights of recent mathemat-

ical modelling studies to much of the literature. In addition, while PEG-treated surfaces reduce adsorption

of Aβ, even infrequent interactions have the potential to influence processes that occur at low baseline

rates, such as primary nucleation, and there is evidence in the literature to support an interaction between

PEG and Aβ(1-42) [532]. Therefore, it is unclear to what extent the primary nucleation process occurring

in PEG-treated microplates represents a truly homogeneous nucleation process, as opposed to a distinct

form of heterogeneous nucleation occurring at either the plate surface or the AWI. Moreover, it has been

shown that nucleation of fibrils by 5 μM Aβ(1-40) can be prevented by removing the AWI and potentially

interacting surfaces [353]; although the situation may be different for Aβ(1-42), due the isoform’s higher

aggregation propensity, the possibility remains that the Aβ peptides may, in general, be entirely dependent

on heterogeneous nucleation to form amyloid at physiologically relevant concentrations.

In this chapter, the self-assembly mechanism of Aβ(1-42) was investigated in the presence of four com-

mon experimental surfaces: PEG, polystyrene, glass, and quartz. The results of ThT assays, AFM, NS-EM,

and mathematical modelling indicate that each surface results in a distinct self-assembly mechanism, and

that primary nucleation is catalysed by all surfaces apart from quartz. While the interactions between Aβ(1-

42) and PEG are comparatively weak, they result in a high rate of primary nucleation that is responsible

for the deterministic macroscopic self-assembly kinetics observed in PEG-treated plates. In the presence of

exposed polystyrene surfaces, deposition of multilayer films of Aβ(1-42) results in a complex self-assembly

pathway where the surface both promotes and inhibits aggregation, explaining the slower, biphasic kinet-

ics observed in untreated polystyrene plates. The fibrillisation mechanism in glass plates is less clear, but

may be mediated by surface defects, whereas fibrillisation in quartz plates is consistent with a very low

nucleation rate, with primary nucleation occurring either homogeneously or at the AWI. The difference be-

tween polystyrene, PEG, and quartz demonstrates how strongly, weakly, and non-interacting surfaces can

result in dramatically different self-assembly behaviours; since these differences result from general kinetic

principles rather than specific structural mechanisms, they are also likely to apply to physiological surfaces

such as membranes. Although the data do not completely eliminate the possibility of homogeneous pri-

mary Aβ(1-42) nucleation, they indicate that the dominant primary nucleation pathway is heterogeneous at

physiological concentrations, in both experimental and physiological contexts; in addition, they add to a

growing body of evidence that Aβ aggregation is a multi-step process involving on-pathway prefibrillar in-

termediates under many experimental conditions. These conclusions provide a more detailed understanding

of the primary nucleation process that will assist with interpretation of in vitro fibrillisation experiments,

and underline the crucial importance of surfaces in the nucleation of Aβ fibrils in vivo.
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4.2 Materials and methods

4.2.1 Materials

Four types of 96-well plate were used for ThT and NS-EM experiments in this chapter: low-binding

microplates treated with a PEG surface layer (Corning 3686/3881, NY), untreated polystyrene microplates

(Corning 3694, NY), glass-coated polystyrene microplates (Thermo Scientific, UK), and a quartz plate

(Hellma Analytics, UK). For a full description of the other materials used in this chapter, see Section 2.1.

4.2.2 ThT assays

ThT assays were carried out as described in Section 2.5, with a fibrillisation buffer containing 20 mM

sodium phosphate (pH 8), 200 μM EDTA, 1 mM NaN3, and 20 μM ThT. The area of the well in contact with

the plate surface was calculated as previously described in [533], with the same parameters. Each plate well

is the frustrum of a cone, so that the volume V and depth hS of the solvent are related by the equation [534]

V =
1
3

πhS(r2
B + rBrS + r2

S), (4.1)

where rB is the radius at the base of the well and rS is the radius at the AWI. The latter can be determined

from the radius rT at the top of the well from the relation

rS = rB +(rT − rB)
hS

hT
, (4.2)

where hT is the total well depth. Given that rB = 0.225 cm, rT = 0.250 cm, hT = 1.054 cm, and V = 100 μl,

it is calculated that rS = 0.239 cm and hs = 0.591 cm, to 3 significant figures. The area of the well surface

in contact with the solvent is given by the area of the well base plus that of the sides of the frustrum [534],

A = πr2
B +π(rB + rS)

√
h2

S +(rS− rB)2, (4.3)

which gives the estimate A = 1.02 cm2.

4.2.3 Atomic force microscopy (AFM)

AFM was performed by Dr. Liam Aubrey and analysed by both of us. Two substrates were used:

polystyrene and quartz. To prepare the polystyrene surface, a silicon wafer was cleaned with N2 gas and

spin-coated with 2% polystyrene (MW 200 MDa, in toluene). To prevent movement, this was then fixed

to a glass microscope slide with green glue (JPK BioAFM, Berlin, Germany). Substrates were positioned

on an MFP-3D microscope stage (Asylum Research, UK) and incubated in a solution of 20 mM sodium
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phosphate buffer (pH 8) containing 2 mM NaN3. The surface was imaged in contact mode (set point 0)

using tip E from a Bruker MLCT AFM chip (Bruker, Billerica, MA). The spring constant was typically in

the 150-200 nN.m−1 range. Images were recorded every 255 s for > 6 h; after at least one image had been

obtained in the absence of Aβ(1-42), monomeric peptide was injected to final concentration of 11 μM, while

imaging was ongoing. To ensure comparable timescales, t = 0 has been set to the last time point before

Aβ(1-42) was injected. AFM data were previously presented in a PhD thesis by Dr. Liam Aubrey [505];

all analyses presented in this chapter were carried out by myself in Gwyddion [535], including the Ra

measurements which had previously been obtained, but were independently verified during preparation of

this thesis. Manual calculation of the area of Aβ(1-42) films observed in AFM images was carried out by

measuring the semi-major and semi-minor axes of the films in Gwyddion, and applying the formula for the

area of an ellipse [534],

A = πab, (4.4)

where a is the semi-major axis and b is the semi-minor axis. The correction to z values in extracted height

profiles was applied by fitting a straight line through the linear regions on either side of films, and subtracting

this line from the z values across the entire height profile.

4.2.4 Negative stain electron microscopy (NS-EM)

NS-EM was carried out as described in Section 2.7. Prior to staining, Aβ(1-42) was diluted to a con-

centration of 4 μM peptide in a pre-adjusted fibrillisation buffer containing 20 mM sodium phosphate (pH

8.0), 200 μM EDTA, 1 mM NaN3, and 20 μM ThT. The sample was stained either immediately, or after

incubation for 1 h or 5 h in a 96-well untreated polystyrene plate (Corning 3694, NY), at 37oC.

4.2.5 Nonlinear regression

Wherever possible, analytical models were fitted in GraphPad Prism 8 using Levenberg-Marquardt least

squares fitting. The models shown in Fig. 4.16(e-f) had to be numerically modelled, and were integrated

using Euler’s method (making sure that the timestep was small enough that resulting error in the fitted

parameters was less than the precision) and fitted to the averaged normalised fluorescence intensities using

the generalised reduced gradient method, weighting the residuals relative to the standard error of the mean.

Regression was carried out from a wide range of intitial parameter sets, to check that the fits had converged

to the global minimum. When fitting τ50, whose error is expected to scale with the mean, residuals were

weighted relative to the square of the mean. AICc values were calculated using Eq. (3.24), and the likelihood

of each model was proportional to exp(−AICc/2).
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4.3 Results and discussion

4.3.1 The assembly kinetics of Aβ(1-42) are surface-dependent

In order to investigate the effects of common experimental surfaces on Aβ(1-42) self-assembly kinet-

ics, ThT assays were carried out in four different types of 96-well microplate: PEG-treated low-binding

microplates, untreated polystyrene plates, glass-coated plates, and quartz plates. All four surfaces are fre-

quently used in experimental studies of amyloid formation. Apart from the differing surfaces, all experi-

ments were carried out under the same conditions, in a 20 mM sodium phosphate (pH 8) buffer containing

200 μM EDTA, 1 mM NaN3, and 20 μM ThT, at 37oC; these conditions have previously been shown to

result in highly reproducible kinetics [479], and were used for validation of preparation quality in Chapter

3. Several repeats of each experiment were carried out, and microplate wells in each experiment contained

a range of Aβ(1-42) concentrations in order to evaluate the concentration-dependence of fibrillisation. The

blank-subtracted fluorescence intensities from representative experiments are presented in Fig. 4.1, while

Fig. 4.2(a) compares the curve shape of the 4 μM data shown in Fig. 4.1, and Fig. 4.2(b) shows the

dependence of the ThT half-time on the initial monomer concentration across all repeat experiments.

As shown in Fig. 4.1, the Aβ(1-42) self-assembly kinetics are strongly dependent on the plate surface.

The PEG-treated plate produces kinetics that are very similar to those previously published [5,54,479], with

a sigmoidal curve shape, a high level of concordancy between replicate wells, and a strong concentration-

dependence of the fibrillisation half-time. The kinetics of a separate Aβ(1-42) sample self-assembling in a

PEG-treated plate were analysed in Section 3.3.9, and were found to be consistent with the findings of ex-

isting mathematical modelling studies [5,54]; the kinetics of the sample used in Fig. 4.1(a) are very similar,

and lead to the same mechanistic conclusions. Specifically, the experiments in PEG plates all support the

conclusion that Aβ(1-42) self-assembly is a two-state nucleated polymerisation involving distinct primary

and secondary pathways, with both primary and secondary nucleation having an approximate reaction order

of nc ≈ ns ≈ 2 and elongation proceeding via addition of monomers onto the fibril end.

The self-assembly kinetics in other plate types do not support such a simple self-assembly mechanism

(Fig. 4.1-4.2). In untreated polystyrene, glass, and quartz plates, the self-assembly kinetics have a lower

degree of concordancy between replicate wells and a weaker concentration-dependence; in addition, they

often appear to have a biphasic character. The ThT self-assembly kinetics in polystyrene plates have a

higher initial fluorescence and are clearly biphasic, as shown in Fig. 4.2(a), although it is not clear whether

the first phase represents formation of fibrils or a weakly ThT-binding prefibrillar assembly from the ThT

data alone. As shown in Fig. 4.2(b), while the kinetics are highly concentration-dependent in PEG-treated

plates, in untreated polystyrene plates the concentration-dependence is very weak, and appears to reverse

above an initial peptide concentration of 1-2 μM, meaning that more concentrated samples have longer half-
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Figure 4.1: Aβ(1-42) self-assembly kinetics are affected by experimental surfaces (part 1). Panels show

fluorescence intensities from representative ThT assays, reporting on Aβ(1-42) self-assembly in the presence

of different surfaces: (a) PEG-treated low-binding surface, (b) untreated polystyrene, (c) glass, and (d)

quartz. The colour scheme corresponds to the initial concentration of Aβ(1-42) monomer: red, 1 μM;

amber, 2 μM; green, 3 μM; blue, 4 μM; indigo, 5 μM. Identically coloured curves in the same panel show

individual replicates from the same experiment. The absolute fluorescence intensities are not comparable

between panels due to differences in gain of the instrument.
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Figure 4.2: Aβ(1-42) self-assembly kinetics are affected by experimental surfaces (part 2). (a) Normalised

fluorescence intensities from representative ThT assays with 4 μM Aβ(1-42). (b) Fibrillisation half-times

of the normalised ThT curves, averaged across all repeat experiments and with error bars showing a single

standard deviation. The colour scheme in both panels corresponds to the type of surface: red, PEG; amber,

untreated polystyrene; green, glass; blue, quartz. Normalisation of the quartz data was not possible at 4

μM, but the corresponding un-normalised curves can be seen in Fig. 4.1(d). Apart from the surfaces, all

experiments were carried out under the same conditions.

times. The half-times shown in Fig. 4.2(b) were obtained as averages across three repeat experiments with

a single Aβ(1-42) preparation. The kinetics were highly concordant, and were reproducible both between

repeats and between different Aβ(1-42) preparations; therefore, they do not reflect anomalous behaviour of

a single experiment.

Fibrillisation in glass plates has a similar rate and concentration-dependence to untreated polystyrene,

and often also appears to have a biphasic curve shape; however, concordancy is much lower. One possible

explanation is that fibrillisation is more dependent on a small number of random events that result in the

production of primary nuclei. Alternatively, the kinetics may be more sensitive to random variation between

the plate wells, such as the presence of surface defects that catalyse primary nucleation.

In quartz plates, fibrillisation is both slow and stochastic, which are hallmarks of a low nucleation

rate [536,537]. While the kinetics in PEG-treated and untreated polystyrene plates are consistent, indicating

that they result from a large number of primary nucleation events, those occurring in glass plates appear to

result from fewer such events, and those in quartz from the least. Across the different plate types, the degree

of consistency of the half-time also appears to correlate with that of the final fluorescence intensity; this

is interesting as it indicates that different primary nucleation events result in distinct fibril polymorphs that

result in different specific ThT intensities. The variable final intensities are unlikely to be due to inconsistent

fibril yields, as the Aβ(1-42) concentrations used in these experiments are all well above the typical critical

concentrations for fibril stability (m0� k−e /k+e ); with the exception of polystyrene, where tight adsorption of
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the peptide to the surface may occur [350,351] (see Section 4.3.3 for confirmation of this hypothesis), close

to 100% fibril yield is expected in all cases. It is worth noting that it was not always possible to calculate

the half-time and yield in quartz plates, as the extremely low rate of the reaction meant that reactions could

not always be followed to the end. Therefore, these quantities were only calculated for initial monomer

concentrations at which all replicates reached a plateau, to avoid introducing bias into the results. However,

the data for which these quantities could be calculated clearly show a low rate and concentration-dependence

of fibrillisation, and a variable half-time and yield.

4.3.2 Analysis of fibril yields in polystyrene plates

The cause of biphasic kinetics in untreated polystyrene plates was of particular interest due to the large

body of experimental evidence previously accumulated using these plates in this research group, as well as in

the wider literature [233,487,523,538–540]. AFM and neutron scattering studies have previously suggested

that Aβ adsorbs to polystyrene and forms tightly bound films [350, 351]; therefore, it was hypothesised that

the biphasic kinetics resulted from film deposition, with the first phase reflecting either film deposition or a

process occurring in a deposited film, and the second representing fibril formation. Depletion of monomer

from solution could also explain the low, slightly reversed concentration-dependence of fibrillisation. Even

if the Aβ(1-42) deposited in films were able to result in a ThT signal, previous studies have suggested

that Aβ(1-42) remains relatively non-fibrillar and diffusible in this environment [351], meaning it would

probably result in a lower ThT fluorescence than mature amyloid fibrils. Thus, if some quantity of Aβ(1-42)

were retained in the films at the end of the experiment, this would be reflected in a lower final fluorescence

intensity. The highly consistent self-assembly kinetics in both PEG-treated and untreated polystyrene plates

meant that it was possible to perform an analysis of the final fluorescence intensities, and estimate the

final fibril yield as a function of the initial monomer concentration. In a two-state system containing only

monomer and fibrils, in which the peptide is initially entirely monomeric, the final fibril yield M(∞) is given

by the relation

M(∞) = m(0)−m(∞), (4.5)

where m(0) is the initial free monomer concentration, and m(∞) is the final free monomer concentration,

m(∞)≈ k−e
k+e

, (4.6)

where k+e and k−e are the forward and reverse elongation rate constants, respectively. Previous estimates

have k+e ≈ 3×106 M−1.s−1 and k−e ≈ 1×10−2 s−1, giving m(∞)≈ 3.3 nM. Therefore, m(0)�m(∞), such
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that

M(∞)≈ m(0). (4.7)

The blank-subtracted ThT fluorescence intensity ∆I(t) is usually proportional to the fibrillar monomer con-

centration M(t) [54],

∆I(t) = fMM(t), (4.8)

where fM is the specific fluorescence of the fibrillar monomer. Thus,

∆I(∞)≈ fMm(0). (4.9)

However, in a three-state system where a population of nonfibrillar aggregated monomer N(∞) is stable at

m(t) = k−e /k+e ,

M(∞)≈ m(0)−N(∞). (4.10)

Thus, if the nonfibrillar aggregated population has a specific fluorescence intensity fN ,

∆I(∞)≈ fM
[
m(0)−N(∞)

]
+ fNN(∞). (4.11)

This can be expressed as a straight line equation with gradient ∂∆I(∞)/∂m(0) = fM, and a zero ∆I(∞) = 0

occurring when m0 = (1− fN/ fM)N(∞),

∆I(∞)≈ fMm(0)+( fN− fM)N(∞). (4.12)

As previously discussed, the specific ThT fluorescence of a nonfibrillar species is likely to be much smaller

than that of amyloid fibrils; this is supported by the low fluorescence intensity of the first phase, which is

likely to represent a greater extent of nonfibrillar aggregation than N(∞). Thus, fN/ fM ≈ 0, so that

∆I(∞)≈ fM
[
m(0)−N(∞)

]
, (4.13)

which has a zero at m(0)≈N(∞), when almost all the initial monomer is contained in nonfibrillar aggregate.

This means that N(∞) can be obtained from linear regression of ∆I(∞) versus m(0), and comparison of the

N(∞) values obtained in PEG-treated and untreated polystyrene plates would provide a lower bound for the

extent of any possible films formed on exposed polystyrene surfaces in the latter. It is worth noting that, in

order to be observed, the species responsible for N(∞) need not be stable indefinitely (ie. thermodynami-

cally stable) at m(t) = k−e /k+e ; it simply needs to persist on the experimental timescale. In order to obtain

accurate estimates of N(∞), it was desirable to collate data from multiple repeat experiments. However,
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small differences in the instrument gain reference and activity of the ThT meant that the fM values differed

somewhat between experiments. This did not present a barrier to determination of N(∞), as these variations

in fM would not be expected to affect N(∞); therefore, fM could be individually fitted for each repeat, while

N(∞) could be fitted as a single value shared across all repeats. However, in order to aid data presentation, it

was desirable to normalise the data so that all would have the same gradient. This was achieved by carrying

out the aforementioned fit, with individual fM values and a shared N(∞), and then dividing the intensities of

each dataset by its respective fitted fM value. Thus,

∆Inorm(∞) =
∆I(∞)

fM
≈ m(0)−N(∞) = M(∞). (4.14)

It is worth noting that ∆Inorm(∞) has dimensions of molar concentration, and is equal to M(∞) under the

assumptions used to derive Eq. (4.14), although in practice N(∞), fM, and fN are likely to vary with m(0)

in a way that may cause concentration-dependent deviations from this predicted relationship. The normali-

sation procedure does not affect the x-intercept, meaning the normalised data give approximately the same

estimate of N(∞) as the un-normalised data, and are suitable for presentation and determination of N(∞).

The normalisation process also ensures the same gradient ∂∆Inorm(∞)/∂m(0) = 1, facilitating comparison

between data acquired under different conditions such as PEG-treated versus untreated polystyrene plates.

The normalised intensities, obtained using fN values fitted for m(0) in the 0-4 μM range, are shown in Fig.

4.3. As previously discussed in Section 3.3.9, higher concentrations are excluded from fitting of final fluo-

rescence intensities in this thesis, as they often exhibit enhanced fluorescence indicative of a change in fibril

polymorphism. Although the relationship between ∆Inorm(∞) and m(0) does exhibit some deviations from

linearity (Fig. 4.3(a)), indicating that N(∞), fM, or fN exhibits some dependence on m(0), the overall trend

is approximately linear. The ∆Inorm(∞) values in PEG-treated plates are consistently above those obtained

for untreated polystyrene plates; because the gradients of the two normalised datasets are identical, this indi-

cates that N(∞) is greater in the latter. Consistent with this, linear regression (Fig. 4.3(b)) gave fitted N(∞)

values of 0.165 μM in PEG-treated plates (asymmetric 95% CI 0.121-0.208 μM) and 0.518 μM in untreated

polystyrene plates (asymmetric 95% CI 0.431-0.604 μM), which was determined to be statistically signifi-

cant by an F-test (p < 0.0001). In addition, the normalised final fluorescence intensity in PEG at m(0) = 0.5

μM was ∆Inorm(∞) = 0.731±0.156 μM, while fibrillisation was never observed at that concentration in un-

treated polystyrene plates, on timescales in excess of 120000 s (approximately 4× the expected half-time

for that concentration); this supports the conclusion from the linear fitting that the N(∞) value was typically

below 0.5 μM in PEG-treated plates, and above that value in untreated polystyrene plates.

Altogether, analysis of the final fluorescence intensities indicates that the fibril yields exhibit a small

but statistically significant reduction in untreated polystyrene plates compared to PEG plates. This is likely
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Figure 4.3: Fibril yields are reduced in untreated polystyrene plates. (a) The normalised final fluorescence

intensities are lower in polystyrene than in PEG. Colour scheme: red, PEG-treated plates; black, untreated

polystyrene plates. (b) The same data linearly fitted in the 0-4 μM range, with the same colour scheme.

The inset panel compares the x-intercepts (N(∞) values) of the two fits, showing a significant (p < 0.0001)

difference between the two. The normalisation process affects the gradient of the fitted curves, but not the

x-intercepts; for more details, see text. The error bars of the normalised intensities show a single standard

deviation; the error bars in the inset panel show asymmetric 95% CIs of the fitted x-intercepts.

to be due to adhesion of Aβ(1-42) to the plate surface to form a tightly adsorbed film that is stable, or at

least metastable and long-lived, at m(t) = k−e /k+e . The size of this film is likely to vary somewhat with

m(0), but an approximate estimate can be obtained from the difference in N(∞) between the two plate

types, ∆N(∞) = 0.353 μM. Although this estimate is probably only accurate to a low level of precision

(perhaps 1 s.f.) due to the probable m(0)-dependence of N(∞), calculations in the remainder of this section

are performed to a higher precision to avoid excessive propagation of errors. It should also be noted that

although PEG-treated plates are used as a baseline due to the probability that any Aβ(1-42):PEG interaction

is weak, low-affinity binding of Aβ(1-42) to PEG has still been observed [532] and still has the potential

to affect the self-assembly kinetics, even though it is unlikely to strongly affect the final fibril yields. As

will be shown in Section 4.3.7, the differing behaviour of PEG-treated and quartz plates indicates that this

interaction also has a catalytic effect on primary nucleation.

Based on an adsorption of 0.353 μM Aβ(1-42) from a 100 μL volume, with 1.02 cm2 of the plate

in contact with the solvent (see Section 4.2.2), the estimated surface density of adsorbed monomers is

0.208 nm−2. This is close to the previously reported value of 0.32 nm−2, which was also for Aβ(1-42)

films deposited on polystyrene [351]. If the residual film is a monolayer, this indicates that each monomer

occupies an area of around 4.80 nm2, assuming 100% surface coverage; in an idealised square lattice model

of packing within the monolayer, this would equate to an inter-monomer spacing of 2.19 nm, which is

plausible given that the Rg of soluble, unfolded Aβ(1-42) monomer is typically in the 1.0-1.6 nm range
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[235–238]. As a further test of the plausibility of this figure, one can calculate the likely thickness of

such a monolayer for a variety of possible densities of the adsorbed monomer, and compare this to the

value previously determined for Aβ(1-40) films by neutron scattering [350]. In its most expanded state, the

disordered Aβ(1-42) monomer has Rg = 1.6 nm, which would give an average polypeptide chain density of

0.203 g.cm−3 in an idealised spherical model of the unfolded peptide’s density distribution. This gives 7.68

nm as an extreme upper bound for the film thickness, although such a value is very unlikely as monomer-

surface and monomer-monomer interactions would be expected to cause collapse of the adsorbed peptide.

For a lower bound on the film thickness, the density of folded protein is typically around 1.35 g.cm−3,

which gives a film thickness of 1.16 nm. Again, this is an extreme value, and it is doubtful that an adsorbed

monolayer of Aβ(1-42) would be sufficiently dense to achieve this thickness; however, one would expect the

thickness of a monolayer film to be closer to the lower bound of 1.16 nm than the upper bound of 7.68 nm.

For an example of an intermediate case, experimental and computational studies have often suggested Rg ≈

1.1 nm for the monomer [235, 236, 238], which reflects a relatively collapsed state. Applying an idealised

spherical model of the peptide’s density distribution, this would give an average polypeptide density of 0.625

g.cm−3 and a thickness estimate of 2.50 nm. This is closer to the lower bound than to the upper bound, and

is close to the value of ∼2 nm previously determined for Aβ(1-40) films by neutron scattering [350]. It is

worth noting that all these estimates require a non-planar conformation of the adsorbed monomer; in their

study of Aβ(1-40) on hydrophobic surfaces, Rocha et al. [350] proposed that the central hydrophobic cluster

(CHC, with the sequence LVFFA) and the C-terminal region (CTR) would interact with the surface, while

the other regions of the peptide would be oriented towards the solvent, and a similar orientation seems likely

for Aβ(1-42).

Despite small variations at specific concentrations, the data in Fig. 4.3 suggest that, on average, there

is no trend between m(0) and the amount of peptide adsorbed to the surface at the end of the experiment.

However, the low concentration-dependence of the fibrillisation rate indicates that it is the free monomer

concentration, rather than the adsorbed monomer concentration, that is constant during the growth phase.

This may indicate that a greater quantity of peptide initially adsorbs to the surface, but the formation of amy-

loid fibrils causes depletion of the free monomer reservoir, resulting in the disassembly of all but the most

stable species. Thus, the kinetic data suggest that larger aggregates may initially form on the polystyrene

surface, but only a residual monolayer persists at the end of the growth phase.

4.3.3 Deposition of films of Aβ(1-42) on polystyrene surfaces

To test the hypotheses proposed in the previous section, AFM was used to image the surface topography

of a spin-coated polystyrene surface in the presence of 11 μM Aβ(1-42), in a 20 mM sodium phosphate

buffer (pH 8). Topography images of a representative experiment are shown in Fig. 4.4-4.7. Due to the
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large changes in topography in these images, the 2D and 3D representations give complementary views

of the processes occurring at the surface; therefore, both have been provided, with the 3D representations

shown in Fig. 4.4-4.6 and the corresponding 2D representations in Fig. 4.7. Initially, the surface was flat

and showed no sign of any large films or Aβ(1-42) deposits (Fig. 4.4(a), Fig. 4.7(a)). By ∼1 h, several

small areas of raised topography had appeared (Fig. 4.4(b), Fig. 4.7(b)), which increased in number, area,

and height until ∼3 h after the start of the experiment (Fig. 4.4(c), Fig. 4.5(a), Fig. 4.7(c-d)). From ∼4

h onwards, the assemblies began to disassemble (Fig. 4.5(b-c), Fig. 4.7(e-f)); late in the time course, they

acquired a flattened morphology, although small areas of raised topology remained (Fig. 4.6, Fig. 4.7(g-

h)). The assemblies were observed consistently on polystyrene, were not observed on other surfaces (see

Section 4.3.7), and could only have been Aβ(1-42), as there was no other species present in solution that

could have adsorbed to the polystyrene in such quantities. Although the 3D representations in Fig. 4.4-4.7

appear almost hemispherical at their maximum, the chosen z-scale is enhanced in order to clearly show the

surface topography. In reality, the assemblies are thin and ‘pancake-like’, with an approximate depth of

∼0.1 μm and width of up to ∼10 μm at their maximum extent; thus, they are films, and their maximum

depth is consistent with a multi-layered composition.

To gain a deeper insight into the deposition and disassembly kinetics of these films, the number of films,

surface roughness Ra, and maximum z-height zmax were calculated for each image and plotted against time

(Fig. 4.8). The surface roughness is calculated as an average of the unsigned deviation in the z-height over

the entire image

Ra =
1
A

∫∫
|z|dxdy. (4.15)

It is worth noting that the sharp changes in topography across the image resulted in artifactual changes in

the z-height of the surface itself, as is clearly visible in 4.4(c); this confounded measurements of Ra and

zmax by (i) reducing the apparent z-height of the films, and (ii) introducing additional contributions to the

integral in Eq. (4.15) that are not due to the film surface. Nonetheless, since these errors are systematic and

approximately proportional to the height of the films, they do not strongly affect the overall trend of the data

in Fig. 4.8(b-c).

As shown in Fig. 4.8(a-b), the increase in Ra, which is approximately proportional to the volume of

the deposited films, is preceded by an initial increase in the number of films. This supports a nucleated

deposition mechanism of film growth, in which small films nucleate on the polystyrene, and then grow by

incorporation of additional monomers from solution. At t ≈ 5000 s, nucleation of new films ceases and

the growth of the existing films slows, as revealed by the levelling of Ra and zmax. The fact that the drop

in nucleation and the growth of separate films occur approximately simultaneously indicates that they are

both caused by global depletion of the soluble monomer due to extensive deposition on the surface. After
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Figure 4.4: Deposition of thick films of Aβ(1-42) on polystyrene, imaged by AFM (part 1). Panels show

3D topography images of different time points in the same AFM experiment. See Fig. 4.5 and Fig. 4.6 for

later time points, and Fig. 4.7(a-c) for the 2D representation of the same time points.
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Figure 4.5: Deposition of thick films of Aβ(1-42) on polystyrene, imaged by AFM (part 2). Panels show

3D topography images of different time points in the same AFM experiment. See Fig. 4.4 and Fig. 4.6 for

earlier and later time points, and Fig. 4.7(d-f) for the 2D representation of the same time points.
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Figure 4.6: Deposition of thick films of Aβ(1-42) on polystyrene, imaged by AFM (part 3). Panels show

3D topography images of different time points in the same AFM experiment. See Fig. 4.4 and Fig. 4.5 for

earlier time points, and Fig. 4.7(g-h) for the 2D representation of the same time points.
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Figure 4.7: Deposition of thick films of Aβ(1-42) on polystyrene, imaged by AFM (part 4). Panels show

different time points in the same AFM experiment: (a), 510 s (8.5 min); (b), 3570 s (∼1 h); (c), 7140 s (∼2

h); (d), 10710 s (∼3 h); (e), 14280 s (∼4 h); (f), 17850 s (∼5 h); (g), 21420 s (∼6 h); (h), 24990 s (∼7 h).

All images are shown on the same colour scale. See Fig. 4.4-4.6 for 3D topography images of the same

time points.
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Figure 4.8: Global analysis of Aβ(1-42) films formed on polystyrene. Panels show statistics pertaining to

the entire area that was imaged, as a function of time: (a) the number of films whose centre appeared within

the imaging area; (b) the surface roughness Ra of the entire area; and (c) the maximum z-height.

an experimental time of t ≈ 10000 s, both Ra and zmax begin to decrease, indicating that the multilayers

have been destabilised; this is likely to require the free monomer concentration to drop below the critical

concentration for multilayer stability, which would be caused by the ongoing formation of a more stable

species. Since the decrease in Ra implies an approximately proportional decrease in the volume of the

films, it is unlikely that the multilayers are simply being replaced with a more widespread, tightly adsorbed

monolayer with the same volume. Instead, the continued decrease in free monomer concentration may be

caused by the formation of suspended amyloid fibrils, as fibrils do not associate with the surface under

these conditions and so would not be visible by AFM. This conclusion is also supported by local analysis of

height profiles, as shown in Fig. 4.9(a-f). While the height of the background remains consistent from before

Aβ(1-42) is added until the end of the experiment, indicating that formation of a blanket monolayer does

not occur, the height of the films changes dramatically during this time, reaching a maximum at ∼10000 s

and decreasing after that point.

At the same time as the decrease in the volume and height of the films, their area continues to grow.

Automated calculation of the area of the films was confounded by their effects on the z-heights of the sur-

rounding surface; however, a manual calculation was carried out to determine the projected area of the single

film centred at coordinates (x,y) ≈ (11 μm,6 μm), as described in Section 4.2.3 and shown in Fig. 4.9(b,

c, g). This film nucleated comparatively late (∼4000 s), and its area growth rate decreased approximately

in line with the Ra and zmax of the image as a whole. However, while Ra decreased monotonically after

t ≈ 10000 s, the area continued to increase at a very low rate. This indicated that the lower layers of the

film, or perhaps just the single layer in contact with the polystyrene, remained stable despite depletion of

the soluble monomer. At the same time, late in the time course, the maximum height of the films began to

increase. This was not an artifact of systematic errors in the baseline z-height, as manual measurements of

the difference in height between the centre of the film situated at (x,y) ≈ (11 μm,6 μm) and the adjacent
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Figure 4.9: Local analysis of Aβ(1-42) films formed on polystyrene. Panels (a-c) show 2D topography

images of the films during assembly and disassembly, on the same z-scale: (a), 0 s; (b), 9945 s (∼3 h); (c),

24490 s (∼7 h). The horizontal line (‘1’), vertical line (‘2’), and ellipse (‘3’) mark features of interest that

are analysed in panels (d-g). Panel (d) shows superimposed height profiles corresponding to the horizontal

line marked ‘1’ in panels (a-c), coloured according to time point: red, 0 s, panel (a); green, 9945 s, panel

(b); blue, 24490 s, panel (c). Panel (e) shows superimposed height profiles corresponding to the vertical line

marked ‘2’ in panels (a-c), using the same colour scheme as panel (d). Panel (f) shows a close-up view of

the profiles in panel (e), with an expanded z-scale. Panel (g) shows the time-dependence of the estimated

projected area of a single film that nucleated at ∼4000 s, situated at (x,y)≈ (11 μm,6 μm) and marked ‘3’

in panels (b-c). Note that, although the margins of the film appear unclear in panels (b-c) due to the use of a

broad z-scale, they were unambiguously determined for this analysis by using a narrower z-scale. This film

is examined in greater detail in Fig. 4.10.
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surface confirmed that ∆z increased from ∼47 nm to ∼50 nm between 21420 s and 24990 s. Examination

of the topography images shown in Fig. 4.6(a-b) and Fig. 4.7(g-h) revealed that the increase in zmax was

caused by the slow continued growth of small ‘sub-films’ which had similar morphology to the original

films, but apparently increased stability. These films may have been formed by nucleated conformational

changes within the self-assembled monomers to form a more stable polymorph.

To gain a closer view of the changing topography of the films, height profiles were obtained. 2D images

of the films at various stages of their disassembly are shown on an expanded z-scale in Fig. 4.10(a-c), with

the corresponding height profiles for the start of the process in Fig. 4.10(d-e), and the height profiles for the

end of the process in Fig. 4.10(f-g). To eliminate systematic error in the baseline z-height, a linear correction

was applied, as described in Section 4.2.3. Fig. 4.10(a-c) shows that a thin residual film is left behind after

disassembly of the bulk of the film, containing several small sub-films. Prior to disassembly, the depth of

the film increases continuously towards its centre (Fig. 4.10(d-e)); towards the end of the process, the film is

flat (Fig. 4.10(f-g)), apart from the areas that are part of the stable sub-films. The flat topography of the film

indicates that it consists of a constant number of layers of Aβ(1-42) monomers, and it is most likely to be a

monolayer. The lowest layer of monomers is in direct contact with the polystyrene surface, and so forms a

distinct set of molecular interactions compared to the layers deposited on top; accordingly, theories of film

deposition typically allow for distinct kinetics and thermodynamics for assembly of the lowest layer [384].

In the case of Aβ(1-42), a monolayer would have distinct thermodynamic advantages, as it would allow the

CHC and CTR to interact with the polystyrene, while the hydrophilic N-terminal region (NTR) and turn

region (TR) could interact with the bulk solvent. To test whether the dimensions of the residual film are

consistent with a monolayer, the thickness was compared to the range of values previously estimated based

on the data in Fig. 4.3 (see Section 4.3.2). The inset panel in Fig. 4.10(g) shows that the residual film

has a thickness of ∼3 nm, which is within the predicted range for a monolayer film (1.2-7.7 nm) capable

of explaining the observed loss of fibril yield, and close to the ‘intermediate’ estimate of 2.5 nm, which

was obtained for a partly collapsed state, as well as the estimate of ∼2 nm previously obtained by Rocha et

al. [350]. If the per-area density of the film is approximately the same as that suggested by the yield analysis

and previously published data [351], a bilayer film would require an unusually high density of the adsorbed

monomers, close to that of a folded state, in addition to lacking the thermodynamic advantages afforded to

a monolayer; a film thicker than a bilayer would have to be impossibly dense. Therefore, the available AFM

and ThT data, as well as previously published data [350,351] and basic physical considerations, all point to

the residual film being a monolayer.

