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ABSTRACT

Protein misfolding and self-assembly into the amyloid state is associated with a range of
neurodegenerative diseases. These diseases affect an increasing number of patients every year
and have significant detrimental human and economic impacts. Despite sharing the cross-f3
core architecture, amyloid fibrils exhibit polymorphism, which is likely to underpin the
relationship between structure, function, and dysfunction. In this work, the nature of amyloid
fibril structural polymorphism is investigated using chemical conjugation and biophysical
methods. Amyloid-DNA conjugates were made, with the aim of altering amyloid
suprastructure and thus modulate the transmission of amyloid between cells, as well as develop
modular nanomaterials. A modified variant of the Sup35 prion protein was used as a model
system to which complementary DNA strands or a nucleobase analogue were conjugated via
thiol-maleimide reactions. Atomic force microscopy, a nanoscale imaging technique, was used
to characterise the modified Sup35 fibrils. Furthermore, AFM image analysis methodologies
were advanced through the development of image deconvolution and 3D reconstruction
algorithms. This approach led to both in silico correction of an imaging artefact and an
approximate doubling of local resolution. The AFM analysis approach was further improved
by integrating data from cryo-EM with AFM 3D envelopes, in a developed comparative
morphometrics approach. This was demonstrated on dGAE tau amyloid and cryo-EM density
maps of tau fibrils from various tauopathies, as well as heparin-induced in vitro formed fibrils,
showing that in vitro self-assembled dGAE is a physiologically relevant model system as it is
similar to PHF fibrils from Alzheimer’s disease patient brain tissue. Finally, a systematic meta-
analysis of structural features across all amyloid fibril atomic models in the PDB and EMDB
was carried out to investigate the structural basis of the different biological effects of amyloid.
The work in thesis contributes to improving our fundamental understanding of amyloid

structure-function relationships.
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Chapter 1: Introduction to amyloid assembly and structural

polymorphism
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1. 1 Summary

This introduction is based on papers I and II in the List of Publications included in the thesis
(Lutter et al., 2019; Lutter, Aubrey, et al., 2021). The papers are included in published form in
Appendices I and II, respectively. A summary is hereafter also provided for each of the thesis

chapters.

In the first part of the introduction, entitled The molecular lifecycle of amyloid — Mechanism of
assembly, mesoscopic organisation, polymorphism, suprastructures, and biological
consequences, a general introduction into the molecular processes underlying amyloid self-
assembly is provided. The kinetic mechanisms that are part of the amyloid lifecycle are first
detailed and the techniques which are used to study amyloid kinetics both in vitro and in vivo
are discussed. The polymorphic nature of amyloid self-assemblies is then addressed, with
specific focus on suprastructural arrangements at the mesoscopic scale. The ways in which
suprastructural properties may contribute to the biological consequences of amyloid are
specifically examined. Finally, experimental studies on mechanisms of toxicity and prion-like
transmission are reviewed, and current challenges in formulating the relationship between

amyloid structure and function are considered.

In the second part of the introduction, entitled On the structural diversity and individuality of
polymorphic amyloid protein assemblies, the polymorphism of amyloid fibrils is focused on
through analysis of structural information provided by atomic force microscopy, cryo-electron
microscopy and solid state nuclear magnetic resonance spectroscopy data. The hierarchical
nature of the types of amyloid fibril polymorphism is visualised and the data set of all amyloid
fibril structural information from the PDB and the EMDB up to March 2021 is systematically
organised. Furthermore, the individuality of each fibril in heterogenous populations of amyloid
fibrils is discussed, highlighting the application of atomic force microscopy as a technique
which allows polymorphic fibril populations to be analysed on an individual fibril level. The
effect of structural polymorphism on fibril physicochemical properties and the resulting
biological consequences are discussed. Finally, the challenges of amyloid structure prediction

in light of the recent success of AlphaFold2 are evaluated.
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Finally, aims of the research carried out here and presented in the following chapters will be

discussed.
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1.2 The molecular lifecycle of amyloid — Mechanism of assembly, mesoscopic

organisation, polymorphism

1.2.1 Abstract

The formation of a diverse range of amyloid structures from normally soluble proteins and
peptides is a hallmark of devastating human disorders as well as biological functions. The
current molecular understanding of the amyloid lifecycle reveals four processes central to their
growth and propagation: primary nucleation, elongation, secondary nucleation and division.
However, these processes result in a wide range of cross-3 packing and filament arrangements,
including diverse assemblies formed from identical monomeric precursors with the same
amino acid sequences. Here, we review current structural and mechanistic understanding of
amyloid self-assembly, and discuss how mesoscopic, i.e. micrometre to nanometre,
organisation of amyloid give rise to suprastructural features that may be the key link between
the polymorphic amyloid structures and the biological response they elicit. A greater
understanding of the mechanisms governing suprastructure formation will guide future
strategies to combat amyloid associated disorders and to use and control the amyloid

quaternary structure in synthetic biology and materials applications.
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1.2.2 Introduction

Amyloid forming proteins are at the centre of various protein misfolding disorders, as well as
having normal physiological functions in a wide variety of organisms from bacteria to
mammals. The main characteristic of amyloid forming proteins is their propensity to form
ordered fibrils with a core made of tightly packed B-sheets perpendicular to the fibril axis. The
organisation of soluble peptides or proteins into insoluble amyloid fibrils has been identified
in many human pathologies (Soto, 2003), including amyloid B (AB) and tau involved in
Alzheimer’s disease (AD), a-synuclein (a-syn) in Parkinson’s disease, and huntingtin in
Huntington’s disease (Chiti & Dobson, 2017; Eisenberg & Jucker, 2012). Other amyloid-
associated disorders include type II diabetes and several types of systemic amyloidoses (Gertz
et al., 2015; Merlini et al., 2018; Mukherjee et al., 2015). However, not all amyloid structures
are disease associated. In fact, a range of non-disease associated amyloid structures participate
in an array of normal physiological processes without any apparent harmful effects to their
hosts (Chiti & Dobson, 2006; Fowler et al., 2007). Thus, it is difficult to establish direct causal
relationships between amyloid protein precursors, the large range of structures they form, and
the diseases they are associated with due to a lack of evidence linking structural and

mechanistic understanding of neurodegenerative disease aetiology.

The building blocks of amyloid fibrils are soluble monomeric proteins or peptides. Their
primary sequences typically include amyloidogenic motifs containing amino acids with high
propensity to assembly into amyloid fibrils, influenced by both the physiochemical properties
of these amino acids, as well as their order in the sequence. These motifs tend to be

hydrophobic, more rigid and have a tendency to form 3 secondary structures (Burdukiewicz et
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al., 2017). Despite differences in the primary sequence between amyloid-forming proteins, the
monomeric precursors form fibrils with a characteristic cross-f structure in all amyloid (Jahn
et al., 2010; Serpell et al., 1999). The cross-f architecture that defines the amyloid core is
composed of B-strands packed perpendicularly to the fibril axis, and can be readily observed
by X-ray fibre diffraction usually showing a characteristic 4.7 A reflection on the meridian of
the diffraction pattern that corresponds to the spacing between -strands and indicates that they
are stacked perpendicular to the fibril axis. The PB-sheets can be arranged in parallel or
antiparallel arrangements, forming a stable cross- configuration that resists degradation by
proteases, detergents and heat. Pairs of B-sheets usually intermesh with close side chain
complementarity in a variety of possible steric zipper arrangements (Sawaya et al., 2007). The
~10 A equatorial reflection corresponds to the spacing between B-sheets and indicates that
there are usually two or more sheets in amyloid filaments (Serpell et al., 1999). The
supramolecular fibril structure is supported by intermolecular hydrogen bonds parallel to the
fibril axis, making amyloid fibrils strong fibrous materials (Smith, Knowles, Dobson,
MacPhee, et al., 2006). Amyloid fibrils typically have diameters of approximately 5-20 nm and
can be up to several micrometres long (B. Li et al., 2018; Meinhardt et al., 2009; Swuec et al.,

2019).

The structure of amyloid fibrils has been studied to high detail using atomic force microscopy
(AFM), solid state NMR spectroscopy (ssNMR) and cryo-electron microscopy (cryo-EM),
which provide information on B-strand content within a monomer, arrangements of -sheets,
specific interactions between residues and the conformation of non-B-strand segments. In
particular, the advent of high resolution cryo-EM and ssNMR methods has led to the
elucidation of a range of amyloid species at near-atomic resolution, including several formed

from the same monomeric precursors (Fig. 1.1). In this case, differences in fibril forming

20



conditions, such as pH, temperature and salt concentration affect the morphology of fibrils
formed. In fact, identical monomers under the same conditions can often form a mix of highly
polymorphic suprastructures, and the heterogeneity exhibited by amyloid samples complicates
structural and functional studies while their mechanistic origins and biological consequences

are not understood.
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Figure 1.1 Recent structural models of amyloid fibrils determined using ssNMR and cryo-
EM. These structures illustrate the similarities in cross-3 core structure despite distinct primary
sequences, as well as the different polymorphic structures that identical monomeric precursors
can assemble into. PDB structures are shown with a yellow or orange backbone, blue basic
side chain residues, red acidic side chain residues, grey hydrophobic side chain residues and
green polar side chain residues. The models are oriented so that the fibrils are viewed from
their ends and two layers along the fibril axis are shown for each fibril model for clarity.
Structures are visualised in Pymol. (a) a-synuclein fibril structural models with PDB accession
codes (from left to right): 6A6B (Y. Li et al., 2018), 6H6B (Guerrero-Ferreira et al., 2018),
6CU7 (B. Li et al., 2018), 6CUS (B. Li et al., 2018), and 2NOA (Tuttle et al., 2016). (b) AP42
fibril structural models with PDB accession codes (from left to right): 2MXU (Xiao et al.,
2015), 2NAO (Wiilti et al., 2016), and 5SO0QV (Gremer et al., 2017). (¢) A structural model of
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B2-microglobulin fibril with the PDB ID 5KK3 (Colvin et al., 2016). (d) Tau fibril structural
models with PDB accession codes (from left to right): 6GK3 (Iadanza, Silvers, et al., 2018),
503L (Fitzpatrick et al., 2017), SO3T (Fitzpatrick et al., 2017), and 6GX5 (Falcon, Zhang,
Murzin, et al., 2018).

The aggregation pathway by which soluble monomers form oligomeric intermediates and
eventually fibrils is thought to be similar for all amyloid, despite differences in primary
sequences and pathological presentation. The aggregation process starts with protein
misfolding events in which native state monomers adopt amyloidogenic states and aggregate
into nuclei that grow into oligomeric intermediates of increasing size distributions. Monomers
are then added to the oligomeric intermediates, forming larger, more flexible, often elongated
oligomers, frequently called protofibrils. These intermediate species are then lengthened into
ordered assemblies of cross-f filaments that can elongate further with the addition of
monomers at their ends. At the same time, two or more filaments can associate to form fibrils.
Amyloid fibrils can further cluster into a variety of suprastructures, which include extracellular

plaques, as in the case of AP, or intracellular inclusions, as in the case of huntingtin and tau.

Despite the shared core cross-f architecture, the detailed structures and surface features of
oligomeric intermediates, fibrils and suprastructures depend on the specific precursor protein,
and they elicit varied biological effects (Jackson & Hewitt, 2017). For example, polymorphs
of in vitro formed AP4o can have different levels of toxicity on neuronal cell cultures (Petkova
et al., 2005). Amyloid fibrils are then able to undergo division, for example by fragmentation
through mechanical stress, catalysis by specific cellular components such as chaperones
(Winkler et al., 2012), or due to biochemical changes in the cellular environment, into shorter
fibril particles that act as seeds. The seeds are further elongated by monomers, which are

continuously produced by their host organism. Thus, rather than a linear process, amyloid
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assembly represents a molecular lifecycle in which a ‘cloud’ of species and suprastructures in
a heterogeneous mixture are continuously being produced, and the species populations in this

cycle will evolve as a function of time in response to changes in the conditions.

This review will discuss the molecular lifecycle of amyloid assembly in terms of the current
understandings of the key molecular processes involved. It remains poorly understood how
some amyloid aggregates are tolerated or even beneficial while others, despite having similar
core structures are associated with debilitating neurodegenerative diseases. Moreover, identical
monomer sequences can also form fibrils with different morphological and phenotypic
consequences, adding complexity to finding the structural determinants behind amyloid
aggregation, toxicity, and biological response. The wide degree of heterogeneity and structural
polymorphism of amyloid fibrils will be discussed in this review to demonstrate that all species
in the amyloid lifecycle are an integral part of the lifecycle and form a population that may
contribute to the pathogenic potential of amyloid as a whole. Finally, this review will also
address in what manner the suprastructural arrangement of amyloid assemblies may represent
a fundamental link between amyloid structures and their functional variations in biological
systems. This will be discussed in terms of how suprastructures may affect fibril division and
propagation of the amyloid state in the amyloid lifecycle, as well as how they affect the

infectious and cytotoxic potentials of amyloid.

1.2.2.1 The amyloid lifecycle and its defining molecular processes

The molecular details of amyloid fibril formation are debated, but the self-assembly reaction
fundamentally consists of four key processes: nucleation, elongation, division (Beal et al.,
2020) and secondary nucleation (Tornquist et al., 2018) (Fig. 1.2). However, the current
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description of amyloid aggregation and the resulting fibril assembly pathway is influenced by
in vitro kinetic studies where the reactions are limited by the amount of monomers present.
This process is better represented as a lifecycle, considering that in vivo, monomer production,
misfolding, nucleation, elongation, division and secondary nucleation all occur continuously
and simultaneously, and it is their relative rates that change over time as defined by the
microscopic rate constants associated with each step. It should also be noted that all of the steps
along the amyloid lifecycle are dynamic and reversible, although some reverse reactions are

associated with high kinetic barriers.
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Figure 1.2 Schematic illustration of the amyloid lifecycle. Soluble monomeric proteins
(circles) are continuously generated and can adopt the amyloid state with a cross-p3
conformation (parallelograms). Coloured arrows represent the four main processes in amyloid
assembly: primary nucleation (red), which may occur as homogeneous nucleation in solution
or heterogeneous nucleation at interfaces; secondary nucleation (purple), which may occur as
heterogeneous nucleation on fibril surfaces; elongation, which is growth at fibril ends (blue);
and fibril division, for example through spontaneous or catalysed fibril fragmentation (yellow).
See Table 1.1 for glossary of terms associated with the amyloid lifecycle. The arrows represent

dynamic and reversible steps along the lifecycle.
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Table 1.1 Glossary of commonly used terms relevant to the amyloid lifecycle shown in Fig

1.1.

Term

Elongation

Fibril ends
Fibril
fragmentation

Fibrils

Nuclei

Oligomers

Primary
nucleation

Proto-
filaments

Proto-fibrils

Secondary
nucleation

Secondary
processes

Seeds

Description
Growth of fibrils in a direction parallel to the fibril axis by templated

monomer addition at fibril ends.

Active sites where elongation by templated monomer addition occur.
Breakage or division of fibrils, which can be mediated by mechanical
agitation, thermal stress, chemical perturbation or chaperone catalysis.
Long filaments formed typically by two or more intertwined proto-
filaments, sometimes loosely referred to as “mature” fibrils.

Smallest oligomeric aggregate on which further growth by attachment of a
new monomers is faster than detachment of an existing monomer in the
aggregate.

There is no universal definition but commonly sub-100-mer aggregates
featuring a heterogeneous and transient nature, and small enough to be
disperse and not sedimented by centrifugation.

De novo formation of the amyloid state through nucleated assembly of
soluble monomers either in solution (primary homogeneous nucleation),

or at surfaces or interfaces (primary heterogeneous nucleation).
Single elongated amyloid filament with a cross-3 core structure.

Curve-linear or worm-like fibrils that are less ordered and elongated
compared to fibrils, thought to be structurally comparable to some
oligomers.

Special case of heterogeneous nucleation in which nucleation events occur
on the surface of already existing fibrils.

Secondary nucleation and fibril fragmentation, which result in the
acceleration and exponential growth of amyloid, as opposed to primary
processes of primary nucleation and elongation.