A schematic of the self-assembly behaviours evident from the AFM data, encompassing film nucleation,

growth, maturation, and disassembly, is provided in Fig. 4.11. At the start of the experiment, the vast ma-

jority of the peptide is monomeric, as determined in Chapter 3. Early on, films nucleate on the polystyrene,
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Figure 4.10: Thickness of Aβ(1-42) films formed on polystyrene. Panels (a-c) show 2D topography images

of the films during the disassembly process, with an expanded z-scale to more clearly show the height

differences: (a), 17850 s (∼5 h); (b), 21420 s (∼6 h); (c), 24990 s (∼7 h). Panels (d-e) show height profiles

corresponding to the horizontal lines in panel (a), and panels (f-g) show height profiles corresponding to the

lines in panel (c). Raw profiles are shown in panels (d) and (f), and profiles with a linear baseline correction

are shown in panels (e) and (g). Colour scheme for panels (d-g): red, line 1 in the corresponding image;

green, line 2; blue, line 3. The inset in panel (g) shows a close-up view of same set of profiles with an

expanded z-scale.
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and amyloid fibrils may also begin to appear in solution at this point. The films and amyloid fibrils grow,

depleting the soluble monomer until dissociation of the monomer from the films exceeds association, caus-

ing the reversal of film growth. As a result, films begin to disassemble, sustaining the monomer reservoir for

elongation of amyloid fibrils. Towards the end of the experiment, the only residual films are a thin mono-

layer tightly adsorbed to the polystyrene surface, as well as thicker multilayer films, which may arise from

a structural phase transition in the films prior to disassembly (phase 1→ phase 2).

4.3.4 Initial analysis of Aβ(1-42) self-assembly kinetics in polystyrene plates

The insights gained from the AFM experiments were used to inform further analysis of the ThT data

presented in Fig. 4.1-4.2. In the context of these data, the changes in ThT fluorescence intensity occurring

from approximately 0-20000 s are referred to as the first phase, and those occurring from approximately

20000 s onwards are referred to as the second phase. Fig. 4.12(a) provides a closer view of the first phase

and the early part of the second phase, and Fig. 4.12(b) specifically focuses on the early part of the first

phase. While the majority of film growth occurred at times from 4000-6000 s in the AFM experiment, no

change in signal occurs specifically within that time frame in the ThT experiment, and the general increase

in ThT fluorescence from 0-20000 s is unlikely to represent film deposition as its kinetics are much slower

than those of film deposition observed by AFM. However, rapid changes in fluorescence do occur very early

in the ThT data (<2000 s), and appear to result from a combination of two conflicting effects: an initial

drop in the specific ThT fluorescence intensity, which is commonly seen in ThT experiments and is caused

by equilibration to the experimental temperature of 37oC; and an initial increase in the quantity of ThT-

positive species, which is easily visible at 0.5 μM Aβ(1-42), partly masked by the decrease in fluorescence

at 1 μM Aβ(1-42), and not visible at higher concentrations. Although this initial increase is only visible

at the lower peptide concentrations, the ThT fluorescence appears to start at an elevated level at the higher

concentrations; this indicates that an initial increase in the abundance of ThT-positive species occurs at all

peptide concentrations, but is sometimes too fast to observe, or is obscured by the effects of temperature

equilibration. In the discussion of the kinetics in this section, both the fast initial increase in fluorescence

and the subsequent slower increase until ∼20000 s are treated as separate parts of the first phase, termed the

‘fast’ and ‘slow’ processes. Both were reproducibly observed in repeat experiments.

The initial increase in ThT fluorescence is probably the best candidate for film deposition, as it has a low

amplitude and a similar timescale to deposition of films in the AFM experiment after nucleation. In support

of this conclusion, the timescale for multilayer formation in the AFM experiment following deposition of a

monolayer can be estimated from the maximum rate of increase of Ra in the analysis shown in Fig. 4.8(b),

which is ∼ 0.017 nm.s−1 at a time between 4590 s and 4845 s. Let us make the following assumptions

and approximations: (i) the surface coverage is half-maximal (∼15% of total area) in the AFM experiment
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Figure 4.11: Schematic of Aβ(1-42) self-assembly in the presence of polystyrene (AFM experiments).

Panels show snapshots of different time points in the experiment. Circles represent Aβ(1-42) monomers,

with the colour scheme representing the conformational state: red, soluble; gold, films (phase 1); green,

films (phase 2); blue, fibrillar. The gray surface represents the polystyrene, and the smaller arrows represent

the association with or dissociation of the monomer from the films and the fibril ends.
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Figure 4.12: Analysis of the first phase of ThT fluorescence gain in untreated polystyrene plates (part

1). (a) A close-up view of the ThT data originally presented in Fig. 4.1(b), focusing on the first phase.

The 0.5 μM curves from the same experiment have been added to show the ThT kinetics at concentrations

where fibrillisation is not observed. The colour scheme corresponds to the initial monomer concentration:

gray, 0.5 μM; red, 1 μM; amber, 2 μM; green, 3 μM; blue, 4 μM; indigo, 5 μM. (b) A closer view of the

ThT fluorescence in the early time, using the same colour scheme. The data from wells containing 1-4 μM

Aβ(1-42) have been linearly fitted over the range of times from 1500-15000 s, as described in the main text.

at this point in time; (ii) the loss of z-height of the films due to systematic baseline error is approximately

cancelled by additional contributions to the integral in Eq. (4.15) made by artifactually negative z values;

and (iii) the other causes of negative z values are negligible. Although these assumptions are unlikely to be

exactly correct, they allow a very approximate estimate of the growth rate to be obtained. Correcting for

∼15% surface coverage, it follows that the maximum rate of vertical film growth is ∼ 0.12 nm.s−1, which

is close to the maximum rate of increase of zmax (∼ 0.14 nm.s−1), indicating that the assumption of ∼15%

surface coverage is approximately correct. This growth rate is attained at a time when Ra is at ∼40% of

its maximum value, indicating that ∼60% of the initial 11 μM of Aβ(1-42) is still in solution; thus, if the

rate of film deposition is proportional to the free monomer concentration, the growth rate per monomer

concentration is ∼ 1.7× 104 nm.M−1.s−1. Assuming that the density of the film remains approximately

constant between successive layers, so that the vertical density of monomers is∼1/3 nm−1, this implies that

layers are deposited at a rate of ∼ 5.8×103 M−1.s−1. If a single layer with the maximum level of coverage

contains∼ 0.35 μM of peptide in the ThT experiments, then once this level of coverage is reached the excess

free monomer should disappear from solution with a pseudo-first-order rate constant of ∼ 2.0× 10−3 s−1,

not accounting for dissociation or the temperature difference between the AFM and ThT experiments. This

would result in exponential kinetics with a half-time of ∼ 340 s, which is close to the rate of the fast

process, and also close to the experimental dead time of 200-300 s, explaining why an initial increase in

ThT fluorescence is sometimes not observed.

Although the calculated timescale is very approximate, it is much closer to the fast process (<1000 s)
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than the slow process (1000-20000 s). If film nucleation occurred more rapidly in the ThT experiments than

in the AFM experiments, the fast process could easily correspond to multilayer deposition; in contrast, the

rate of the slow process is two orders of magnitude too low. A difference in nucleation rate between the ThT

and AFM experiments would not be surprising, as the surfaces used in these experiments were produced by

different methods, meaning they would have different nanoscale structures. While it is possible that film

deposition could proceed on a slower timescale, but not cause any change in ThT fluorescence, there is no

other obvious explanation for the initial increase in ThT fluorescence, which is not observed in PEG-treated

polystyrene plates. The ability of film deposition to result in a very small increase in ThT fluorescence

would also not be surprising; ThT is not strictly specific to amyloid fibrils [93, 94], and has been observed

to bind oligomers [278], as well as films of Aβ(1-42) formed at the air-water interface [353].

A consequence of the implied increase in the film nucleation rate is that the films formed in the ThT

experiment are likely to have greater surface coverage than those formed in the AFM experiment. Under

conditions where the film nucleation rate is low, the films will be fewer in number and grow over a longer

period of time. This will result in a small number of films that individually cover a larger area, and the

extended growth period means these films will be relatively thick. In contrast, if the nucleation rate is high,

the films will be more numerous but will have less time to grow, meaning they will individually cover less

area, and will be thinner. Therefore, the mean thickness of films at their maximum extent is likely to be

negatively correlated with the number of nucleation events. Since the total volume of the films is limited

when they reach their maximum extent, thinner films are likely to cover more area, meaning they will be

more likely to merge into a single multilayer. Therefore, while the surface coverage in the AFM experiment

was around 30%, the surface coverage in the ThT experiment is likely to be higher, and may approach 100%,

a figure which would explain the fact that there was no apparent overall trend between m(0) and the loss of

final fibril yield in the ThT experiments.

While the fast process is most likely to correspond to film deposition, the cause of the slow process is

less clear; however, its shape and concentration-dependence provide clues about the underlying mechanism.

As shown by the linear fitting in Fig. 4.12(b), the rate of fluorescence gain is approximately constant from

1500-15000 s, implying that the slow process occurs in a single rate-determining step, rather than a sequence

of steps occurring at a non-steady rate, which would result in polynomial kinetics. The fitted parameters

from the linear regression are ∆I(t = 1500 s), which is the fluorescence intensity at 1500 s, and ∂∆I(t)/∂ t,

which is the rate of increase of the ThT fluorescence; both are summarised in Table 4.1. The ∆I(t = 1500 s)

values, which are approximately equal to the amplitude of the fast process, are nonlinearly correlated with

the initial monomer concentration; for example, the ∆I(t = 1500 s) value of the well containing 0.5 μM

Aβ(1-42) is approximately 40% that of the well containing 5 μM Aβ(1-42). This does not imply that there

is a particularly nonlinear relationship between the initial monomer concentration and the extent of the
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Parameter Initial monomer concentration
0.5 μM 1 μM 2 μM 3 μM 4 μM 5 μM

∆I(t = 1500 s), AU (1910) 2460 2620 3220 3900 4440

∂∆I(t)/∂ t, AU.s−1 — 0.173 0.447 0.494 0.514 0.453

Table 4.1: Fitted parameters from linear fitting of the first phase of ThT fluorescence intensity gain in

polystyrene plates. The ∆I(t = 1500 s) for m(0) = 0.5 μM is obtained as an average of the raw data at that

time point, rather than linear fitting, but is included for reference.

film, as ThT is usually proposed to bind to the surface of aggregates [93, 94], meaning that an increase in

film thickness may have only a weak effect on the ThT signal. The ∂∆I(t)/∂ t values, which report on the

rate of the slow process, also depend nonlinearly on the initial monomer concentration; while an increase

in fluorescence is not observed for 0.5 μM peptide, and the rate is reduced at 1 μM, approximately the

same rate is observed at 2, 3, 4, and 5 μM. The exact mechanism of the slow process is not clear from

these data; however, the fact that the slow process is not observed in PEG-treated plates indicates that it is

film-dependent, and the fact that it has a concentration-independent rate at m(0) ' 2 μM indicates that the

process occurs at the film surface, as existing theories of film deposition predict that the kinetics of processes

occurring at the surface of multilayer films are likely to become independent of film thickness past a certain

point [384]. Therefore, the slow process involves a single rate-determining step and probably occurs at the

surface of the films.

A further clue was provided by examination of ThT data obtained with an initial peptide concentration

of 11 μM, at a temperature of 25oC (Fig. 4.13). These are the conditions under which the AFM experiments

were conducted, and the original aims of this experiment were (i) to test whether biphasic ThT kinetics were

also observed under those conditions, and (ii) to ascertain whether film deposition had a more pronounced

lag phase, as observed in the AFM experiments. Although the experiment confirmed that the ThT kinetics

remained biphasic under the conditions used for the AFM experiment, film deposition still occurred without

an observable lag phase, indicating that differences in the surface structure of the polystyrene were the

primary cause of rapid film deposition. However, the lower temperature resulted in a much better separation

between the first and second phases of ThT fluorescence intensity change, exposing more of the first phase.

As shown in Fig. 4.13(b), the slow process of the first phase fits well to an exponential curve of the form

∆I(t) = ∆I(0)+ [∆I(∞)−∆I(0)][1− exp(−kt)], (4.16)

where ∆I(0) and ∆I(∞) are the fluorescence intensities at t = 0 and t = ∞, and k is a first-order rate con-

stant. For the data shown in Fig. 4.13, the fitted parameters are ∆I(0) = 4500 AU, ∆I(∞) = 11600 AU, and
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Figure 4.13: Self-assembly kinetics of 11 μM Aβ(1-42) in untreated polystyrene plates at 25oC. (a) Full

view of the ThT curves. (b) A close-up view of the first phase of fluorescence increase, nonlinearly fitted

with an exponential approach over the range of times from 0-50000 s, as described in the main text.

k = 2.51×10−5 s−1, corresponding to a half-time of 27600 s. Eq. (4.16) is the solution for a first-order irre-

versible process, agreeing with the previous assessment that the slow process has a single rate-determining

step, and indicating this process involves a limited supply of precursors undergoing a structural conversion

at a rate that is not limited by intermolecular collisions; this could mean that collisions are not required for

the slow process, or it could mean that they occur in a condensed environment where collisions are rapid.

Following this observation, the data shown in Fig. 4.12 were re-fitted with Eq. (4.16); these fits are

shown in Fig. 4.14, and the values of the fitted parameters are provided in Table 4.2. For initial Aβ(1-42)

concentrations in the 2-5 μM range, a good fit was obtained by globally fitting the fluorescence intensities

from 1500-20000 s with a shared rate constant k = 3.85×10−5 s−1, corresponding to a half-time of 18000

s, and different ∆I(0) and ∆I(∞) values. This approach did not provide a satisfactory fit for the 1 μM

data, in agreement with previous analyses that had suggested that the rate of the process responsible for

the first phase was reduced at Aβ(1-42) concentrations below 2 μM. Therefore, the 1 μM data were fitted

separately with an unconstrained k value, over times ranging from 1500-12000 s. Because the curve is

approximately linear in this range, a large number of combinations of k and ∆I(∞) were able to fit the data

similarly well; therefore, the fit was constrained by setting ∆I(∞) = 17100 AU, a value that was obtained

by linear extrapolation of the ∆I(∞) fitted for curves in the 2-5 μM range. Although the fitted values for the

1 μM dataset are unlikely to be numerically correct, they prove the principle that an exponential fit is still

appropriate for those data.

The amplitude of the slow process, which is given by ∆I(∞)−∆I(0), was approximately the same across

the 2-5 μM concentration range (Table 4.2), indicating that a similar quantity of material was involved

across this range. This is consistent with a process occurring in a limited environment such as the film

surface, rather than the film interior or the bulk solvent, where the soluble monomer can be replenished
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Figure 4.14: Analysis of the first phase of ThT fluorescence gain in untreated polystyrene plates (part 2).

Curves have been split across two panels to make presentation clearer; both show a close-up view of the

ThT data originally presented in Fig. 4.1-4.2, focusing on the first phase. The colour scheme corresponds

to the initial monomer concentration: red, 1 μM; amber, 2 μM; green, 3 μM; blue, 4 μM; indigo, 5 μM. The

data from wells containing 1-5 μM Aβ(1-42) have been nonlinearly fitted with an exponential approach, as

described in the main text.

Parameter Initial monomer concentration
0.5 μM 1 μM 2 μM 3 μM 4 μM 5 μM

∆I(0), AU — (2310) 1370 2070 2720 3250

∆I(t = 1500 s), AU (1910) (2550) 2280 3020 3710 4190

∆I(∞), AU — (= 17100) 17640 19000 20300 20100

∆I(∞)−∆I(0), AU — (14800) 16300 16900 17600 16800

k, 10−5 s−1 — (1.08) 3.85 3.85 3.85 3.85

Table 4.2: Fitted parameters from exponential fitting of the first phase of ThT fluorescence intensity gain

in polystyrene plates, using Eq. (4.16). Data obtained with 2-5 μM Aβ(1-42) were globally fitted, with a

shared rate constant k and different ∆I(0) and ∆I(∞) values. A satisfactory fit could not be obtained for 1

μM Aβ(1-42) by global fitting, and previous analyses had suggested that the mechanism responsible for the

first phase differed at lower concentrations, so these data were fitted separately as described in the text. The

∆I(t = 1500 s) and ∆I(∞)−∆I(0) values were calculated from the other fitted parameters; the ∆I(t = 1500 s)

value for 0.5 μM Aβ(1-42) was simply obtained as an average of the raw data at that time point, rather than

nonlinear fitting, and has been included for reference.
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by disassembly of the films. Therefore, the kinetics of the slow process point to a first-order or pseudo-

first-order structural change occurring at the film surface or in the uppermost layers of the film, resulting

in enhanced ThT fluorescence. This change must be film-dependent as it is not observed in PEG-treated

plates, and its precursor is unlikely to be the soluble monomer, as replenishment of the soluble monomer

due to dissociation of the film would cause the amplitude of the slow process to scale approximately linearly

with the initial monomer concentration. While processes involving the entirety of the film could produce

the correct amplitude if ThT only reported on the process when it occurred in the upper layers of the film,

the fact that the rate differs significantly between initial peptide concentrations of 1 μM and 2 μM implies

that the upper layer or upper few layers of the film are more likely to be involved than the lower layers, as

this is where the structure of the film is expected to change the most between 1 μM and 2 μM.

The exact nature of the transition responsible for the slow process is unclear, and it could be as simple

as slow penetration of ThT into the uppermost layers of the film; however, the large amplitude of this phase,

equivalent to the ThT fluorescence of ∼ 1 μM of amyloid fibrils, indicates that it may reflect the formation

of more ordered metastable species that are capable of binding ThT and inducing a change in fluorescence

with a similar intensity to amyloid fibrils. Thus, the slow process could represent the formation of an on-

pathway species, although it is not possible to assess this hypothesis based on the available data. The slow

process is unlikely to reflect the formation of the ‘sub-films’ previously observed in the AFM images (Fig.

4.6-4.10), as they appear to form via a nucleated process that is not consistent with the kinetics of the slow

process. There is no evidence for the formation of ‘sub-films’ from the kinetic data, so whether they occur

in polystyrene plates or were specific to the films formed in the AFM experiments remains uncertain.

4.3.5 Heterogeneous nucleation of Aβ(1-42) in films deposited on polystyrene surfaces

The observation that fibrillisation is significantly faster in untreated polystyrene plates than in quartz

plates indicates that the interactions between Aβ(1-42) molecules and the surface either directly or indi-

rectly catalyse the formation of amyloid fibrils. The counter-hypothesis, that quartz surfaces somehow

inhibit fibrillisation, can be discounted on the basis of the fact that quartz is a much more weakly interacting

surface than polystyrene, and is very unlikely to interact with Aβ(1-42) monomer or aggregates with suffi-

cient frequency to inhibit fibrillisation. The weakness of interactions between proteins and quartz surfaces

is the reason why quartz is commonly used in experiments where there is a need to eliminate surface ef-

fects, and the lack of interactions between Aβ(1-42) and quartz is confirmed by the AFM data subsequently

presented in Section 4.3.7. Heterogeneous nucleation is the most commonly reported mechanism by which

surfaces can accelerate amyloid fibril formation, and the increase in the consistency of the ThT curves from

quartz to polystyrene plates (Fig. 4.1-4.2) indicates that heterogeneous nucleation is reponsible for the en-

hanced fibrillisation kinetics observed in polystyrene plates, as a greater nucleation rate results in a larger
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concentration of individual amyloid fibrils, with a more deterministic total elongation rate.

To test this, the ThT curves were globally fitted with a variety of kinetic models with different homo-

geneous and heterogenous primary nucleation mechanisms. While models that accounted for all processes

would have been preferable, it was not possible to treat the product of the slow process of the first phase as a

distinct species in these models, as the size, concentration, precursor, specific ThT response, and disassem-

bly mechanism of this species were all unknown, so that its inclusion resulted in far too many unconstrained

variables to perform data fitting. Therefore, in order to carry out fitting, simplifying assumptions had to

be made that reduced the complexity of the model and allowed fitting of the fibril mass concentration, for

which there were a sufficient number of parameters that had already been constrained. Specifically, it was

assumed that the species formed by the slow process was metastable and off-pathway, and that its disas-

sembly rate was approximately proportional to the rate of fibrillar mass gain. Similar models where this

species was on-pathway were tested, but did not improve upon the best fits obtained with the off-pathway

models. The specific assumptions regarding the disassembly of this species entailed that the excess ThT

fluorescence above that predicted by Eq. 4.16 should be proportional to the fibrillar mass concentration,

allowing normalised estimates of the fibrillar mass concentration to be obtained by subtracting the fitted

exponential kinetics of the first phase and then normalising the data, as shown in Fig. 4.15(a).

In reality, the disassembly kinetics of the species formed by the slow process are likely to be more

complex; however, since there are no data available to provide a description of them, and there are too

many possibilities and unconstrained parameters to examine the disassembly of this species by data fitting,

a simplifying assumption is unavoidable. Although the subtraction procedure is likely to introduce some

numerical inaccuracies, the comparatively low amplitude of the slow process at sufficiently high m(0) (3-

5 μM) means that these inaccuracies are likely to be too small to explain most instances where candidate

models do not fit the data, especially given the large discrepancy between the predictions of most models

and the experimental data; thus, fitting to the subtracted data still provides a means to eliminate ineffective

models. Therefore, while subtraction of the slow process is not ideal, it is necessary in order to obtain a fit,

and despite inevitable errors due to an incomplete understanding of the species formed by this process, it is

still possible to draw definite conclusions from fitting to the second phase alone.

The models examined in this section are based on modifications of the Knowles model [1–3], which

has been shown in both the literature [54,519] and Chapter 3 to accurately describe Aβ(1-42) self-assembly

in PEG-treated plates. In the Knowles model, fibrils are first formed by primary nucleation, whose rate is

given by Eq. (1.2), and then grow by elongation, which is described by Eq. (1.13); the rate of dissociation

of Aβ(1-42) monomers from fibril ends has previously been shown to be negligible at the concentrations

used in this experiment [54], and so this process was not included. In addition to primary nucleation,

fibrils are also able to form by secondary nucleation, in which the surface of pre-existing fibrils catalyses
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Figure 4.15: ThT fluorescence intensities of the second phase observed in untreated polystyrene plates.

(a) The approximate ThT fluorescence intensities of the second phase, obtained by subtracting the fitted

intensities of the first phase from the raw data as described in the main text. (b) The normalised fluorescence

intensities of the second phase, obtained by normalisation of the data presented in panel (a). Only the data

from wells containing 3 μM, 4 μM, or 5 μM Aβ(1-42) are shown, as the normalisation was carried out for

the purpose of data fitting, and the stochasticity, differing concentration-dependence, and probably distinct

film structure of the lower concentrations made them unsuitable for fitting with the same model. The colour

scheme is shared across panels, and represents the initial free monomer concentration: red, 1 μM; amber, 2

μM; green, 3 μM; blue, 4 μM; indigo, 5 μM.

heterogeneous nucleation of new fibrils as described by Eq. (1.32), completing a positive feedback loop.

This basic model is shown in Fig. 4.16(a). Since there is no evidence from the literature or the AFM data

analysed in this chapter to support the existence of interactions between fibrils and polystyrene surfaces, it

was assumed that the rate of the fibril-dependent processes was not affected by polystyrene. Therefore, the

elongation rate parameter was set to the literature value of k+e = 3×106 M−1.s−1 [54], with the assumption

that elongation occurs equally at both ends of the fibril, and the secondary nucleation rate parameter was

set to ks = 1.84×103 M−2.s−1, which is based on the value ksk+e = 5.52×109 M−3.s−2 determined by data

fitting in Chapter 3 (see Table 3.1). The order of homogeneous primary nucleation and secondary nucleation

was set to nc = ns = 2, a value that is supported by the literature [54,519] and the data fitting in Chapter 3, and

the contribution of primary and secondary nucleation to fibril mass was assumed to be negligible compared

to that of elongation, a common approximation [2, 3] that is supported by the large size difference between

amyloid fibrils and most on-pathway oligomers (Section 1.4). With the elongation and secondary nucleation

processes kept the same, modifications to the model to account for the effects of surface interactions involved

changes to the primary nucleation mechanism, and the introduction of monolayer or multilayer films. In

total, five models were tested; schematics of these models are presented in Fig. 4.16, the rate laws, boundary

conditions, and model parameters are summarised in Table 4.3, the fitted curves are shown in Fig. 4.17, and

the values of the fitted and constrained parameters are presented in Table 4.4.
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Figure 4.16: Schematics of the tested models of Aβ(1-42) fibrillisation in polystyrene plates. Panels repre-

sent different mechanistic models; (a) and (b) both result in the same macroscopic kinetics and so correspond

to the same model at the mathematical level. The five models are: (a-b), model 1, concentration-dependent

homogeneous or heterogeneous primary nucleation; (c), model 2, concentration-independent heterogeneous

primary nucleation, no film deposition; (d), model 3, heterogeneous primary nucleation in a monolayer film;

(e), model 4, heterogeneous primary nucleation in a multilayer film; (f), model 5, heterogeneous primary

nucleation in a single layer of a multilayer film. The associated rate equations, formulae for determining the

concentrations of free and deposited monomer, boundary conditions, and model parameters are summarised

in Table 4.3, the fitted curves are shown in Fig. 4.17, and the values of the fitted and constrained parameters

are presented in Table 4.4. Circles represent Aβ(1-42) monomers, with the colour scheme representing the

conformational state: red, soluble; gold, surface-associated; blue, fibrillar. The gray surface represents the

polystyrene. The arrows represent the microscopic molecular processes, which are: adsorption to form films

or other surface-associated intermediates; primary nucleation to form a minimally sized elongating species

(shown here as a fibrillar dimer); elongation, which increases the size of fibrils; and secondary nucleation,

which produces new fibrils in a fibril-and-monomer-dependent manner. Elongation and secondary nucle-

ation form a positive feedback loop, which is represented by the pair of arrows forming a cycle in the right

of each panel. All models have the same microscopic elongation and secondary nucleation mechanisms, but

differ in their mechanisms of surface-association and primary nucleation. In panels (e) and (f), the arrow

for secondary nucleation is represented as a dashed line to reflect a reduction in rate, due to the depletion of

soluble monomer caused by multilayer formation.
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Quantity Model number
1 2 3 4 5

Primary
nucleation rate

Φn(t) = knm(t)nc kn knL1(t) knLtot(t) knL1(t)

Secondary
nucleation rate

Φs(t) = ksm(t)nsM(t)

Specific
elongation rate

ν+
e (t) = 2k+e m(t)

Rate of fibril
formation

∂tP(t) = Φn(t)+Φs(t)

Rate of fibril
mass gain

∂tM(t)≈ P(t)ν+
e (t)

Forming first
layer of film

∂tL1(t)≈ 0 δ (t)min(m(t), L1,max)

Rate of
monomer use

∂t [m(t)+L+(t)] = −∂tM(t)−∂tL1(t)

Free monomer
concentration

m(t) = m(t) min(m(t)+L+(t), c∗)

Dissociable
monomer in film

L+(t) = 0 [m(t)+L+(t)]−m(t)

Non-dissociable
monomer in film

L1(t) = 0 H(t)min(m(0), L1,max)

Total monomer
in film

Ltot(t) = L1(t)+L+(t)

Boundary
conditions

— m(0) 6= 0, P(0) = M(0) = L1(0) = L+(0) = 0

Model
parameters

— kn, ks, k+e ,
nc, ns

kn, ks, k+e ,
ns

kn, ks, k+e ,
ns, L1,max

kn, ks, k+e , ns, L1,max, c∗

Table 4.3: Summary of the tested models of Aβ(1-42) fibrillisation. Five models were tested: model 1, Fig.

4.16(a-b) and Fig. 4.17(a-c), concentration-dependent homogeneous or heterogeneous primary nucleation;

model 2, Fig. 4.16(c) and Fig. 4.17(d-f), concentration-independent heterogeneous primary nucleation, no

film deposition; model 3, Fig. 4.16(d) and Fig. 4.17(g-i), heterogeneous primary nucleation in a monolayer

film; model 4, Fig. 4.16(e) and Fig. 4.17(j-l), heterogeneous primary nucleation in a multilayer film; and

model 5, Fig. 4.16(f) and Fig. 4.17(m-o), heterogeneous primary nucleation in a single layer of a multilayer

film. This table presents the rate laws, formulae for determining the concentrations of free and deposited

monomer, boundary conditions, and parameters of these models. Model development is described in greater

detail in the text, and the fitted and constrained values of the above parameters are presented in Table 4.4.
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Figure 4.17: Global fitting of the second phase observed in untreated polystyrene plates. ThT curves are

normalised approximate intensities of the second phase of ThT fluorescence gain, as originally presented

in Fig. 4.15(b). Models were globally fitted across all initial monomer concentrations, but different con-

centrations are shown in different columns for clarity. Five fits are shown, organised by row: (a-c), model

1, concentration-dependent homogeneous or heterogeneous primary nucleation, no film deposition; (d-f),

model 2, concentration-independent heterogeneous primary nucleation, no film deposition; (g-i), model 3,

heterogeneous primary nucleation in a monolayer film; (j-l), model 4, heterogeneous primary nucleation in

a multilayer film; (m-o), model 5, heterogeneous primary nucleation in a single layer of a multilayer film.

The colour scheme represents the initial monomer concentration: green, 3 μM; blue, 4 μM; indigo, 5 μM.
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Parameter Model number
1 2 3 4 5

kn 3.87×
10−13 M−1.s−1

5.20×
10−24 M.s−1

1.25×
10−17 s−1

1.96×
10−11 s−1

1.84×
10−10 s−1

c∗ — 1.25 μM 1.22 μM

ks = 1.84×103 M−2.s−1

k+e = 3×106 M−1.s−1

nc = 2 —

ns = 2

L1,max — = 0.35 μM

AICc -31154 -31619 -31617 -40115 -40948

R2 0.477 0.496 0.496 0.866 0.874

Table 4.4: Fitted parameters, constrained parameters, and diagnostic statistics from global fitting of the

second phase of ThT fluorescence intensity gain in polystyrene plates. Five models were tested: model

1, Fig. 4.16(a-b) and Fig. 4.17(a-c), concentration-dependent homogeneous or heterogeneous primary

nucleation; model 2, Fig. 4.16(c) and Fig. 4.17(d-f), concentration-independent heterogeneous primary

nucleation, no film deposition; model 3, Fig. 4.16(d) and Fig. 4.17(g-i), heterogeneous primary nucleation in

a monolayer film; model 4, Fig. 4.16(e) and Fig. 4.17(j-l), heterogeneous primary nucleation in a multilayer

film; and model 5, Fig. 4.16(f) and Fig. 4.17(m-o), heterogeneous primary nucleation in a single layer of a

multilayer film. Parameter values and diagnostic statistics are presented in this table. The fitted parameters

were kn and c∗, the constrained parameters were ks, k+e , nc, ns, and L1,max, and the diagnostic statistics were

the AICc and R2 values. Note that AICc values are only meaningful in a comparative sense, with lower

AICc indicating a higher probability, and the fact that the AICc values are negative is simply a reflection of

the fact that the fitted data had been normalised (ie. RSS < N). From the above AICc values, model 5 is

favoured over models 1-4 with > 99.99% probability.
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Model 1 was the unmodified Knowles model, in which the concentration of surface-associated species

is negligible and primary nucleation occurs as a simple multimerisation of monomers to form a minimally

sized fibril, the rate of which is given by Eq. (1.2). Schematics of two possible versions of this model are

shown in Fig. 4.16(a-b), a summary of the mathematics is given in Table 4.3, the fitted curves are shown in

Fig. 4.17(a-c), and the parameter values are presented in Table 4.4. Since ks, nc, and ns were constrained

as described in the previous paragraph, the only free parameter was the primary nucleation rate constant kn,

which was shared across all fitted Aβ(1-42) concentrations. Besides the original formulation of the model,

in which primary nucleation occurs in the absence of a catalytic surface (Fig. 4.16(a)), the Knowles model

is also valid in the case where the multimerisation occurs on a catalytic surface (Fig. 4.16(b)), so long

as binding between the nucleating monomers and the surface is sufficiently weak that saturation does not

occur. Thus, globally fitting the Knowles model does not directly test whether nucleation is heterogeneous,

but does test the other assumptions of the model, such as whether the same microscopic processes occur,

and whether the concentration of non-fibrillar aggregates is negligible. As shown in Fig. 4.17(a-c), the

unmodified Knowles model is unable to globally fit the kinetics of the second phase. The main reason for

this is that the model predicts the wrong concentration-dependence, given by the scaling exponent γ50 =

−∂ logτ50/∂ logm(0). While the predicted exponent is in the 1 < γ50 < 1.5 range when nc = ns = 2, the

value observed in polystyrene plates is γ50 ≈−0.3 for initial monomer concentrations in the 3 μM to 5 μM

range, a very low concentration-dependence that is also slightly reversed compared to the trend predicted

by most models. Therefore, when the model is globally fitted across all the data, the fitted curves are too

slow when m(0) = 3 μM, and too fast when m(0) = 5 μM. In addition, the maximum fibrillisation rate of

the fitted curves is too high; since secondary nucleation is the dominant mechanism by which new fibrils are

formed by this point, this indicates that the number of fibrils formed by secondary nucleation is too great.

The cause of this issue will be discussed later.

Models 2 and 3 attempted to improve fit quality by incorporating a concentration-independent hetero-

geneous primary nucleation mechanism. As discussed in the previous paragraph, model 1 fails becase it

predicts too high a concentration-dependence. This indicates that the dominant nucleation process has a

low concentration-dependence in the experiments; thus, one might suspect that saturation of the primary

nucleation process would significantly reduce the γ50 value. There are two main ways that this might occur,

corresponding to models 2 and 3; schematics of these models are shown in Fig. 4.16(c-d), a summary of the

mathematics is given in Table 4.3, the fitted curves are shown in Fig. 4.17(d-i), and the parameter values are

presented in Table 4.4. Firstly, as described by model 2, primary nucleation might occur at discrete, tightly

binding sites on the plate surface such as cracks or defects, which could be saturated without significantly

reducing the free monomer concentration. In the tight binding limit, this would result in a modified rate law
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for primary nucleation,

Φn(t) = kn, (4.17)

where kn is now an effective zeroth-order rate parameter. The alternative possibility, which corresponds to

model 3 and is better supported by the experimental data, is that Aβ(1-42) might form a monolayer film and

nucleate in that environment, causing saturation accompanied by a partial loss of free monomer at the start

of the experiment. Since formation of the monolayer is very rapid and seems to be effectively irreversible

on the experimental timescale, the rate of monolayer formation can be approximated by a delta distribution,

dL1(t)
dt

=


δ (t)m(0), if m(0)< L1,max,

δ (t)L1,max, if m(0)≥ L1,max,

(4.18)

where δ (t) is a Dirac delta and L1,max is the maximum occupancy of a monolayer, previously estimated as

∼ 0.35 μM based on analysis of apparent fibril yields. Thus,

L1(t) =


H(t)m(0), if m(0)< L1,max,

H(t)L1,max, if m(0)≥ L1,max,

(4.19)

where H(t) is a Heaviside step function, such that H(t) = 1 when t ≥ 0 and H(t) = 0 when t < 0. An

additional mass conservation term must also be incorporated into dm(t)/dt,

dm(t)
dt

=−dM(t)
dt
− dL1(t)

dt
. (4.20)

so monolayer formation results in the loss of an equal amount of monomer. Primary nucleation occurring in

the monolayer has the rate law

Φn(t) = knL1(t), (4.21)

where kn is an effective first-order rate parameter. Thus, Eq. (4.17) and Eq. (4.18-4.21) describe two

separate modifications to the Knowles model that result in a concentration-independent nucleation rate for

sufficiently high m(0). Although these models are both physically plausible, neither model is able to fit the

data, as shown in Fig. 4.17(d-i), and the concentration-dependence of the fitted curves remains high. Closer

examination shows that the predicted γ50 value is still approximately 1.5, indicating that the fitted curves

represent scenarios where secondary nucleation predominates. The predominance of secondary nucleation

is caused by the fact that the models presented in Fig. 4.16(a-d) have the same nucleation rate parameter as

PEG plates, but a much lower primary nucleation rate, and it is this predominance of secondary nucleation

that explains why saturating the primary process does not cause a noticeable reduction in the concentration-

212



dependence. The conclusion that the fitting of these models fails due to a high secondary nucleation rate is

also supported by the curve shape; as discussed previously, the high maximum fibrillisation rate indicates

that too many secondary nuclei are being formed.