Aggregates that are capable of accelerating amyloid assembly reactions,
for example post-nucleation amyloid species capable of growth by

elongation, or species capable of promoting secondary nucleation.
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In the initial stages of the amyloid lifecycle, partial unfolding and/or conformational changes
are required to convert amyloidogenic proteins in their native states to misfolded states capable
of further conversion into the amyloid state. The monomeric or small oligomeric amyloid
precursors initially exist in a dynamic equilibrium of conformations with varying degrees of
structural order and can aggregate to form small amyloid oligomers. These intermediate
oligomers can be structurally similar to fibrils in their conformation and B-sheet content as
shown by binding of conformation-specific antibodies and analysis of secondary structure
content. They can also be highly disordered, or indeed anywhere in-between (Breydo &
Uversky, 2015). Thus, at some point along these initial aggregation events, monomers or small
oligomers adopt a conformation with a high B-content. This process can be accelerated by
specific mutations and environmental factors. This initial aggregation process of primary
nucleation can be seen as a phase transition of the amyloidogenic protein from an aqueous
solution phase to the ‘solid phase’ represented by amyloid fibrils. Primary nucleation can
proceed as homogenous nucleation occurring in solution, or heterogeneous nucleation
occurring on surfaces or interfaces. As biological environments are rich in surfaces, it is
possible that many spontaneous primary amyloid nucleation events occur as heterogeneous
nucleation in vivo. Thus, surfaces may have profound effects on aggregation kinetics depending
on their composition and properties (Habchi et al., 2018). Nucleation events generally occur
after a “critical concentration” of monomers in solution has been reached and exceeded
(Blancas-Mejia et al., 2017; Novo et al., 2018); these solutions are called supersaturated
solutions (Kashchiev & Auer, 2010). The smallest oligomeric aggregate on which further
growth is more likely to occur than reduction in size is called the nucleus, although the generic

nature of amyloid nuclei remains unresolved.
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Once formed, amyloid nuclei can grow by templated elongation, in which free monomers are
converted to the amyloid state and added to growing filament ends. Although elongation is a
reversible reaction, dissociation of monomers is usually negligible due to the highly stable
fibril structure contributing to a slower relative detachment rate compared to the attachment
rate during elongation. Nucleation and elongation are concentration-dependent processes (W .-
F. Xue et al., 2008), and their relative contributions to amyloid formation varies between
different amyloid proteins and solution conditions (Blancas-Mejia et al., 2017; Buell et al.,
2014; S. I. A. Cohen et al., 2013). Post-nucleation species capable of templating elongation
growth are called seeds. Seeds can grow into protofilaments, which are elongated structures
with monomeric units in the amyloid state. Protofilaments can subsequently twist around each
other forming fibrils. Thus, fibril ends act as the growth active sites of amyloid fibrils. A fibril
typically may consist of 2-6 protofilaments, and can be further elongated and adopt a more
ordered fibril arrangement. Some fibrils are quite flexible and can circularise and grow into
loops (Hatters et al., 2003). Adding to the ambiguity of amyloid formation terminology, there
is no objective definition for “mature” fibrils. This term is typically used to refer to long and
straight fibrils observed in an end-stage in vitro assembly reaction, but there is no formal length,

width or twist definition for these.

In the in vivo amyloid lifecycle, the large and possibly biologically inert fibrillary aggregates
will be part of a heterogeneous population of aggregates of a range of sizes and states, including
small intermediate oligomeric species, often referred to simply as ‘oligomers’. There is
currently no universal definition of what constitutes an amyloid oligomer, but common features
include a ‘soluble’ (i.e. not true soluble in a physiochemical sense but small enough to be
disperse and not sedimented by centrifugation), heterogeneous and transient nature. Such small

oligomeric amyloid aggregates vary in subunit composition and morphology, for example,
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disordered, spherical and annular structures having been identified in vitro (S. W. Chen et al.,
2015; Kotler et al., 2015; Parthasarathy et al., 2015). Major oligomer types include fibrillar
oligomers, which structurally and immunochemically closely resemble short fibril particles,
and prefibrillar oligomers, which are intermediate species having a distinct but not well
characterised structure (Breydo et al., 2016). There is also a type of oligomer that is formed
off-pathway from fibril formation that may be highly cytotoxic in vitro (M.-C. Lee et al., 2018).
Additional complexity arises from the fact that oligomer populations are inherently highly
polymorphic. Oligomeric structures have been determined under different conditions using
diverse techniques, and it is not always clear whether, or in what form, they exist in vivo. This
raises the question of what the toxic physiochemical or structural properties of amyloid species
might be. In addition to the formation of amyloid species, which represents a phase transition
of protein precursors in aqueous solution to an insoluble solid phase, amorphous aggregates
with no ordered cross-f core may instead result from transition to a liquid phase, forming liquid
droplets through liquid-liquid phase separation (LLPS). It has been hypothesized that the LLPS
process is utilised by cells to compartmentalise proteins and biochemical reactions and
consequently has physiological roles in cell signalling and regulation of gene expression
(Chong & Forman-Kay, 2016). Such liquid phase separated structures include P granules,
nucleoli and stress granules, and are typically made up of aggregates of nucleic acids and
protein. Intrinsically disordered proteins are also often found in cellular liquid droplets as their
exposed hydrophobic areas and structural freedom may facilitate aggregation. Similarly,
amyloid liquid-liquid demixing could be promoted by molecular chaperones (Ambadipudi et
al., 2017). Demixing allows high local concentrations of specific proteins, and as the droplets
stabilise and mature over time, they may provide a driving force to further phase transition to

a solid phase, characterised by amyloid fibril formation.
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Lateral sides of protofilaments or fibrils are able to catalyse the formation of new amyloid
nuclei and oligomeric species capable of growth by monomer addition in a process known as
secondary nucleation (S. I. A. Cohen et al., 2013; Jeong et al., 2013). Secondary nucleation is
a special case of heterogeneous nucleation where the catalysing surface is specifically that of
preformed amyloid instead of any surface. New nuclei formed through this secondary process
then detach and can be further elongated. Indeed, it has been suggested that once a critical
concentration of fibrils has been reached, fibril-catalysed secondary nucleation becomes the
major source of toxic oligomeric species (S. I. A. Cohen et al., 2013). Despite secondary
nucleation events occurring on pre-existing fibrils, amyloid fibrils are not considered to grow

into branched suprastructures as each protofilament in a fibril remains unbranched.

Finally, amyloid fibrils are capable of dividing into smaller fibril particles. The division of
amyloid fibrils propagates the amyloid state and the conformation associated with the parent
fibril assemblies (Beal et al., 2020). Amyloid division can occur due to fibril fragmentation
caused by thermal energy or mechanical forces, or be catalysed enzymatically by chaperone
proteins (Gao et al., 2015). Division increases the number of fibrils particles and, therefore,
reactive fibril ends that can lead to further growth by elongation. For prions, which are amyloid
that are transmissible between hosts, division of amyloid fibrils is required for infectivity and
propagation of the prion phenotype (Tanaka et al., 2006), which suggests a similar mechanism
could occur in prion-like amyloids correlated with neurodegenerative disease. As a single prion
or amyloid forming sequence can assemble into a wide range of fibril polymorphs, the
differences in their ability to divide may result in the selection of specific prion strains under
specific corresponding conditions. These properties will affect phenotype strength of the prions
and will depend on the structural stability of the amyloid fibrils. Thus, fibril stability changes

may alter its propensity for division which, in turn, affects amyloid toxicity and prion

29



infectivity (W.-F. Xue, Hellewell, et al., 2009). The biological implications of these structural

differences could reveal a key element of the amyloid structure-function relationship.

1.2.3 Mapping the kinetics mechanisms of amyloid assembly

The complex nature of amyloid aggregation kinetics due to non-linear growth processes in the
amyloid lifecycle, combined with their high sensitivity to environmental and experimental
factors, has challenged the development of kinetic assays and derivation of rate laws. While
the outline of the amyloid lifecycle as discussed above is generally well understood and
documented based on in vifro assembly experiments, the specific structures of the species
involved, especially those of transient and heterogenous oligomeric populations, and the rates
of their formation and exchange remain unclear (Breydo & Uversky, 2015; Gallardo, Ranson,

et al., 2020).

1.2.3.1 Amyloid assembly in vitro

Currently, the kinetics of amyloid self-assembly is frequently assayed in vitro utilising the
tinctorial property of amyloid following development of high-throughput microplate-based
kinetic assays (W.-F. Xue et al., 2008) using the dye thioflavin T (ThT). ThT shows enhanced
fluorescence emission upon binding to in-register side-chains within the 3-sheets of amyloid
fibrils, and a kinetic assay with ThT as amyloid reporter is widely used as it is simple and
relatively sensitive to fibril formation compared to turbidity and light scattering approaches
(Pedersen & Heegaard, 2013; C. Xue et al., 2017), with a fluorescence detection limit in the
low uM concentrations (0.3 uM; (Younan & Viles, 2015)). ThT assays have allowed in-depth

studies of amyloid formation kinetics and derivation of rate laws that have elucidated the
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molecular mechanisms of amyloid assembly and aid in determining the mode of action of fibril
formation inhibitors (Michaels et al., 2018). Also, ThT fluorescence intensity may reflect fibril
morphology, regardless of the [-sheet content due to different accessibility to binding sites

(Sidhu et al., 2018).