The low rate of secondary nucleation in the experimental data implies a reduction in either ks or m(t ≈

τ50) due to the effects of the surface. In addition, the maximum fibrillisation rate has a low concentration-

dependence (Fig. 4.15(b)), which indicates that the secondary nucleation rate around this time scales weakly

with m(0). While surface-induced changes in fibril polymorphism could result in a reduction in ks, they

would not explain the weak concentration scaling of the secondary nucleation rate; in addition, it is worth

noting that the NS-EM data later presented in Fig. 4.20-4.21 show no obvious difference in polymorphism

compared to the equivalent data from PEG plates in Fig. 3.12. An alternative hypothesis, which would

explain both the rate and concentration-dependence of the secondary nucleation rate, is that m(t ≈ τ50)

is restricted by the formation of aggregated species above a critical concentration c∗, and scales weakly

with m(0) as a result. The prime candidate for such an aggregated state is a multilayer, as multilayer

formation has already been demonstrated to occur under the same conditions by AFM, and the 3D structure

and large number of monomer-monomer interactions within a multilayer would make its formation highly

cooperative, and thus likely to occur above a critical concentration.

Thus, the fits in Fig. 4.17(d-i) suggest that multilayer formation must be incorporated into the model

in order to fit the experimental data. This is the basis of models 4 and 5; schematics of these models are

shown in Fig. 4.16(e-f), a summary of the mathematics is given in Table 4.3, the fitted curves are shown in

Fig. 4.17(j-o), and the parameter values are presented in Table 4.4. While models 4 and 5 have different

nucleation mechanisms, they have the same mechanism of multilayer formation. If L1(t) represents the

concentration of monomer incorporated into the first layer of the film, as described by Eq. (4.18), then let

L+(t) represent the concentration of monomer incorporated into additional layers of the film. Thus, the total

concentration Ltot(t) of deposited monomer is expressed as

Ltot(t) = L1(t)+L+(t). (4.22)

As with the monolayer in model 3, the reduced fluorescence yield in untreated polystyrene plates means

that the first layer must be tightly bound; however, the AFM data presented in Section 4.3.3 indicate that

additional layers of the film are more weakly bound, meaning they can dissociate to maintain a supply

of free monomer for secondary nucleation and elongation. Analysis of the fast process of the first phase

previously suggested that multilayer formation occurs rapidly once a monolayer is established (typically

� 1000 s); thus, the simplifying assumption can be made that multilayer formation is a dynamic process,

with additional layers of film rapidly assembling or disassembling to maintain m(t) = c∗, until there is no
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remaining dissociable monomer. This means that depletion of the available monomer due to fibril formation

results in changes in m(t)+L+(t) as a collective quantity, rather than m(t) alone. In other words,

d
dt

[
m(t)+L+(t)

]
=−dM(t)

dt
− dL1(t)

dt
. (4.23)

At any given instant, the quantities of free monomer m(t) and dissociable deposited monomer L+(t) can

then be calculated from m(t)+L+(t) according to the relations

m(t) =


m(t)+L+(t), if m(t)+L+(t)< c∗,

c∗, if m(t)+L+(t)≥ c∗,
(4.24)

and

L+(t) =


0, if m(t)+L+(t)< c∗,

m(t)+L+(t)− c∗, if m(t)+L+(t)≥ c∗.
(4.25)

Thus, as the available monomer is consumed by fibril formation, there will first be a decrease in L+(t) re-

flecting dynamic disassembly of the multilayer to maintain m(t) = c∗, and m(t) will only start to decrease

once L+(t) is fully depleted. The difference between models 4 and 5 is the manner in which primary nucle-

ation occurs. In model 4, which is depicted in Fig. 4.16(e), primary nucleation occurs at an approximately

even rate throughout the film, so that the total nucleation rate is simply proportional to the concentration of

monomer incorporated into the film. Thus, the rate law will be

Φn(t) = knLtot(t). (4.26)

In model 5, which is perhaps more likely a priori, primary nucleation occurs in a single layer of the film

with favourable physicochemical properties, as depicted in Fig. 4.16(f), so that the nucleation rate will be

proportional to the coverage of that layer. It is most likely that primary nucleation would be biased towards

either the lowest or the uppermost layer of the film; in particular, the latter would help to explain the reversal

of concentration-dependence between 1 μM and 2 μM Aβ(1-42), as the structure of the upper layers of the

film is likely to change in this concentration range. If most of the film has more than one layer, the quantity

of peptide in the layer in contact with the bulk solvent is likely to be approximately proportional to the

quantity in contact with the polystyrene surface, since the AFM data show that the films are relatively flat,

and both layers will cover approximately the same projected area. Thus, one can use the same rate law for

both cases,

Φn(t)≈ knL1(t), (4.27)
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with the caveat that the dependence on L1(t) merely reflects a dependence on the film area, rather than

necessarily implying that the lowest layer is the precursor; thus, in this particular usage, kn is an effective

rate constant. In the special case where nucleation occurs in the layer in contact with the solvent unless that

layer is part of the lowest layer, which may be too stable to produce fibril nuclei, the rate law is slightly

more complex,

Φn(t)≈


knL+(t), if L+(t)< L1(t)

knL1(t), if L+(t)≥ L1(t).
(4.28)

In practice, however, L+(t)� L1(t) for almost all of the growth phase at the concentrations used in fitting,

so both models gave almost identical results when tested, even towards the end of the growth phase; thus,

only fits with the former are shown in this section.

As shown in Fig. 4.17(j-l), model 4, in which nucleation occurs at an equal rate in all layers of the film,

offers a significant improvement on the fits obtained by models lacking a multilayer. However, there are still

some issues with the fit; most importantly, although the γ50 value is low, it is still too high. Unlike previous

instances, where the issue was caused by secondary pathways, in this case the issue with the concentration-

dependence is caused by primary nucleation, which plays a greater role due to the reduced rate of secondary

nucleation. Since the excess monomer above a concentration of L1,max +c∗ is converted to additional layers

of the film, the extent of the film changes between 3 μM and 5 μM. Thus, if the primary nucleation rate

is proportional to the quantity of monomer incorporated into the film, it will also change across this range,

which is the origin of the excess γ50 of the predicted curves.

Thus, the slightly reversed concentration-dependence of the experimental data implies that not only

does the excess monomer assemble to form multilayer films, but primary nucleation is only able to occur

in specific layers within these films, so that its rate does not depend on the quantity of deposited monomer.

In agreement with this, the fits shown in Fig. 4.17(m-o), which correspond to model 5, have the correct

concentration-dependence and are relatively close to the experimental curves. It is not surprising that pri-

mary nucleation should predominantly occur in a particular layer of the film, as different layers present

different molecular environments. On the one hand, fibril seeds might be more likely to form in the lower

layers of the film, as these are more likely to be desolvated, have a less dielectric environment that may

encourage structure formation, and have the potential for specific interactions between the surface and the

monomers that could stimulate nucleation. On the other hand, if fibril nucleation requires rapid conforma-

tional sampling, this is more likely to occur in the upper layers of the film, which are likely to be more

solvated and less dense; in addition, fibrils seeds formed in the upper layers may be more able to diffuse or

otherwise propagate to the surface, which is likely to be required for the release and subsequent elongation

of newly formed fibrils.
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Thus, model 5 provides the best fit for the data and is as well-supported by the available experimental

evidence as possible, given that the nucleation events themselves are still expected to be rare and unfor-

tunately unlikely to be observed by AFM (the fitted rate parameter implies a nucleation rate per film area

of 3.8× 10−5
μm−2.s−1 at 37oC, and the value is likely to even lower at 25oC). The multilayer films on

which the model is based have been observed under equivalent experimental conditions, and there are solid

physical reasons why the deposition of additional film layers should occur above a critical concentration,

and fibril nucleation should be biased to occur in a particular layer within such a film. The ability of the

model to accurately reproduce the concentration-dependendence is also notable, as in general only a small

subset of possible nucleated polymerisation models are able to produce inverse concentration-dependences,

and this is the only such model that is supported by the experimental evidence. The fit obtained at 3 μM

Aβ(1-42) (Fig. 4.17(m)) is particularly good, with only a small discrepancy close to the start of the second

phase that may well be an artifact caused by subtraction of the first phase, if the mathematical behaviour of

that phase was not quite exponential around the time when the second phase began.

Nonetheless, there are still some issues with the fits obtained for 4 μM and 5 μM Aβ(1-42) (Fig. 4.17(n-

o)) that are worthy of attention. As with the 3 μM curves, the fits have a small discrepancy at the start

of the second phase, which may be due to subtraction errors. However, these two curves also suffer from

excessive d2M(t)/dt2 close to the half-time, and an overly sharp approach to their maximum fluorescence

intensity. These are both caused by the fact that, in the model, the free monomer concentration does not

begin to deplete until relatively late in the self-assembly time course, as it is continuously replenished by

the remaining layers of the film until m(t)+L+(t)< c∗. Monomer depletion limits the d2M(t)/dt2 value in

the original Knowles model, causing the inflection point to occur before the half-time as in the experimental

data, rather than after it as in the fitted curves. This does not necessarily indicate that the multilayer model is

incorrect, as the other aspects of the kinetics strongly support a model where the availability of free monomer

is limited in the early-to-mid growth phase, and primary nucleation is surface-dependent and scales weakly

with m(0). Instead, the issue is most likely the rather artificial treatment of the equilibrium between m(t) and

L+(t), and perhaps also small errors introduced by the subtraction process. According to Eq. (4.24-4.25),

the free monomer concentration should be constant until m(t)+ L+(t) is depleted to a level below c∗, at

which point there should be no remaining layers apart from the residual monolayer, and m(t) should begin

to drop. Fig. 4.3-4.10 show that this is not the case; while the majority of the film disassembles relatively

fast (perhaps ∼ 0.005 layers.s−1), small areas of multilayer persist for long periods of time, and are still

observed 10000 s after the onset of disassembly. In addition, the fact that a slow process is not observed

in the first phase when m(0) = 0.5 μM, but such a phase does occur at a reduced rate when m(0) = 1

μM, indicates that a partial multilayer may be able to form in the latter case, despite m(0) being below the

required value of L1,max + c∗ = 1.57 μM predicted by fitted parameters. Thus, while c∗ may function as

216



an effective parameter at high m(t)+L+(t) values, a smoother transition from film disassembly to loss of

free monomer may occur close to this concentration, so that the actual value of m(t) is below the predicted

value when m(t)+L+(t)≈ c∗. In addition, the slow disassembly of some parts of the film indicates that the

kinetics of film disassembly may limit the fibrillisation rate towards the end of the growth phase.

At present, it is not possible to further improve fitting of the ThT curves until a better description of the

structure, equilibrium thermodynamics, and disassembly kinetics of films formed in untreated polystyrene

plates can be obtained. Such a description would also allow better fitting of the first phase, so that both

phases could be fitted simultaneously without need for subtraction. Nonetheless, these issues are not likely

to strongly affect the slightly reversed concentration-dependence of the second phase, which is present

in both the subtracted and un-subtracted data, and is diagnostic of weak scaling between m(0) and both

the free monomer concentration and the nucleation rate. In addition, the comparatively low amplitude of

the first phase means that possible subtraction errors alone cannot explain the low maximum rate of the

second phase; thus, depletion of the soluble monomer is the most likely explanation. Therefore, despite the

challenges faced due to the large number of unknowns concerning the structure, disassembly dynamics, and

ThT fluorescence contributions of the multilayer films and the product of the slow process, the results of the

fitting allow several definite conclusions to be obtained: (i) models without film deposition cannot explain

the experimental data; (ii) secondary pathways remain important, but have a reduced rate and monomer-

dependence in polystyrene plates; (iii) the weak scaling of elongation and secondary nucleation is most

likely caused by multilayer formation; and (iv) primary nucleation occurs in a specific environment in the

films, most likely the upper or lower layer.

4.3.6 Distinct oligomer populations in untreated polystyrene plates

While the AFM images provide information about the processes occuring at the surface of polystyrene

plates, and this information is sufficient to develop a model that approximately fits the kinetic data, they

do not provide information about the fibrillar and non-fibrillar species present in solution. In order to

determine whether the distinct nucleation mechanism resulted in different populations of oligomers and

fibril polymorphs, and whether the inclusion of these species in a mechanistic model could result in a better

fit for the kinetic data, NS-EM images were obtained of 4 μM Aβ(1-42) samples that had been incubated for

0 s (ie. before incubation), 3600 s (1 h), or 18000 s (5 h) in untreated polystyrene plates, under the conditions

previously used for ThT assays. As shown in Fig. 4.18, and consistent with the images previously presented

in Fig. 3.12, Aβ(1-42) samples did not contain large aggregates prior to incubation, although some small

globular or filamentous oligomers were observed, which may have formed dynamically after dilution into

the aggregation buffer, or as a consequence of the pH changes occurring during staining.

However, as shown in Fig. 4.19, large quantities of spheroidal oligomers were observed after incuba-
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Figure 4.18: Large aggregates are not present in 4 μM Aβ(1-42) samples prior to incubation in untreated

polystyrene plates. Both panels show representative images of Aβ(1-42) samples immediately after dilution

into pre-adjusted fibrillisation buffer.

tion in polystyrene plates for 3600 s, equivalent to the start of the slow process of the first phase in ThT

experiments. These oligomers had a typical diameter of 5-30 nm, although they were occasionally larger,

and the possibility of smaller oligomers cannot be ruled out due to the limited resolution of the technique.

Because these oligomers were not observed before incubation in untreated polystyrene plates, or after in-

cubation for a similar amount of time in PEG-treated plates (Fig. 3.12), it appears that their formation

was induced by interactions between Aβ(1-42) and the polystyrene surface. Since film deposition occurs

rapidly in polystyrene plates, these oligomers probably formed at a time when a multilayer film was already

present, and probably covered much of the surface; thus, they may have formed directly from the film, by a

process such as budding or shear-induced fragmentation of the film. No such process was observed in the

AFM experiments, but the samples that were negatively stained for TEM were given the same treatment

as the ThT experiment, which included periodic agitation (double-orbital, 4 s every 2 min) to prevent fibril

sedimentation. While the data fitting in Section 3.3.9 indicates that this level of shaking does not induce a

significant amount of fibril fragmentation, the multilayer films may have been more fragile structures than

fibrils, making fragments more likely to break off under shear forces. Another possibility that was examined

was that the oligomers might correspond to the sub-films identified by AFM. However, there is a major

size difference between the two, as the sub-films are typically 1-3 μm across and up to 50 nm thick; in

addition, the sub-films appear to be more stable and to adhere more tightly to the monolayer than the rest

of the multilayer. Therefore, it seems most likely that the oligomers were derived from other regions of the

multilayer.
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Figure 4.19: Oligomers are formed after incubation of 4 μM Aβ(1-42) in untreated polystyrene plates for

3600 s (1 h). All panels show representative images of Aβ(1-42) incubated in polystyrene plates in a 20

mM sodium phosphate buffer (pH 8) containing 200 μM EDTA, 1 mM NaN3, and 20 μM ThT at 37oC. This

figure focuses on the oligomeric species observed at this time point; images of fibrils are provided in Fig.

4.20.
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In addition to spheroidal oligomers, short fibrils were also observed after incubation in polystyrene

plates for 3600 s, with a typical length from 50 nm to over 1 μm. The observation of fibrils at this time is

not particularly surprising, as primary nucleation is an ongoing process throughout the lag phase, and both

the model favoured in Section 4.3.5 and other mechanistic models in the literature [1–3] predict small but

significant quantities of fibrils well before the ‘growth phase’. Interestingly, as shown in Fig. 4.20, there

often appear to be interactions between the fibrils and oligomers, and more diverse oligomer morphologies

are also observed in the vicinity of fibrils. Not only do spheroidal oligomers often appear to interact with

fibrils, but fibril-associated oligomers with an irregular or filamentous morphology are also observed, and

these species seem to occur more specifically in the presence of fibrils. Although apparent interactions

between the spheroidal oligomers and the fibrils could be an artifact of the staining process, the fact that

the irregular and filamentous oligomers in particular are rarely observed in the absence of fibrils indicates

that they either bind to fibrils, or are formed as a result of interactions between monomers or spheroidal

oligomers and the fibril surface. Thus, these fibril-oligomer interactions could be evidence for a form of

secondary nucleation, and the images in Fig. 4.20 bear a resemblance to the images of secondary nucleation

recently obtained by Törnquist et al. [460]. However, while secondary nuclei are often proposed to form

directly from monomeric precursors [4, 5, 54], the fibril-associated oligomers shown in Fig. 4.20 are only

observed under conditions where monomer concentrations are low, and spheroidal oligomers are present;

thus, these particular species might instead be formed by templated conversion of oligomeric precursors.

Spheroidal oligomers are not observed after a longer incubation period of 18000 s (5 h), as shown in

Fig. 4.21. At this time, which is close to the start of the second growth phase, only fibrils and occasional

small oligomers are observed. Consistent with the predictions of the mechanistic model in Fig. 4.16(f)

and Fig. 4.17(m-o), there is an increase in the average length of fibrils from 3600 s to 18000 s, indicating

that primary nucleation remains the predominant nucleation mechanism in this time interval. The fact that

oligomer populations decrease from the start to the end of the lag phase, but before significant depletion

of the soluble monomer is likely to have occurred, suggests that the oligomers are formed rapidly from

an unstable species present only at the start of the lag phase, such as weakly associated portions of the

multilayer, and subsequently convert to something more stable, such as fibrils, larger aggregates, or more

stable regions of the multilayer. Alternatively, the drop in oligomer concentrations could be caused by

enhanced templated conversion of on-pathway oligomers due to a higher fibril concentration. Thus, there are

several possibilities for the role of spheroidal and fibril-associated oligomers in the self-assembly pathway;

however, in all scenarios the oligomers are formed by a surface-dependent, and probably film-dependent

process, and it is possible that they may be on-pathway to fibril formation.

Although the NS-EM images suggest that spheroidal oligomers might act as nucleation intermediates,

the ThT data do not provide enough information to test this hypothesis, and the oligomers do not have
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Figure 4.20: Interactions between oligomers and fibrils formed in untreated polystyrene plates. All panels

show representative images of Aβ(1-42) incubated in polystyrene plates for 3600 s (1 h), in a 20 mM sodium

phosphate buffer (pH 8) containing 200 μM EDTA, 1 mM NaN3, and 20 μM ThT at 37oC.
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Figure 4.21: Aβ(1-42) is mostly fibrillar after incubation in polystyrene plates for 18000 s (5 h). All panels

show representative images of Aβ(1-42) incubated in polystyrene plates in a 20 mM sodium phosphate

buffer (pH 8) containing 200 μM EDTA, 1 mM NaN3, and 20 μM ThT at 37oC.
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the prerequisite features to address the remaining issues with the fits presented in Fig. 4.17(n-o). If

the spheroidal oligomers are on-pathway, the fact that they are depleted by 18000 s indicates that they

are formed at a limited rate; this will restrict the rate of any downstream secondary processes involving

such oligomers, preventing the formation of a positive feedback loop. Thus, conversion of the spheroidal

oligomers is not able to result in high-order kinetics in the early second growth phase. In addition, the fact

that both the spheroidal and fibril-associated oligomers are absent by 18000 s indicates that the dominant

nucleation mechanism in the growth phase is still monomer-dependent secondary nucleation, rather than

an oligomer-dependent process. Thus, while conversion of spheroidal oligomers may affect the early fibril

formation kinetics, it does so at a time when the fibril population is too low to detect by ThT anyway. Lastly,

as previously discussed, the main issue with the fits in Fig. 4.17(n-o) is a poor description of m(t) towards

the end of the growth phase, and mis-fitting in the middle of the growth phase is largely a collateral result of

this, as the fitting algorithm sacrifices fit quality in the early growth phase compensate for poor fitting later

on. The inclusion of spheroidal oligomers does not address this issue.

Thus, while the EM data suggest that spheroidal oligomers could have an on-pathway role early in the ex-

perimental timecourse, an off-pathway role cannot be ruled out. In addition, monomer-dependent secondary

nucleation is still likely to be dominant in the fittable parts of the ThT curves, and the poor fitting towards

the end of the growth phase is due to an incomplete description of the film disassembly kinetics, rather than

a lack of intermediates. Thus, data fitting does not benefit from the inclusion of spheroidal oligomers, and

cannot satisfactorily test whether they have an on-pathway role. Nonetheless, even if spheroidal oligomers

are not likely to affect the macroscopic fibril self-assembly kinetics, they still highlight the ability of strongly

binding non-physiological surfaces to affect oligomer populations, an important consideration in experimen-

tal studies of oligomer structure and morphology.

Although the EM data show that surfaces strongly affect the oligomer populations, it is important to

stress that these data provide no evidence for changes in fibril morphology. Although it has been suggested

that distinct nucleation intermediates might correspond to different fibril polymorphs [206, 209], in studies

supporting this idea it is often hard to extricate the conditions under which nucleation originally occurs from

the wider solution conditions, which can also strongly and dynamically alter fibril morphology after fibril

formation [181,200,201]. Fibrils with morphologies similar to those shown in Fig. 4.21 have also been ob-

served in PEG-treated plates (Section 5.3.2); although the quantity of images of fibrils obtained in untreated

polystyrene plates is not enough to perform a proper statistical analysis, fibrils formed in both plate types are

highly polymorphic and there is no clear evidence for a significant difference in the variety of polymorphs

observed. Thus, while the data do not exclude the possibility that different surfaces may result in differ-

ent frequencies of particular fibril polymorphs, they also fail to suggest any specificity between the type

of non-physiological surfaces used in an in vitro experiment and the fibril polymorphism. This indicates
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that, in these experiments, the specific fold of protofilament subunits and the packing between protofila-

ments are predominantly determined after fibril nucleation, during maturation of on-pathway oligomers that

have already overcome the free energy barrier for continued assembly. As a result, polymorphism may

depend more on the environment in which these oligomers and early fibrils mature than the one in which

they originate, a hypothesis that is supported by coarse-grained simulations [188] and the observation that

polymorphism is more clearly dependent on the ionic strength than on surfaces (Section 5.3.2).

4.3.7 Catalytic interaction between Aβ(1-42) and hydrophilic surfaces

Comparison of the self-assembly kinetics occurring in the presence of different surfaces (Fig. 4.1-

4.2) leads to another conclusion regarding the nucleation mechanism, which has been alluded to earlier

in this chapter. Fibrillisation is slowest in quartz plates, fastest in PEG-treated plates, and occurs at an

intermediate rate in untreated polystyrene plates. At the same time, the fibrillisation half-times are also

most variable in quartz plates, relatively consistent in PEG-treated plates, and intermediate in untreated

polystyrene plates; thus, the fibrillisation rate and variability of the kinetics are inversely correlated. Glass

plates also approximately fit into the same pattern, although they have greater half-time variability than

untreated polystyrene plates despite having a similar aggregation rate, the likely reasons for which are

discussed later. The correlation between the rate and variability of the fibrillisation kinetics indicates that

the differences in nucleation account for differences in the rate, as a lower nucleation rate means there will be

fewer individual fibrils, resulting in slower, more stochastic kinetics. Moreover, out of the key processes of

primary nucleation, secondary nucleation, and elongation, the former is the most likely to be affected by the

plate surface, as secondary nucleation and elongation are fibril-dependent processes, there is no interaction

between fibrils and polystyrene under these conditions (Fig. 4.3-4.5, Fig. 4.22), and there appears to be no

evidence for specific interactions between fibrils and polystyrene or PEG-coated surfaces in the literature.

Analysis of the kinetic data already supports the hypothesis that untreated polystyrene plates catalyse Aβ(1-

42) fibril nucleation; however, the fact that fibrillisation is faster in all other plate types than in quartz

plates indicates that PEG, polystyrene, and glass all catalyse primary nucleation to differing extents. The

alternative hypothesis, that primary nucleation is a homogeneous process that is inhibited by quartz, would

require significant interactions between quartz and Aβ(1-42); however, as shown in Fig. 4.22, no such

interactions were observed by AFM on timescales of over 6 h. In addition, while quartz is typically believed

to be a weakly interacting surface, and is often used in biophysical studies to reduce surface adsorption,

interactions between Aβ(1-42) and PEG have been observed [532]. Thus, the effect of different surfaces

on Aβ(1-42) fibrillisation indicates that PEG, polystyrene, and glass all catalyse heterogeneous primary

nucleation.
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Figure 4.22: Aβ(1-42) does not interact with quartz surfaces. Panels show 3D topography images of

different time points in the same AFM experiment.
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4.3.7.1 PEG-treated plates

To enhance the nucleation rate, PEG would have to reduce the free energy of the critical nucleus, or

provide an alternative pathway with a more favourable critical nucleus. Even weak interactions between

PEG and Aβ(1-42) could significantly increase the local monomer concentration, stabilising an oligomeric

critical nucleus in that environment; this form of heterogeneous primary nucleation has previously been

supported by molecular modelling studies [360, 475]. Alternatively, specific interactions between PEG and

Aβ(1-42) could alter the conformational state of the adsorbed peptide, as supported by previous work on

the interactions between PEG and Aβ(1-42) [532], and this change in conformational preferences could in-

crease the probability of on-pathway oligomer formation. The fact that fibrillisation is faster in PEG-treated

plates than in untreated polystyrene plates appears paradoxical, as the latter is the more strongly binding

surface. For example, at 4 μM peptide, the mean ThT half-time is 7700 s in PEG-treated plates (across

all preparations), and 31800 s in untreated polystyrene plates, around 4× slower. However, fibrillisation

in untreated polystyrene plates is complicated by the fact that large quantities of monomer are incorporated

into multilayer films, reducing the rates of secondary nucleation and elongation. To specifically compare the

primary nucleation rate between the two surfaces, one can calculate the nucleation rate Jn per plate surface

area from the relation

Jn =
ΦnNAV

A
, (4.29)

where NA is the Avogadro constant, V = 100 μL is the reaction volume, and A = 1.02 cm2 is the plate area in

contact with the solvent. This is the rate at which individual fibrils are produced per unit area of the catalytic

surface. In PEG-treated plates, Jn is a function of the free monomer concentration,

Jn =
knNAV m(t)nc

A
, (4.30)

When knk+e = 100 M−2.s−2 (see the fitted parameters in Table 3.1) and one uses the literature values of

k+e = 3×106 M−1.s−1 and nc = 2 [54],

Jn =


2.0×107 M−2.μm−2.s−1 × m(t)2, generally,

2.0×10−5
μm−2.s−1, when m(t) = 1 μM,

3.1×10−4
μm−2.s−1, when m(t) = 4 μM,

(4.31)

where each rate is given to 2 significant figures. In untreated polystyrene plates, Jn is independent of the

free monomer concentration,

Jn =
knNAV L1(t)

A
. (4.32)
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Using the kinetic parameters for model 5 in Table 4.4, when m(0)≥ L1,max and m(0)−L1,max� c∗ so that

L1(t) = L1,max,

Jn = 3.8×10−5
μm−2.s−1, (4.33)

which equal to the rate expected for ∼1.4 μM Aβ(1-42) in PEG-treated plates. This means that the primary

nucleation rate per surface area is similar in PEG-treated and untreated polystyrene plates at the Aβ(1-

42) concentrations used in the ThT experiments, although the nucleation rate is much more concentration-

dependent in the former case than the latter. Thus, although differences in primary nucleation can partly

explain the differing rate and concentration-dependence of overall fibrillisation, depletion of the soluble

monomer also has a major impact. In agreement with this, if polystyrene surfaces resulted in the same

nucleation rate as calculated above, but the quantity of peptide removed from solution were negligible, the

expected fibrillisation half-time of 4 μM Aβ(1-42) would be 10500 s, which is much closer to the half-time

of 7700 s observed in PEG-treated plates.

Nonetheless, even though the two surfaces result in similar primary nucleation rates at the experimen-

tal concentrations, nucleation occurs in very different environments, with different implied efficiencies. In

PEG-treated plates, there is no evidence of saturation of primary nucleation between the initial peptide con-

centrations of 1 μM and 4 μM, indicating that only a small quantity of peptide is adsorbed to the plate

surface. In contrast, in untreated polystyrene plates, primary nucleation occurs in a highly saturated envi-

ronment containing a large quantity of aggregated peptide. This means that individual adsorbed monomers

are much more likely to be engaged in successful nucleation events in PEG-treated plates than in untreated

polystyrene plates. Thus, nucleation is much more efficient in PEG plates, indicating that the relatively

dynamic, solvated environment of the PEG-like surface layer is favourable for the formation of on-pathway

oligomers, whereas the crowded, probably less solvated environment of the films is less so. The impor-

tance of dynamics in heterogeneous Aβ(1-42) nucleation was previously supported by Shen et al. [351],

who found that polystyrene surfaces retard self-diffusion of monomers compared to less strongly attractive

surfaces, with a detrimental effect on the nucleation rate. In addition, the tight interactions between Aβ(1-

42) monomers and either the surface or other monomers within the film could prevent the release of fibril

precursors, in a manner similar to a poor chemical reaction catalyst that binds too strongly to the product.

The surface of PEG-treated plates catalyses primary Aβ(1-42) nucleation without causing significant

depletion of the soluble monomer. As a result, fibrillisation in PEG-treated plates has a high nucleation rate,

resulting in consistent kinetics, but is not complicated by the formation of large quantities of off-pathway

or low-productivity aggregates, as in polystyrene. This means that fibrillisation in PEG-treated plates has a

relatively simple mechanism under the experimental conditions, and is well-suited for kinetic analysis.
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4.3.7.2 Glass-coated plates

In glass-coated plates, the underlying mechanism appears to be more complex and unpredictable. While

glass would be expected to be a relatively weakly interacting surface, fibrillisation in glass plates is often

multiphasic (Fig. 4.1-4.2), and has a similar rate and concentration-dependence to polystyrene plates. How-

ever, half-times are much more variable in glass plates than in polystyrene plates, and after an initial increase

in ThT fluorescence the subsequent phases appear to be more randomly distributed. The observation that

the fibrillisation rate exhibits multiple randomly distributed peaks throughout the time course indicates that

infrequent, highly productive events produce large numbers of fibril nuclei, so that each causes a rapid in-

crease in the fibrillisation rate. One possible mechanism could be the adhesion of fibrils to defects in the

glass, and the formation of large clusters of secondary fibrils on the surface of those fibrils; a process of

this sort has previously been reported for adsorbed Aβ(1-40) fibril seeds, based on TIRFM images [206]. In

these images, large numbers of secondary fibrils initially formed around each seed, but these did not engage

in further secondary nucleation events, indicating that their polymorphism or environment restricted the for-

mation of further secondary fibrils. If the surface-dependent nature of the process resulted in weak scaling

of the nucleation processes with the free monomer concentration, then these combined effects could result

in a very low monomer concentration. However, at present there are no imaging data to confirm this mecha-

nism. In addition, it is important to bear in mind that the ‘glass’ plates are actually glass-coated polystyrene

plates, and during data acquisition there were concerns that overly harsh cleaning treatments could etch the

glass, exposing the underlying polystyrene. Thus, it is possible that the glass plates might result in a sim-

ilar mechanism to polystyrene plates, complicated by the effect of residual layers of glass coating. Lastly,

both acidic and basic peptides have been shown to adsorb to glass surfaces [541], indicating that interactions

between Aβ(1-42) and glass could be stronger than previously suspected. Thus, glass-coated plates could re-

sult in depletion of the soluble peptide and saturated heterogeneous nucleation similar to polystyrene plates,

explaining the multiphasic kinetics and similar concentration-dependence.

4.3.7.3 Quartz plates

As previously discussed, the low fibrillisation rate and inconsistent half-times in quartz plates suggest

that primary nucleation events are rare (Fig. 4.1-4.2); in addition, the variable fluorescence intensities in-

dicate that fibril polymorphism may differ significantly between replicate wells, as a result of the small

number of primary nucleation events. Nonetheless, the smooth, sigmoidal curve shape suggests that in ad-

dition to the small number of primary nucleation events, a large number of ensuing secondary nucleation

events occur. In addition, the maximum fibrillisation rate is typically lower in quartz plates than in PEG-

treated plates, indicating that the secondary process occurring in the former has a lower rate. This could be
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due to polymorph-dependent differences in the secondary nucleation mechanism, or partial depletion of sol-

uble monomer due to off-pathway processes occurring in the extended lag phase. Unfortunately, due to the

variable rate and final fluorescence intensities, and the fact that many of the curves were too slow to follow

to completion, it was not possible to carry out global fitting to test this hypothesis. In addition, although

attempts were made to eliminate the AWI in order to determine whether primary nucleation occurred at the

AWI in quartz plates, these experiments were challenging due to the presence of air bubbles and issues with

the seal, and did not yield consistent results. Thus, it remains an open question whether primary nucleation

in quartz plates occurs homogeneously, at the plate surface, or at the AWI.

4.4 Conclusions

The results of this chapter indicate that the majority of experimental surfaces are likely to interact with

Aβ(1-42) in a way that alters the fibril self-assembly pathway. In addition, there is substantial evidence in

the literature for the importance of physiological surfaces, especially membranes, in Aβ(1-42) aggregation

[313, 352, 357, 531]. While the surfaces used in this chapter are non-physiological, they are commonly

used in in vitro studies; thus, the conclusions of such studies are likely to be highly dependent on the

type of surface used, perhaps explaining many of the inconsistencies in the literature. For example, the

oligomer populations observed in PEG-treated and untreated polystyrene plates differ in size, abundance,

and morphology, and further investigation would likely reveal that these morphological differences reflected

underlying differences in their structure. The surface-dependence of oligomer populations could explain

why different research groups observe such a vast range of Aβ oligomer morphologies, despite the lack of

obvious differences in the temperature or solvent.

In addition to its direct relevance for in vitro studies, the work in this chapter demonstrates that there are

general principles governing the effects of surfaces on protein aggregation, which are also likely to apply

to physiological surfaces. These principles are best illustrated by comparing the fibrillisation pathways in

quartz, PEG-treated, and untreated polystyrene plates, which are summarised in Fig. 4.23. In quartz plates,

interactions with the surface are very weak; therefore, primary nucleation occurs at a low rate, resulting

in slow, stochastic kinetics, and perhaps competing processes. In PEG-treated plates, interactions between

Aβ(1-42) and the plate surface are somewhat stronger, although they are still relatively weak; a KD of

160 μM has previously been suggested [532], and would be consistent with the results in this chapter.

As a result, the primary nucleation rate is higher, but interactions are still too weak to sequester large

quantities of the soluble monomer, resulting in rapid, highly reproducible self-assembly kinetics with only

small quantities of non-fibrillar aggregates. In untreated polystyrene plates, interactions between Aβ(1-

42) and the surface are strong, resulting in the deposition of large, multi-layered films of peptide. After
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film deposition, complex maturation processes occur, such as the formation of spheroidal oligomers, the

unidentified ‘slow process’ (Section 4.3.4), and the formation of stable ‘sub-films’ (Section 4.3.3); only

the former of these is represented in Fig. 4.23, as the mechanism of the slow process is unclear and it is

uncertain whether sub-films are general to films formed on all polystyrene surfaces, or specific to those

formed on surfaces with a particular structure. While fibrils are able to nucleate in these films, nucleation

is less efficient than on weakly binding surfaces such as PEG, as tightly binding surfaces trap Aβ(1-42)

and restrict translational and conformational diffusion, hindering the release of fibril seeds. In addition,

film deposition sequesters Aβ(1-42) and limits the concentration of soluble peptide, reducing the role of

secondary nucleation and further slowing fibrillisation. Thus, while only weak surface interactions are

required to stimulate primary nucleation, stronger interactions are required to inhibit nucleation and overall

fibrillisation, as inhibition is achieved by forming strongly bound states with slow dynamics, or sequestering

large quantities of monomer in metastable, non-fibrillar aggregates.

These conclusions are likely to apply to other surfaces that are relevant in vivo, such as membranes,

extracellular matrix (ECM) components, oligosaccharides, and the fibril surface (ie. secondary nucle-

ation), whose catalytic effect has recently been confirmed in cerebrospinal fluid (CSF) [75]. Even weak

interactions between Aβ and other surfaces and biomolecules may increase the local peptide concentra-

tion sufficiently to stimulate primary nucleation; thus, primary nucleation pathways may be exception-

ally diverse in vivo, corresponding to the diversity of possible binding partners. While it is already well-

established that strongly binding surfaces stimulate oligomer formation and complicate the self-assembly

pathway [51, 63–68, 352, 357, 531], the ability of such surfaces to limit Aβ(1-42) monomer concentrations,

and thus reduce the rate of secondary nucleation and elongation, must be borne in mind when translating

the insights of in vitro studies to a physiological context. The finding that there is an optimum level of

surface binding for primary nucleation also has implications for our understanding of secondary nucleation.