Although ThT is a useful tool for quantifying the relative amounts of fibrillar cross-f content
over time, it does have some limitations and shortcomings. For example, ThT cannot be used
for specific identification of amyloid fibrils, as it is not sufficiently specific to amyloid
aggregates and can for example, bind to DNA (Biancardi et al., 2017), nor can it be used to
distinguish between amyloid fibrils and prefibrillar species (Younan & Viles, 2015).
Additionally, screening the effect of small molecule inhibitors on fibril formation using ThT is
prone to false positives as the candidate inhibitors may interfere with the binding of the dye,
rather than the fibrillation process (Jameson et al., 2012). The study of amyloid aggregation
should always be complemented with various other biophysical techniques, including circular
dichroism (CD) and Fourier transfer infrared spectroscopy (FTIR) for secondary structure
characterisation, and AFM and EM for fibril imaging. Several derivatives of ThT have been
developed for in vivo detection of amyloid fibrils in the organs and tissues of live patients
(Cheng et al., 2015; Sulatskaya et al., 2019). Amyloid probes also include luminescent
conjugated oligothiophenes, which are fluorescent amyloid ligands that can report on the
fibrillar conformation, facilitating the in vitro and ex vivo analysis of polymorphism (Nilsson
et al., 2007; Wegenast-Braun et al., 2012). The continued development of novel reporters for
use in animal models and in future clinical applications will contribute to a better understanding

of the formation and spread of amyloid aggregates under in vivo conditions.

31



The main distinctive characteristic of amyloid aggregation, as measured in vitro using ThT,
which gives a fluorescent signal increase upon binding amyloid fibrils, is a sigmoidal growth
curve (Fig. 1.3). The lag phase represents early reaction times where primary nucleation events
that lead to nuclei and small intermediate oligomer formation dominates. Nucleation is initially
thermodynamically unfavourable and kinetically rate limiting as the nucleation process is
associated with a free-energy barrier, with pre-nucleation species in the reaction coordinate
favouring dissociation compared to further growth by monomer association (Buell et al., 2012;
Kashchiev et al., 2013; W.-F. Xue et al., 2008). The lag phase can be eliminated by introducing
preformed fibrillar amyloid seeds, enabling the conversion and addition of monomers directly
to fibril ends in the amyloid state, thereby bypassing the rate-limiting nucleation process. At
the end of the lag phase, while most of the protein is still monomeric, there is a transient
population of intermediate oligomeric species, some of which are referred to as protofibrils
because they are sufficiently and observably elongated species (Arosio et al., 2015). Small
transient oligomers grow and fully convert into protofilaments with amyloid cross-f§ core that
are then elongated by further addition of monomers to fibril ends. As fibrils form during lag
phase, secondary processes such as secondary nucleation and fibril fragmentation become the
major mechanism of amyloid formation, peaking during the exponential growth phase (S. I. A.
Cohen et al., 2013; W.-F. Xue et al., 2008). Fibril mass increases as protofilaments are
elongated and twist around each other. Finally, growth plateaus as most monomers in solution
have been added to fibril ends. The population in such a sample remains in dynamic exchange
(Fig. 1.2). For example, monomers and oligomers may continuously break off and reattach to
fibril ends (Carulla et al., 2005). Importantly, these key steps are part of the lifecycle of all
amyloid fibril formation, but their rate constants and thermodynamic driving forces vary for

different monomers (Buell et al., 2012).
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Figure 1.3 Schematic illustration of the amyloid aggregation growth curve as measured
in vitro with kinetic ThT assay. Coloured arrows represent the four main processes in
amyloid assembly (Fig. 1.1). Primary nucleation (red) is the driver of de novo amyloid
aggregation in the initial stages of the reaction (a-b), although primary nucleation will continue
to take place, at much lower rates, in the later stages as free monomer concentration drop. The
rate of elongation growth at fibril ends (blue) peaks during the exponential growth phase (¢) of
the fibrils. Elongation continues to occur once a plateau has been reached (d-e) as the fibrils
are in dynamic equilibrium with residual monomers and/or small oligomers, as well as other
species along the fibril formation pathway. Secondary nucleation (purple), which requires both
the presence of monomers and fibrils, dominates nuclei formation as soon as first fibrils have
formed in the lag phase. Fibril division through fragmentation (yellow) occurs continuously
after the formation of first fibrils and continues to have a significant role in the capacity to
increase fibril load. The relative magnitudes of the rates of these main processes (exemplified
by the thickness of the arrows) also vary by the type of amyloid monomer, their concentration

and environmental conditions.

1.2.3.2 Amyloid assembly in vivo
While the fundamental kinetic principles governing the self-assembly of amyloid are the same
in vitro as in vivo, the kinetics of the amyloid lifecycle under in vivo conditions would be

expected to be significantly different from the well-characterised in vitro conditions. One of
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the main differences is the unlimited and continuous production of monomers in vivo. Other
key differences include the added complexities associated with genetic variations of amyloid
monomer or its precursor and other risk factors, components of the cellular and extracellular
environment that affect amyloid aggregation kinetics, spatiotemporal variations in monomer
production affecting local monomer concentrations, and amyloid clearance mechanisms. Using
fluorescence lifetime imaging (FLIM), the kinetics of AP aggregation, as well as its cellular
uptake and trafficking, have been studied in live neuronal cells (Esbjorner et al., 2014). The
aggregation of AP in human APP-expressing mice was analysed using a fluorescent amyloid
dye and a cranial window through which images were collected using two-photon imaging over
a period of two years (Burgold et al., 2014). The plaque volume change was found to have a
sigmoidal shape, with many small plaques forming initially, when the concentration of free AP
is high, and growing in volume until they plateau when AP production becomes rate-limiting.
However, while transgenic murine models of AD are useful research tools for familial AD,
they fail to represent the most abundant type of AD in humans, which is sporadic. Amyloid
positron emission tomography (PET), a method for visualizing amyloid deposition in the brain
using radiopharmaceuticals that bind fibrillar amyloid, has also been used to collect and
assemble AP load data from cognitively impaired patients to create a long-term disease model
that showed a sigmoidal curve of increasing amyloid load in the brain over the course of more
than 30 years (Jack et al., 2013). Overall, few studies have been done on the in vivo aggregation

kinetics of amyloid in animal models or humans in any molecular detail.

The rates governing the amyloid lifecycle and its kinetics are specific to protein sequence and
environmental conditions. For example, aggregation propensity is affected by charge and
exposed hydrophobic surfaces of the monomer. The lag phase can also be shortened by an

increased fragmentation propensity. Although a key feature of many amyloid-forming proteins
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is being intrinsically disordered as monomers, or having significant stretch of unstructured
regions due to extensive exposed hydrophobic areas, others can be folded, globular, and with
low aggregation-propensity in their native states (Féndrich et al., 2001). Such proteins,
including B2 microglobulin associated with systemic dialysis related amyloidosis, require local
unfolding to initiate aggregation (Eichner & Radford, 2011). In these cases, physiological
thermal fluctuations may be sufficient for native conformation destabilisation (Chiti & Dobson,
2009) and hence enough for initiating assembly. Conditions such as temperature, pH, protein-
denaturing agents, presence of other proteins, metal ions, surfaces and their composition and
properties can have an impact on the aggregation of amyloid proteins (Faller et al., 2013;
Galvagnion et al., 2015; Habchi et al., 2018; Moores et al., 2011; Morel et al., 2010). Even
many physiologically non-amyloidogenic proteins can be made to adopt the characteristic
cross-f structure under specific environmental conditions (Chiti et al., 1999; Goldschmidt et
al., 2010). Deviations from the typical kinetic characteristics of amyloid aggregation have been
identified under varying environmental conditions, which has implications for the biomedical
use of amyloid-prone proteins, and for developing drugs targeting amyloid assembly. For
example, the human glucagon-like peptide 1, analogues of which are used for treatment of type
IT diabetes, exhibits kinetics consistent with the standard nucleation-polymerisation
mechanism at pH 8.2, but at pH 7.5 the kinetics showed a highly unusual profile, with the lag
phase becoming longer with increasing monomer concentration (Zapadka et al., 2016). This
was attributed to the formation of off-pathway oligomers, with unknown physiological effects.
One plausible explanation is that metastable oligomers and protofibrils could be off-pathway
competitors and inhibitors of fibril formation, instead of on-pathway precursors (Hasecke et

al., 2018).
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1.2.4 Amyloid assembly polymorphism

Amyloid fibrils, by definition, share a cross-f core arrangement. Their assembly, either from
precursors of different or identical sequences, nevertheless result in fibrils with a varying
degree of structural differences (Fig. 1.1, Fig. 1.4). Polymorphism of molecular crystals has
been characterised in the context of small molecules and pharmaceuticals, for which the
varying physiochemical properties including the stability and bioavailability of a substance
with an identical molecular structure and dissimilar suprastructure has been documented
(Bernstein, 2007; E. H. Lee, 2014). Analogously, the fibrillar amyloid state can be viewed as
a pseudo one dimensional “crystal-like” form in which different polymorphs may also have
varying biological properties. Variance in fibril structure, i.e. the polymorphic nature of
amyloid fibrils, has been characterised for fibrils formed from synthetic or recombinant
monomeric amyloid precursors, as well as those formed in vivo in tissue or by seeding with
fibrils from brain tissue of patients with various neurodegenerative diseases (Annamalai et al.,
2016; Close et al.,, 2018; Falcon, Zhang, Murzin, et al., 2018). Amyloid assembly
polymorphism, resulting from assembly of precursors of identical sequence, can be broadly
divided into two classes: core polymorphism with differences in the arrangement of monomeric
units in the cross-f core, or filament polymorphism with differences in the lateral arrangement
of protofilaments in a fibril and the specific contacts they form (Fig. 1.4). In core
polymorphism, the core structure can vary in -sheet content, conformation of non-p-strand
segments, steric zipper packing and specific contacts between residues. Core polymorphism
can be further categorised into segment polymorphism where different segments of a
polypeptide may form different cross-p cores, and packing polymorphism where the same
segment of a polypeptide chain is involved in the cross-f core. For example, inter-sheet

contacts can be stabilised by steric zippers, as well as hydrophobic contacts and salt bridges.

36



Eight potential classes of steric zipper packing arrangements were described by Eisenberg and
colleagues (Sawaya et al., 2007) forming the basis for core and assembly polymorphisms.
These steric zipper arrangements vary by whether B-strands that make up 3-sheets are parallel
or antiparallel, whether adjacent -sheets that form the steric zipper pack the same or different
surfaces together, or whether the B-sheets themselves are oriented parallel or antiparallel
relative to each other. In terms of filament polymorphism, the current confirmed examples
include cryo-EM reconstructions of purified paired helical and straight tau filaments, which
show indistinguishable cross-f and B-helical structures, surrounded by a fuzzy coat of
disordered domains, but distinctive inter-protofilament arrangements (Fitzpatrick et al., 2017)
and B2-microglobulin, for which several morphologies were identified using cryo-EM,

although all shared the same core structure, as shown by NMR (Iadanza, Silvers, et al., 2018).

Amyloid populations regularly contain heterogeneous mixtures of fibril polymorphs. Often,
several subpopulations of amyloid fibril polymorphs can form under identical conditions, for
example paired helical and straight fibrils of tau or striated ribbon and twisted fibrils of AP
(Fitzpatrick et al., 2017; Tycko, 2015). In studies in which a single fibril structure is
reconstructed, the sample may have contained a broad range of morphologies, as in the case of
the recent B2-microglobulin structure (Iadanza, Silvers, et al., 2018). These individual fibril
polymorphs can sometimes be distinguished by their width, as they may vary in the number of
protofilaments (Fig. 1.4), or other morphological differences such as twist periodicity and
persistence length in terms of curvature. Additionally, fibril polymorphs may vary in stability
and dynamic behaviour which may, for example, affect their fragmentation rate and
consequently cytotoxicity (W.-F. Xue et al., 2010). Fibrils differing in twist and length can also
result in differences in their cytotoxic potential (Petkova et al., 2005; W.-F. Xue, Hellewell, et

al., 2009).

37



Sequence
polymorphism

=F

Segmental
polymorphism

E E
[72] )
R o5
E-, S —g 5 — Packing
= _§ _g polymorphism
8 8 —
] =
-5 5 .
? £ Fillament
>
<35
(@
or

ozez '8
Figure 1.4 Hierarchical classification of amyloid polymorphism types with schematic
illustrations exemplifying each type. Amyloid polymorphs can be classified into sequence
polymorphs and assembly polymorphs. Assembly polymorphs can be further divided into core
polymorphs and filament polymorphs, and core polymorphs can be divided in turn into
segmental polymorphs and packing polymorphs. The different types of polymorphism are
organised from top to bottom to indicate the hierarchical effects of polymorphism types. For
example, sequence polymorphs where one polymorph contains a single amino acid residue
change (top schematic, stars depict an amino acid sequence variation) would also affect which
segment of the chain forms the amyloid core (segmental polymorphism), how the amyloid core
is packed (packing polymorphism) and how the protofilaments are arranged (filament

polymorphism). On the other hand, polymorphism based on the varied number and
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arrangement of the protofilaments (bottom schematic depicting filament polymorphism) may
occur without changes in the sequence, the core segment or the packing of the core (all placed

above filament polymorphism in the schematic).

From fibril structures determined from patient brain tissue, it emerges that there may be
disease-specific association with certain amyloid fibril polymorphs. For instance, tau fibrils
from an Alzheimer’s patient and a Pick’s disease patient have remarkably different core
arrangements (Falcon, Zhang, Murzin, et al., 2018; Fitzpatrick et al., 2017). Additionally,
structural polymorphs of AP are thought to correlate with variations in AD pathological
phenotypes (Qiang et al., 2017). For example, recent ssNMR analysis of AP fibrils seeded from
AD patient brain tissue showed a link between clinical AD subtypes and specific features of
fibril polymorphism. AP4o aggregates were shown to have a single major morphology in
patients with typical prolonged-duration AD and posterior cortical atrophy variant (PCA-AD)
and a higher proportion of alternative structures in the rapidly progressive form of AD. By
contrast, AP42 aggregates were found as several polymorphs across both categories (Qiang et
al., 2017). In another study, APao fibrils seeded from brain tissue of two AD patients with
different clinical histories were relatively homogenous for the individual patients, although
analysis of the predominant fibril structures by ssNMR between the two patients indicated

significant differences in their cores (J.-X. Lu et al., 2013).

Due to amyloid and prions have structural and mechanistic similarities, and the morphological
heterogeneity of amyloid populations potentially linked with disease progression, the idea of
whether structural amyloid polymorphs propagate phenotypically as strains has been tested.
For prions, the prion strains give rise to specific pathologies and disease phenotypes, which are
maintained when the strains are introduced de novo into a genetically identical host where they

continue to be stably propagated. Some studies have also suggested the spread of tau and a-
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synuclein as distinct strains (Kara et al., 2018). Thus, identifying the structure of distinct fibril
polymorphs, the suprastructures they form, and characterising the environmental factors that
drive structural changes, as well as their biological effects, could be the key link to elucidating
the dramatic variations in amyloid disease pathological presentation and provide a structural
rationalisation of the strain phenomenon. The structural differences between amyloid
polymorphs could also be mediated by changing the propensity to the various fibril associated
pathology mechanisms, including interactions with membranes, ability to sequester proteins
essential for the cell, differences in metal binding and creation of reactive oxygen species, or
some as yet unknown mechanism of fibril toxicity. Thus, in terms of disease association,
environmental changes may modulate amyloid structure and exert pressure to select for specific
polymorphs, and the selected polymorphs in turn reinforce the disease-associated

environmental changes.