An efficient secondary nucleation process does not necessarily require strong, highly complementary in-

teractions between the fibril surface and the developing seed; instead, weak, transient interactions may be

most effective at generating secondary nuclei, while strong lateral binding is likely to result in expansion

of the existing fibril, without creating secondary nuclei. This may favour a nonspecific mechanism of sec-

ondary nucleation in which monomer-fibril interactions stimulate the formation of globular oligomers that

subsequently convert to fibrils, as suggested by recent theoretical work [348], rather than a structure-driven

pathway in which the mature protofilament structure is stabilised by binding of monomers or oligomers

to the surface of pre-existing fibrils, although the data presented in Section 4.3.5-4.3.6 suggest that both

mechanisms may occur under appropriate conditions.

The complex self-assembly mechanism of Aβ(1-42) in the presence of polystyrene surfaces, and per-

haps also glass, means that great care must be taken when interpreting the results of in vitro studies carried
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Figure 4.23: Schematics of Aβ(1-42) fibrillisation in quartz, PEG-treated, and polystyrene plates. Panels

represent different plate types: (a), quartz; (b), PEG-treated; (c) untreated polystyrene. Circles represent

Aβ(1-42) monomers, with the colour scheme representing the conformational state: red, soluble; gold,

surface-associated; green, non-fibrillar oligomers; blue, fibrillar. The colour of the surfaces represents the

surface type: light gray, quartz; violet, PEG-treated low-binding surface; dark gray, polystyrene. The black

arrows represent the microscopic molecular processes, which are: adsorption to form films or other surface-

associated intermediates; primary nucleation to form a minimally sized elongating species (shown here as

a fibrillar dimer); elongation, which increases the size of fibrils; and secondary nucleation, which produces

new fibrils in a fibril-and-monomer-dependent manner. Elongation and secondary nucleation form a posi-

tive feedback loop, which is represented by the pair of arrows forming a cycle in the right of each panel.

All models have similar microscopic elongation and secondary nucleation mechanisms, but differ in their

mechanisms of surface-association and primary nucleation. Dashed arrows represent processes occurring

at a low rate, and arrows with question marks represent processes that are suggested by the data, but not

confirmed. The green arrows in panel (c) represent the general evolution of film structure; note that while

fibril nucleation and elongation are represented to the right of this panel due to space constraints, they are

active throughout the entire span of time that films are present.
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out without paying attention to the role of surfaces. The majority of experimental studies do not refer to the

type of surface used in in vitro fibrillisation assays; however, from the few that do, it is clear that Aβ(1-42) is

often exposed to polystyrene surfaces [233,487,523,538–540]. Furthermore, the kinetics in glass plates are

similar to those in polystyrene, and a wide variety of other plastics are used in other common items of lab-

ware, so the issue is likely to be widespread. As shown in this chapter, strongly binding surfaces profoundly

alter the self-assembly pathway; while fibrillisation in the presence of weakly binding surfaces such as PEG

can be explained by simple mechanistic models, the kinetics in polystyrene plates are complex, challeng-

ing to interpret, and involve a large number of microscopic processes and unconstrained parameters that

makes global fitting difficult. In addition, the mechanistic complexity, depletion of the soluble monomer,

and saturation of primary nucleation all weaken the relationship between alterations to the underlying mi-

croscopic processes and their signatures in the macroscopic kinetics. For example, in PEG-treated plates,

an inhibitor that tightly bound a proportion of the soluble monomer would increase the half-time and reduce

the maximal fibrillisation rate, as well as reducing the final fluorescence intensity; in untreated polystyrene

plates, only the latter effect would be observed, which indicates a loss of fibril yield but provides no clues

as to the nature of the species bound. Lastly, it should be noted that the same untreated polystyrene plates

that are often used in in vitro self-assembly assays are also used in cell culture [489]. Since oligomers are

proposed to be the more toxic species in Aβ(1-42) self-assembly [73], and polystyrene has a pronounced

effect on oligomer populations, the use of untreated polystyrene plates or other strongly binding surfaces

may affect the outcome of toxicity assays. Thus, while studies of the self-assembly mechanisms occurring

in the presence of polystyrene and other strongly binding surfaces are needed to interpret the results of past

work using such surfaces, wherever possible, future experiments should be designed to minimise strong

interactions between Aβ and non-physiological surfaces.

In summary, while primary nucleation of Aβ(1-42) is often assumed to occur homogeneously, the re-

sults presented in this chapter show that homogeneous nucleation is at best very slow at physiological Aβ(1-

42) concentrations, and primary nucleation is predominantly surface-dependent in most experimental con-

texts. Heterogeneous, surface-dependent primary nucleation is unavoidable if reproducible fibrillisation is

to occur, and can even improve the interpretability of experimental results by ensuring more determinis-

tic self-assembly kinetics, as in the case of PEG-treated surfaces. However, greater care must be taken to

avoid strong interactions between Aβ(1-42) and non-physiological surfaces, which can complicate the self-

assembly pathway and confound interpretation of the results. In addition, the observation that even weak

interactions can stimulate primary nucleation indicates that a more diverse range of physiological surfaces

may be involved in this process than previously suspected; thus, a broader survey of the effects of such

surfaces is needed. While further investigation of the effects of non-physiological surfaces may allow bet-

ter interpretation of existing self-assembly data, in vitro studies should increasingly attempt to incorporate
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biological surfaces in order to replicate physiological primary nucleation mechanisms, which may result in

very different self-assembly behaviours both at the surface and in the bulk solvent.
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Chapter 5

Salt-Induced Accumulation of On-Pathway

Aβ(1-42) Oligomers

5.1 Introduction

A realistic, physiologically relevant description of Aβ self-assembly requires a thorough understanding

of the effects of ionic cosolutes on aggregation. At present, the majority of detailed kinetic studies have been

carried out in relatively dilute buffers with low salt concentrations and ionic strengths (∼ 60 mM) [54,519].

However, the low salt concentration of these buffers contrasts with the physiological situation, where the

cerebrospinal fluid (CSF) contains around 140 mM NaCl, in addition to several other salts, and has a

higher ionic strength as a result (∼ 160 mM) [75, 542]. At physiological pH (∼ 7.3), as well as the near-

physiological pH often used for in vitro work (= 8) [54, 519], Aβ has a net charge that results in an electro-

static repulsion between monomers, creating a free energy barrier to aggregation. In addition, electrostatic

interactions play both destabilising and stabilising roles in the mature fibril structure (see Section 1.3), de-

termine the morphology of globular oligomers (see Sections 1.4.2 and 1.4.4), and facilitate the higher-order

assembly of oligomers to form filamentous structures that may be on-pathway to fibril formation [220].

By screening electrostatic interactions, salts can thus be expected to affect all stages of Aβ self-assembly.

In addition, many salts may have effects beyond charge screening alone; for example, Hofmeister effects

have been reported at low salt concentrations for α-syn [543], and certain anions exhibit electroselective

binding to aggregates formed by glucagon and PrP, altering the aggregation process [544, 545]. Thus, a

detailed understanding of the effects of salts on Aβ self-assembly is needed to properly predict and control

aggregation.

Work conducted early in this PhD showed that salts accelerate Aβ(1-42) self-assembly. At the same

time, it was shown by others that the same mechanistic framework that was developed for low ionic strengths
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can be applied to ThT kinetics obtained at intermediate ionic strengths (/ 310 mM) [5]. More recently, it

has been shown that the same basic processes that dominate Aβ(1-42) self-assembly at low ionic strength,

namely primary nucleation, elongation, and secondary nucleation, are active in both artificial and patient-

derived CSF [75]. Nonetheless, there are several major unanswered questions. Firstly, these studies did not

explore the possibility of low-concentration Hofmeister or electroselective effects on Aβ self-assembly. If

identified, such effects could have physiological relevance, and might also provide insights into the underly-

ing self-assembly mechanisms. Secondly, while it has been assumed that a two-state model of self-assembly

is valid at physiological ionic strengths, with significant concentrations of monomer and fibrils but negligi-

ble concentrations of intermediates, there are only bulk ThT fluorescence measurements and low-contrast

EM images to support this [5,75]. A proper test of this assumption would require the use of complementary

spectrometric or spectroscopic techniques, higher-contrast imaging that actually permits the identification

of any oligomers, or analytical fractionation techniques such as SEC-MALS or AF4-MALS. Thirdly, and

lastly, high ionic strengths often result in low concentration-dependences of the self-assembly half-time and

lag time (γ < 0.5); since it has been clearly shown that elongation exhibits negligible saturation under the

conditions in question [5], this weak scaling is inconsistent with existing models of self-assembly. These

issues point to gaps in our understanding of Aβ(1-42) self-assembly at physiological ionic strength that must

be filled in order to accurately describe aggregation and toxicity in vivo.

In the work described in this chapter, these questions were addressed by performing a scan of the Aβ(1-

42) self-assembly kinetics across a broader range of initial monomer and salt concentrations than previous

investigations conducted at this level of detail. Kinetics were recorded by ThT assays, NS-EM imaging,

and CD spectroscopy. In addition, fractionation has been attempted by SEC-MALS and AF4-MALS, but

continues to face technical challenges due to the labile nature of the species of interest. Nonetheless, by

combining the aforementioned measurements with data fitting and analytical modelling, conclusions can

be drawn regarding all three issues discussed above. Firstly, the primary effect of salts on Aβ(1-42) self-

assembly is one of ionic strength, although electroselective effects also appear to be present. This means

that buffers of different compositions are usually equivalent if they share the same ionic strength, simpli-

fying comparison of the diverse experimental conditions present in the literature. Secondly, it is shown

that Aβ(1-42) self-assembly at physiological ionic strength and moderate peptide concentration cannot be

described by a simple two-state model, requiring the addition of at least one oligomeric species. From the

kinetics of accumulation of this species, it is determined that the oligomer, which is highly unstructured but

appears to contain ThT-binding motifs, is an on-pathway intermediate produced by secondary nucleation.

Thirdly, it is shown that the transition to a regime where this oligomer accumulates is the cause of the weak

monomer-dependence of the self-assembly kinetics. On the basis of these observations, a non-equilibrium

phase diagram of Aβ(1-42) self-assembly regimes is proposed, containing a region of secondary oligomer
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accumulation that overlaps with the physiological range of conditions. Since secondary oligomers have

previously been shown to be toxic [54, 55, 68], the existence of a regime where these oligomers undergo

unbounded accumulation has important consequences for our understanding of the mechanisms of toxicity

in vivo.

5.2 Materials and methods

5.2.1 Materials

For a description of the materials used in this chapter, see Section 2.1.

5.2.2 ThT assays

ThT assays were carried out as described in Section 2.5, with two types of fibrillisation buffers: 20 mM

sodium phosphate (pH 8) containing 1 mM NaN3, 200 μM EDTA, 20 μM ThT, and variable quantities of

NaF or NaCl; and 10 mM sodium phosphate (pH 8) containing 200 μM NaN3, 200 μM EDTA, 20 μM ThT,

and variable quantities of NaF, NaCl, or NaI. Buffers were prepared as described in 2.4.

5.2.3 Negative stain electron microscopy and analysis of fibril length distributions

NS-EM was carried out as described in Section 2.7. Prior to staining, Aβ(1-42) was diluted to the re-

quired concentration in the appropriate fibrillisation buffer, as indicated where relevant in the results section.

The sample was stained either immediately, or after incubation for a specified amount of time in a 96-well

plate treated with a PEG-like low-binding surface (Corning 3881, NY), at 37oC. When analysing the NS-EM

data, the standard error of the mean (SEM) of binomially distributed variables was estimated as [546],

SEM≈
√

p̂(1− p̂)
N

(5.1)

where p̂ is the proportion of positive results in N observations. Violin plots of fibril length distributions

were produced in GraphPad Prism 8, using the ‘high’ smoothing option when calculating the kernel density

estimation (KDE) to avoid over-interpretation of noise. To calculate the relative rate parameters R′n(I) =

k′n(I)/k′n(30 mM), R′s(I) = k′s(I)/k′s(30 mM), and R+
e (I) = k+e (I)/k+e (30 mM) from the ThT-derived λ and κ

values and the EM-derived mean fibril lengths 〈l〉, the variation in the effective microscopic rate parameters

was calculated first. The macroscopic rate parameters are functions of the microscopic rate parameters [3,6],

λ =
√

2k′nk+e m(0)nc , (5.2)
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κ =
√

2k′sk
+
e m(0)ns+1, (5.3)

and in the absence of seed material, k+e can be expressed as a function of the average fibril size Lend =

Mend/Pend at the end of the growth phase,

k+e =
Lend

√
2λ 2

nc
+ 2κ2

ns(ns+1)

2m(0)
, (5.4)

where the above equation is derived from the results in Appendix C of Cohen et al. [3]. The average number

of monomers in a fibril can be expressed in terms of the frequency δ−1 of monomeric subunits along the

fibril length, and the average fibril length 〈l〉,

Lend = δ
−1〈l〉. (5.5)

While δ−1 is unknown, 〈l〉 is provided by the NS-EM measurements. Thus,

k+e δ =
〈l〉
√

2λ 2

nc
+ 2κ2

ns(ns+1)

2m(0)
, (5.6)

For each trio of λ , κ , and 〈l〉 values corresponding to self-assembly of 2 μM Aβ(1-42) at a single ionic

strength, it was possible to calculate k+e δ using Eq. (5.6). For the purpose of this analysis, it was assumed

that nc = ns = 2, a value from the literature [54, 519]; however, since only a single term (∝ κ2) dominates

in Eq. (5.6), use of incorrect nc and ns values is not expected to strongly affect the relative variation in

estimated k+e δ , only the absolute values. Although it is possible that δ may vary with ionic strength, in the

absence of further information it was assumed that any variation was not significant. Therefore,

R+
e (I) =

δk+e (I)
δk+e (30 mM)

, (5.7)

allowing the relative variation in k+e to be calculated. From Eq. (5.2-5.3), it follows that

R′n(I)R
+
e (I) =

λ 2(I)
λ 2(30 mM)

, (5.8)

R′s(I)R
+
e (I) =

κ2(I)
κ2(30 mM)

, (5.9)

allowing the R′n(I) and R′s(I) values to be calculated from the fitted macroscopic rate parameters and R+
e (I).

It should be noted that estimation of the absolute values of k+e using plausible values of δ suggested that

k+e may be somewhat lower than the rate observed by Cohen et al. [54], perhaps explaining the difference
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in half-time commented on in Chapter 3. For example, if a fibril consists of two protofilaments and the β-

sheet spacing is 4.75 Å, then δ = 0.238 nm, which yields estimates of k+e (30 mM) = 1.1×105 M−1.s−1 and

k+e (80 mM)= 1.3×105 M−1.s−1, compared to k+e (60 mM)= 3×106 M−1.s−1 reported by Cohen et al. [54].

This could explain the approximately 10× difference in knk+e and ksk+e reported in Section 3.3.9, suggesting

that the commercial recombinant peptide has a lower elongation rate than the in-house preparations. At the

same time, this suggests that the nucleation processes are only weakly affected by the source of the peptide.

5.2.4 Analytical size exclusion chromatography (SEC)

The protocol for these experiments was similar to the protocol for SEC experiments in Chapter 3. Sam-

ples were purified in small batches using an analytical Superdex 75 column (GE healthcare) equilibrated in

20 mM sodium phosphate buffer (pH 8) with 1 mM NaN3, 200 μM EDTA, and 300 mM NaCl. The column

was run with the TIP pump from the AF4 system (Postnova Analytics, Landsberg am Lech, Germany), and

in-line UV (280 nm; Shimadzu, UK), MALS (Postnova Analytics, Landsberg am Lech, Germany), and RI

(Postnova Analytics, Landsberg am Lech, Germany) detectors. The RI detector was purged after equilibra-

tion, and the UV and RI detectors were then zeroed. The sample injection volume was 50 μl, and the sample

was run at 1.0 ml/min for 35 min. Between sample runs, blanks consisting of the same solvent without the

Aβ(1-42) were loaded to ensure that the column was clean and to allow blank subtraction of the detector

signals. As molecular weight standards, βPGM (monomer, 24.2 kDa), BSA (monomer, 66.5 kDa; dimer,

133.0 kDa), and blue dextran (∼2000 kDa) were used, with the molecular weight of βPGM and BSA con-

firmed by MALS. Data processing and estimation of sample concentration, molecular weight, and recovery

were carried out in the AF2000 Control software (Postnova Analytics, Landsberg am Lech, Germany), with

final data processing in GraphPad Prism version 8.3.0. Purified Aβ(1-42) was collected on ice between 15.7

min and 16.7 min after injection, corresponding to an elution time of 14.0 min to 15.0 min; the detector

volume (1.7 ml) was determined by flowing blue dextran through the detectors. Eluted Aβ was mixed and

split into three aliquots; these were then diluted to 60%, 80%, or 100% (ie. undiluted) their concentration in

the same elution buffer and supplemented with 20 μM ThT from a 2 mM stock, as described in Hellstrand

et al. [479]. This yielded final solutions containing approximately 3.5 μM, 4.6 μM, or 5.8 μM Aβ(1-42) as

determined by RI, in almost exactly 20 mM sodium phosphate (pH 8), 1 mM NaN3, 200 μM EDTA, and 300

mM NaCl (99.0% nominal concentration), with exactly 20 μM ThT. The pH of these samples was confirmed

experimentally. Due to the potential for ThT to interact with the column, ThT had to be added from a con-

centrated stock after purification; the slight dilution of the buffer due to addition of 1% ThT is too small to

significantly affect the kinetics. Purified Aβ(1-42) was then used immediately in ThT assays, as described in

Section 2.5; exact Aβ(1-42) concentrations accounting for all dilutions were calculated retrospectively from

the RI quantitation data, after the start of the ThT experiment. All SEC and SEC-ThT methods are based on
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the protocol described by Hellstrand et al. [479]. The identity of the monomer peak was verified by MALS

and comparison of its Kav value with that of the standards, with Kav values calculated as described in Section

2.8.

5.2.5 Circular dichroism (CD) spectroscopy

CD spectroscopy was coupled to ThT assays; except where otherwise specified, ThT assays were carried

out as described in Section 2.5 and CD was carried out as described in Section 2.6, with full details of the

experimental parameters given in those sections. Moderate-sized ThT assays were set up, with up to 20

replicate wells each containing 100 μl of the same reaction mixture, which was 10 μM Aβ(1-42) in a 20 mM

sodium phosphate buffer with 1 mM NaN3, 200 μM EDTA, 20 μM ThT, and either 0 mM NaF (I = 59 mM)

or 300 mM NaF (I = 360 mM). Periodically, the plate reader was opened between reads and the contents of

2-3 wells were quickly extracted, taking care not to allow significant cooling of the plate or otherwise disrupt

the experiment. The contents of the wells were mixed gently before aspiration, and were combined in an

Eppendorf tube after extraction, where they were again mixed gently. The combined mixture was pipetted

into a freshly cleaned quartz cuvette and CD spectra were recorded at 37oC in a JASCO J-810 (JASCO, UK)

spectropolarimeter, as described in Section 2.6. For each experiment, the blank was exactly the same as

the fibrillisation buffer, but without Aβ(1-42). Control experiments without ThT were performed, both with

and without 10 μM Aβ(1-42), and confirmed that ThT did not affect the peptide’s secondary structure. The

ThT curves shown in Fig. 5.24(c-d) include the replicate wells from which samples were extracted for CD,

with the fluorescence intensities of those wells truncated after the extraction time; therefore, the data in Fig.

5.24 show the CD spectra and ThT fluorescence intensities of the exact same fibrillisation reactions. The

secondary structure content of CD spectra was estimated using the CAPITO web server [547]. For the time

points for which secondary structure content was discussed (0 s, 280 s, or 1600 s, in the presence of 300

mM NaF), the estimated helical content ranged from 0-4%, and the estimated β-strand content ranged from

35-42%. This variation appeared to be more due to experimental noise in the spectra than an actual trend in

secondary structure development, with the spectra remaining approximately the same throughout this time

range; therefore, a single approximate value was reported.

5.2.6 Calculation of ionic strengths

Ionic strengths were calculated from the expression

I =
1
2 ∑

i
ciz2

i , (5.10)

239



where the summation is performed over all ions present in solution, ci is the molar concentration of each

ion, and zi is the charge number of the ion. Sodium phosphate, NaN3, EDTA salts, ThT:Cl, and halide

salts were assumed to dissociate completely. The relative quantities of EDTA and phosphate anions were

modelled using the Henderson-Hasselbalch equation [480]. EDTA was modelled as a ternary mixture of

Na2H2EDTA, Na3HEDTA, and Na4EDTA, with pK3 = 6.16 and pK4 = 10.26 [548], with the effect of ionic

strength on the protonation of EDTA neglected for simplicity. Sodium phosphate was modelled as a binary

mixture of NaH2PO4 and Na2HPO4, with an ionic strength-dependent pK2,app given by the semi-empirical

relation [481]

pK2,app = pK2−
1.5
√

I
1+1.5

√
I
+KsI, (5.11)

where pK2 = 7.20, the first term in the correction accounts for the changing activity of the anions according

to Debye-Hückel theory [549], and the second term is an empirical correction valid for ionic strengths up

to at least ∼ 4 M, with the linear coefficient Ks = 0.1 M−1 [481]. Since pK2,app depends non-linearly on I,

and vice versa, both values were solved iteratively to fifth order. For presentation in the text, ionic strengths

were rounded to the nearest 1 mM; for data analysis, they were rounded to the nearest 10 μM.

5.2.7 Mathematical analysis of secondary oligomer concentrations

For more details of the models considered here, see Section 5.3.5. It is recommended that the working

in this section be read after Sections 5.3.3-5.3.5, as it builds on the analysis presented in those sections. The

solutions presented here are based on early-time kinetics, obtained by making the approximation m(t) ≈

m(0). This means that the scaling exponent γ of a generalised progress-based characteristic time τ , which is

described in greater detail below, is used as a proxy for γ50 and γinf, which are the scaling exponents of the

half-time τ50 and inflection time τinf, respectively. It was not possible to obtain exact solutions for τ50 and

τinf without obtaining approximate solutions for aggregate mass accumulation throughout the entire self-

assembly time course. However, this is highly involved and entails an unnecessary level of detail for this

analysis, particularly in the case of the fourth model, where the larger system of differential equations would

require an unusually large number of rounds of fixed-point analysis to obtain an approximation that works

well over the entire time course. Instead, both γ50 and γinf can be approximated by the scaling exponent

of the characteristic time required for the early-time asymptote of the aggregate mass to reach some fixed

proportion of m(0), defined as the time τ such that

MT (τ) = αm(0), (5.12)
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where MT (t) is the early-time approximation of the total aggregate mass, whether fibril or oligomer, and α

is an arbitrary proportion of m(0). For example, setting α = 0.5 gives an approximation of the half-time,

and setting α = 0.1 gives an approximation of the tenth-time. The generalised concentration-dependence is

γ =− ∂ lnτ

∂ lnm(0)
, (5.13)

and is usually similar over a broad range of values of α . While progressively increasing α causes approx-

imations of the characteristic times to become less accurate, as the effects of monomer depletion become

more relevant, estimates of γ remain close to those obtained from the exact solutions, even for the half-

time [3]. There are two main reasons for this. Firstly, the early-time asymptote provides an upper bound for

the exact solution, so that both must exhibit identical scaling in at least one of the limits. Secondly, biopoly-

mer self-assembly curves that differ only in m(0) are generally highly self-similar, having a similar or in

some cases identical curve shape when re-scaled along the time axis [442,465]. This means that the ratio of

an actual progress-based characteristic time to that calculated from the early-time asymptote remains con-

stant or relatively unchanged over a range of m(0) values; as a result, the scaling exponent is either the same

or very close. Although τinf is not calculated as a progress-based characteristic time like τ50, it has been

shown repeatedly across numerous different models of nucleated polymerisation [1, 3, 4, 381, 425, 465, 550]

that τinf exhibits the same basic scaling behaviour as the corresponding progress-based characteristic times,

subject to minor (usually logarithmic) corrections that disappear in the limits [1, 3, 381]. As before, this is

partly because the exact solution is bounded by the early-time asymptote, which also restricts the points at

which inflection can occur, and partly a result of the inherent self-similarity of biopolymer self-assembly

curves [442, 465]. In addition, it is interesting to note that for most models τinf is either exactly or almost

equal to τ determined from the early-time asymptote, for some value of α . For example, for the Oosawa

model τinf ≡ τ|α=1/2 [3, 425], and for models dominated by fragmentation τinf ≈ τα=1 [1, 3, 381, 550]. The

above findings are applicable to the models presented in this section, as all four models predict a monomer

depletion curve that is functionally either identical or asymptotically the same as that predicted by existing

models in the lag and early growth phase, differing only in the definitions of the macroscopic rate constants.

In some cases (models one and three), the models discussed can be mapped exactly onto existing models,

and in all cases the same arguments regarding boundedness and self-similarity also apply. The experimental

data also exhibit a close similarity between γ50 and γinf in all cases (see Section 5.3.5).

5.2.7.1 Off-pathway oligomers with a short lifetime

In this model, oligomers are off-pathway, are produced by a fibril-dependent process with pseudo-first-

order rate constant k′g, and disassemble with the effective first-order rate constant k′d . Oligomer generation
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is treated as first-order as it is proposed to operate a mechanism that is the same as or similar to secondary

nucleation, and we are interested in conditions where secondary nucleation is saturated with respect to the

monomer. Oligomer disassembly is probably a complex process, but at present is treated as a simple first-

order unimolecular process, for lack of a more detailed description. The rate law is

dG(t)
dt

= k′gM(t)− k′dG(t), (5.14)

where G(t) is the oligomer concentration. For this specific model, it is assumed that k′d � [d lnG(t)/dt]−1,

such that

k′dG(t) = k′gM(t), (5.15)

so that
G(t)
M(t)

=
k′g
k′d

, (5.16)

and the oligomer mass is
〈N〉G(t)

M(t)
=
〈N〉k′g

k′d
, (5.17)

where 〈N〉 is the average size of oligomers, and is assumed to be invariant. From Eq. (1.29),

M(t)∼ λ 2m(0)
2κ2 eκt , (5.18)

so that

G(t)∼
λ 2k′gm(0)

2κ2k′d
eκt . (5.19)

Given that MT (t) = M(t)+ 〈N〉G(t),

MT (t)∼

(
1+
〈N〉k′g

k′d

)
λ 2m(0)

2κ2 eκt , (5.20)

so that

τ = κ
−1

[
ln

2ακ2

λ 2 − ln

(
1+
〈N〉k′g

k′d

)]
. (5.21)

Thus,

γ =
∂ lnκ

∂ lnm(0)
− ∂

∂ lnm(0)
ln

[
ln

2ακ2

λ 2 − ln

(
1+
〈N〉k′g

k′d

)]
. (5.22)

The second term is typically small, and it is assumed that m(0)� KM,s, so

γ ≈ 1
2
. (5.23)
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In practice, the concentration-dependence is expected to be slightly higher than this value, due to the ne-

glected term in Eq. (5.22). If α = 1/2, κ ≈ 20λ , 〈N〉G(t)≈ 2M(t), and ∂ log [κ2/λ 2]/∂ logm(0) = 1−εc ≈

0.35, as predicted for maximally saturated nucleation based on the analysis in Section 5.3.3, then a more

precise prediction would be γ ≈ 0.57.

5.2.7.2 Off-pathway oligomers with a long lifetime

This model is the same as the preceding model, except that k′d � [d lnG(t)/dt]−1. Thus, from Eq. 5.14,

it follows that

G(t) = k′g

∫ t

0
M(t ′)dt ′. (5.24)

Integrating Eq. (5.18),

G(t)∼
λ 2k′gm(0)

2κ3 eκt (5.25)

so that
G(t)
M(t)

=
k′g
κ
, (5.26)

and
〈N〉G(t)

M(t)
=
〈N〉k′g

κ
, (5.27)

Given that MT (t) = M(t)+ 〈N〉G(t),

MT (t)∼

(
1+
〈N〉k′g

κ

)
λ 2m(0)

2κ2 eκt , (5.28)

so that

τ = κ
−1

[
ln

2ακ2

λ 2 − ln

(
1+
〈N〉k′g

κ

)]
. (5.29)

Thus,

γ =
∂ lnκ

∂ lnm(0)
− ∂

∂ lnm(0)
ln

[
ln

2ακ2

λ 2 − ln

(
1+
〈N〉k′g

κ

)]
. (5.30)

Neglecting the second term, which is likely to be small,

γ ≈ 1
2
. (5.31)

As before, the concentration-dependence is actually expected to be slightly higher than this value, due to

the neglected term in Eq. (5.30). If α = 1/2, κ ≈ 20λ , 〈N〉G(t) ≈ 2M(t), and ∂ log [κ2/λ 2]/∂ logm(0) =

1−εc ≈ 0.35, as predicted for maximally saturated nucleation based on the analysis in Section 5.3.3, then a

more precise prediction would be γ ≈ 0.64.
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5.2.7.3 On-pathway oligomers with a short lifetime

In this model, oligomers are on-pathway, are produced by a fibril-dependent process with pseudo-first-

order rate constant k′g, disassemble with the effective first-order rate constant k′d , and convert to fibrils with

the effective first-order rate constant k′c. The rate law is

dG(t)
dt

= k′0m(t)εc + k′gM(t)− (k′d + k′c)G(t), (5.32)

where k′0 is the effective ε th
c -order rate constant for primary oligomer generation, and εc is the effective

rate order of primary oligomer generation under conditions of maximal saturation, as determined in Section

5.3.3. By the growth phase, k′gM(t)� k′0m(t)εc , and it is assumed that k′d � [d lnG(t)/dt]−1 and k′d � k′c,

so Eq. (5.15) still applies, as do the results that come with it. As discussed in Section 5.3.5, kn and ks can

be re-expressed in terms of k′0 and k′g. Since G(t) varies rapidly with k′0m(t)εc and k′gM(t), a steady-state

approximation can be made for the nucleation rates,

Φn(t) =
k′0k′cm(t)εc

k′c + k′d
, (5.33)

Φs(t) =
k′gk′cM(t)
k′c + k′d

. (5.34)

Equating these expressions with Eq. (5.56) and Eq. (1.45), the rate laws ultimately favoured in Section

5.3.3, gives Eq. (5.65-5.66) in the saturating limit. This does not affect the results of the analysis.

5.2.7.4 On-pathway oligomers with a long lifetime

This model is the same as the preceding model, except that k′d � [d lnG(t)/dt]−1. This means that G(t)

does not vary rapidly with k′0m(t)εc and k′gM(t), so a steady-state approximation cannot be made for primary

and secondary nucleation. Instead,

dG(t)
dt

= k′0m(t)εc + k′gM(t)− k′cG(t), (5.35)

dP(t)
dt

= k′cG(t), (5.36)

dM(t)
dt

= 〈N〉k′cG(t)+2k+e m(t)P(t), (5.37)

where dissociation of monomers from fibril ends is neglected. Conversion is usually a slow process, so it

is reasonable to assume that k′c� [d lnG(t)/dt]−1. In addition, the NS-EM data indicate that elongation is

the main mechanism of fibril mass gain, so 〈N〉k′cG(t)� 2k+e m(t)P(t). Thus, in the early time such that
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m(t)≈ m(0),
dG(t)

dt
≈ k′0m(0)εc + k′gM(t), (5.38)

dM(t)
dt

≈ 2k+e m(0)P(t), (5.39)

so that
d3G(t)

dt3 ≈ κ
3G(t), (5.40)

where κ =
[
2k′gk′ck+e m(0)

]1/3, and the boundary conditions are

G(0) = 0, (5.41)

dG(t)
dt
|t=0 = k′0m(0)εc , (5.42)

d2G(t)
dt2 |t=0 = 0. (5.43)

Solving Eq. (5.40) for the boundary conditions gives the result

G(t) =
∞

∑
n=0

k′0m(0)εcκ3nt3n+1

(3n+1)!
. (5.44)

Applying Eq. (5.36),

P(t) =
∞

∑
n=0

k′0k′cm(0)εcκ3nt3n+2

(3n+2)!
. (5.45)

and applying Eq. (5.39),

M(t) =
∞

∑
n=0

2k′0k′ck+e m(0)εc+1κ3nt3n+3

(3n+3)!
. (5.46)

Asymptotically,

G(t)∼
k′0m(0)εc

3κ
eκt , (5.47)

P(t)∼
k′0k′cm(0)εc

3κ2 eκt , (5.48)

M(t)∼
2k′0k′ck+e m(0)εc+1

3κ3 eκt . (5.49)

Thus,

〈N〉G(t)
M(t)

≈ 〈N〉κ2

2k′ck+e m(0)
= 〈N〉

[
(k′g)

2

2k′ck+e m(0)

]1/3

, (5.50)

and

MT (t)∼

(
2k′ck+e m(0)

κ2 + 〈N〉

)
k′0m(0)εc

3κ
eκt . (5.51)
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Applying Eq. (5.12),

τ = κ
−1

[
ln

3ακm(0)
k′0m(0)εc

− ln

(
2k′ck+e m(0)

κ2 + 〈N〉

)]
. (5.52)

Thus,

γ =
∂ lnκ

∂ lnm(0)
− ∂

∂ lnm(0)
ln

[
ln

3ακm(0)
k′0m(0)εc

− ln

(
2k′ck+e m(0)

κ2 + 〈N〉

)]
. (5.53)

Neglecting the second term, which is likely to be small,

γ ≈ 1
3
. (5.54)

As before, the concentration-dependence is actually expected to be slightly higher than this value, due to the

neglected term in Eq. (5.53). It is hard to estimate the scale of this correction without precise measurements

of k′0 and k′c; however, it is likely to similar to that required for the other models examined in this section.

It is noted that Miclaels et al. [469] recently, independently, proposed a similar mathematical model to the

above. However, the precise details of the model differ, and the reaction orders and rate constants fitted

by Michaels et al. [469] would not fit the data presented in this chapter, or produce the appropriate scaling

behaviours in the limits.

5.2.8 Nonlinear regression and numerical modelling

Analytical models were fitted in GraphPad Prism 8 using Levenberg-Marquardt least squares fitting.

When fitting τ50, τlag, τinf, and νmax, whose error is expected to scale with the mean, residuals were weighted

relative to the square of the mean. AICc values were calculated using Eq. (3.24), and the likelihood of each

model was proportional to exp(−AICc/2).

5.3 Results and discussion

5.3.1 Aβ(1-42) self-assembly depends on the ionic strength

Investigation of the salt-dependence of Aβ(1-42) self-assembly was stimulated by the observation that

higher salt concentrations result in more rapid assembly kinetics. For example, Fig. 5.1 shows repre-

sentative self-assembly kinetics of 4 μM Aβ(1-42) in a 20 mM sodium phosphate buffer (pH 8) contain-

ing varying concentrations of NaCl. While the half-time is around 7500 s in the absence of NaCl (ionic

strength I = 59 mM), the addition of 50 mM NaCl (I = 109 mM) causes an almost twofold reduction in

half-time to around 4500 s, and the half-time is reduced almost twofold again in the presence of 300 mM

NaCl (I = 360 mM). Since the ionic strengths of CSF (at least 160 mM) and most common experimental

buffers (up to 300 mM in this lab) are above the range at which Aβ(1-42) fibrillisation is best characterised
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(I ≈ 60 mM), and existing studies provide an incomplete understanding of the manner in which salts affect

Aβ(1-42) fibrillisation (see Section 5.1), this effect was investigated in greater detail. Although previous

studies have investigated the effect of ionic strength alone on Aβ(1-42) fibrillisation [5, 428], electroselec-

tivity and Hofmeister effects have also been reported in the self-assembly of other amyloids, even at low con-

centrations (10 mM; [543]). Therefore, to determine whether the main cause of the observed phenomenon

was ionic strength, Hofmeister effects, or specific interactions, fibrillisation experiments were carried out

with 2 μM Aβ(1-42) in a 10 mM sodium phosphate buffer (pH 8) containing varying concentrations of the

halide salts NaF, NaCl, and NaI; the lower sodium phosphate concentration was used to allow examina-

tion of a broader range of ionic strengths. These three halide salts make the same contribution to the ionic

strength, but lie in different positions in the Hofmeister and electroselectivity series, meaning that equivalent

concentrations of the salts would be expected to have distinct effects on the self-assembly process if either

of these series were important at the concentrations investigated. According to the Hofmeister series, F−

ions should be most kosmotropic, reducing the solubility of Aβ(1-42) and promoting order, while I− ions

should be most chaotropic, solubilising the peptide and promoting disorder, and Cl− ions should occupy an

intermediate position [551, 552]. Alternatively, the same ions have approximately the same sequence in the

electroselectivity series, which describes the strength of anion binding to ion exchange resins [553,554], and

has been shown to describe the effects of various salts on glucagon and PrP fibrillisation [544, 545]. If the

effect of salts is electroselective, I− would be expected to bind most tightly and would either accelerate or

retard fibrillisation at the lowest concentrations, while Cl− would bind at intermediate concentrations, and

F− would bind most weakly. While a simple ionic strength effect would implicate electrostatic screening

as the mechanism by which salts alter fibrillisation, a Hofmeister effect would implicate a variety of salt-

peptide-water interactions, and an electroselective effect would point to specific interactions between anions

and positively charged sidechains or the N-terminus.