1.2.4.1 Amyloid suprastructures

As amyloid fibrils are highly polymorphic, the heterogeneous populations of amyloid species
that result from the amyloid lifecycle also show a variety of different mesoscopic arrangements
on the micrometre to nanometre scale, forming a variety of possible suprastructures (Fig. 1.5).
Amyloid fibrils vary in width, with some self-associating into thick bundles by protofilament
interactions, whereas other fibrils may consist of a single protofilament only (Khurana et al.,
2003). The length distribution of the fibrils in a population can similarly vary, depending on
the mechanical properties of the fibrils, such as stiffness, and their fragmentation rate (Beal et
al., 2020). Each fibril population formed from the same amyloid sequence may contain varying

proportions of fibril polymorphs, ranging from a uniform ensemble to almost continuous
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variation in twist (J.-X. Lu et al., 2013; Meinhardt et al., 2009). While some fibrils self-
associate into packed clusters or networks, others do not form such structures and remain
separated, sometimes in a parallel alignment with directional order (Kollmer et al., 2016;
Vigolo et al., 2017). Although various suprastructures have been identified, little is known
about their relative biological impact. At liquid interfaces amyloid fibrils can exist in a liquid
crystalline nematic phase in which the fibrils are aligned parallel to each other (Jordens et al.,
2013). In vitro studies of entangled amyloid networks have also identified gel-like behaviour
at the mesoscopic scale. Interestingly, elastic properties appear as early as during nucleation
events in the lag phase (Manno et al., 2010). Electron tomography studies of A} suprastructures
have revealed three main types of aggregates: amorphous meshwork, fibril bundle and amyloid
star, all within the same overall deposit (Han et al., 2017). Interestingly in each case, the fibrils
themselves were morphologically indistinguishable. Additionally amyloid fibrils have been
observed to form spherulites which show a typical Maltese cross pattern when observed under
polarised light in both in vitro and ex vivo (Jin et al., 2003; Krebs et al., 2004). Furthermore,
between fibril networks, extracellular vesicles of various sizes are found (Han et al., 2017) and
lipid membrane components have been identified also within and around dense A plaques in

human brains of AD patients (Liao et al., 2013).
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Figure 1.5 Schematic illustration of possible variations in the suprastructural properties
of amyloid at mesoscopic (micrometre to nanometre) length scales: a) long-straight fibrils
of varying length; b) highly heterogeneous population with filaments and bundles decorated
with small oligomeric species; c) fibrils of tight twist properties; d) highly fragmented fibril
population with abundance of small particles; e) fibril cluster; f) fibril network; g) aligned
fibrils; h) thick and bundled fibrils; 1) flexible or curve-linear fibrils with low persistence

length; j) crystalline-like fibril bundles.

Morphological differences observed in plaque deposits reflect the suprastructural assembly
preferences and features of amyloid aggregates, and seeded fibrils from AD patient brains have
been correlated to differences in clinical subtypes (Qiang et al., 2017). Thus, it is possible that
the different suprastructures that differ in their mesoscopic arrangements also have different
toxic or infectivity profiles. The suprastructural arrangements of fibrils can also be affected by
the dominance of individual fibril polymorphs as they can have different surface properties
which affect their interactions. Thus, aggregates with different suprastructural features will also
have different surface properties and propensities to sequester other metastable essential
constituents of the cellular proteome. Characterising the various suprastructural parameters

such as length and width distribution, twist, stiffness, clustering and heterogeneity of amyloid
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assemblies and correlating these with biological activity could lead to essential insights into

the amyloid structure-function relationship.

1.2.5 Regulation of functional and pathological amyloid structure and assembly

Defining an amyloid suprastructure-toxicity relationship would help us elucidate why some
amyloid formations are highly toxic whereas others are inert. Given the presence of amyloid
aggregates in numerous neurodegenerative diseases, it is perhaps surprising that an increasing
number of amyloid structures have been found to participate in an array of normal
physiological processes without any observable harmful effects to their hosts (Fowler et al.,
2007). In humans these include melanin biosynthesis, regulation of long-term potentiation
(LTP) and peptide hormone storage (Berson et al., 2003; Drisaldi et al., 2015; Maji et al., 2009).
Functional amyloid assemblies have also been discovered in numerous other organisms,
including bacteria, fungi and metazoa. For instance, in some bacteria, fibrillar matrix of
extracellular amyloid proteins such as curli and Fap are required for surface adhesion and
colony formation (Deshmukh et al., 2018; Rouse et al., 2018; Taylor & Matthews, 2015; Zeng
et al., 2015). In insects and fish, the eggshell is primarily made up of chorion proteins with a
characteristic amyloid fibril structure (Fowler et al., 2007). The line between functional and
pathogenic amyloids is also increasingly blurred, as subtle changes in processing or regulation
may cause an amyloid with normal physiological roles to become pathogenic. For example,
AP is produced from the amyloid precursor protein (APP) in neural and other cells throughout
the human lifetime (Masters et al., 2015). The precursor can be cleaved by a- and y-secretases
leading to production of non-amyloidogenic fragments or by - and y-secretases, which

produces several isoforms of AP correlated with AD. However, there is evidence that
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monomeric AP and other peptides resulting from precursor cleavage might have important
roles in cellular signalling pathways, regulating synaptic activity and might even be essential
for survival of neurons (Plant et al., 2003). Moreover, fibrillar forms of Af have been suggested
to have protective effects against fungal and bacterial infections in mouse, nematode and cell
culture models of Alzheimer’s disease, thus suggesting that they might have a role in innate
immunity (Kumar et al., 2016). Recently, human neural cell culture models have also been
used to investigate the role of a herpes simplex 1 virus infection on amyloid aggregation and it
was reported that AP oligomers bind virus surface glycoproteins and mediate resistance to the
virus (Eimer et al., 2018). This finding suggests that even small oligomeric amyloid species

may have functional roles.

Amyloidogenic proteins lack sequence homology and can have diverse structural and catalytic
functions in their normal non-amyloid states. The ability to self-assemble into an amyloid state
could be a generic structural feature of polypeptide chains (Dobson, 1999). Therefore,
understanding the mechanistic and structural differences between functional and
pathogenically-associated amyloid, which share the same cross-p core structure by definition,
is a key requirement for treating amyloid-associated diseases as any potential treatment must
be able to recognise essential functional features of amyloid and differentiate these from the
pathogenically-associated features. A key aspect of functional amyloid may lie in their
controlled and localised assembly initiation and termination in response to environmental cues,
which is sometimes achieved with post-translational modifications. For example, the CPEB3
protein activates the transcription of mRNAs that promote long-term potentiation (LTP), but
only when ubiquitylated and deSUMOylated, which promotes its assembly into the functional
fibrillar form (Drisaldi et al., 2015; Stephan et al., 2015). SUMOylation of CPEB3 makes it

soluble and inactive, although in other amyloid proteins it can promote aggregation and toxicity
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(Rott et al., 2017). Additionally, many peptide hormones that are stored within endocrine
granules require both the compartmentalised acidic pH environment and the presence of
glycosaminoglycans (GAGs) for fibril formation. GAGs accelerate fibril formation by
abolishing the lag-phase and some can interfere with potentially harmful fibril-membrane

interactions (Sebastiao et al., 2019; Sheynis et al., 2013).

Another regulatory mechanism of controlling amyloid assembly involves chaperones. Recently
chaperones DNAJB6 and Hsp70 were identified as part of a natural control mechanism to
prevent the aggregation of a-synuclein, found as toxic aggregates in Parkinson’s Disease
patients (Aprile et al., 2017). a-syn is expressed at high levels in healthy individuals in various
tissues of the body and, in the monomeric state, has important synaptic functions related to
neurotransmitter release and synaptic plasticity, although the exact mechanisms are not known
(Burré, 2015). Chaperone proteins such as Hsp70, Hsp40, and others are also involved
degradation and refolding of amyloid aggregates. The chaperone Hspl04 is essential for
propagation of [PSI*] prion phenotype in yeast that is associated with the functional amyloid
state of Sup35; Hsp104 promotes division and propagation of Sup35 amyloid by catalysing

fibril fragmentation in vivo (Sweeny & Shorter, 2016; Torrente & Shorter, 2013).

On the basis that amyloid associated with pathology may have roles in normal physiological
processes, it has been suggested that it is a dysfunctional protein degradation machinery that
leads to disruption in proteostasis and build-up of toxic amyloid aggregates (Jackson & Hewitt,
2016). Some functional amyloid systems, for example pre-melanosomal protein, aggregate into
fibrils much more rapidly than non-functional amyloid, thus preventing accumulation of

intermediate oligomeric species with potential for harmful effects (Fowler et al., 2005).
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All the above-mentioned mechanisms may have evolved to ensure the normal roles of
functional and/or to prevent the pathogenic features of amyloid assemblies, which have
important implications in numerous physiological processes involving amyloid or amyloid
precursors with no deleterious effects. Safety mechanisms that control and regulate amyloid
localisation, compartmentalisation, processing and degradation, as well as their assembly
kinetics and interactions with other cellular structures, may present some of the differences

between functional and disease associated amyloid.

1.2.6 Structural and molecular origins of amyloid toxicity

Although the hallmark of neurodegenerative disease is deposits of amyloid fibrils, the
neuropathological and clinical symptoms vary significantly. Therefore, the identity of the toxic
species, and the molecular origin of the cytotoxic potential associated with amyloid is widely
debated (Marshall et al., 2014; Verma et al., 2015). For example, AD is characterised by
progressive loss of synapses, neuronal death and atrophy of the affected areas, resulting in
decline of memory and cognitive functions, whereas the main pathophysiological characteristic
of Parkinson’s disease is degeneration of dopaminergic neurons in the substantia nigra resulting
in loss of motor function leading to rigidity and tremors. Other neurodegenerative and prion
diseases also involve progressive neuronal death in various areas of the brain and result in
different symptoms. Severe cases of amyloid deposition has also been found in the brains of
human subjects with no cognitive decline or symptoms of dementia upon post-mortem
assessment of neuropathology (SantaCruz et al., 2011). Thus, several underlying toxicity

mechanisms involving a range of amyloid species have been suggested for these symptoms,
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including disruption of cell membranes, dysregulation of calcium homeostasis, mitochondrial

dysfunction and oxidative stress.

1.2.6.1 Toxicity potential of small oligomeric amyloid species

Amyloid toxicity is currently thought to result from pathological effects associated with small
amyloid oligomers as they are ubiquitous in the brains of neurodegenerative amyloid disease
patients and their cytotoxicity has been well characterised in vitro. According to this
hypothesis, large deposits such as amyloid plaques and inclusion bodies are thought to be
relatively inert. Indeed, small oligomeric species from post-mortem human brains can disrupt
long-term potentiation, synaptic plasticity and memory when injected into a mouse
hippocampus (Shankar et al., 2008). This view is supported by evidence of neurodegeneration
and cognitive defects preceding plaque formation in vivo (Billings et al., 2005; Koistinaho et
al., 2001). In the case of mutant huntingtin, the formation of inclusion bodies was also found
to reduce the risk of cell death from toxic mutant huntingtin aggregates (Arrasate et al., 2004).
Furthermore, the formation of prefibrillar oligomers is accelerated by mutations in a-syn
causing a familial, early-onset form of Parkinson’s (Conway et al., 2000). However, the precise
molecular nature of the small oligomeric species that confers toxicity remains to be established
and a large number of species of varied structures and suprastructures have been observed. For
example, according to the ‘ion channel hypothesis’, oligomeric species with a ring-like
structure insert into cell membranes and act as aberrant ion channels, disrupting the
homeostasis of ions and leading to cell death (Quist et al., 2005). Such oligomers have been
suggested to form membrane-associated annular structures in vitro through interactions with
specific lipids in the membrane, and possibly form a B-barrel pore (Di Scala et al., 2016; Patel
et al., 2015; Serra-Batiste et al., 2016). However, specific structural features may be required

for ion channel formation, as it has been suggested that oligomers of AP but not AP4o are
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capable of channel formation in membranes (Bode et al., 2017). Disruption of calcium
homeostasis has been observed in proximity of amyloid plaques, which may act as a reservoir
of cytotoxic species (Kuchibhotla et al., 2008). Loss of calcium compartmentalisation leads to
distortion of neuritic morphology and as calcium is essential for neural integration of signals,
dysregulation of its homeostasis disrupts local neural networks (Kuchibhotla et al., 2008).
Amyloid oligomer cytotoxicity has also been linked to the size and conformation of the
oligomers, with smaller and more exposed hydrophobic surfaces with structural flexibility
displaying the most toxic potential (Campioni et al., 2010; Mannini et al., 2014). Thus, the
dynamic and hydrophobic nature of prefibrillar oligomers may provide a rationale to their
propensity to aggregate and display cytotoxic properties though their interaction with

membrane bilayers.

The elucidation of the role of small oligomeric species in amyloid diseases is complicated not
only due to their varied structures and heterogeneity, but also due to their transient nature.
Thus, in terms of species formed during the amyloid lifecycle in vivo, due to experimental
limitations it is only possible to study stable species secreted by in vitro cell cultures or those
extracted from post-mortem patients’ brains. Furthermore, the population and the
concentration of amyloid species in the brain is unknown. Attempts to quantify the
concentration of AP in the brain has focused mostly on mouse models, with some studies on
human brain tissue and cerebrospinal fluid (Lesné et al., 2013; Simonsen et al., 2007; Waters,
2010). However, results are inconclusive as there is currently no method for quantifying whole
amyloid populations ranging from prefibrillar oligomeric species to fibrillar species in vivo
without exposing them to non-native conditions that could affect their aggregation states,
leading to unreliable estimates. Additionally, very little is known about how the local

environment in the in vivo human brain affects amyloid structure and toxicity, especially as the
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amyloid population are likely to be highly heterogeneous and distinct oligomeric species can

vary in toxicity.

1.2.6.2 Toxicity potential of fibrillar amyloid species

In addition to the cytotoxic effects displayed by prefibrillar oligomeric species, amyloid fibrils
also have direct cytotoxic properties via disruptive effects on the phospholipid bilayer during
fibril growth (Engel et al., 2008). Localised neuronal damage, characterised by progressive
neuronal dystrophy and microglial activation, has been correlated with plaque formation and
shown to worsen over the clinical course of the disease (Meyer-Luehmann et al., 2008;
Serrano-Pozo et al., 2016). Several indirect mechanisms of fibril toxicity have been proposed,
including secondary nucleation events where fibrils catalyse the formation of small oligomeric
species through surface interactions, thereby contributing to the neurotoxic effects of amyloid
(S. 1. A. Cohen et al., 2013). Additionally, fibrils may act as a reservoir for toxic species, which
may be released to generate a local pool of toxic species as a halo around fibrillar deposits
(Koffie et al., 2009). Besides these indirect mechanisms, fibrils can also contribute directly to
cell damage under conditions in which non-fibrillar aggregates are not detectable by

spectroscopy or antibody-binding, thus suggesting a role as a direct contributor of cytotoxicity.

Fibril fragmentation is key to amyloid cytotoxicity by increasing the number of termini through
division of fibrils, which provides increased reactive growth competent surface, and also
creates smaller fibrillar amyloid species that decrease cell viability and increase disruptive
effects on membrane bilayers. The increase in the toxic potential cannot be solely attributed to
the increased number of fibril ends, suggesting other yet unknown surface-dependent
mechanisms (W.-F. Xue, Hellewell, et al., 2009). Furthermore, short fibril particles are also

readily internalised by endocytosis, causing disruption within the cell by inhibiting the
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degradation of proteins within lysosomes and altering trafficking of lysosomal membrane
proteins (Jakhria et al., 2014). Disruptive interactions of fibrils with membranes have been
visualised in 3D using electron tomography, surrounded by lipid inclusions of varying sizes
(Milanesi et al., 2012). Extraction and clustering of lipids around amyloid aggregates and their
potential links to toxicity have also been previously characterised (Reynolds et al., 2011).
Fibril-membrane interactions also promote the shedding of oligomers from fibril ends that then
diffuse rapidly through the brain and impair cognitive function in mice (Martins et al., 2008).
These oligomers formed through reverse assembly reactions were found to have a highly
heterogeneous size distribution, but similar biochemical and physical properties to those
formed by nucleation and forward assembly reactions (Martins et al., 2008). Another
potentially physiologically harmful effect of amyloid could arise from fibril interactions with
metal ions (Viles, 2012), as several co-localise with amyloid plaques in AD patient brains
(Miller et al., 2006). Apas fibril interactions with copper (Cu®*) enable retention of redox
activity and generation of reactive oxygen species in vitro (Mayes et al., 2014). The presence
of metal ions also affects fibril aggregation morphology, which may have additional
consequences on biological and pathogenic properties (Matheou et al., 2015; Mayes et al.,

2014; Viles, 2012).

1.2.6.3 Modulating factors of amyloid cytotoxicity

In the complex, crowded environment of cells and nervous tissue, the cellular milieu plays an
important role in affecting how the amyloid lifecycle progresses, and how amyloid species and
populations form and interact with other cellular structures. Surfaces, such as those presented
by membranes, can promote protein misfolding and aggregation, thus potentially speeding up
nucleation events in the amyloid lifecycle, promoting the de novo formation of amyloid species

(Stefani, 2007). This effect depends on the lipid composition of the membrane. Differing
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membrane composition could potentially explain the variable vulnerability of various cell types
to toxic amyloid species. Phosphatidylserine and other acidic phospholipids could provide a
local low-pH environment that promotes fibril formation (H. Zhao et al., 2004). Interestingly,
functional amyloid assemblies are often compartmentalised into membrane-bound organelles
without causing damage. A specific membrane composition could explain why this key toxicity
target is not harmed by functional amyloid aggregates. Furthermore, hydrophobic surfaces and
the air-water interface are also capable of inducing heterogeneous nucleation and formation of
small amyloid oligomers, as well as leading to the formation of fibrils with a distinct
morphology compared to fibrils formed by homologous nucleation away from surfaces (Chi et

al., 2010; Jean et al., 2012).