The self-assembly kinetics of Aβ(1-42) in the presence of varying concentrations of halide salts are

presented in Fig. 5.2. Up to a concentration of ∼80 mM, NaF, NaCl, and NaI all have approximately the

same effect. Despite a systematic variation in the fibrillisation rate between the three datasets, due to the

fact that the three datasets were acquired separately over the course of several months, with different Aβ(1-

42) preparations, buffer stocks, and batches of microplates, the relative decrease in fibrillisation half-time

shows the same pattern for all three salts. At higher salt concentrations, NaF and NaCl continue to produce

the same effect, with the fibrillisation half-time decreasing monotonically with the salt concentration. NaI

produces a distinct effect; the half-time remains approximately constant above ∼150 mM NaI, and the

self-assembly kinetics become much more variable than at lower concentrations. This result indicates that

the halide salts all cause a general enhancement of the fibrillisation rate via charge screening, but there is

a competing inhibitory effect at [I−] ' 100 mM, which is more stochastic or more sensitive to variation in
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Figure 5.1: Salt accelerates Aβ(1-42) self-assembly. Data points show the normalised fluorescence inten-

sities from representative ThT experiments performed at different concentrations of NaCl. All experiments

had 4 μM Aβ(1-42) in a 20 mM sodium phosphate buffer (pH 8) with 1 mM NaN3, 200 μM EDTA, and 20

μM ThT, at 37oC. The colour corresponds to the NaCl concentration and ionic strength: red, 0 mM NaCl

(I = 59 mM); green, 50 mM NaCl (I = 109 mM); cyan, 100 mM NaCl (I = 160 mM); indigo, 300 mM NaCl

(I = 360 mM).

experimental conditions. While it is possible that oxidation of I− could result in small quantities of I2 and I−3 ,

precautions were taken to avoid this (Section 2.4.7), and visible browning of the solutions was not observed;

therefore, the inhibitory effect is most likely due to I− itself. The lack of a difference between NaF and NaCl

suggests that the inhibitory effect is due to specific I−:Aβ(1-42) binding rather than a Hofmeister effect, as

I− is typically the most electroselective of the three halide anions that were tested, while F− and Cl− might

not interact to a significant extent over the concentration range used in these experiments. Nonetheless,

since inhibition of fibrillisation is consistent with the expected behaviour of a chaotrope, a Hofmeister effect

cannot be ruled out based on the present data, and might be further investigated by the use of a discriminatory

anion such as SO2−
4 , which is both kosmotropic and highly electroselective [544, 552, 554].

Despite the inhibitory effect observed for NaI, the fact that NaF and NaCl affect the self-assembly

kinetics in almost exactly the same way indicates that screening is the general cause of the increase in

assembly rate, rather than changes in solvation. In support of this, the 10 mM and 20 mM sodium phosphate

buffers produce almost exactly the same kinetics when one corrects for the difference in ionic strength due to

the differing concentrations of phosphate and azide (Fig. 5.3). Thus, at sufficiently low concentrations, the

effects of H2PO−4 , HPO2−
4 , N−3 , F−, and Cl− are approximately interchangeable so long as the ionic strength

remains constant, allowing the buffer composition to be modified to suit the experimental requirements

without altering the underlying aggregation mechanism. This is useful as different buffers and salts are

suitable for different experiments. For example, while 10 mM sodium phosphate allows investigation of

self-assembly at low ionic strengths (and concentrations as low as 4 mM have been used in other studies [5]),

and is also preferable for NS-EM as sodium phosphate reacts with uranyl formate stain, its poor buffering
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Figure 5.2: Ionic strength, Hofmeister, and electroselectivity effects on Aβ(1-42) self-assembly. Panels (a-

c) show representative experiments investigating the effects of varying concentrations of (a) NaF, (b) NaCl,

and (c) NaI on the self-assembly kinetics of 2 μM Aβ(1-42), in a 10 mM sodium phosphate buffer (pH 8)

with 200 μM NaN3, 200 μM EDTA, and 20 μM ThT, at 37oC. The colour in panels (a-c) corresponds to the

halide salt concentration and ionic strength: red, 0 mM salt (I = 30 mM); orange, 10 mM salt (I = 40 mM);

yellow, 20 mM salt (I = 50 mM); green, 50 mM salt (I = 80 mM); cyan, 80 mM salt (I = 110 mM); blue, 150

mM salt (I = 180 mM); indigo, 300 mM salt (I = 330 mM); violet, 500 mM salt (I = 530 mM). Panel (d)

shows the relationship between salt concentration and the mean ThT half-time across all such experiments,

with the colour corresponding to the salt whose concentration is being varied: yellow, NaF; green, NaCl;

purple, NaI. As discussed in the text, the variation in the 0 mM data points is due to systematic experimental

variation independent of salt concentration. Error bars represent a single standard deviation.
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Figure 5.3: Ionic strength is the main determinant of salt-dependent Aβ(1-42) self-assembly kinetics. (a)

The relationship between ionic strength and the mean self-assembly half-time of 2 μM Aβ(1-42) at 37oC,

from all relevant ThT experiments. The colour scheme corresponds to the buffer used to obtain the data

series: yellow, 10 mM sodium phosphate (pH 8) with varying NaF; green, 10 mM sodium phosphate (pH

8) with varying NaCl; purple, 10 mM sodium phosphate (pH 8) with varying NaI; blue, 20 mM sodium

phosphate (pH 8) with varying NaCl. (b) The average fluorescence intensity of all relevant ThT curves at

ionic strength I ≈ 50 mM. The colour scheme corresponds to specific salt concentrations from the data

series in panel (a): yellow, 10 mM sodium phosphate (pH 8) with 20 mM NaF (I = 50 mM); green, 10

mM sodium phosphate (pH 8) with 20 mM NaCl (I = 50 mM); purple, 10 mM sodium phosphate (pH 8)

with 20 mM NaI (I = 50 mM); blue, 20 mM sodium phosphate with no additional salt (I = 59 mM). Note

that the green and blue curves overlap almost exactly, so that the former are mostly obscured by the latter.

All experimental buffers contained 1 mM NaN3 (or 200 μM in 10 mM sodium phosphate buffers), 200

μM EDTA, and 20 μM ThT, which made a small additional contribution to the ionic strength that has been

accounted for in the calculations. Error bars represent a single standard deviation.

capacity at pH 8 makes it difficult to work with, so higher phosphate concentrations are preferable for more

regular use. Similarly, while NaF is usually more restrictive due to the reactivity of the F− ion, it is preferable

for CD experiments as the Cl− ion absorbs in the far UV region.

5.3.2 Ionic strength affects Aβ(1-42) fibril polymorphism

In order to characterise the effect of ionic strength on the polymorphism and length distribution of

amyloid fibrils, samples were collected from ThT experiments with 2 μM Aβ(1-42) in a buffer containing

10 mM sodium phosphate (pH 8), 200 μM NaN3, 200 μM EDTA, 20 μM ThT, and varying concentrations

of NaCl, and imaged by NS-EM. Representative NS-EM images from experiments with 0 mM NaCl (I =

30 mM), 50 mM NaCl (I = 80 mM), and 500 mM NaCl (I = 530 mM) are shown in Fig. 5.4-5.5, Fig. 5.6-

5.7, and Fig. 5.8-5.9, respectively. While the first of each of these pairs of figures shows samples taken at

the ThT half-time, the second shows samples taken at the end of the ThT growth phase. In addition, images

were collected for experiments with 10 mM NaCl (I = 40 mM), but are not shown as they were broadly
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similar to experiments with 0 mM NaCl (I = 30 mM), with minor exceptions that will be discussed in the

next paragraph.

At 0 mM NaCl (I = 30 mM), fibrils were by far the most common form of aggregate, and there was

little evidence of oligomers or other prefibrillar aggregates. The majority of fibrils had either a twisted

ribbon (Fig. 5.4(a), Fig. 5.5(a)) or tubular appearance (Fig. 5.4(b), Fig. 5.5(b)); due to the limitations

of the imaging method, it is unclear whether the latter reflected truly untwisted fibrils, or simply twisted

ribbons with a circular cross-section. In addition, helical species were also occasionally observed (Fig.

5.5(c)). While the polymorphism observed at this salt concentration was mostly similar to polymorphism at

10 mM NaCl (I = 40 mM), an occasional feature that appeared to be specific to the lower ionic strength was

weakened protofilament pairing and even unwinding of the protofilaments of twisted ribbon fibrils. A partial

example of this phenomenon can be seen in Fig. 5.4(c), and a more extreme case in Fig. 5.4(d); a possible

case of protofilament unpairing is also shown in Fig. 5.5(d). The most likely cause of this phenomenon

was electrostatic repulsion between protofilaments, as the interactions that cause protofilament pairing are

typically relatively weak compared to those that stabilise subunit stacking (Section 1.3.5), and might easily

be destabilised by electrostatic repulsion at low ionic strengths. Since protofilaments carry a high charge

per unit length, even a small decrease in ionic strength (eg. 40 mM to 30 mM) could significantly increase

this repulsion.

At 50 mM NaCl (I = 80 mM; Fig. 5.6-5.7), a similar variety of polymorphs was observed, although

twisted ribbon fibrils appeared to be less dominant at this ionic strength. In addition, while globular

oligomers were exceedingly rare at 0 mM NaCl (I = 30 mM), they were usually visible in well-stained

areas of the grids at 50 mM NaCl (I = 80 mM). At 500 mM NaCl (I = 530 mM; Fig. 5.8-5.9), these

changes in polymorphism were much more pronounced. Although there were occasional suggestions of a

twisted ribbon morphology upon closer inspection of images, unambiguous twisted ribbons were rarely ob-

served, and the majority of fibrils were shorter and less regular in appearance than those observed at lower

salt concentrations. In some cases, these morphological differences may result from fibrils having a less

ordered structure, or a more circular cross-section; however, the loss of obvious twist may also reflect the

importance of electrostatics in inducing torsion of the protofilaments, as previously suggested by studies of

β-lactoglobulin and β-endorphin [181, 200, 201]. Globular oligomers were also very abundant at this ionic

strength, and they appeared to increase, rather than decrease, in abundance towards the end of the growth

phase (Fig. 5.9(c-d)), suggesting that fibrillisation and oligomerisation compete with one another through-

out the growth phase. Thus, there appears to be a continuous trend in the self-assembly behaviour between

0 and 500 mM NaCl, with increasing salt concentration causing less regular fibril morphologies and greater

concentrations of oligomers.

To obtain a more quantitative picture of the effect of ionic strength on fibril morphology, the frequencies

251



Figure 5.4: NS-EM of 2 μM Aβ(1-42) fibrillisation at an ionic strength of 30 mM (part 1). Panels (a-d) show

representative images of Aβ(1-42) fibrils formed in a 10 mM sodium phosphate buffer (pH 8) containing

200 μM NaN3, 200 μM EDTA, and 20 μM ThT, sampled at the ThT half-time.
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Figure 5.5: NS-EM of 2 μM Aβ(1-42) fibrillisation at an ionic strength of 30 mM (part 2). Panels (a-d) show

representative images of Aβ(1-42) fibrils formed in a 10 mM sodium phosphate buffer (pH 8) containing

200 μM NaN3, 200 μM EDTA, and 20 μM ThT, sampled at the end of the growth phase as determined by

ThT fluorescence.
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Figure 5.6: NS-EM of 2 μM Aβ(1-42) fibrillisation at an ionic strength of 80 mM (part 1). Panels (a-d)

show representative images of Aβ(1-42) fibrils and oligomers formed in a 10 mM sodium phosphate buffer

(pH 8) containing 200 μM NaN3, 200 μM EDTA, 20 μM ThT, and 50 mM NaCl, sampled at the ThT

half-time.
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Figure 5.7: NS-EM of 2 μM Aβ(1-42) fibrillisation at an ionic strength of 80 mM (part 2). Panels (a-d)

show representative images of Aβ(1-42) fibrils and oligomers formed in a 10 mM sodium phosphate buffer

(pH 8) containing 200 μM NaN3, 200 μM EDTA, 20 μM ThT, and 50 mM NaCl, sampled at the end of the

growth phase as determined by ThT fluorescence.
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Figure 5.8: NS-EM of 2 μM Aβ(1-42) fibrillisation at an ionic strength of 530 mM (part 1). Panels (a-d)

show representative images of Aβ(1-42) fibrils and oligomers formed in a 10 mM sodium phosphate buffer

(pH 8) containing 200 μM NaN3, 200 μM EDTA, 20 μM ThT, and 500 mM NaCl, sampled at the ThT

half-time.
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Figure 5.9: NS-EM of 2 μM Aβ(1-42) fibrillisation at an ionic strength of 530 mM (part 2). Panels (a-d)

show representative images of Aβ(1-42) fibrils and oligomers formed in a 10 mM sodium phosphate buffer

(pH 8) containing 200 μM NaN3, 200 μM EDTA, 20 μM ThT, and 500 mM NaCl, sampled at the end of the

growth phase as determined by ThT fluorescence.
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of different polymorphs were calculated. Due to the limited resolution of the images and the high degree

of fibril polymorphism, it was necessary to classify polymorphs in relatively broad terms. Therefore, fibrils

were split into two classes: those with clearly defined twisted ribbon or helical morphology, and those

without. Fibrils were considered to have a twisted ribbon morphology if they exhibited clear, periodic width

variations along their length, indicating that they were not only twisted, but also had a non-circular cross-

section. While it is possible that apparently tubular fibrils may have actually been twisted ribbons with an

approximately circular cross-section, the resolution of the technique does not allow such a distinction to be

made with any confidence; therefore, fibrils without periodic width variations or helical morphology were

treated as members of a heterogeneous second class. As shown in Fig. 5.10(a), increasing the ionic strength

caused a clear reduction in the proportion of the first class, indicating that fibrils formed at higher salt were

less ordered, less twisted, had a more circular cross-section, or a combination of all three.

In addition to polymorphism, the NS-EM images were analysed to evaluate the effect of ionic strength on

the fibril length distribution at different sampling times. The mean fibril lengths are shown in Fig. 5.10(b),

and violin plots showing the median, quartiles, and estimated fibril length distributions are shown in Fig.

5.10(c-e). At all time points, there was an inverse correlation between the ionic strength and the mean fibril

length, indicating that faster fibrillisation at high ionic strength was due to enhanced nucleation, rather than

elongation. This salt-induced reduction in length is unlikely to be due to fragmentation alone, as fibrils did

not show a significant decrease in length between the end of the growth phase and 10000 s after that point,

indicating that fragmentation was slow on that timescale; in addition, in the ThT experiments, the maximum

rate of fluorescence gain is reached close to or before the half-time (Fig. 5.1-5.2), indicating that the dom-

inant secondary process is a high-order process such as secondary nucleation, rather than fragmentation.

Therefore, in the absence of excess fragmentation, the mean fibril length is controlled by the balance be-

tween nucleation and elongation, with an increase in nucleation tending to promote the formation of larger

numbers of shorter fibrils, and an increase in elongation promoting the formation of smaller numbers of

longer fibrils. Thus, ionic strength affects nucleation more strongly than elongation, in agreement with the

results of previous work on Aβ(M1-42) [5].

5.3.3 Quantitative analysis of the effects of ionic strength on Aβ(1-42) self-assembly

As an initial measure to evaluate the relative effects of ionic strength on primary versus secondary

nucleation, lag times τlag and maximum fibrillisation rates νmax were calculated for ThT curves acquired

at a range of different Aβ(1-42) concentrations, as described in Section 2.5.2. When varying some other

factor, in this case the initial monomer concentration m(0), the τlag and νmax of amyloids have previously
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Figure 5.10: Analysis of Aβ(1-42) polymorphism and length distributions, from the NS-EM images in Fig.

5.4-5.9. (a) The proportion of fibrils imaged by NS-EM that had a clearly visible twisted ribbon or helical

appearance, as a function of the ionic strength of the fibrillisation buffer. The remainder lacked obvious

twisting, although limitations of the imaging method cannot be ruled out. The colour scheme corresponds

to the stage of the ThT experiments at which samples were taken and negatively stained: red, half-time;

green, end of growth phase, as determined by levelling of the ThT fluorescence; blue, 10000 s after end of

growth phase. Error bars represent the standard error of the mean, estimated as described in Section 5.2.3.

(b) The mean fibril length as a function of the ionic strength of the fibrillisation buffer. As with panel (a),

the colour scheme represents the sampling time in the corresponding ThT experiments, and the error bars

represent the standard error of the mean. (c-e) Violin plots showing the estimated fibril length distributions at

(c) the half-time, (d) the end of the growth phase, and (e) 10000 s after the end of the growth phase; all three

panels have the same y-axis, as shown on the left. The median is represented as a solid black line, and the

quartiles as dashed black lines; the thickness of the ‘violin’ represents the kernel density estimation (KDE)

of the fibril length distribution (Section 5.2.3), with greater thickness corresponding to higher estimated

frequency. The blue datasets in panels (a), (b), and (e) have gaps at ionic strengths of 30 mM and 40 mM

as the necessary images were not obtained. Analyses of polymorph frequencies are based on images of 292

separate fibrils (average of 48.6 per data point), while analyses of 273 separate fibrils (average of 45.5 per

data point or estimated length distribution).

259



been shown to co-vary according to the scaling law [555],

τlag = αν
−Γ
max, (5.55)

where α is a proportionality constant, and Γ is the scaling exponent relating the two quantities. In the

original publication, it was assumed that Γ = 1; however, examination of the fits in that paper suggests

that a value in the range 0 < Γ < 1 would be empirically more appropriate. The correspondence between

τlag and νmax for fibrillisation at a variety of m(0) values, in a 20 mM sodium phosphate buffer containing

1 mM NaN3, 200 μM EDTA, 20 μM ThT and varying concentrations of NaCl is shown in Fig. 5.11.

In this figure, the variation in τlag and νmax at each ionic strength is due to variation in m(0), as well

as individual experimental variation. As shown in Fig. 5.11(a), increasing the ionic strength causes a

progressive reduction in τlag and increase in νmax. In addition, the m(0)-dependence of the data is reduced

at higher ionic strengths, as the range of m(0) values was the same in all datasets (1-10 μM), but there

is a broader spread of τlag and νmax values at lower ionic strengths. Examination of the variation in τlag

and νmax at individual ionic strengths, shown separately in Fig. 5.11(b-h), revealed that the two quantities

appeared linearly correlated when plotted against one another on double-logarithmic axes at ionic strengths

from 59-260 mM, confirming the existence of a power-law relationship between the two as described by

Eq. (5.55). At I = 360 mM, a kink appeared in this plot, indicating that a fundamental change in the

underlying mechanism had occurred, such that increases in τlag were not accompanied by further increases

in νmax. Nonlinear least-squares fitting of Eq. (5.55) to the datasets acquired at ionic strengths of 59-260

mM, with α values fitted individually and Γ shared globally, gave an estimated Γ = 0.75. Comparison with

fits obtained with the constraint Γ = 1 supported a non-unitary value of Γ (∆AICc = 267.2), confirming that

the proportionality between τlag and νmax is not exactly inverse (ie. Γ 6= 1). This may be due to the fact that

primary and secondary nucleation can have different reaction orders, and τlag is slightly more dependent on

primary nucleation than νmax, which is mostly influenced by secondary nucleation. In addition, as shown in

Fig. 5.11(i), a reduction in α was observed with increasing ionic strength, indicating that changing the ionic

strength had a greater effect on τlag than on νmax. The fits are shown in Fig. 5.11(b-g), and the corresponding

fitted parameters, constrained parameters, and diagnostic statistics are shown in Table 5.1.

To more precisely determine the relative effects of ionic strength on primary and secondary nucleation,

ThT curves obtained in the 10 mM sodium phosphate buffer at m(0) = 2 μM and a variety of ionic strengths

were non-globally fitted to Eq. (1.41), which yields the quantities λ 2 = 2k′nk+e m(0)nc and κ2 = 2k′2k+e mns+1,

where k′n and k′s are the apparent primary and secondary nucleation rate parameters accounting for the effects

of saturation, k+e is the bidirectional elongation rate parameter, and nc and ns are the effective reaction orders

of primary and secondary nucleation, with respect to the monomer. Representative fits are shown in Fig.
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Figure 5.11: Relationship between νmax and τlag at varying ionic strengths. Panels (a-h) show the relation-

ship between these two quantities for ThT curves obtained at a variety of monomer concentrations and ionic

strengths. The colour scheme represents the ionic strength: red, 59 mM; orange, 69 mM; yellow, 79 mM;

green, 109 mM; cyan, 160 mM; blue, 260 mM; indigo, 360 mM. Variations in νmax and τlag within each

dataset are due to varying initial monomer concentration. Panel (a) shows an overlay of all ionic strengths,

and panels (b-h) show individual ionic strengths globally fitted to Eq. (5.55), as described in the text. The

fitted parameters, constrained parameters, and diagnostic statistics from these fits are shown in Table 5.1.

Panel (i) plots the effect of ionic strength on the fitted parameter α , with greater values indicating a longer

lag phase relative to the growth phase; for a more detailed discussion of the meaning of this parameter, see

the text. Error bars represent the standard error of the mean.
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Parameter Model Value
I, mM — 59 69 79 109 160 260

[NaCl], mM — 0 10 20 50 100 200

α, s1−Γ Γ 6= 1 8.54 9.18 6.26 5.97 5.31 5.09

Γ = 1 0.95 1.04 0.78 0.73 0.70 0.72

Γ Γ 6= 1 0.75

Γ = 1 = 1

AICc Γ 6= 1 -953.8

Γ = 1 -237.2 -53.2 -56.4 -185.6 -174.0 -100.8

R2 Γ 6= 1 0.857 0.806 0.874 0.933 0.909 0.917

Γ = 1 0.634 0.782 0.516 0.854 0.621 0.794

Table 5.1: Fitted parameters, constrained parameters, and diagnostic statistics from fitting of the data pre-

sented in Fig. 5.11. Two models were tested: Eq. (5.55) with unshared α and shared Γ, as indicated by

Γ 6= 1 in the second column; and Eq. (5.55) with unshared α and the constraint Γ = 1, as indicated by Γ = 1

in the second column. The ionic strength I and NaCl concentration [NaCl] are the independent variables,

whereas α and Γ are the fitted and/or constrained parameters, and the AICc and R2 values are diagnostic

parameters indicating fit quality. Note that AICc values are only meaningful in a comparative sense, with

lower AICc indicating a higher probability, and the fact that the AICc values are negative is not meaning-

ful. As the Γ = 1 model has no shared parameters, each set of experimental conditions has its own AICc;

however, the overall ∆AICc between the two models is 267.2, favouring the Γ 6= 1 model with > 99.99%

probability.
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Figure 5.12: Representative ThT curves collected in a 10 mM sodium phosphate buffer (pH 8) containing

200 μM NaN3, 200 μM EDTA, 20 μM ThT, and varying NaCl, fitted to Eq. (1.41) to extract λ and κ . The

colour scheme represents the NaCl concentration and ionic strength: red, 0 m NaCl (I = 30 mM); orange,

10 mM NaCl (I = 40 mM); green, 50 mM NaCl (I = 80 mM); violet, 500 mM NaCl (I = 530 mM). The

Aβ(1-42) concentration in all experiments was 2 μM. For a description of the fitting procedure, see the text.

5.12. As data were only obtained at a limited range of m(0) in the 10 mM sodium phosphate buffer, global

fitting to determine the precise reaction orders and any saturation behaviour was not possible; therefore, the

value nc = ns = 2 was used, which is supported by previous work [54, 519] in the non-saturating limit. As

fitting of λ and κ mainly depends on the half-time and maximal rate, which are not particularly sensitive to

nc and ns, constraining these reaction orders is not expected to strongly affect estimates of the relative vari-

ation in λ and κ across different ionic strengths [5]. As shown in Fig. 5.13(a), increasing the ionic strength

causes a general increase in λ and κ in the 10 mM sodium phosphate buffer, and the same relationship was

also observed in the 20 mM sodium phosphate buffer. The fact that λ and κ exhibit a similar variation with

ionic strength indicates there is either a change in the elongation rate constant, which would affect both λ

and κ alike, or ionic strength has a similar effect on both primary and secondary nucleation.

The question of whether this effect is due to nucleation or elongation can be settled by closer examination

of the fibril length distributions. For the data obtained in 10 mM sodium phosphate buffer, there were corre-

sponding NS-EM data giving average fibril lengths at the end of the growth phase, as presented in Fig. 5.10.

Since the Knowles model is able to predict the average fibril lengths at this time, it was possible to combine

the measurements to separate out the effects on elongation and primary and secondary nucleation, as de-

scribed in Section 5.2.3. The relative rate parameters R′n(I) = k′n(I)/k′n(30 mM), R′s(I) = k′s(I)/k′s(30 mM),

and R+
e (I) = k+e (I)/k+e (30 mM), where the absolute rate parameters are treated as functions of the ionic

strength I and normalised against their values at I = 30 mM, are shown in Fig. 5.13(b). This analysis con-

firms that the dependence of the elongation rate on the ionic strength is very weak, meaning that the effect

of ionic strength on λ and κ is due to an effect on nucleation. This result is consistent with the notion that

primary and secondary nucleation have a similar mechanism, and involve a conformational transition state
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Figure 5.13: Effect of ionic strength on the rate constants of 2 μM Aβ(1-42) self-assembly. (a) The effect

of the ionic strength on the macroscopic rate constants λ (red) and κ (green) determined by fitting to Eq.

(1.41). Circles and crosses represent the macroscopic rate constants of fibrillisation in a 10 mM sodium

phosphate buffer and 20 mM sodium phosphate buffer, respectively, with 1 mM NaN3 (or 200 μM in 10

mM sodium phosphate buffer), 200 μM EDTA, 20 μM ThT, and varying concentrations of NaCl (pH 8). (b)

The effect of the ionic strength on the relative values of the effective nucleation rate parameters R′n (red)

and R′s (green), and the elongation rate parameter R+
e (blue). Data in this panel are all calculated from λ

and κ values in the 10 mM sodium phosphate buffer (see previous panel), in conjunction with fibril length

distributions from the corresponding NS-EM images.

with a higher net charge than elongation, resulting in a greater ionic strength-dependence [5].

While the analysis in Fig. 5.12-5.13 shows that increasing the ionic strength affects nucleation more

strongly than elongation, it does not account for the possible quantitative effects of saturation of nucleation

at high ionic strengths and/or monomer concentrations. Saturable secondary nucleation has been suggested

for both Aβ(M1-40) [4] and Aβ(M1-42) [5], and saturable primary nucleation due to surface catalysis has

recently been suggested for Aβ(M1-40) [6]. Therefore, a broader picture of the m(0)-dependence of Aβ(1-

42) self-asembly at different ionic strengths was needed to determine whether saturation was occurring, and

more accurately quantify the variation in the primary and secondary nucleation rate parameters. Fig. 5.14

shows an analysis of the τ50, τlag, and νmax of Aβ(1-42) fibrillisation, and the m(0)-dependence of these

quantities, in the 20 mM sodium phosphate buffer at a range of ionic strengths. For the purpose of this

analysis, it is assumed that any observed saturation of these quantities is due to nucleation, as elongation has

previously been shown not to saturate at these Aβ(1-42) concentrations and ionic strengths [5], and the data

presented in Fig. 5.13 show that R+
e (I) varies very weakly with I. While τ50 appears to exhibit a relatively

simple saturation with increasing m(0) or I (Fig. 5.14(a,d)), the pattern with τlag (Fig. 5.14(b,e)) and νmax

(Fig. 5.14(c,f)) is more complex. At low I, τlag initially levels out with increasing m(0), which is most

likely due to saturation of one of the nucleation processes, before the concentration-dependence increases

again somewhat, which is most likely due to competition from the non-saturated nucleation process. With
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increasing I, there is a decrease in the m(0) at which the initial saturation occurs, but further saturation also

begins to appear at the higher m(0) values, indicating that the competing nucleation process also begins to

saturate. The behaviour of νmax broadly agrees with this scenario at ionic strengths of 59-160 mM, with two

regions of changing concentration-dependence; one at m(0) values of 1.5-3 μM, where logνmax is a convex

function of logm(0), and one at m(0) values of 4-10 μM, where logνmax is a concave function of logm(0).

The former suggests competing nucleation processes, while the latter suggests saturation of the nucleation

process that dominates at those concentrations. However, at higher ionic strengths (' 260 mM) and initial

monomer concentrations (' 3 μM), a new pattern emerges, which is not consistent with the behaviour of

τlag. Rather than simply saturating, νmax reverses somewhat, before continuing to increase. This effect

was highly reproducible, and the very small experimental variation at this ionic strength and Aβ(1-42)

concentration means the effect is significant compared to typical expected variation in νmax. Therefore, it

appears that there is a fundamental change in the self-assembly mechanism at high ionic strengths, which

may be incipient at I = 260 mM or even lower, and this change of mechanism is responsible for the sharp

deviation from expected scaling between τlag and νmax, shown in Fig. 5.11(i). The change of mechanism

is also associated with weak scaling of the characteristic times and νmax; as shown in Fig. 5.14(g), at ionic

strengths of 260-360 mM and in the 6-10 μM range of initial Aβ(1-42) concentrations, the scaling exponent

γ50 = −∂ logτ50/∂ logm(0) is well below 0.5, the theoretical lower limit if only secondary nucleation is

saturable [4], although saturation of primary nucleation could contribute to this effect.

While the data indicate that Aβ(1-42) self-assembly cannot be described by simple saturation at high

ionic strengths (' 260 mM) and initial monomer concentrations, global analysis of the saturation behaviour

across monomer concentrations is still possible at lower ionic strengths. Therefore, ThT curves acquired

in the 20 mM sodium phosphate buffer at ionic strengths of 59-160 mM were non-globally fitted to Eq.

(1.41) in order to extract λ and κ values, in the same manner as previously carried out with data collected

using the 10 mM sodium phosphate buffer. Fits to representative datasets are shown in Fig. 5.15; to allow

comparisons, the 0 mM NaCl (I = 59 mM) dataset is the same as that previously shown in Section 3.3.9,

and an example of the fibrillisation curves obtained at 300 mM NaCl (I = 360 mM), which were not fitted

for the reasons discussed above, is shown in Fig. 5.15(d).

Nonlinear regression confirmed that the variations in τ50, τlag, and νmax can be attributed to similar varia-

tions in λ and κ , as shown in Fig. 5.16(a-c). To determine whether changes in the concentration-dependence

of λ and κ were consistent with saturation of the primary and secondary nucleation processes, respectively,

the best-fit λ and κ values were fitted to Eq. (1.49) and (1.50), which describe the cases where both forms of

nucleation become independent of the free monomer concentration at high m(t), although κ retains a resid-

ual dependence on m(0) due to its additional dependence on the fibrillar monomer concentration. Schemat-

ics of these models are shown in Fig. 5.17. In addition, the λ and κ values were fitted to equations describing
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Figure 5.14: Effects of initial monomer concentration and ionic strength on τ50, τlag, and νmax. Panels

(a-c) show the relationship between the initial monomer concentration and (a) τ50, (b) τlag, or (c) νmax in a

20 mM sodium phosphate buffer (pH 8) containing 1 mM NaN3, 200 μM EDTA, 20 μM ThT, and varying

concentrations of NaCl. The colour scheme represents the NaCl concentration and ionic strength: red, 0 mM

NaCl (I = 59 mM); orange, 10 mM NaCl (I = 69 mM); yellow, 20 mM NaCl (I = 79 mM); green, 50 mM

NaCl (I = 109 mM); cyan, 100 mM NaCl (I = 160 mM); blue, 200 mM NaCl (I = 260 mM); indigo, 300

mM NaCl (I = 360 mM). Error bars represent a single standard deviation. Panels (d-f) show the relationship

between the ionic strength and (d) τ50, (e) τ lag, or (f) νmax of 1 μM (black dashed line) or 10 μM (black solid

line) Aβ(1-42), from the data in panels (a-c). Error bars represent a single standard deviation. Panels (g-

i) show the relationship between the ionic strength and the scaling exponents (g) γ50 = −∂logm(0) logτ50,

(h) γlag = −∂logm(0) logτlag, and (i) γmax = ∂logm(0) logνmax. The dashed black lines show the fitted scaling

exponents for 1 μM≤ m(0)≤ 2μM, and the solid black lines show the fitted scaling exponents for 6 μM≤
m(0)≤ 10μM; both are derived from the data in panels (a-c), and the error bars represent the standard error

of the fit.
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Figure 5.15: Representative ThT curves collected in a 20 mM sodium phosphate buffer (pH 8) containing

1 mM NaN3, 200 μM EDTA, 20 μM ThT, and varying NaCl, fitted to Eq. (1.41) to extract λ and κ . Panels

show sets of concentration-dependent ThT curves at different NaCl concentrations and ionic strengths: (a)

0 mM NaCl (I = 59 mM), (b) 50 mM NaCl (I = 109 mM), (c) 100 mM NaCl (I = 160 mM), and (d) 300

mM NaCl (I = 360 mM). The colour scheme represents the initial Aβ(1-42) monomer concentration: red,

1.5 μM; orange, 2 μM; yellow, 2.5 μM; green, 3 μM; cyan, 3.5 μM; blue, 4 μM; indigo, 5 μM; violet, 6 μM.

For the purpose of comparison, the data shown in panel (a) are the same as those presented in Section 3.3.9.

For reasons discussed in the text, datasets with more than 100 mM NaCl are not fitted, which is why fits are

not shown for panel (d). For more detail on the fits, see the text.
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cases where primary and secondary nucleation retain a residual dependence on the free monomer concen-

tration under saturating conditions, reflecting scenarios where there are additional steps in the process that

do not saturate and whose rate continues to vary with the free monomer concentration. These models were

evaluated as possible alternatives to the aforementioned models as the fitted macroscopic rate constants,

particularly λ (Fig. 5.16(b, d)), did not appear to level out at the expected concentration-dependence in the

saturating limit, despite showing clear signs of a reduction in concentration-dependence across the range of

m(0) values investigated. As an example of a mechanism that might result in such a behaviour, if monomers

were able to saturate the sites on catalytic surfaces (for heterogeneous primary nucleation) or fibrils (for

secondary nucleation) where nucleation occured, but the release of on-pathway oligomers from these sites

still required additional monomer-dependent steps such as growth of the surface-bound oligomers, there

would be a residual dependence on the free monomer concentration. In these scenarios, the rates of primary

and secondary nucleation are

Φn(t) = knm(t)nc
KM,n

KM,n +m(t)nc−εc
, (5.56)

and

Φs(t) = ksm(t)nsM(t)
KM,s

KM,s +m(t)ns−εs
, (5.57)

respectively, where KM,n and KM,s are the effective Michaelis constants for the saturable part of the process,

and εc and εn are the residual dependence of Φn(t) and Φs(t) on m(t) in the saturated limit. In Michaelis-

Menten kinetics, this is equivalent to introducing an additional dependence of Vmax on the concentration

of precursor, with a corresponding concentration-dependent effect on the catalytic efficiency; at low m(t),

∂ logΦn(t)/∂ logm(t) = nc and ∂ logΦs(t)/∂ logm(t) = ns, whereas at high mt , ∂ logΦn(t)/∂ logm(t) = εc

and ∂ logΦs(t)/∂ logm(t) = εs. Following the approach applied by Dear et al. [6], the macroscopic rate

constants have the expressions

λ =

√
2knk+e m(0)nc

KM,n

KM,n +m(0)nc−εc
, (5.58)

and

κ =

√
2ksk+e m(0)ns+1 KM,s

KM,s +m(0)ns−εs
. (5.59)

At low m(0), ∂ logλ/∂ logm(0)= nc/2 and ∂ logκ/∂ logm(0)= (ns+1)/2; at high m0, ∂ logλ/∂ logm(0)=

εc/2 and ∂ logκ/∂ logm(0) = (εs +1)/2. It should be noted that Eq. (1.49-1.50), which describe the cases

where saturation with respect to the free monomer concentration is complete, can be considered as special

cases of Eq. (5.58-5.59) for which εc = εs = 0. Both Eq. (1.49-1.50) and Eq. (5.58-5.59) were fitted to the
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Figure 5.16: Effects of initial monomer concentration and ionic strength on primary and secondary path-

ways. Panels (a-c) show the relationship between the initial monomer concentration and (a) τ50, (b) λ , or

(c) κ in a 20 mM sodium phosphate buffer (pH 8) containing 1 mM NaN3, 200 μM EDTA, 20 μM ThT, and

varying concentrations of NaCl. The colour scheme represents the NaCl concentration and ionic strength:

red, 0 mM NaCl (I = 59 mM); orange, 10 mM NaCl (I = 69 mM); yellow, 20 mM NaCl (I = 79 mM);

green, 50 mM NaCl (I = 109 mM); cyan, 100 mM NaCl (I = 160 mM). Error bars represent a single stan-

dard deviation. The data in panel (a) are the same as those in Fig. 5.14(a), minus the ionic strengths at

which fitting was not performed, and have been included for reference. Panels (d-e) show the same data as

panels (b-c), but have been fitted to Eq. (5.58) and Eq. (1.50), respectively. Panels (f-h) show parameters

extracted from these fits: (f) the free monomer-dependence of primary (red, ∂logm(t) logΦn) and secondary

(green, ∂logm(t) logΦn) nucleation in the weak (wk, m(t)� KM; nc and ns) and strong (str; m(t)� KM;

εc and εs = 0) binding limits; (g) the effective Michaelis constants K1/n
M of primary (red, KM = KM,n and

n = nc− εc) and secondary (green, KM = KM,s and n = ns− εs = ns) nucleation, fitted to a power law; and

(h) the relative rate parameters RnR+
e (red) and RsR+

e (green). The error bars represent the standard error

of the fit. Panel (i) shows the 0 mM NaCl (I = 59 mM) dataset from panels (b, d) fitted to two separate

non-saturable scaling laws in the m(0)≤ 1.5 μM and m(0)≥ 2 μM range, respectively.
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Figure 5.17: Models of saturable primary and secondary nucleation. Panels (a-b) show a possible model

of saturable primary nucleation at (a) low m(t) and ionic strength, and (b) high m(t) and ionic strength.

Similarly, panels (c-d) show saturable secondary nucleation at (c) low m(t) and ionic strength, and (d) high

m(t) and ionic strength. In both panels, the colour scheme corresponds to the monomer conformation: red,

soluble; gold, surface-associated; blue, fibrillar. Adsorption of monomers to a catalytic surface, which is

either a heterogeneous surface (a-b) or the surface of a fibril (c-d), catalyses the formation of fibril nuclei.

Saturation of this surface (b, d) explains saturation of the nucleation rate.

best-fit λ and κ values shown in Fig. 5.16, with global fitting of the Michaelis constants and reaction orders

across ionic strengths (with the reaction orders constrained to take non-negative values wherever fitted), and

non-global fitting of knk+e and ksk+e . The fits were then compared using the AICc and extra-sum-of-squares

F-test; the globally fitted parameters and diagnostic statistics are presented in Table 5.2, and the fits that

were ultimately favoured (residual m(t)-dependence for λ , no residual m(t)-dependence for κ) are shown

in Fig. 5.16(d-e).

For λ , a non-zero value of εc = 0.61 (95% CI 0.47-0.75) was strongly preferred by both tests, with

∆AICc = 13.06 between Eq. (5.58) and Eq. (1.49), indicating a 99.85% probability that the former rather

than the latter would have produced the data, and the F-test also supporting the former (p = 0.0002); thus,

primary nucleation exhibits partial saturation across the investigated range of m(0) values. For κ , the situa-

tion was less clear, as the AICc only weakly preferred a non-zero value of εs = 0.29 (95% CI 0-0.59), with

a ∆AICc = 0.2004 between Eq. (5.59) and Eq. (1.50), indicating only a 52.5% probability that the former

would have produced the data; in contrast, the F-test weakly favoured the εs = 0 model (p = 0.1261). Since

neither test strongly favours εs 6= 0, the unconstrained value of εs is close to zero anyway, and this form of

incomplete saturation does not appear to have been described elsewhere in the literature, Φs(t) is considered

hereafter to fully saturate.

While there is ambiguity with secondary nucleation, it is clear from Fig. 5.16(d) that the primary path-
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Parameter Models of λ Models of κ

Fully
saturable

Partly
saturable

Change of
nucleus size

Fully
saturable

Partly
saturable

Eq. (1.49) Eq. (5.58) Eq. (1.35) Eq. (1.50) Eq. (5.59)
nc best-fit 1.49 7.10 4.47 — —

95% CI 1.00−1.98 3.96−10.23 1.85−6.57 — —

εc best-fit — 0.61 0.68 — —

95% CI — 0.47−0.75 0.50−1.11 — —

ns best-fit — — — 1.75 1.90

95% CI — — — 1.56−1.94 1.58−2.22

εs best-fit — — — — 0.29

95% CI — — — — 0.00−0.59

AICc -527.9 -540.9 — -757.5 -757.7

R2 0.832 0.886 — 0.965 0.966

p 0.0002 — 0.1261

Table 5.2: Globally fitted parameters and diagnostic statistics from fitting of the data presented in Fig. 5.16.

Models of λ treat primary nucleation as fully saturable, partly saturable, or involving an abrupt change of

nucleus size. Models of κ treat secondary nucleation as fully or partly saturable. The best-fit and 95% CI

values of the fitted parameters are presented below. The diagnostic statistics are the AICc, R2, and p values;

these statistics were not calculated for the model involving a change of nucleus size, as this model was

fitted over a different range of ionic strengths and so was not comparable. Note that AICc values are only

meaningful in a comparative sense, with lower AICc indicating a higher probability, and the fact that the

AICc values are negative is not meaningful. The p values are derived from F-tests and refer to comparisons

between fully and partly saturable models of nucleation, where the former is treated as the null hypothesis.
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way does not fully saturate, and the statistical tests strongly support this. Therefore, the best fit of Eq.

(5.58) to the λ values is shown in Fig. 5.16(d), the best fit of Eq. (1.50) to the κ values is shown in Fig.

5.16(e), and the reaction orders, effective Michaelis constants, and relative rate parameters of these fits

(RnR+
e = kn(I)k+e (I)/kn(59 mM)k+e (59 mM) and RsR+

e = ks(I)k+e (I)/ks(59 mM)k+e (59 mM)) are shown in

Fig. 5.16(f-h). The results of fitting Eq. (1.50) to κ broadly agree with previous studies supporting saturable

secondary nucleation, with an unsaturated reaction order of ns = 1.75 (95% CI 1.56-1.94) when εs = 0.

This indicates that secondary nucleation can be described as the formation of stable on-pathway dimers at

saturable sites on the fibril surface, as depicted in Fig. 5.17(d). However, while previous studies assuming

that primary nucleation is non-saturable have found that nc ≈ 2, the results of this analysis suggest that this

is an apparent reaction order caused by saturation of a much higher order process, with a fitted value of

nc = 7.10 (95% CI 3.96-10.23). However, due to the fact that saturation typically occurs towards the lower

end of the investigated range of m(0) values, the confidence intervals on this value are rather broad, and

additional experiments will be need to ascertain the exact reaction order at low concentrations. In addition,

despite saturation at high m(0) and I, a residual concentration-dependence remains, reflected in the value

of εc = 0.61 (95% CI 0.47-0.75) discussed above. This is an effective reaction order rather than reflecting

the true number of Aβ(1-42) monomers involved in the non-saturable part of the process; however, the ex-

istence of a residual dependence on m(t) indicates that soluble monomers may play a role in the release of

surface-bound oligomers as well as their formation. Two possible models for this are represented in Fig.

5.18(a-d).

Alternatively, the change in the concentration-dependence of Φn(t) might not reflect true saturation be-

haviour, but instead a rapid shift in the size of the critical nucleus due to a change in the relative height

of two successive free energy barriers along the self-assembly pathway, with each free energy barrier as-

sociated with a pre-fibrillar oligomer of a different size. While the barrier occurring at greater aggregate

size would dominate at low m(0), the barrier occurring at lesser aggregate size would dominate at high

m(0), due to the m(0)-dependence of the free energy function. A similar effect would be expected for

ionic strength, as a larger aggregate would have a greater net charge, which would make its free energy

more sensitive to the ionic strength. In this interpretation, nc and εc are the effective reaction orders of

crossing these two free energy barriers. Such a mechanism would produce a relatively sharp change in

concentration-dependence, so that nc and and εc are best determined by fitting to separate non-saturable

scaling laws in the m(0) ≤ 1.5 μM and m(0) ≥ 2 μM range, respectively (as shown in Fig. 5.16(i)), rather

than a single Michaelis-Menten saturation law. Unfortunately, since fitting of nc involves only two data

points, there is a high level of uncertainty on that parameter. Nonetheless, this uncertainty can be quanti-

fied by considering the asymmetric 95% confidence intervals; in future, better constraints on nc could be

obtained by collecting more points in this range, although extending the range to significantly lower m(0)
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Figure 5.18: Saturable primary nucleation models with a residual monomer dependence at high concen-

trations. Panels (a-b), (c-d), and (e-f) show three possible mechanisms by which the primary nucleation

rate could saturate, but still have a residual monomer-dependence in the strong binding limit (KM � m(0));

while panels (a, c, e) show the behaviour at low m(t) and I, panels (b, d, f) show the behaviour at high

m(t) and I. In panels (a-b), oligomers form at saturable active sites on a surface, and the residual monomer

dependence is due to a growth-dependent transition from a surface-bound monomer to a growing fibril seed.

In panels (c-d), the model is very similar, but the oligomers form in solution before binding to and saturat-

ing the active sites. In panels (e-f), the decrease in the order of primary nucleation is not due to saturation

of active sites, but a shift from nucleated polymerisation to non-nucleated assembly, occurring at the point

when the surface-bound critical nucleus becomes more stable than the soluble monomer. In all panels, the

colour scheme corresponds to the monomer conformation: red, soluble; gold, surface-bound; green, soluble

intermediate; blue, fibrillar.
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is probably not feasible due to the experimental challenges of experiments at low Aβ(1-42) concentrations.

The fitted scaling exponents were nc = 4.47 (95% CI 1.85-6.57) and εc = 0.68 (95% CI 0.50-1.11). Thus,

although the fitting of nc is rather uncertain, and it cannot be said with complete confidence that nc > 2, it

is clear that there is a drop in concentration-dependence, and that εc < 2. The low value of εc suggests two

possible models: rate-determining conformational conversion of the monomer (expected εc = 1), or surface-

catalysed nucleation (expected εc ≥ 0). Rate-determining conformational conversion of the monomer would

require an unstable monomer conformer that persisted for timescales of ∼ 0.1 s, which is not supported by

the literature, given that the Aβ(1-42) monomer is highly dynamic and samples conformations on sub-μs

timescales [232, 236, 238]. Thus, the low value of εs implies that the critical nucleus at sufficiently high

m(0) and I, and possibly also the critical nucleus at lower m(0) and I, is a surface-bound species. A possible

model for this is represented in Fig. 5.18(e-f).

Although the data at present do not provide enough information to determine which model in Fig. 5.18

is correct, all possible models require a surface-bound critical nucleus under ‘saturating’ conditions, in

agreement with the conclusion of Chapter 4 that primary nucleation of Aβ(1-42) is surface-dependent, even

in PEG plates, as well as the recent suggestion that Aβ(M1-40) nucleation is also surface-dependent in the

same plates [6]. In future, collection of more finely spaced data points around the apparent KM,n values will

allow better model discrimination; however, at present, it is not completely certain which model is correct,

so the fitted KM,n and RnR+
e values should be treated with caution.

The same is not true for the KM,s and RsR+
e values, which were fitted completely independently. As

shown in Fig. 5.16(g), the best-fit KM,s values exhibit a power-law variation with the ionic strength. This

result is interesting, as it implies that the free energy of fibril-bound prefibrillar oligomers contains a term

proportional to the logarithm of the ionic strength, but its significance is not entirely clear, as a dependence

of the free energy on the square root of the ionic strength would be more consistent with Debye-Hückel

theory [549]. Nonetheless, Debye-Hückel theory is only valid at low ionic strengths (/ 100 mM at best),

and would not be expected to apply here.

In addition, as shown in Fig. 5.16(h), the relative rate parameter RsR+
e exhibits a complex relationship

with the ionic strength, which the fitted RnR+
e values also appear to follow. The previous finding that changes

in λ and κ are due to effects on secondary nucleation rather than elongation is still valid here, so the variation

in RnR+
e and RsR+

e probably reflects a similar variation in Rn and Rs, and thus kn and ks. Although uncertain

model discrimination means that the exact relationship between I and RnR+
e is unclear, the fact that Fig.

5.13 shows a sustained increase in R′n under ‘saturating’ conditions, whichever model is considered, means

that Rn must be enhanced by ionic strength as well as Rs. Thus, by different routes of reasoning, there is

a positive correlation between I and both kn and ks. Since both processes are surface-dependent, this could

be caused by enhanced dissociation of on-pathway oligomers from their formation sites; such a mechanism
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might well rely on enhanced growth or structural maturation of these oligomers that encourages release,

as in the absence of these effects the greater ionic strength would be expected to reduce dissociation of

these oligomers. Alternatively, it has been proposed that the majority of Aβ(M1-42) oligomers produced

by primary or secondary nucleation ultimately disassemble to monomer rather than successfully converting

to fibrils [469], so that stabilisation of these oligomers would result in more efficient nucleation and thus

higher kn and ks values.

5.3.4 Accumulation of amyloid-like oligomers at high m(0) and I

5.3.4.1 Analysis of the ThT time courses reveals biphasic self-assembly kinetics

Although the Knowles model provides a good fit for the self-assembly kinetics at low monomer con-

centration and ionic strength, the quality of the fits deteriorates as these quantities increase, as shown in

Fig. 5.19. The cause of this deterioration appears to be the development of a kinked curve shape implying

that two phases of ThT fluorescence gain occur in rapid succession. In addition, as previously discussed,

νmax also exhibits unusual scaling behaviours at high m(0) and I. A closer view of this scaling is provided

in Fig. 5.20, which shows the τ50, τlag, and νmax of varying concentrations of Aβ(1-42) in 20 mM sodium

phosphate buffers containing 1 mM NaN3, 200 μM EDTA, 20 μM ThT, and either 0 mM NaCl, 100 mM

NaCl, 300 mM NaCl, or 300 mM NaCl. This figure has some overlap with Fig. 5.14, but also includes NaF

and extends to higher m(0). Consistent with results previously presented in this chapter, NaCl and NaF have

approximately the same effect on the self-assembly kinetics, indicating that ionic strength remains the main

determining factor. While the scaling of the characteristic times and νmax with m(0) is consistent with the

Knowles model at ionic strengths of 59 mM and 160 mM, and there is no clear sign of unusual behaviour of

τlag at any ionic strength, both τ50 and νmax exhibit a reversed concentration-dependence at high m(0) and

I = 360 mM, with the reversed scaling of the former probably caused by reversed scaling of the latter. As

previously described for NaCl alone, after the initial reversal of ∂ logνmax/∂ logm(0) in the 3-6 μM range,

∂ logνmax/∂ logm(0) recovers the expected positive value. However, by 20 μM Aβ(1-42), there appears to

have been a further reversal, indicating that complex processes are occurring that are associated with the

change in curve shape, and reduce νmax.

To gain a more detailed view of the changing curve shape at high m(0) and I, and investigate the cause

of the reduction in νmax, the first derivative was calculated for the average fluorescence intensities of a set of

repeat experiments performed in rapid succession, with the same instrument gain, so that the non-normalised

intensities could be used instead of the normalised intensities. It was desirable to use non-normalised inten-

sities, as this allowed overlaying of datasets obtained at different m(0) and I, and comparison of the relative

intensities of any phases of ThT fluorescence gain. These derivatives are shown in Fig. 5.21 and Fig. 5.22,
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Figure 5.19: The Knowles model does not fit the curve shape at high m(0) and I. Panels show non-global

fits of Eq. (1.41) to the same data as in Fig. 5.15, but with fewer m(0) values shown and fits at all I, to show

the deterioration of fit quality with increasing m(0) and I. All ThT curves were obtained in a 20 mM sodium

phosphate buffer (pH 8) containing 1 mM NaN3, 200 μM EDTA, 20 μM ThT, and varying NaCl. Panels

show sets of concentration-dependent ThT curves at different NaCl concentrations and ionic strengths: (a)

0 mM NaCl (I = 59 mM), (b) 50 mM NaCl (I = 109 mM), (c) 100 mM NaCl (I = 160 mM), and (d) 300

mM NaCl (I = 360 mM). The colour scheme represents the initial Aβ(1-42) monomer concentration: red,

1.5 μM; yellow, 2.5 μM; violet, 6 μM. For the purpose of comparison, the data shown in panel (a) are the

same as those presented in Section 3.3.9.
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Figure 5.20: Weak scaling of τ50, τlag, and νmax at high m(0) and I. Panels show the relationship between

the initial monomer concentration and (a) τ50, (b) τlag, or (c) νmax in a 20 mM sodium phosphate buffer (pH

8) containing 1 mM NaN3, 200 μM EDTA, 20 μM ThT, and varying concentrations of NaCl or NaF. The

colour scheme represents the salt concentration and ionic strength: red, 0 mM NaCl (I = 59 mM); cyan, 100

mM NaCl (I = 160 mM); indigo, 300 mM NaCl (I = 360 mM); black crosses, 300 mM NaF (I = 360 mM).

Error bars represent a single standard deviation across collated replicates from repeat experiments, which

was too small to represent in many cases.

which show two different datasets of this sort that were acquired approximately a year apart, with different

buffer and a different batch of microplates, explaining the small difference in rate between the two; the latter

dataset was acquired to obtain a broader and more detailed characterisation of the effect of m(0) on the curve

shape at I = 360 mM. While there is a single phase of ThT fluorescence gain at I = 59 mM (Fig. 5.21(a)),

the kinetics are clearly biphasic at intermediate m(0) (3-7 μM) when I = 360 mM (Fig. 5.21(d), Fig. 5.22),

and the kinetics at higher m(0) (8-10 μM) and I = 360 mM do not show a return to uniphasic kinetics,

but more likely the appearance of additional phases that are hard to disentangle (Fig. 5.22). Surprisingly,

the first derivatives show that the kinetics are biphasic at much lower ionic strengths than previously sus-

pected, with clear biphasic character at ∼ 4 μM Aβ(1-42) when I = 160 mM (Fig. 5.21(c)), and possible,

but inconclusive, indications of biphasic kinetics at I = 109 mM (Fig. 5.21(b)). The transition to a biphasic

self-assembly process explains the reduction in νmax, since νmax usually only reflects the normalised ampli-

tude of the first phase of fluorescence gain, and as the ThT curve becomes biphasic, the first phase accounts

for progressively less of the total fluorescence intensity change.

As a control to test whether the biphasic kinetics were caused by seeding of the Aβ(1-42) samples, the

same experiments were repeated with Aβ(1-42) that had been purified according to the SEC protocol pre-

viously described by Hellstrand et al. [479]. In summary, 50 μl of Aβ(1-42) dissolved in 50 mM NaOH

was loaded onto a Superdex-75 column in a 20 mM sodium phosphate (pH 8) mobile phase, with 1 mM

NaN3, 200 μM EDTA, and 300 mM NaCl. The fraction eluting from 14-15 min (at 1 ml/min) was collected

on ice, diluted variably (60%, 80%, or 100%, ie. undiluted) in the elution buffer to give a range of con-

centrations, supplemented with 20 μM ThT from a concentrated stock, and used in ThT assays. The full
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Figure 5.21: Poor fitting of the Knowles model is due to biphasic kinetics (part 1). Panels show the first

derivatives of the mean non-normalised fluorescence intensities at varying m(0) and I. All ThT curves

were obtained in a 20 mM sodium phosphate buffer (pH 8) containing 1 mM NaN3, 200 μM EDTA, 20

μM ThT, and varying NaCl. Panels show sets of concentration-dependent ThT curves at different NaCl

concentrations and ionic strengths: (a) 0 mM NaCl (I = 59 mM), (b) 50 mM NaCl (I = 109 mM), (c) 100

mM NaCl (I = 160 mM), and (d) 300 mM NaCl (I = 360 mM). The colour scheme represents the initial

Aβ(1-42) monomer concentration: red, 1.5 μM; orange, 2 μM; yellow, 2.5 μM; green, 3 μM; cyan, 3.5 μM;

blue, 4 μM; indigo, 5 μM; violet, 6 μM.
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Figure 5.22: Poor fitting of the Knowles model is due to biphasic kinetics (part 2). Panels show the first

derivatives of the mean non-normalised fluorescence intensities at varying m(0) and I. All ThT curves were

obtained in a 20 mM sodium phosphate buffer (pH 8) containing 1 mM NaN3, 200 μM EDTA, 20 μM ThT,

and 300 mM NaCl (I = 360 mM). The colour scheme represents the initial Aβ(1-42) monomer concentra-

tion, and corresponds to that used in Fig. 5.21(d), although a large number of intermediate concentrations

are present in this figure, and have been given intermediate colours. The concentrations are: 2 μM (orange),

2.25 μM, 2.5 μM (yellow), 2.75 μM, 3 μM (green), 3.25 μM, 3.5 μM (cyan), 3.75 μM, 4 μM (blue), 4.25

μM, 4.5 μM, 4.75 μM, 5 μM (indigo), 5.25 μM, 5.5 μM, 6 μM (violet), 7 μM, 8 μM, 10 μM (gray). To help

with distinguishing individual curves, several of the concentrations have been annotated.
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details of this experiment, which is similar to the experiment shown in Fig. 3.14 in Section 3.3.5, are given

in Section 5.2.4. The purification was carried out several times, with reproducible results. A representa-

tive elugram is shown in Fig. 5.23(a), showing a strong monomer peak at ∼ 14.5 min, and representative

ThT curves are shown in 5.23(b), with the same curve shape as unpurified samples. The first derivatives

of the mean fluorescence intensities of the 60%, 80%, and 100% diluted samples, which are shown in Fig.

5.23(c), remained biphasic despite the purification, although variations in concentration of the collected elu-

ent between repeat experiments meant that the averaged derivatives were somewhat blurred, which made

the biphasic kinetics slightly less obvious. In addition, as shown in Fig. 5.23(d), the fibrillisation half-times

of the purified samples overlaid closely with the half-times of un-purified peptide, having the same rate and

concentration-dependence. Thus, the low concentration-dependence and biphasic curve shape observed at

high ionic strengths are not affected by further purification of samples, and are unlikely to be caused by

seeding.

5.3.4.2 CD spectroscopy supports biphasic self-assembly at high m(0) and I

To test whether the transition to biphasic ThT kinetics was accompanied by a change in the develop-

ment of the peptide’s secondary structure, combined ThT-CD experiments were performed. In each of these

experiments, a ThT assay was set up in a microplate containing a large number of replicate wells with

identical contents, and the wells were periodically sacrificed and their contents examined by CD. The Aβ(1-

42) concentration was 10 μM Aβ(1-42) and the buffer was 20 mM sodium phosphate (pH 8) containing 1

mM NaN3, 200 μM EDTA, 20 μM ThT, and either 0 mM (I = 59 mM) or 300 mM NaF (I = 360 mM).

As shown in Fig. 5.24(a), in the absence of NaF, the Aβ(1-42) began the self-assembly process in a pre-

dominantly disordered state, with molar residue ellipticities (MREs) of [Θ]MR = −9400 deg.cm2.dM−1 at

λ = 200 nm and [Θ]MR = −1900 deg.cm2.dM−1 at λ = 222 nm, consistent with the collapsed disordered

PMG state proposed by Uversky and colleagues [225,227], as well as the results of several other CD studies

of Aβ monomer [4, 230, 231, 233, 234]. As self-assembly progressed, the CD spectrum revealed a pro-

gressive increase in β-sheet content, and after 8680 s of self-assembly, the spectrum had mostly levelled

out with MREs of [Θ]MR = −1900 deg.cm2.dM−1 at λ = 200 nm and [Θ]MR = −3100 deg.cm2.dM−1 at

λ = 222 nm, suggesting a mixture of β-sheet and disordered regions. This spectrum is consistent with the

findings of structural models of Aβ(1-42) and many other amyloid fibrils, which typically have a β-sheet

core surrounded by an extensive halo of unstructured polypeptide [144, 167, 172–175, 556], particularly the

N-terminus in the case of Aβ. In addition, the convoluted tertiary structures of many Aβ polymorphs have

large numbers of turns and non-β-strand structural elements in the cross-β core [136, 143, 144]. Nonethe-

less, it is interesting to observe that a futher slow change in CD spectrum occurred throughout the plateau

phase (up to 17440 s), characterised by a decrease in MRE at both 200 nm and 222 nm, indicating that the
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Figure 5.23: Biphasic self-assembly kinetics are not caused by seeding, Aβ(1-42) was purified using a

Superdex-75 column and then used in ThT assays at 37oC. The buffer used for elution and ThT assays

was sodium phosphate (pH 8) containing 1 mM NaN3, 200 μM EDTA, and 300 mM NaCl, and the sample

was eluted at 1 ml/min. (a) Detector outputs from a typical SEC-MALS run of Aβ(1-42) prepared in 50

mM NaOH. Colour scheme: black, RI; red, UV280; blue, LS 90o. Dashed vertical lines demarcate the

fraction (14-15 min) that was collected for ThT assays. (b) Normalised ThT curves of purified Aβ(1-42).

Colour scheme indicates Aβ(1-42) concentration as a percentage of the eluent concentration: red, 60%

(∼3.5 μM); green, 80% (∼4.6 μM); blue, 100% (∼5.8 μM). (c) First derivatives of the mean normalised

ThT fluorescence intensities. (d) Similarity between the fibrillisation half-times of unpurified (red) and

purified (blue) Aβ(1-42) in the same buffer.
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fibrils gradually became more structured after the initial assembly process. Excluding this later time point

and focusing on the growth phase alone (2440-8680 s), the CD spectra acquired in this time period had an

isodichroic point at λ ≈ 210 nm, indicating that the structural transition occurring in the growth phase was

predominantly a two-state process. In addition, as shown in Fig. 5.24(c), when the MREs at 199 nm were

plotted against the ThT signal of the experiment from which the samples were taken, and rescaled so that

their start and end values were aligned, the two growth curves overlaid almost perfectly, indicating that the

change in ThT signal was accounted for by the structural transition from the PMG-like to the fibril state. The

same effect was observed across all wavelengths, although a wavelength of 199 nm is used here as that was

where the MRE was initially most negative. Thus, the time course data indicate that, at low ionic strength

(I = 59 nm), there are three assembly states that accumulate to detectable quantities: a disordered monomer,

perhaps similar to a PMG; a newly assembled fibril, characterised by a ThT response and a mixture of β-

sheet and disordered regions; and a more ordered state probably representing fibrils that have undergone

some structural maturation process.

In the presence of 300 mM NaF, the ThT-CD time course showed a number of key differences. Firstly,

as shown in Fig. 5.24(b), the peptide began self-assembly in a slightly more ordered state, with MREs of

[Θ]MR =−7700 deg.cm2.dM−1 at λ = 200 nm and [Θ]MR =−1700 deg.cm2.dM−1 at λ = 222 nm. This is

still consistent with a PMG monomer [225], but it does suggest a higher secondary structure content than was

observed at lower ionic strength. Possible explanations for this could include a more collapsed monomer, or

an increased tendency for rapid oligomerisation after dilution into the fibrillisation buffer, although available

measurements of the polymerisation rate under similar conditions indicate that oligomer formation is still

limited prior to the start of the ‘growth phase’ [5]. The fibrillar end point was similar to that observed in

the absence of NaF, but did have a less negative MRE in the 215-220 nm range, indicating that the β-sheet

content was lower. This could be consistent with the observation that amyloid fibrils formed at high ionic

strength appear less structured at a mesoscale level than those formed at lower ionic strength (Section 5.3.2).

In addition, there was no obvious isodichroic point, which could have been because the initial and final CD

spectra were relatively similar at wavelengths above ∼ 215 nm, or alternatively because a simple two-state

model could not describe the CD data.

However, the most striking effect of ionic strength was revealed when the MREs at 199 nm were overlaid

against the fluorescence intensities from the corresponding ThT experiment, as shown in Fig. 5.24(d). While

the corresponding datasets had overlapped almost perfectly in the absence of NaF, the ThT and CD data

obtained in the presence of 300 mM NaF had completely different ‘growth phases’ that occurred at very

different rates, despite reporting on self-assembly in the exact same experiment. The ThT signal reached

a maximum rate of change at around 1400 s, and had a half-time of 1700 s; however, the MRE at 199 nm

appeared to have a maximum rate of change somewhere in the 2800-4120 s range, and a half time of around
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Figure 5.24: Combined ThT-CD time course of Aβ(1-42) self-assembly. Panels (a-b) show overlaid blank-

subtracted CD spectra of Aβ(1-42) samples extracted periodically from ThT assays with 10 μM peptide in

a 20 mM sodium phosphate buffer (pH 8) containing 1 mM NaN3, 200 μM EDTA, 20 μM ThT, and either

(a) 0 mM NaF (I = 59 mM) or (b) 300 mM NaF (I = 360 mM). The colour scheme indicates the time point

at which Aβ(1-42) was extracted. For panel (a), the colour scheme is: red, 0 s; orange, 280 s; yellow, 2440

s; green, 3640 s; cyan, 5440 s; blue, 8680 s; gray, 17440 s. For panel (b), the colour scheme is: red, 0 s;

orange, 280 s; yellow, 1600 s; green, 2800 s; cyan, 4120 s; blue, 5680 s; gray, 11680 s. Each CD spectrum

is an average of 3 concordant replicates; in the buffer without NaF, ellipticities at wavelengths below 193

nm were excluded due to poor signal-to-noise. Panels (c-d) show the fluorescence of the unextracted wells

in the corresponding ThT experiments, overlaid with the CD-derived molar residue ellipticity of extracted

Aβ(1-42) samples at a wavelength of 199 nm, which was where the signal was most negative in the first

time point. Panel (c) shows the ThT fluorescence (red) and ellipticity (black) for fibrillisation in the buffer

with 0 mM NaCl (I = 59 mM). Panel (d) shows the ThT fluorescence (indigo) and ellipticity (black) for

fibrillisation in the buffer with 300 mM NaCl (I = 360 mM). The colour scheme of the ThT data in panels

(c-d) does not correspond to the colouring in panels (a-c), but instead corresponds to the ionic strength-based

colouring used in other figures in this chapter. The error bars on the ellipticities in panels (c-d) correspond

to the standard error of the mean.
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3500 s. After self-assembly for 1600 s, the ThT fluorescence intensity had reached almost half its final

value (Fig. 5.24(d)), whereas the CD spectrum was almost unchanged from its starting point (Fig. 5.24(b));

similarly, after 2800 s, the ThT signal had almost reached a plateau, whereas the CD spectrum had only

just begun to change significantly. This result is reproducible; although the experiment with the highest

signal-to-noise has been presented here, the result was confirmed by a separate control experiment with

lower time resolution, as well as a repeat with higher time resolution but lower signal-to-noise performed

by Mr. Xander Arscott-Barber.

Interestingly, the time at which the MRE at 199 nm changed the most, ∼ 3500 s, was approximately the

same as the time at which the second phase of ThT fluorescence intensity change occurred at lower Aβ(1-42)

concentrations (Fig. 5.21, Fig. 5.22). As previously discussed, although the biphasic character of the ThT

curves is not particularly obvious at m(0) = 10 μM, the first derivatives indicate that this is not due to the

disappearance of the second phase, but merely an increase in the complexity of the processes that occur after

the first phase, as the first derivatives maintain a long, uneven tail after their initial peak (Fig. 5.22). Thus, it

is likely that the slow change in MREs occurring after the main ThT growth phase corresponds to the slow

increase in ThT signal at this time, and probably the sharper, more distinct second phase occurring at lower

m(0). This indicates that the initial increase in ThT fluorescence is caused by formation of a species with a

low secondary structure content, which nonetheless causes a ThT response. The fact that there are further

increases in ThT signal after the first phase indicates that the species responsible for this initial change either

does not produce as strong a ThT response as mature amyloid fibrils, or does not accumulate to quite as high

a level, so that the subsequent changes in ThT fluorescence and the CD spectrum represent the gradual

replacement of this relatively disordered, ThT-positive species with a more structured species that either

causes a somewhat stronger ThT response, or has a lower critical concentration for formation.

Thus, the changes in the ThT and CD signal occurring in the growth phase in the presence of 300 mM

NaF cannot be explained by a two-state model. Instead, a minimum of three states are needed to explain

this growth phase: a relatively disordered state characterised by a low secondary structure content and a

lack of ThT response, which is probably monomer but may include rapidly formed globular oligomers;

a state that has a low secondary structure content, but has fibril-like self-assembly kinetics and causes a

ThT response; and a final state, probably corresponding to newly formed amyloid fibrils, which has an

intermediate secondary structure content and causes a ThT response. At present, it is unclear whether further

extending the time course would reveal a slow plateau-phase ordering process similar to that observed in the

absence of NaF.
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5.3.4.3 A non-fibrillar aggregate accounts for the first phase of self-assembly

Although, at first glance, it seems odd to propose that the ThT ‘growth phase’ could be accounted for by

a species that has a strong ThT response and fibril-like self-assembly kinetics, but a monomer-like secondary

structure content, closer examination of the data and the literature reveals that this is not only plausible, but

supported by existing studies. To begin with, it should be noted that the data do not suggest that this species

has an identical CD spectrum to the monomer, but merely that it is similar; for example, the small change in

the CD spectrum by 1600 s could be mostly accounted for by formation of the non-fibrillar species, rather

than small quantities of amyloid fibrils. In addition, it is unsurprising that a non-fibrillar aggregate could

have a similar CD spectrum to the monomer. Although the formation of non-fibrillar aggregates is often

associated with a large change in secondary structure content, this is not always the case, and as previously

discussed in Section 1.4.2, partly ordered, globular Aβ oligomers are relatively common, and have a β-strand

content (10-40%) [290,304] very close to that of the monomer (10-30%) [219,221,230–232]. Thus, neither

the monomer nor the globular oligomers are completely devoid of secondary structure, although the structure

of the former is typically highly dynamic, with individual secondary structure elements only persisting for

short time scales [221, 230, 232, 236] in a manner consistent with Uversky’s concept of a PMG [225, 227].

The CD data presented in this section give secondary structure estimates consistent with the above figures.

In the presence of 300 mM NaF, analysis of the 0 s, 280 s, and 1600 s time points gives an estimated β-

strand content of∼ 40% in all cases, with negligible helical structure (see Section 5.2.5). For the initial time

point, this is a little high for pure monomer, and may support some degree of rapid oligomerisation after

dilution into the fibrillisation buffer; alternatively, it could represent a salt-induced ordering process. For

the 1600 s time point, the figure of ∼ 40% is entirely consistent with a mixture of monomer and globular

oligomers, given the likely error in the estimated secondary structure content. Thus, it is not surprising

that a non-fibrillar aggregate should have a similar secondary structure content to the monomer, and both

states have sufficient β-strand content to form small β-sheets, with the exception that the monomer does not

form long-lasting β-sheets due to its rapid conformational dynamics, and is obviously incapable of forming

intermolecular β-sheets.

Although the data suggest that there is only a small increase in β-structure content from the monomer to

the non-fibrillar aggregate, there would have to be a significant change in the nature of the β-sheets to cause

a fibril-like ThT response. In the monomer, β-sheets typically manifest as transiently formed β-hairpins,

particularly involving the hydrophobic CHC and CTR regions of the peptide [219, 232, 236, 238, 305]. In

globular oligomers, a more diverse range of β-sheets have been reported, both intramolecular and inter-

molecular, and both antiparallel and parallel [220, 278, 290, 303]. Furthermore, even in globular oligomers

with a relatively low β-strand content, ‘subdomains’ with amyloid-like secondary structure and long-lasting
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tertiary and quaternary contacts have been observed [216, 290, 296, 303]. Thus, it is not implausible that

a globular oligomer with a low secondary structure content should cause a ThT response, and ThT bind-

ing has previously been reported for oligomers formed by Aβ(1-40) [278] and Aβ(1-42) [279], despite the

oligomers reported in both those studies having an irregular, spheroidal morphology indicative of a lack of

long-range molecular order.

This raises the question of what sort of β-sheets would be required to bind ThT. Despite its widespread

use as an indicator for amyloid, ThT is neither completely specific nor completely sensitive to amyloid,

having been shown to bind some globular proteins [557, 558], and to fail to detect some amyloids [559]. In

addition, the results presented earlier in this thesis provide other examples of non-fibrillar aggregates that

can bind ThT, including the HMW species identified in Chapter 3, and the films formed on polystyrene,

which were presented in Chapter 4. Nonetheless, there is a growing understanding of the binding mode of

ThT which means that it is possible to draw tentative conclusions regarding the likely structure of species

that cause a ThT response. A more detailed discussion of amyloid-ThT interactions is provided in the

reviews by Biancalana and Koide [93] and Groenning [94], but the main points are summarised here. Pre-

vailing models propose that ThT binds a stretch of at least ∼ 4 aligned β-strands, with the long axis of

the dye oriented parallel to the fibril axis. Most ThT binding sites are easily accessible, requiring β-sheets

close to the solvent, and binding is encouraged by the presence of a groove formed by aligned amino acid

sidechains; while aromatics and hydrophobics typically encourage binding, unfavourable electrostatics can

ablate binding [560–562]. Thus, the factors that distinguish amyloid β-sheets from those found in globular

proteins are their extent, the high degree of alignment of the sidechains, and the comparatively low rate of

twist. This means that the poor dye binding characteristics of some amyloids can be explained in terms

of their unusual surface structure [559], and conversely the false positives obtained for some non-amyloid

proteins and supramolecular assemblies can be attributed to the presence of binding pockets that mimic the

surface of amyloid fibrils [557,558]. Although the Aβ monomer transiently forms β-hairpins [219], they do

not possess the required characteristics to bind ThT. At the same time, the weak ThT response elicited by

the surface films presented in Chapter 4 suggests that there may be some degree of β-sheet formation and

molecular alignment close to the solvent, although the specific fluorescence intensity of those films is low

compared to that of fibrils.

The fact that the partly ordered aggregates cause a similar ThT response to mature amyloid fibrils sug-

gests that the main ThT binding site is similar, even if the rest of the structure is different. This is consistent

with models of the structure of globular Aβ oligomers, in which the motifs present in the core of the final

cross-β structure form early in the oligomers, before ordering of most of the polypeptide chain or develop-

ment of a fibrillar morphology [278,286,290]. Without more detailed structural data, it is not possible to say

with a high level of certainty which regions of the molecule might be involved in this structure. Nonethe-
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less, the CHC region of the peptide would be a prime suspect. This region contains the hydrophobic LVFFA

sequence, which is part of the cross-β structure of most fibril polymorphs that have been characterised

in atomic detail [111, 136, 143, 144, 160], as well as the ordered subdomains of many partly structured

Aβ oligomers [278, 290, 303], indicating that it is usually one of the first regions of the peptide to develop

cross-β structure. Although ThT binding is likely to be distributed across the entire fibril surface to some

extent, the LVFFA sequence is probably the best candidate for a high-affinity binding site, as it is typically

positioned close to the solvent in fibril structures [111, 136, 143, 144], and almost always creates a hy-

drophobic surface groove between V18 and either F20 or A21 [111,136,143,144]. Thus, if the non-fibrillar

aggregates observed in the ThT-CD experiments contained even a short intermolecular β-sheet in the VFFA

region, similar to the subdomains in many oligomers that have already been characterised [278, 290, 303],

they might be able to elicit a fibril-like ThT response.

5.3.4.4 Morphology of the non-fibrillar aggregate

To obtain a better characterisation of the non-fibrillar species and more generally the morphology of

Aβ(1-42) aggregates formed under these conditions, samples were extracted from ThT assays containing

10 μM Aβ(1-42) in a 20 mM sodium phosphate buffer, with 1 mM NaN3, 200 μM EDTA, 20 μM ThT,

and 300 mM NaCl, and examined by NS-EM. The NS-EM data presented in Section 5.3.2 had revealed

oligomeric species and changes in fibril polymorphism that were consistent with the results of the ThT-

CD experiments, but the conditions had not been exactly comparable, which is why this experiment was

performed. The ThT curve had a similar rate and shape to that shown in Fig. 5.24(d), and representative

images of samples extracted after 0 s, 2400 s, 3600 s, or 4800 s are shown in Fig. 5.25-5.26. For samples

taken after 0 s, ie. after dilution into the fibrillisation buffer followed by immediate staining (Fig. 5.25(a-

b)), fibrils were not observed, although small oligomeric species were relatively abundant, supporting the

hypothesis that some of the monomer may have rapidly formed oligomers. After incubation for 2400 s, the

ThT signal had reached ∼ 65% of its final value, and in the corresponding ThT-CD experiment the MRE

at 199 nm was only ∼ 25% of the way from its minimum value of −7900 deg.cm2.dM−1 to its final value

of −1500 deg.cm2.dM−1. In the NS-EM images (Fig. 5.25(c-d)), small fibrils were observed, but at much

lower abundance than typically observed during the growth phase at lower ionic strength (Fig. 3.12(c-d),

Fig. 5.4, Fig. 5.6), and globular oligomers with a spheroidal or irregular appearance and typical diameter

of no more than 10 nm were very abundant. The scarcity of amyloid fibrils agrees with the disordered CD

spectra obtained around this time point in the corresponding ThT-CD experiments, and supports the idea

that oligomers, rather than fibrils, are responsible for the ThT signal.

After incubation for 3600 s, the ThT signal had reached ∼ 90% of its maximum value, while in the

corresponding ThT-CD experiment the MRE at 199 nm was only ∼ 50% of the way between its minimum
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Figure 5.25: NS-EM of 10 μM Aβ(1-42) fibrillisation at I = 360 mM (part 1). Panels (a-b) show represen-

tative images of Aβ(1-42) aggregates formed immediately after dilution into fibrillisation buffer, and panels

(c-d) show representative images of aggregates formed after incubation in fibrillisation buffer for 2400 s,

under standard conditions for the ThT assays in this chapter (PEG-treated plates, 37oC). The buffer was 20

mM sodium phosphate (pH 8) containing 1 mM NaN3, 200 μM EDTA, 20 μM ThT, and 300 mM NaCl.
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and maximum values. In the NS-EM images (Fig. 5.26(a-b)), fibrils were more abundant than at 2400 s,

and generally had an apparently tubular or irregular morphology. Nonetheless, small, globular oligomers

remained relatively abundant. Lastly, after 4800 s incubation, the ThT signal had reached ∼ 100% of its

maximum value and in the corresponding ThT-CD experiment the MRE at 199 nm was ∼ 80% of the way

from its minimum to its maximum value. The NS-EM images (Fig. 5.26(c-d)) revealed fibrils with a broadly

similar morphology to those observed at 3600 s, although fibrils with a helical appearance were observed.

Oligomers were still present, but were greatly reduced in size, rarely surpassing 5 nm in diameter.

Collectively, the ThT, CD, and NS-EM data indicate that the dominant Aβ(1-42) self-assembly states dif-

fer markedly between I = 59 mM and I = 360 mM. In the former, the sample begins in a mostly monomeric

state with a PMG-like secondary structure content, and the growth phase reflects the incorporation of the

monomer into growing fibrils with a mixture of β-sheet and disordered regions, which later undergo further

structural changes. Although oligomers are often observed under conditions associated with uniphasic ThT

kinetics (Fig. 3.12(c-d), Fig. 5.4), they are never particularly abundant, and do not appear to make a major

contribution to either the CD or ThT signal. At high m(0) and I, however, the transition to biphasic self-

assembly kinetics is associated with a change in the sequence of dominant species present at different stages

of the self-assembly process. The ThT growth phase is not associated with the formation of large quanti-

ties of amyloid fibrils, but instead partly ordered, globular oligomers, which are likely to have amyloid-like

structural motifs in order to induce a ThT response. The slower CD growth phase, which is associated with

a smaller change in ThT signal, sees the shrinkage of these oligomers and the appearance of amyloid fibrils

with a more ordered CD spectrum, indicating that oligomers disassemble to maintain a monomer reservoir

for fibril growth. After this point, it is possible there may be further slow structural changes in the fibril

population, as seen at lower ionic strengths.

5.3.5 Salt-induced oligomers are secondary nucleation intermediates

Although the experimental data report on the sequence in which various species appear during self-

assembly, they do not directly reveal on the mechanism by which the ThT-positive oligomers form. Nonethe-

less, they provide a wealth of timescales and scaling behaviours that can be used to assess possible models.

To begin with, the inflection times were calculated for the various self-assembly phases shown in Fig.

5.21(a) and Fig. 5.22, defined as the times at which the rate of ThT fluorescence gain reached a maximum.

For the uniphasic data in Fig. 5.21(a), which were obtained at 0 mM NaCl (I = 59 mM), there was a single

maximum, and the time at which this was reached scaled approximately inversely with m(0), as shown in

Fig. 5.27(a) (γinf = 1.02, 95% CI 0.92-1.12). However, for the data in Fig. 5.22, which were obtained at

300 mM NaCl (I = 360 mM), there were often two inflection times, reflecting the biphasic nature of the

kinetics. Both inflection times were calculated wherever there were obvious corresponding peaks, and the
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Figure 5.26: NS-EM of 10 μM Aβ(1-42) fibrillisation at I = 360 mM (part 2). Panels (a-b) show rep-

resentative images of Aβ(1-42) aggregates formed after incubation in fibrillisation buffer for 3600 s, and

panels (c-d) show representative images of aggregates formed after incubation in fibrillisation buffer for

4800 s. Samples were incubated under standard conditions for ThT assays in this chapter (PEG-treated

plates, 37oC), and the fibrillisation buffer was 20 mM sodium phosphate (pH 8) containing 1 mM NaN3,

200 μM EDTA, 20 μM ThT, and 300 mM NaCl.
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times at which these peaks occurred could be determined with sufficient accuracy, and these times are plot-

ted in both panels of Fig. 5.27. While the inflection time of the first phase could be calculated in almost

all cases, the inflection time of the second phase could only be calculated in the 3.25 μM≤ m(0)≤ 5.5 μM

range; below this range, there appeared to be no obvious biphasic character, and above this concentration

range, the tail of the first derivatives became more complex, so that it was not possible to easily identify a

single second inflection time. While a constant concentration-dependence of the inflection time had been

observed at 0 mM NaCl, a change in concentration-dependence of the inflection time of the first phase was

observed at 300 mM NaCl, with γinf = 0.80 (95% CI 0.67-0.93) for 2 μM≤m(0)≤ 3.5 μM, and γinf = 0.23

(95% CI 0.12-0.33) for 5.5 μM≤m(0)≤ 10 μM. Similar scaling exponents were also obtained for the half-

times, with γ50 = 0.71 (95% CI 0.65-0.78) for 2 μM≤ m(0)≤ 3.5 μM, and γ50 = 0.17 (95% CI 0.07-0.26)

for 5.5 μM ≤ m(0) ≤ 10 μM, although the γ50 values are considered less accurate as they include mixed

contributions from the first and second phases. The change in concentration-dependence is associated with

the transition from a regime where the first phase is primarily accounted for by fibril formation (eg. Fig.

5.8) to one where globular oligomer formation predominates (Fig. 5.24-5.26). As shown in the inset in

Fig. 5.27(a), if this change in self-assembly behaviour and kinetic scaling were due to competition, an in-

crease in concentration-dependence would be expected, representing the overtaking of the pre-existing first

phase by a more concentration-dependent self-assembly pathway. However, a very significant reduction in

concentration-dependence occurs instead, which is more consistent with saturation or a similar mechanistic

change affecting the same pre-existing pathway. In addition, there was a brief inversion of the concentration-

dependence around m(0)≈ 3 μM, which can also be seen in the corresponding first derivatives in Fig. 5.22.

The reduction in concentration-dependence of the first phase indicates that the change in self-assembly

mechanism is not caused by the emergence of a competing, more concentration-dependent self-assembly

pathway, but a change in the pre-existing self-assembly pathway, which affects the predominant species

produced by the microscopic processes responsible for the growth phase, and affects the concentration-

dependence of this pathway correspondingly. In other words, the globular oligomers appear to be formed

by the same process that produces the majority of fibrils, which is secondary nucleation. If the globular

oligomers were formed by a separate pathway from that which forms fibrils, they would be unable to out-

compete the fibrils as m(0) increased, due to their weaker m(0)-dependence. This indicates that increasing

m(0) and I causes the cycle of autocatalytic processes usually responsible for fibril formation to increas-

ingly produce ThT-positive globular oligomers, with fibril-like structural elements but a generally lower

secondary structure content, and reduced mesoscale order as a result. This also answers the question of

how the formation of globular oligomers can have high-order kinetics early during self-assembly, with a

well-defined lag phase and growth phase. In the absence of an autocatalytic process, the kinetics of globular

oligomer formation might be expected to have either linear early-time kinetics, if nucleation was a single-
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Figure 5.27: The transition between regimes is due to changes in the existing pathway, rather than com-

peting pathways. (a) The inflection time (ie. time of maximum rate of change) of ThT curves as a function

of m(0), in a 20 mM sodium phosphate buffer (pH 8) containing 1 mM NaN3, 200 μM EDTA, 20 μM ThT,

and either 0 mM or 300 mM NaCl. Colour scheme: red, inflection time with 0 mM NaCl (I = 59 mM);

purple dots, inflection time of the first phase with 300 mM NaCl (I = 360 mM); purple crosses, inflection

time of the second phase with 300 mM NaCl (I = 360 mM). Regions of the datasets have been fitted to the

relation τinf ∝ m(0)−γinf , which measures the concentration-dependence. The inset panels show the expected

appearance of the data on the same axes if the change in regimes is due to competing pathways or a process

affecting the pre-existing self-assembly pathway. (b) Examining the same data on a linear time axis shows

that the difference between the inflection times of the two phases observed at 300 mM NaCl is independent

of m(0), and has a value of ∆τinf ≈ 1700 s.
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step process and growth was restricted, Oosawa-like early-time kinetics if growth was linear [425, 426], or

kinetics described by the KJMA equation, if growth occurred three-dimensionally [563]. Although the latter

equation would predict sufficiently high-order kinetics in the early time (∼ t4) to approximately fit the ThT

curves, the relatively restricted size of the globular oligomers (d ≈ 5 nm, suggesting a very approximate

size of ∼ 6-mer based on density constraints) indicates that KJMA-like growth is unlikely. In addition, the

observed decrease in concentration-dependence at the transition between regimes suggests that the pathway

responsible for globular oligomer formation is the same as that responsible for fibril formation, and thus un-

likely to involve KJMA-type self-assembly kinetics. Instead, the high-order early-time scaling is probably a

result of the fact that the pathway that forms both globular oligomers and fibrils is autocatalytic, resulting in

exponential early-time kinetics. Furthermore, as will be shown subsequently, if the globular oligomers and

fibrils were formed by the same cycle of autocatalytic processes, they would have the same concentration-

dependence, so any reduction in concentration-dependence associated with increasing oligomer production,

regardless of the reason for this reduction, would similarly reduce the concentration-dependence of fibril

formation, explaining why fibrils do not outcompete the oligomers at higher concentrations.

If the structural and kinetic changes affecting the first phase represented the diversion of reactive flux

towards metastable oligomer formation rather than fibril formation, the second phase would reflect the

gradual replacement of those metastable oligomers with fibrils, consistent with the fact that the main change

in the CD signal occurs after the first phase of ThT fluorescence gain. Regardless of whether the oligomers

can be considered ‘on-pathway’, or a non-productive by-product of secondary nucleation, replacement of

the oligomer population is likely to predominantly involve disassembly, rather than direct conversion to

fibrils. This is because conversion is typically proposed to be a slow, rare event, whereas once even a small

population of fibrils had formed, they would rapidly deplete the soluble monomer and thus destabilise the

remaining oligomers. A predominantly disassembly-based mechanism of replacement is supported by the

observation that the oligomers appear to shrink around the time at which the CD signal changes the most

(Fig. 5.26). In addition, if direct conversion were the main mechanism by which the oligomer population

were replaced with fibrils, the result would be large quantities of small, oligomer-sized fibrils, rather than

the smaller quantity of fibrils, each many times the size of an oligomer, that was observed by NS-EM. This

mechanism is also supported by analysis of the manner in which the second phase appears (Fig. 5.22),

and the time difference ∆τinf between the inflection times associated with the first and second phases (Fig.

5.27(b)). Rather than splitting off from the first phase, the separation between the two phases is relatively

independent of m(0), with an average ∆τinf ≈ 1700 s across all m(0) for the data in Fig. 5.22 and Fig.

5.27(b). Thus, as can be seen in Fig. 5.22, at low m(0) it is the amplitude of the second phase that changes,

rather than the relative timing. This is consistent with disassembly-limited fibril formation in an environment

where the soluble monomer concentration is restricted by the critical concentration for oligomer stability,
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and suggests that the amplitude of the second phase is likely to be approximately proportional to the quantity

of oligomeric material produced by the first phase. A similar estimate of ∆τinf ≈ 1550 s was obtained for

the data in Fig. 5.21(d) (also 300 mM NaCl, I = 360 mM, with the slight change in ∆τinf probably reflecting

the slight difference in rate between the experiments), and an estimate of ∆τinf ≈ 1100 s was obtained for

the data in Fig. 5.21(c) (100 mM NaCl, I = 160 mM), suggesting that ionic strength stabilises the globular

oligomers and reduces their disassembly rate. It is worth noting that, although the lifetime of the oligomers

close to their critical concentration is likely to be∼∆τinf, disassembly of oligomers is unlikely to be a simple

one-step process, explaining why the second phase often has a well-defined peak, rather than occurring as

an exponential tail on the first derivative of the ThT signal.

The conclusion that the globular oligomers must be formed by the same autocatalytic pathway as fibrils,

in order to produce the required early-time scaling and change in concentration-dependence, entails that

globular oligomers are formed by a fibril-dependent process similar to, or perhaps the same as, secondary

nucleation. The notion that secondary nucleation should produce globular oligomers is not at all surprising;

the first kinetic analysis to demonstrate secondary nucleation in Aβ(1-42) also showed that secondary nucle-

ation resulted in the formation of toxic oligomers, and these oligomers were also suspected to be on-pathway

intermediates for secondary fibril formation [54]. However, the main difference between this work and that

previously presented is the extent to which secondary oligomers accumulate. While secondary oligomers

identified in previous studies have only been present at low levels [54, 469], due to the fact that they are

formed at a low rate and are perhaps also inherently unstable at the m(0) and I used in those studies, in

the high ionic strength data presented in this chapter the oligomers accumulate until they deplete most of

the soluble monomer. This indicates that the there is either a marked increase in oligomer production, or a

switch from being unstable fluctuations to metastable aggregates, above a certain m(t) and I. Nonetheless,

it is possible that different sub-populations of secondary oligomers could make different contributions to

fibril formation, so the secondary oligomers found to accumulate in this chapter could still be functionally

off-pathway.

To test whether secondary oligomers would have the right self-assembly kinetics to explain the data, and

whether the data better support an on- or off-pathway role, four mechanistic models were proposed. These

models represent binary combinations of two pairs of extreme possibilities: oligomers are either completely

on-pathway, or completely off-pathway; and oligomers either have a very short lifetime that limits their

accumulation, or a long lifetime that allows greater accumulation. In reality, the situation is likely to be

more intermediate, but examining these extreme cases simplifies the mathematics, and makes it possible to

determine which scenario describes the data best. Schematics of the four models are shown in Fig. 5.28,

and full details of the mathematical analysis are provided in Section 5.2.7. In brief, the early-time kinetics

of each model were analysed in order to obtain approximate solutions for the concentration of oligomers
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Figure 5.28: Schematics of possible models of secondary oligomer generation. Panels represent different

mechanistic models. Circles represent Aβ(1-42) monomers, with the colour scheme representing the con-

formational state: red, free monomer; green, globular oligomer; blue, fibrillar. The arrows represent the

microscopic molecular processes, with the labels meaning: 1o nuc., primary nucleation; 2o nuc., secondary

nucleation; conv., conversion; elong., elongation. In the models in panels (a) and (c), oligomers are assumed

to rapidly reach a pseudo-steady-state concentration defined by the balance of nucleation and disassembly

processes. In the models in panels (b) and (d), oligomers accumulate continuously due to nucleation with

negligible disassembly. All these models can be considered extreme cases of the same general reaction

scheme, which is similar but not identical to that recently proposed by Michaels et al. [469].

and fibrils, the relative ratio of the two, and the generalised scaling exponent γ in secondary-dominated

self-assembly pathways, which is expected to be approximately equal to γinf and γ50. In all models, the

analysis confirmed that the oligomer and fibrillar mass concentrations both increase exponentially over time,

and have the same effective rate constant, so that an approximately constant ratio of the two is expected

throughout the first phase.

In the first model, excess oligomers produced at high m(0) and I are off-pathway, and have a short life-

time so that their concentration is determined by the balance of fibril-dependent formation and disassembly

(Fig. 5.28(a)). Thus, their concentration is approximately

G(t)≈
λ 2k′gm(0)

2κ2k′d
eκt , (5.60)

where G(t) is the globular oligomer concentration, k′g is the pseudo-first-order rate constant for formation

of oligomers at a rate proportional to M(t), and k′d is the effective rate constant for oligomer disassembly,

which is assumed for convenience to be a one-step process. The values of λ and κ are given by Eq. (5.58)

and Eq. (1.50), so that primary nucleation exhibits a residual m(t)-dependence as established in Section

5.3.3. It is assumed from extrapolation of the data in Fig. 5.16(g) that m(0)� KM,n and m(0)� KM,s, so
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that both primary and secondary nucleation are maximally saturated; since the bulk of oligomer formation

is proposed to occur via a process mechanistically similar to secondary nucleation, k′g is also treated as

m(t)-independent. Although it is likely that k′d will vary with m(t), and this effect is expected to become

relevant towards the end of the growth phase when m(t) is highly depleted, there are no experimental data to

constrain this variation, so k′d is here treated as constant for the duration of the early-time kinetics that this

model covers.

It should also be noted that the oligomer disassembly rate is independent of the fibril mass concentra-

tion, in line with the experimental observations of Michaels et al. [469] on a related, although probably

distinct, population of secondary oligomers. In that paper, the oligomers were shown to dissociate from the

fibrils after their formation, and then spontaneously disassemble in solution. Thus, disassembly was not the

simple opposite of oligomer formation, a conclusion that was supported by molecular simulations as well

as experimental observations. Although surprising, such a cyclic mechanism is possible in systems that

are sufficiently far from equilibrium, and it should be noted that self-assembly experiments and molecular

simulations of Aβ(1-42) are both typically performed under conditions of high supersaturation, and exper-

iments contain additional thermal gradients that may help to drive such a process [445]. Alternatively, in

some cases, fibril-independence of the disassembly rate could be consistent with an oligomer population that

remained predominantly associated with fibrils; although the NS-EM data indicate that this is not likely to

be the case at high m(0) and I (Fig. 5.25-5.26), it may well be the case for the smaller oligomer populations

formed under uniphasic self-assembly conditions. The self-assembly kinetics do indicate that any rapidly

disassembling secondary nucleation intermediate must have a fibril-independent self-assembly rate in order

to produce the observed kinetics, requiring one of the above explanations, as the oligomer population would

otherwise be insensitive to the fibril mass population, preventing positive feedback. This is not an issue with

slowly disassembling oligomer populations, which are considered in models two and four.

The ratio of oligomer to fibril mass can be calculated by multiplying G(t) by the average size of

oligomers 〈N〉, and dividing by the corresponding solution for the fibril mass concentration (Section 5.2.7).

In the first model (Fig. 5.28(a)), the ratio of oligomer to fibril mass is

〈N〉G(t)
M(t)

≈
〈N〉k′g

k′d
, (5.61)

so that oligomers will be the dominant species responsible for the first phase if 〈N〉k′g � k′d . If secondary

pathways dominate over primary pathways, as can reasonably be expected for all four models evaluated

here, the concentration-dependence will be

γ ≈ 1
2
. (5.62)

In the second model, k′d is negligible, so the oligomers accumulate beyond the level expected from a sim-
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ple balance between formation and disassembly (Fig. 5.28(b)). In this model, exponential scaling is still

observed, and the exponent is unchanged; the only change is in the definition of the pre-exponential factor.

The concentration of oligomers will be

G(t)≈
λ 2k′gm(0)

2κ3 eκt , (5.63)

where λ and κ are still given by Eq. (5.58) and Eq. (1.50). The ratio of oligomer to fibril mass will be

〈N〉G(t)
M(t)

≈
〈N〉k′g

κ
, (5.64)

so that so that oligomers will be the dominant species responsible for the first phase if 〈N〉k′g� κ , and the

concentration-dependence will be unchanged from the previous model. In the third model (Fig. 5.28(c)),

the oligomer concentration is once again determined by the balance between nucleation and disassembly,

but the oligomers are now positioned as an obligate intermediate in both primary and secondary nucleation.

This gives the same result as the first model, except that the primary and secondary nucleation rate constants

are now given definitions in terms of the conversion rate k′c per whole oligomer,

kn =
k′0k′c

KM,n(k′c + k′d)
, (5.65)

ks =
k′gk′c

KM,s(k′c + k′d)
, (5.66)

where k′0 is the effective ε th
c -order rate constant for fibril-independent oligomer generation, and it is assumed

that primary and secondary nucleation are both maximally ‘saturated’, and described by Eq. (5.56) and

(1.45), respectively. It is also assumed that k′c is sufficiently small that elongation is still the main contributor

to fibril mass. Lastly, in the fourth model (Fig. 5.28(d)), oligomers are an obligate nucleation intermediate

but they persist for a long time, so that losses due to disassembly and conversion are negligible over the

course of the growth phase. This results in a different rate of oligomer accumulation,

G(t)≈
k′0m(0)εc

3κ
eκt , (5.67)

where there is a new expression for κ ,

κ =
[
2k′gk′ck+e m(0)

]1/3
, (5.68)

which is now the geometric mean of three pseudo-first-order rate constants (k′g, k′c, 2k+e m(0)), rather than

two as in the previous models. This change in the definition of κ accounts for the fact that there are now
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three unsteady quantities (G(t), P(t), and M(t)) in the autocatalytic cycle, rather than two (P(t), and M(t)).

The ratio of oligomer to fibrillar mass will be

〈N〉G(t)
M(t)

≈ 〈N〉

[
(k′g)

2

2k′ck+e m(0)

]1/3

, (5.69)

so that oligomers will be the dominant species responsible for the first phase if 〈N〉3/2k′g�
√

2k′ck+e m(0).

More crucially, the change in definition of κ results in a new definition of γ ,

γ ≈ 1
3
. (5.70)

Thus, a transition to a regime where on-pathway oligomers have a significantly longer lifetime than the

growth phase would result in accumulation of those oligomers, with the possibility that they might become

more abundant than fibrils, as well as causing a reduction in the concentration-dependence of both oligomer

and fibril mass accumulation. The values of γinf = 0.23 (95% CI 0.12-0.33) and γ50 = 0.17 (95% CI 0.07-

0.26) for 5.5 μM≤ m(0)≤ 10 μM could be consistent with the prediction of the fourth model that γ ≈ 1/3,

especially given that there is also likely to be a small contribution from saturable primary nucleation, which

would further reduce the concentration-dependence towards a theoretical limit of∼ 0.2. In addition, if other

processes were occurring, such as off-pathway oligomerisation prior to the ThT growth phase, saturation of

elongation, and rate-determining growth or conformational conversion of the on-pathway oligomers, they

would reduce the concentration-dependence further, although prior work suggests that the amplitude of such

effects is likely to be small [5]. Thus, in order to achieve such a low concentration-dependence, this analysis

suggests that secondary nucleation must involve at least one accumulating intermediate whose concentration

does not reach a steady state between formation and loss processes on the timescale required for monomer

depletion; the fact that this drop in concentration-dependence is accompanied by a transition to biphasic

kinetics strongly implicates the oligomer formed in the first phase as this intermediate.

While model four is probably the most accurate description of kinetics in the biphasic limit, one of

models one to three is probably more accurate in the uniphasic limit. This is because there is a wealth

of literature to suggest that steady-state approximations are valid for any extant nucleation intermediates

under conditions where uniphasic kinetics are observed [4–6, 54, 529, 564]. This includes the particularly

diagnostic observation that ∂ logκ/∂ logm(0) saturates at ∼ 1/2 under such conditions [4,529,564], which

is corroborated by the analysis in Section 5.3.3, and indicates that there are only two non-steady processes

(nucleation and elongation) in the pathway. Although Michaels et al. [469] did recently report a population

of long-lasting secondary oligomers at low ionic strength, which, if on-pathway, would justify a scenario

similar to the fourth model, the authors did not provide evidence that the oligomers were on-pathway, merely
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that they were secondary in origin. It should also be noted that the authors used an experimental approach

that would be incapable of identifying short-lived oligomers (1/k′d / 250 s), their proposed on-pathway

model provided a numerically poor fit for inhibitor data presented in the same paper, and the number and

reaction order of the processes in that model were incompatible with the saturation behaviours reported in the

rest of the literature, as well as this thesis. Therefore, in balance, it remains by far the simplest empirically

justifiable scenario that any intermediates present under uniphasic conditions are at a local equilibrium or

pseudo-steady-state, favouring one of models one to three. These models all predict γ ≈ 1/2, which is

consistent with the observed values of γinf = 0.80 (95% CI 0.67-0.93) and γ50 = 0.71 (95% CI 0.65-0.78),

given that complete saturation was assumed in the above analysis, but would not realistically be achieved

at m(0)≤ 3.5 μM. It should be noted that, so long as the proportion of oligomers is small, all three models

are expected to produce identical fibril mass accumulation kinetics to the saturable version of the Knowles

model [4, 6]; therefore, the fitting in Section 5.3.3 already validates their use under uniphasic conditions.

Out of these models, model three (Fig. 5.28(c)) is the most likely to be correct at low m(0) and I, as the

oligomers do not appear to accumulate to high levels in the uniphasic regime, the kinetics of the transition

between regimes imply that the oligomers that are observed during biphasic self-assembly are derived from a

pre-existing pathway, rather than arising by competition with a pathway that does not involve intermediates,

and there is already evidence that transient oligomers formed under similar conditions play an on-pathway

role, or at least a proportion of the oligomer population does [54]. Therefore, the uniphasic regime is

probably characterised by limited accumulation of on-pathway oligomers due to the short lifespan of those

oligomers, so that the transition from uniphasic to biphasic kinetics is caused by a transition from a regime

where oligomers do not accumulate (ie. are unstable at m(t) = m(0), as in Fig. 5.28(c)) to one where they

do (ie. are metastable at m(t) = m(0), with an extreme case shown in Fig. 5.28(d)).

5.3.6 The role of oligomer disassembly in the transition between regimes

The identification of these two different regimes raises the question of how, and why, the transition

between regimes occurs. The main difference between the extreme cases in Fig. 5.28(c-d) is that in one case

the oligomers disassemble rapidly, and in the other they exhibit negligible disassembly in the early growth

phase. However, technically the criterion for non-steady oligomer accumulation is 1/(k′c + k′d)� 1/κ , as

this ensures that the timescale 1/(k′c + k′d) on which oligomer populations adjust to an increasing formation

rate is significantly longer than the timescale 1/κ on which oligomer and fibril populations are collectively

amplified. Thus, it is probably not a coincidence that the amplitude of the second phase begins to increase

around m(0) values for which 1/κ and ∆τinf are similar, since ∆τinf may be close to the value of 1/k′d earlier

in the growth phase, and the NS-EM data suggest that k′d � k′c. For example, in the presence of 100 mM

NaCl (I = 160 mM), when ∆τinf ≈ 1100 s, the kinetics become biphasic when m(0) ≈ 3.5 μM, at which
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point 1/κ ≈ 600 s (although the transition to biphasic kinetics is likely to cause some error in estimation of

κ). Thus, the transition to biphasic kinetics and decrease in concentration-dependence may be caused by

two factors: the general increase in κ with increasing m(0) or I, and a general decrease in k′d with increasing

I, and perhaps also m(0). At very low m(0) and I, 1/κ will be large and 1/(k′c + k′d) will be small; as a

result, the oligomer population will rapidly reach a value determined by the balance between formation and

loss processes, but the extent of accumulation compared to the fibril population will be small. At higher

m(0) and I, 1/κ will be smaller and 1/(k′c + k′d) will be larger. In this case, the oligomer population will

undergo unbounded accumulation for a longer period, resulting in a larger oligomer population, biphasic

kinetics, and a lower concentration-dependence due to an extended period in which there are more than two

processes occurring at a non-steady rate.

There are two outstanding issues related to the size of the oligomer population in the growth phase that

need to be addressed. Firstly, although an increase in the oligomer population relative to the fibril population

would add to the ThT signal in the growth phase, so that m(0)-dependent reductions in k′d might add to the

concentration-dependence and thus increase γ , this effect only manifests as a small logarithmic term in the

characteristic time, and so its effect on γ is expected to be small (Section 5.2.7). Secondly, it should be

noted that Eq. (5.69) predicts an inverse relationship between m(0) and the concentration of monomers

incorporated into oligomers as a proportion of that incorporated into fibrils. However, this dependence is

very weak (∼ m(0)−1/3) and is only expected to be apparent at high m(0), when the effect of m(0) on k′d

is negligible; thus, it does not prevent the emergence of biphasic kinetics with increasing m(0), but does

predict a recovery of uniphasic kinetics at m(0) values above the current experimental range.

5.3.7 The possibility of non-equilibrium criticality

Although k′d is likely to be the dominant cause of the transition between regimes, it is also possible

that a reduction in k′c contribute to the lifetime of oligomers. Recently published theory work by myself and

co-authors [8], conducted in parallel to the experimental work presented in this thesis, has demonstrated that

the competition between growth and conversion of oligomeric or protofibrillar nucleation intermediates may

lead to sharp changes in the time taken for the intermediates to convert to mature, growing fibrils. Coun-

terintuitively, a key conclusion of the work is that conditions that promote the proliferation of on-pathway

intermediates can significantly delay this transition. In addition, such systems exhibit abrupt changes in

the size and abundance of oligomers that resemble the effects of a nonequilibrium critical point. The paper

is not presented in full in this thesis as its scope is considerably broader than the topic addressed by the

experimental work here, but relevant points that may explain aspects of the Aβ(1-42) self-assembly kinetics

are summarised in this subsection.

The basic premise of the model is that growth and conformational change of pre-fibrillar intermediates
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are often progressive processes that can occur on similar timescales [278, 295, 333, 565–567], which leads

to competition. Schematics of these processes are shown in Fig. 5.29. While conversion is often assumed

to be a cooperative transition involving the entire intermediate [224, 380, 418], there is evidence that con-

version of many intermediates proceeds through a local conformational change that ‘initiates’ at a particular

site within the intermediate, and then propagates throughout the remainder of the intermediate by templated

conformational change [224, 347, 565, 568, 569]. This mechanism of conversion, which we have termed the

‘initiation-propagation’ (IP) mechanism, is represented in Fig. 5.29(b). Crucially, while growth of interme-

diates enhances initiation by creating new sites where the mature fibril structure can develop 5.29(c), in cases

where templated structural rearrangement is slow, or growth is particularly fast, the continued growth of ag-

gregates can extend the time taken for propagation to occur, and thus impede the transition to a mature fibril

5.29(d). This is because elongation of a newly formed amyloid fibril, which involves the direct incorpora-

tion of free monomers into the cross-β structure, requires the fibril ends to be exposed to the solvent. The

emergence of fibril ends from the intermediate can be prevented by the continued deposition of non-fibrillar

monomers in an intermediate conformational state, if that state undergoes templated conformational change

less readily than the soluble monomer. Instead, the result is a mixed aggregate containing domains of fibril-

like structure occluded from the solvent by less ordered pre-fibrillar monomers, which prevent elongation

of the nascent fibril seeds 5.29(d). This competition fully or partly negates the ability of growth to promote

conversion, by restricting the sites where a growing fibril can successfully develop. As a result, under condi-

tions where growth is rapid compared to propagation, intermediates are expected to be large, long-lived, and

contain domains of occluded fibril-like structure; conversely, if growth of intermediates is slow compared to

propagation, the intermediates are expected to be small, lack fibril-like structural domains, and have a short

lifetime that restricts their accumulation. Although the most detailed mathematical analysis so far has been

carried out for protofibrillar intermediates, it was shown that spheroidal intermediates exhibited a similar

behaviour, and argued that the competition underlying this change in behaviour is sufficiently general to be

relevant to intermediates of most morphologies, under appropriate conditions [8].

An example of a rejection-free kinetic Monte Carlo (rfKMC) prediction of the lifetime of intermediates

is shown in Fig. 5.30. The lifetime, which is here defined as the time taken to produce an amyloid fibril

capable of elongation, is given in relative units as kc〈τs〉, where kc is the rate parameter for initiation of

a domain of amyloid-like structure per monomer in the intermediate, and 〈τs〉 is the average time for the

emergence of a growing fibril end. This process is taken to be complete when the growing fibril ends

become exposed to the solvent (Fig. 5.29(b)), as this is when the shift to a mechanism of elongation by

addition of soluble monomers can occur. It is important to note that kc is not the same as k′c, which is

effectively 1/〈τs〉. The lifetime of the intermediates varies with µ/D, a dimensionless parameter describing

the balance between propagation and growth. A value of µ/D < 0 means that the new, amyloid-like phase
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Figure 5.29: Effects of the growth of nucleation intermediates on conformational conversion via an

initiation-propagation (IP) mechanism. (a) Schematics of the growth of intermediates with different mor-

phologies: left, protofibrillar, eg. Brown et al. [335]; centre, globular or micellar, eg. Lomakin et al. [285];

right, large, droplet-like intermediates, eg. Luo et al. [295]. See Section 1.4 for a discussion of the devel-

opment and morphology of these intermediates, and Sections 1.5.2 and 1.5.6 for a discussion of their role

in primary and secondary nucleation. (b) Schematics of the IP mechanism of conformational conversion,

adapted to a variety of morphologies. The stable amyloid phase originates by conformational conversion of

one or more monomers within the intermediate to form a fibril seed (initiation), and then spreads through

the intermediate by templated conformational conversion of the remaining monomers (propagation). The

propagation step is considered to be complete when the growing ends of the new fibril emerge from the inter-

mediate, allowing the adoption of a fibrillar growth mode; until this occurs, aggregated monomers occlude

the fibril end from the solvent, and growth of the fibril seed involves propagation, ie. templated conver-

sion of aggregated monomers, rather than canonical elongation by monomer addition. (c) Growth enhances

initiation by increasing the number of sites where cross-β structure can originate, in agreement with the

predictions of previous studies [224,347]. (d) Growth competes with propagation by burying newly formed

cross-β structure within amorphous material, occluding growing fibril ends and preventing the emergence

of a fibrillar growth mode. In all panels, spheres represent self-assembled monomers, with the colour cor-

responding to the conformational state: green, intermediate; blue, amyloid. For large, droplet-like interme-

diates, individual constituent monomers are not represented, as these intermediates are sufficiently large to

be functionally continuous. Magnified regions show ‘inside’ views of the intermediates, ie. regions that are

hidden from view in the full schematic. Based on the model and discussion in Taylor et al. [8].
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propagates through the intermediate faster than the growth of the pre-fibrillar phase, whereas a value of

µ/D > 0 means that growth of the pre-fibrillar phase is more rapid, and µ/D = 0 means that the system

is critically poised between the two regimes. Increases in either m(0) or I would be expected to cause a

corresponding increase in µ/D, with the potential to move the system from a regime where propagation is

faster (µ/D < 0) to one where growth is faster (µ/D > 0). Thus, the variation of kc〈τs〉 with respect to µ/D

in Fig. 5.30 reflects a similar variation in 1/k′c as a function of m(0) or I. Increasing kp/kc, a parameter that

represents the extent to which conformational templating by fibrillar monomers accelerates conversion of

adjacent monomers in the intermediate, causes a shorter intermediate lifetime in the slowly growing regime

(µ/D < 0), and a less smooth transition to the rapidly growing regime (µ/D > 0) (see Fig. 5.30). In the

limit where conversion is strongly templated (kp/kc → ∞), there is an abrupt change in ∂kc〈τs〉/∂ (µ/D)

resembling a continuous phase transition, described by the asymptotic relation

kc〈τs〉=


0, µ/D≤ 0,

2µ

2D+µ
, µ/D > 0.

(5.71)

In practice, it is not physically possible to reach this limit, but biopolymer systems are predicted to

frequently exhibit large kp/kc values (eg. kp = 103kc) that result in highly nonlinear behaviour when

µ/D≈ 0 [8]. Although the macroscopic self-assembly kinetics have not yet been solved for models where

the oligomers are generated by secondary nucleation, the results are expected to be broadly similar to those

observed for primary nucleation, where an abrupt increase in the lifetime of the oligomers causes a similarly

abrupt increase in the time required for oligomer populations to reach a steady state (Fig. 5.31(a)). For

oligomers produced by secondary nucleation, the equivalent effect would be a shift from a regime described

by Fig. 5.28(c), where the oligomer population is defined by the balance between fibril-dependent forma-

tion and losses due to conversion and disassembly, to one described by Fig. 5.28(d), where oligomer accu-

mulation remains exponential but a steady-state approximation cannot be made for secondary nucleation.

Concurrent with the increase in the lifetime of intermediates, there is an abrupt increase in the size and abun-

dance of the intermediates (Fig. 5.31(b)). In addition, it is interesting to note that a temporary reduction

or even inversion in γ occurs at the transition between regimes (Fig. 5.31(b-c)), reflecting the delaying of

fibril formation with increasing m(0) due to a rapid drop in the conversion rate [8]. Although further inves-

tigation will be needed to confirm this, it is possible that the brief inversion of γinf around m(0) = 3.5 μM

(see Fig. 5.27(b)), which was accompanied by a similar behaviour in γ50 and was reproducible across repeat

experiments, could be the kinetic signature of a similar transition.

Several features of the macroscopic self-assembly kinetics of Aβ(1-42) at high ionic strength are con-

sistent with near-critical behaviour resulting from a competition between growth and propagation. These
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Figure 5.30: The interplay between growth and conformational conversion results in non-equilibrium crit-

icality. The time kc〈τs〉 required for an intermediate to give rise to a growing amyloid fibril, specifically for

the growing end of the fibril to become exposed to the solvent, is plotted against the parameter µ/D, which

describes the competition between growth of the intermediate phase and propagation of the stable amyloid

phase through the intermediate. When µ/D < 0, the amyloid phase propagates through the intermediate

faster than the intermediate can grow; when µ/D > 0, spreading of the amyloid phase is slow compared to

growth of the intermediate, so that newly formed fibril seeds risk being buried by amorphous or otherwise

non-fibrillar material. Each solid curve represents the results of a series of rfKMC simulations at a partic-

ular value of kp/kc, and varying µ/D. The parameter kp/kc represents the extent to which conversion of

monomers within fibrils is reliant on conformational templating by adjacent monomers that have already

converted. When kp� kc, separate monomers within the intermediate largely convert independently of one

another, with little conformational templating. When kp � kc, aggregated monomers that have converted

to the amyloid state strongly template the conversion of adjacent monomers. Large values of kp/kc are

thermodynamically highly plausible [8]. The colour scheme of the solid curves corresponds to the value of

kp/kc at which the series of simulations was carried out; the dashed black curve is the asymptotic scaling

law given by Eq. 5.71, valid for the limit kp/kc→ ∞. The non-smooth change in gradient in the asymptote

resembles a continuous phase transition. Figure adapted with permission from Taylor et al. [8].
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Figure 5.31: Varying µ/D close to the critical point results in highly nonlinear changes in the macroscopic

self-assembly kinetics. (a) Accumulation of mass of intermediates αM1(t), where α is a normalisation

constant, and M1(t) is equivalent to the quantity 〈N〉G(t) discussed in this chapter. Time is given in relative

units of kct. The colour corresponds to the value of µ/D: red, −2; orange, −1.9; yellow, −1.5; green,

−1; cyan, −0.5; blue, 0 (critical, marked with asterisk); indigo, 0.5; violet, 1; gray, 1.5. The dashed line

plots the values of (kct,αM1(t)) at which αM1(t) reaches 90% of its steady-state value, for varying µ/D.

(b) Effect of varying µ/D on steady-state oligomer populations and the concentration-dependence of fibril

mass accumulation. The steady-state oligomer mass concentration αMss (solid black) and steady-state mean

oligomer size Lss (dashed black) are plotted on the left axis, which uses a logarithmic scale. The scaling

exponent γ , which has the same definition as the quantity discussed in Section 5.3.5, is represented by the

blue line, plotted on the right axis. The scaling exponent has the limits γ = 1 when µ/D =−2 and γ = 2/3

when µ/D = 2, but exhibits a depression at the transition between regimes, rather than a monotonic shift

from one to the other. Note that the absolute values of γ in the limits are not relevant to this chapter, as

the other microscopic processes were different to those considered here; it is the depression in γ at the

transition between regimes that is important. The red curve is not relevant to the discussion in this chapter.

(c) Effect of µ/D on γ for different values of kp/kc: red, kp = 0; amber, kp = 9kc; green, kp = 99kc; blue,

kp = 999kc; indigo, kp = 9999kc; gray, kp = 99999kc. As with the previous panel, the absolute values of

γ in the limits are not relevant to this chapter; it is the depression in γ at the transition between regimes

that is important. All data in this figure are derived from the results of rfKMC simulations, with additional

numerical processing. Figure reproduced with permission from Taylor et al. [8].
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include the relatively abrupt transition from a regime where intermediates do not accumulate to one where

they do, the apparent presence of amyloid-like domains within these oligomers, and the temporary inver-

sion of the concentration-dependence at the transition between regimes. In addition, the transition between

conversion regimes is usually expected to occur close to the concentration at which oligomers transition

from being unstable to metastable [8]. Thus, the critical behaviour resulting from the IP mechanism is not

necessarily an alternative to simpler behaviours attributable to reductions in k′d , but rather a complement

to such behaviours. Nonetheless, further investigation is needed to properly test this. In particular, size

distributions of the intermediates, and the opportunity to isolate and structurally characterise these species,

would be highly informative. Unfortunately, attempts to isolate and characterise the intermediates by SEC-

MALS and AF4-MALS have so far proved unsuccessful due to the transience of these species and the

perturbative nature of both techniques, with the former stimulating excessive aggregation [570], and the

latter exerting a more complex effect due to successive concentration and dilution steps [571]. In addition,

theory work on the IP mechanism is still ongoing, and quantitative fitting will not be possible until there are

analytical solutions for a model where the intermediates are (i) secondary in origin, and (ii) have the appro-

priate geometry and growth mechanism, features which are partly reliant upon more detailed experimental

data. Nonetheless, although theoretical investigations of the IP mechanism and experimental investigations

of Aβ(1-42) self-assembly at high ionic strength were originally separate lines of enquiry, the similarities

presented above indicate that the former may well be able to explain the more unusual features of the latter.

5.4 Conclusions

The work presented in this chapter leads to several conclusions. Firstly, the main effect of physiological

concentrations of salts on Aβ(1-42) self-assembly is due to charge screening, and can often be predicted

from the ionic strength alone. There does not appear to be strong evidence for Hofmeister effects at the

salt concentrations used, and the effect of iodide at [I−]' 100 mM is probably electroselective, rather than

a general effect. Although this conclusion is somewhat unsurprising, it is important as it means that the

results of Aβ(1-42) self-assembly experiments conducted in different fibrillisation buffers are likely to be

transferrable to conditions with a similar ionic strength. This means that buffers can be substituted to meet

specific experimental requirements without yielding significantly different results, and the conclusions of

kinetic work carried out under a restricted range of buffers [4, 5, 54, 519] can be transferred to experiments

carried out under different conditions. Secondly, changes in ionic strength alter the morphology of species

formed during fibril self-assembly, with greater ionic strength resulting in larger oligomer populations, and

amyloid fibrils that have a less structured appearance by NS-EM and a slightly lower secondary structure

content by CD. Thirdly, both primary and secondary nucleation undergo saturation-like processes at high
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ionic strength. While saturable secondary nucleation has already been described for Aβ(1-40) [4] and Aβ(1-

42) [5], and saturable primary nucleation was recently suggested for Aβ(1-40) [6], primary nucleation of

Aβ(1-42) has historically been assumed to occur homogeneously in the absence of a strongly binding sur-

face. Although the exact mechanism of saturation is not clear from the kinetics, and the kinetics may actually

reflect a change in nucleation mechanism rather than true saturation, the low reaction order of primary nu-

cleation in the ‘saturating’ limit is most consistent with a heterogeneous nucleation mechanism, supporting

the conclusions of Chapter 4 that PEG-treated microplates catalyse Aβ(1-42) nucleation.

Lastly, while past treatments of Aβ(1-42) self-assembly at high ionic strength have assumed that a two-

state description remains valid even at high m(0) and I [5], the data presented in this Chapter show that

even moderate m(0) and I result in a transition to biphasic self-assembly kinetics with a pre-fibrillar in-

termediate. At least four states are identified: a monomer with a low but significant secondary structure

content; an intermediate with a low secondary structure content, but seemingly enough structure to elicit a

fibril ThT response; a newly formed fibril with a moderate secondary structure content and a strong ThT

response; and a late-stage fibril observed at lower ionic strength, which appears to be more structured. The

oligomers are of particular interest, as their kinetics suggest that they are secondary nucleation intermedi-

ates. Thus, while secondary nucleation intermediates have historically been difficult to study due to their

transience, these species may provide direct insights into the mechanism of secondary nucleation. Intrigu-

ingly, the apparently contradictory characteristics of these oligomers may explain the seemingly conflicting

observations that secondary nucleation is sequence-specific [458–460], and yet does not preserve fibril poly-

morphism [459]. Pre-fibrillar globular oligomers with a low secondary structure content, similar to those

described here, have previously been suggested to contain ‘subdomains’ with a higher degree of structure,

including intermolecular β-sheets and amyloid-like tertiary and quaternary contacts [216,278,290,296,303].

The presence of domains of amyloid-like structure embedded within largely amorphous oligomers could

explain these species’ ThT response, especially if the regions that acquire cross-β structure first are the

preferred binding sites for ThT in mature fibrils. In addition, if the stability of the oligomers relied on

the presence of amyloid-like subdomains, their formation could well be sequence-specific, explaining why

Aβ(1-40) and Aβ(1-42) do not cross-seed via secondary nucleation [458–460]. The ability of the fibril sur-

face to stimulate β-sheet formation would agree with the results of MD simulations suggesting a similar

mechanism [467]. At the same time, the secondary oligomers lack the extensive secondary structure of

mature amyloid fibrils, explaining why secondary nucleation does not conserve fibril polymorphism [459].

Thus, secondary nucleation appears to occur as a two-step heterogeneous nucleation, with the first step being

the formation of amyloid-like globular oligomers with ThT-binding regions, and the second the expansion

of cross-β structure, and perhaps the simultaneous acquisition of fibril polymorphism.

Based on the above conclusions, it is possible to tentatively construct a non-equilibrium phase diagram

307



of the different Aβ(1-42) self-assembly regimes at varying m(0) and I. This phase diagram is represented in

Fig. 5.32, with schematics of the individual regimes shown in Fig. 5.33. At low m(0) and I (Fig. 5.33(a)),

primary nucleation is a high-order process catalysed by available surfaces (see Chapter 4), and secondary

nucleation is unsaturated and has ns ≈ 1.75. Secondary oligomers are unstable or weakly metastable, exist

at a continuously varying concentration determined by the balance between secondary nucleation and disas-

sembly, and sometimes convert to form fibril seeds. At higher m(0) or I (Fig. 5.33(b)), primary nucleation

transitions to a lower-order regime, due to either a saturation mechanism or a change in the relative mag-

nitude of two successive free energy barriers along the self-assembly pathway. This particular transition is

probably specific to the surface that catalyses secondary nucleation, in this case PEG (see Chapter 4), and

may not be physiologically relevant. Increasing m(0) or I further (Fig. 5.33(c)) causes the sites on the fibril

surface that produce secondary oligomers to become saturated with monomers, in the manner previously

suggested by Šarić et al. [348], reducing the apparent reaction order of secondary nucleation. Lastly, at high

m(0) and I (Fig. 5.33(d)), secondary oligomers are sufficiently stable and long-lived that their concentration

is no longer governed by a pseudo-steady-state between formation and disassembly. Instead, the oligomers

undergo unbounded accumulation throughout all or most of the growth phase, and become the predominant

cause of the ThT response, despite having a largely disordered CD spectrum. After sufficient depletion of

the free monomer, the oligomers become unstable, and disassemble to sustain a monomer reservoir that is

consumed by the fibrils. To explain the observed kinetics, the majority of fibrils must form from secondary

oligomers; nonetheless, this does not mean that the majority of secondary oligomers convert to fibrils, and

most may still disassemble rather than successfully converting to fibrils [156,572]. The sequential processes

of oligomerisation and expansion of the fibril population result in biphasic ThT kinetics, with the majority

of the change in CD signal coinciding with the second phase observed by ThT. Thus, both the uniphasic and

biphasic self-assembly kinetics are results of the same underlying self-assembly pathway, with changes in

the stability of the oligomers causing the transition between these regimes.

There are several obvious avenues for future research. Firstly, while it is likely that the transition to

biphasic self-assembly kinetics is largely due to slower disassembly of oligomers, it is possible that critical

phenomena caused by competing growth and conversion may play a role, something which should be evalu-

ated by future studies. In a parallel with this, work is ongoing to adapt the insights from the IP model [8] to

contexts where intermediates are produced by secondary nucleation, and develop a more realistic descrip-

tion of the geometry and conformational and structural dynamics of these intermediates; these steps will be

necessary before quantitative fits can be obtained for the data presented in this chapter. Similarly, expanding

the analytical models discussed in Section 5.3.5 to approximate the entire self-assembly time course would

allow the conclusions of that section to be confirmed by numerical fitting, although the current treatment

already allows relatively clear model discrimination on the basis of concentration-dependences alone. There
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Figure 5.32: A non-equilibrium phase diagram of Aβ(1-42) self-assembly regimes. There are four regimes

of self-assembly, occurring at different initial monomer concentration m(0) and ionic strength I. These

regimes correspond to the four schematics in Fig. 5.33, which contains a more detailed description of the

regimes and the transitions that occur between them. The coloured lines are separatrices approximately

indicating where the transitions between regimes occur, and the corresponding circles and crosses are the

data points used to place these lines. The red line represents the approximate location of the transition from

high-order to low-order primary nucleation, the exact cause of which is unclear; this line was obtained by

non-linear power-law regression of the red data points, which are the values of (K1/(nc−εc)
M,n , I) derived from

the analysis in Section 5.3.3. Note that the saturation-like model that was used to obtain the K1/(nc−εc)
M,n

values may not be correct, but the fitted K1/(nc−εc)
M,n values still give the approximate location of the transition

between regimes, at least for low I. The green line represents the effective Michaelis constants for saturation

of secondary nucleation sites on the fibril surface, at different I; this line was obtained by non-linear power-

law regression of the green data points, which are the (K1/ns
M,s , I) values derived from the analysis in Section

5.3.3. The blue line is the approximate (m(0), I) at which the transition to biphasic kinetics occurs, drawn

to enclose the solid blue circles and crosses. The solid blue circles represent the lowest m(0) at which

two peaks consistently and clearly occur in the first derivatives of the ThT self-assembly curves, for each

value of I. The open blue circles mark lower m(0) values at which biphasic kinetics are inconsistently

apparent. The blue crosses mark the lowest I values at which two peaks consistently and clearly occur in

the first derivatives of the ThT self-assembly curves, for each value of m(0). All separatrices correspond

to the approximate location of continuous transitions, rather than sharp jumps in self-assembly behaviour.

As discussed above, the precise location of the red line is model-dependent, and the location of the blue

line is approximate; nonetheless, this diagram roughly shows the values of m(0) and I at which different

self-assembly regimes occur. The dashed line annotated ‘CSF’ marks the approximate ionic strength of the

CSF, from Elliott and Jasper [542].
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Figure 5.33: Aβ(1-42) self-assembly regimes, based on the conclusions of Chapters 4-5. All regimes are

limits of a unified underlying self-assembly pathway. Primary nucleation is a surface-catalysed process,

which behaves as a dimerisation or oligomerisation at low m(0) and I, but has a lower reaction order at

high m(0) or I due to an uncertain saturation process, or a change in the relative height of two successive

free energy barriers that must be crossed for primary nucleation to occur. Secondary nucleation is a two-

step process involving the formation of on-pathway oligomers at saturable sites on the fibril surface, and the

conformational conversion of those oligomers to amyloid fibrils. Secondary oligomers may also disassemble

without successfully converting. Fibrils elongate by incorporating soluble monomers into their structure.

There are three apparently continuous transitions between self-assembly regimes: (a) to (b), the transition

from high-order to low-order primary nucleation; (b) to (c), saturation of catalytic sites on the fibril surface;

and (c) to (d), the transition from a regime where oligomer-mediated secondary nucleation is at a non-

equilibrium steady state to one where the oligomeric intermediates undergo unbounded accumulation on

timescales comparable to 1/κ , so that no steady-state approximation can be made for secondary nucleation.

In all panels, the colour scheme corresponds to the monomer conformation: red, soluble; gold, surface-

associated; green, soluble oligomeric intermediate; blue, fibrillar.
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is also a need for a more detailed kinetic and structural characterisation of the intermediates, which will help

with testing possible mechanistic models. As mentioned in Section 5.3.7, attempts to obtain oligomer size

distributions have proved unsuccessful so far, due to the sensitivity of these species to perturbations caused

by the fractionation techniques. One possible solution, which is being investigated at present, is to stabilise

the intermediates by rapid cross-linking, and then carry out fractionation under denaturing conditions to

prevent further aggregation. In addition, there are plans to attempt a more detailed structural characterisa-

tion of the intermediates by solution NMR on the non-cross-linked oligomers, in order to test hypotheses

regarding the presence of amyloid-like domains. Lastly, future work should investigate whether these in-

termediates have toxic effects. Oligomers formed by secondary nucleation have previously been shown to

result in toxicity in cell-based assays [54], electrophysiology studies on mouse brain slices [55], and mem-

brane models [68]. Incipient biphasic behaviour is observed at I = 160 mM, the nominal ionic strength of

the CSF [542], and the addition of polyanions and crowding agents would be expected to further promote

oligomerisation. Thus, fluctuations in either these factors or the monomer concentration under physiological

conditions could result in rapid accumulation of oligomers, and resulting toxicity.
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Chapter 6

Conclusions and Future Work

Kinetic studies of Aβ self-assembly can shed light on the factors that cause this peptide to aggregate,

the mechanisms by which aggregation occurs, and the manner in which toxic species are generated. These

insights are expected to allow the development of better therapeutics for Alzheimer’s disease, and other

conditions in which Aβ is implicated, such as Parkinson’s disease [27] and Down’s syndrome [61]. More-

over, as highlighted in Chapter 1, there are numerous similarities between the aggregates and aggregation

mechanisms of Aβ and those of other amyloidogenic polypeptides, which result from underlying physical

principles that govern the aggregation and polymerisation of proteins. As a result, insights into Aβ self-

assembly are often transferrable to other conditions caused by the aggregation of disordered peptides and

IDPs, such as Huntington’s disease [16] and type-II diabetes [575]. In addition, there is broader interest sur-

rounding amyloids due to their functional role in many organisms, potential for use in biotechnology, and

importance in the fundamental study of protein folding and misfolding [9, 41], and studies of Aβ contribute

to a wider body of research that is essential for these purposes. Nonetheless, there are several remaining

gaps in our understanding of Aβ self-assembly, as outlined in Section 1.6. This study aimed to address

three major areas of uncertainty surrounding Aβ nucleation and nucleated polymerisation: the extent to

which surfaces are required for primary nucleation, the mechanisms of primary and secondary nucleation,

and the cause of several poorly understood aspects of the macroscopic self-assembly kinetics, such as low

concentration-dependence of the half-time and lag time, which point to flaws in existing mechanistic models.

To address these questions, macroscopic self-assembly kinetics from ThT assays were combined with

measurements and observations from complementary techniques such as NS-EM, AFM, and CD spec-

troscopy, and theoretical approaches such as nonlinear regression and mathematical modelling. In addition

to addressing the above questions, it was necessary to establish protocols for solubilisation and standardis-

ation of Aβ monomer preparations, and the insights from this work underlined the importance of carefully

handling the peptide in order to prevent seeding or off-pathway aggregation, which may explain many of
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the inconsistencies in the literature (Chapter 3). By comparing self-assembly behaviours in the presence of

a variety of experimentally relevant surfaces, it was determined that primary nucleation is catalysed by most

experimental surfaces (Chapter 4); moreover, primary nucleation can be catalysed by comparatively weakly

binding surfaces, indicating that a diverse range of physiological surfaces may stimulate the process in vivo.

In this sense, primary nucleation resembles secondary nucleation, which is also a surface-dependent process

in which the fibril surface acts as the catalyst. Although the precise mechanistic details of primary nucleation

in the presence of many surfaces remain unclear, it is clear that different surfaces result in different nucle-

ation intermediates, and thus have different mechanisms. While the intermediate formed in the presence of

PEG-treated polystyrene appears to be a small oligomer, ThT-binding multilayer films act as nucleation in-

termediates in the presence of untreated polystyrene. For secondary nucleation, the fortuitous discovery that

the corresponding intermediate is stabilised at moderate to high ionic strength (Chapter 5) led to the recogni-

tion that this species is a small oligomer, around the size of the ADDLs described by Lambert et al. [71], or

other globular oligomers [289, 290, 304]. This oligomer has a β-strand content of ∼ 40%, lower than fibrils

but typical of Aβ oligomers [290], and binds ThT, similar to some other spheroidal oligomers [278,279] and

implying the presence of amyloid-like β-sheets. Thus, while many details of the mechanisms of primary

and secondary nucleation are yet to be discerned, the results of this thesis strongly support the notion that

both are surface-catalysed, multi-step processes in which the molecular environment of the surface controls

the structural properties of the resulting intermediate, and thus the kinetics of nucleation.

The existence of nucleation intermediates also explains the biphasic character and weak monomer-

dependence of the self-assembly kinetics under some conditions, such as in the presence of strongly bind-

ing surfaces (Chapter 4) or at high ionic strength (Chapter 5). Existing mechanistic models assume a

two-state system, with significant quantities of monomer and fibrils and negligible quantities of interme-

diates [1–3, 381, 425, 426]; as a result, they are unable to accurately describe scenarios where nucleation

intermediates accumulate to high levels. Under these conditions, biphasic self-assembly kinetics result

from the fact that there are distinct stages of aggregation, with depletion of the soluble monomer to form a

ThT-positive intermediate preceding a second step in which the intermediate is replaced by mature amyloid

fibrils. There is not necessarily a single cause of weak monomer-dependence under these conditions. In the

case where the intermediate is formed by interactions with non-fibrillar surfaces (Chapter 4), it is only the

second phase that exhibits weak scaling, and this is a result of prior monomer depletion. However, when the

intermediate is produced by secondary nucleation (Chapter 5), both phases exhibit weak scaling as a result

of the positive feedback inherent to secondary processes, which ensures that all species in the same auto-

catalytic cycle exhibit asymptotically exponential mass accumulation kinetics with the same proportional

rate. For the same reason, the intermediates of autocatalytic secondary processes can be generally expected

to exhibit exponential early-time kinetics similar to their fibrillar end-products, making them difficult to
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distinguish on the basis of ThT data alone. Thus, the identification of such intermediates is likely to require

careful analysis of the self-assembly kinetics, beyond data fitting alone, and the use of complementary bio-

physical techniques that provide orthogonal measurements of the abundance and structural state of species

present in solution.

The observation that Aβ(1-42) nucleation is a surface-catalysed, multi-step process suggests that there

is a general mechanism for this process, even if the specific structural details of the intermediates are con-

ditioned by the particular catalytic surface. Diverse surfaces are able to stimulate this form of nucleation,

as summarised in Fig. 6.1; in this study, catalytic effects were observed for PEG-treated polystyrene, un-

treated polystyrene, the fibril surface, and probably also glass and the air-water interface. Elsewhere in

the literature, studies have supported similar multi-step nucleation mechanisms catalysed by lipid bilay-

ers [313, 357, 531] and a variety of non-biological surfaces [353, 362, 363, 576]. At the same time, it must

be conceded that not every instance of primary nucleation may be surface-catalysed; in particular, at high

concentrations and in the absence of a more rapid alternative, quasi-homogeneous nucleation may occur in

micellar oligomers [285, 317], although the possibility that surfaces may be required for the formation of

these species does not appear to have been evaluated, and such a result would not be surprising given the

importance of surfaces in condensation of similar phases in non-biological systems [385]. It is interesting

to note that all the above mechanisms involve a condensed, non-amyloid intermediate, which usually un-

dergoes a slow structural conversion to the fibrillar state (Fig. 6.1). While it is difficult to argue that all

Aβ nucleation involves a non-fibrillar intermediate, as intermediates are not reported by all studies, and may

sometimes be transient and difficult to identify, several relevant points were noted in Section 1.5.2. Firstly,

the complexity of the transition to the amyloid state, the instability of cross-β structure in small oligomers,

and the favourable attributes of larger oligomers for nucleation of cross-β structure indicate that aggregation

may initially precede the development of amyloid structure [268,315,410–412]. In a similar vein, the rapid

relaxation of small, fibrillar oligomers to a non-amyloid state [410–412] can only be reconciled with the

low reaction order of nucleation if small, non-fibrillar oligomers are on-pathway. It is also interesting that

both this study and others [353, 357, 362, 363] have found that intermediates formed at surfaces have a ThT

response and/or detectable β-sheet content; although these intermediates are non-amyloid, this general ob-

servation suggests that partly ordered intermediates that form at surfaces provide a favourable environment

for the development of cross-β structure. Thus, the nucleation of Aβ fibrils is probably preceded by non-

amyloid aggregation involving partly structured intermediates. Although this does not necessarily entail that

aggregation is a multi-step process, as the transition to the amyloid state may sometimes occur continuously

with increasing aggregate size, rather than involving an activated state [409], conversion of intermediates

formed by Aβ [216, 278, 295, 345] and many other polypeptides [217, 251, 335, 346, 401] is slow, and the

same finding is supported by this study. Slow conversion implies the existence of a free energy barrier sepa-
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rating pre-fibrillar intermediates from amyloids, and is consistent with the observation that the mature fibril

structure is highly cooperative, containing large numbers of mutually supportive interactions (see Section

1.3). Thus, the results presented in this thesis add to a growing body of literature supporting the proposal that

disordered polypeptides nucleate amyloids via a two-step condensation-ordering transition [268, 394, 399],

in which initial nonspecific aggregation creates a dynamic, condensed phase that provides a favourable

environment for the nucleation of cross-β structure.

At the same time, while theoretical models typically consider the condensation step as a homogeneous

process occurring in solution [268, 309, 399], it is clear from this study that interfaces are the preferred

environment for condensation. This should not be surprising, as nucleation of condensed phases is usually

favoured or catalysed by surfaces, particularly when close to the binodal [403]. However, the conclusion

that even weakly-binding surfaces can catalyse nucleation, and the type of surface affects the intermediate

formed, has far-reaching consequences for our understanding of amyloid nucleation in vivo. Viable catalysts

for primary nucleation may extend beyond membranes alone, encompassing other biological surfaces such

as oligosaccharides and ECM components, and changes in the properties of physiological surfaces may af-

fect the variety of oligomers produced. In addition, instead of being a distinct form of nucleation requiring a

separate mechanism, secondary nucleation is simply a special case of the same process, which occurs when

the catalyst itself is an amyloid fibril. The results of this study also hint that there may be a higher degree of

specificity in the intermediates than the above model would suggest. Both of the intermediates that accumu-

lated to directly measurable quantities had a ThT signal; while this does not necessitate the existence of a

mature cross-β structure, it does suggest some structural similarities to mature amyloid fibrils, in agreement

with the finding that on-pathway oligomers and other intermediates often develop fibril-like tertiary and qua-

ternary contacts prior to the final transition to the amyloid state [216,278,290,296,303]. In addition, the fact

that secondary oligomers cause a ThT response raises the question of whether the fibril surface templates

the formation of early amyloid-like structure in the secondary oligomers, stabilising them and predisposing

them to on-pathway aggregation. At present, there is too little mechanistic information to determine whether

this is the case; future evaluation of this question will require a more detailed characterisation of both the

structure of the secondary oligomers, and their kinetics of formation and conversion.

In summary, the results of this study suggest that Aβ nucleation occurs as a two-step process at physio-

logical concentrations: firstly, the monomer undergoes a surface-catalysed condensation to form an aggre-

gated, partly structured intermediate; and, secondly, cross-β structure nucleates in the favourable molecular

environment provided by this intermediate. Future work should aim to provide a more detailed investiga-

tion of the structure and formation kinetics of Aβ nucleation intermediates, especially those produced by

secondary nucleation or physiological surfaces; in particular, time-dependent size distributions would al-

low determination of the rates of nucleation, growth, and conversion, and spectroscopic techniques such
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Figure 6.1: Surface-catalysed multi-step nucleation of Aβ fibrils. Panels (a-f) depict the nucleation of

Aβ amyloid fibrils in the presence of different surfaces shown to catalyse multi-step nucleation, in this study

and others: (a), PEG-treated polystyrene microplates, as shown in Chapters 4-5; (b), untreated polystyrene

surfaces, as shown in Chapter 4; (c), amyloid fibrils, ie. secondary nucleation, as first described by Cohen et

al. [54] and explored further in Chapter 5; (d), the air-water interface (AWI), which is implicated in Chapter

4 and supported by previous work [353,362]; (e), graphite surfaces, as demonstrated by Yu et al. [363]; and

(f), lipid bilayers, for which multi-step mechanisms have been supported by several studies [313, 357, 531].

In all panels, the colour scheme corresponds to the monomer conformation: red, soluble; green, soluble or

surface-associated intermediate; blue, fibrillar. In all the above processes, there appears to be a multi-step

mechanism involving at least two steps: surface-induced condensation to form a partly ordered, often β-rich

intermediate; and slow conformational conversion of this intermediate to a mature amyloid fibril.
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as NMR or fluorescence spectroscopy might provide information about the structural characteristics and

development of these species. These data would allow better model discrimination, and clarify the extent

to which different surfaces alter the structural and functional properties of the intermediates. In addition,

future experimental work should investigate whether the findings of this study are applicable to other amy-

loids formed by large peptides or IDPs, such as poly-Q, α-syn, Tau, and Ure2p, for which the same argu-

ments can be made regarding the relative merits of monomers and globular oligomers as nucleation sites for

cross-β structure [268], and for which there is plentiful evidence to support a multi-step nucleation mecha-

nism [217,251,335,346,393]. Lastly, the finding that secondary nucleation intermediates accumulate to high

levels under near-physiological conditions means that mathematical treatments of amyloid self-assembly

must increasingly explore multi-state models, where the fibril is not the only aggregate that accumulates

to high levels, and steady-state approximations cannot necessarily be made for nucleation. While these

scenarios are more challenging to interpret, analytical solutions for the macroscopic self-assembly kinetics,

or at the very least efficient numerical simulations, will be a powerful tool for the interrogation of kinetic

data. In addition, the results of recent analytical work show that, despite the complexity of such models,

general analytical solutions and universal scaling laws can still be obtained [8,380,469]; results of this type

are more generally applicable than specific analytical solutions, and will be particularly important under

conditions where the precise values of various microscopic rate parameters are difficult to disentangle, or

the experimental data do not permit model discrimination by nonlinear regression alone. Together, these

experimental and theoretical insights will lead to more realistic models of amyloid self-assembly and the

generation of toxic species in vivo, allowing the development of more effective therapeutics for Alzheimer’s

disease and other diseases caused by amyloid formation.
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