The lack of clear correlation between amyloid fibril aggregates with clinical symptoms in
neurodegenerative diseases promoted the view that small oligomeric pre-fibrillar species are
the main toxic species. While some oligomeric species display significant cytotoxic potential,
not all oligomeric species share this potential. In the same manner, some amyloid fibril
structures possess cytotoxic potential while others appear to be inert. Difficulties in studying
the mechanisms and structures associated with amyloid toxicity under physiologically relevant
conditions also add to the fact that the composition of the amyloid populations that are
associated with disease as a whole, and their combined modes of action, have not been
resolved. It is possible that the incoherence between the amyloid species and the
neurodegenerative disease symptoms and progression they are associated with could be better
explained not by individual amyloid structures but the sum of their presence in a population as
a whole. The variation in the composition of the heterogeneous amyloid population resulting
from the amyloid lifecycle may drive different characteristics and clinical symptoms associated

with amyloid.

51



1.2.7 The infectious potential of amyloid: prions and prion-like amyloid

Prions are infectious amyloid particles with the self-propagating amyloid cross-f state.
Mammalian prions are correlated with a number of currently untreatable neurodegenerative
diseases termed transmissible spongiform encephalopathies (TSEs) which include kuru,
Creutzfeldt-Jakob disease, bovine spongiform encephalopathy, and scrapie in sheep. These
diseases can arise spontaneously, be inherited, or acquired through an infection by prion
particles. TSEs are caused by an amyloidogenic form of the mammalian prion protein (PrP)
and can be transmitted between individuals and sometimes even across species (Prusiner, 1998;
Tanaka et al., 2005). However, not all prion replication is disease-associated and in fungi in
particular they can have neutral or beneficial effects. For example in yeast, prions confer
phenotypic plasticity through evolutionary selective advantages (Shorter & Lindquist, 2005).
For example, the Saccharomyces cerevisiae protein Sup35 is a subunit of the eukaryotic
translation release factor, required for termination of mRNA translation. The amyloid form of
Sup335 is associated with the [PSI] prion phenotype (Wickner, 1994). Similarly, [URE3] is the
prion phenotype associated with the S. cerevisiae Ure2 protein (Wickner, 1994). Both of these
prion proteins can form several strain variants with different characteristics and have been
studied extensively to elucidate the molecular mechanisms and structural determinants of

amyloid proteins (Tanaka et al., 2006).

Prions have been be considered a subclass of amyloid that can be transmitted between cells
and organisms (Kushnirov et al., 2007). However, there is now increasing evidence to suggest

that some pathogenic amyloid proteins can also be transmissible from cell-to-cell. For example,
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cross-cell transmission has been demonstrated for AP (Nussbaum et al., 2012), a-syn (Tarutani
et al., 2018), huntingtin (Jeon et al., 2016) and tau (Clavaguera et al., 2017), blurring the
distinction between ‘prions’ and ‘amyloid’. As the likelihood of transmissibility of these
pathogenic amyloid proteins between individuals, an essential aspects of prion behaviour, is
probably low, they are consequently typically classified as ‘prion-like’ amyloid. Nevertheless,
these proteins may be infectious to an extent, as shown for tau where injection of tau-containing
brain extract of human origin can induce tau inclusions in transgenic mice expressing wild type
human tau (Clavaguera et al., 2013). Recently, further evidence was found to support iatrogenic
transmission of AP by identifying AP4o and A4z, along with tau, in archived vials of human
cadaveric pituitary-derived growth hormone (Purro et al., 2018), which was used to treat
patients until 1985 when some were diagnosed with Creutzfeldt-Jacob-Disease (CJD) (Laron,
2018). This raises concerns over accidental transmission of prion and prion-like amyloid during

medical procedures and through potentially amyloid-contaminated surgical equipment.

How some amyloid can show a type of prion-like behaviour is not known, but fibril
fragmentation seems to play a key role in facilitating infectivity (Marchante et al., 2017), as in
the case of prion particles, division and propagation through fibril fragmentation could also be
a key determinant for infectivity and amyloid phenotype strength (Tanaka et al., 2006). Fibril
fragmentation could facilitate vesicular cell-to-cell transport, due to the smaller size of
fragmented particles, as cell-to-cell spreading is thought to be mediated by intracellular
amyloid particles weakening the lysosomal protein degradation pathway, leading to exocytosis
of oligomeric species capable of propagating the amyloid state that are then taken up by
recipient cells (Danzer et al., 2012). Thus, the stability of amyloid particles towards fibril
fragmentation, which may be modulated by their suprastructure, could represent a link between

amyloid structure and their infective potential as prions.
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1.2.8 Challenges in establishing amyloid structure-function relationships

Many important aspects of amyloid toxicity, propagation, and their role in neurodegenerative
diseases remain elusive. A significant gap in knowledge relates to the specific mechanisms of
amyloid pathogenicity in terms of the structural properties associated with the toxic and
infective potential displayed by amyloid structures. To effectively develop therapeutics that
specifically target toxic or infective properties or species, it is first necessary to understand the
mechanisms of toxicity, transmission and propagation in detail. However, for amyloid-
associated diseases it is not yet clear whether amyloid aggregates are a cause or a consequence
of the disease, and by which mechanisms they could exert toxic effects to the cells.
Consequently, no safe and effective anti-amyloid treatments have yet been developed despite
efforts by academia and pharmaceutical companies alike. Although aggregates of amyloid
fibrils are an important hallmark for diagnosis of amyloid disease, their role in pathology is
debated. It is thought that earlier species in the amyloid lifecycle, specifically the small
intermediate, oligomeric, pre-fibrillary species, are responsible for some of the cytotoxic and
neurodegenerative effects in amyloid associated pathologies (Bucciantini et al., 2002).
However, there is also evidence of fibrils with a shorter length distribution having cytotoxic
effects (W.-F. Xue, Hellewell, et al., 2009). Additionally, they could have important roles in
amyloid propagation and other indirect mechanisms of toxicity, as well as being involved in
the infective activities associated with prions and prion-like amyloid. The problem is
exacerbated by the lack of high-resolution structural information of intermediate species on or
off the fibril formation pathway as they have remained largely elusive due to conformational

heterogeneity and transient nature.
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Often, populations containing a heterogeneous mixture of amyloid polymorphs or amyloid
species from different precursor sequences can be present in the brain of an affected individual,
which might be part of the complex and varied nature of neurodegenerative diseases
(Annamalai et al., 2016; Jiménez et al., 2001). As discussed above, a plethora of amyloid fibril
polymorphs may form and grow under the same conditions, but each individual polymorph
may have different effects on cells. However, it is often necessary to achieve a homogenous
sample of fibrils of a single morphology by progressive seeding or stabilising fibrils of a
specific polymorph for structural characterisation and when assaying biological effects of
amyloid fibrils. A nearly homogenous population can be achieved by repeated seeding because
fibrils with different morphologies have different rates of self-assembly (Tycko, 2015).
However, the species distribution as a whole may have an impact on the pathological properties
associated with amyloid. For example, in a population, some species may contribute directly
to the accelerated propagation of the amyloid state in the amyloid lifecycle and only indirectly
in the accumulation of toxic species, while other species may act as cytotoxic entities directly.
Whole population effects could also rest in the varied concentrations of different species in the
population as the toxic potential of the whole amyloid population will be a sum of the toxic
potential displayed by individual species in the population, weighted by their concentrations.
Just like for any toxic substances, the classic principle “sola dosis facit venenum” (the dose
makes the poison) will also apply to amyloid species. Furthermore, the infectious and toxic
potential of amyloid will be modulated by their suprastructural states, such as clustering and
filament lateral assembly, at a mesoscopic scale. This information can be obtained using - for
example - atomic force spectroscopy (AFM) and transmission electron microscopy (TEM) and
will be highly complementary to higher resolution structural information on individual filament

types obtainable by ssNMR and cryo-EM.
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Various anti-amyloid therapeutics targeting different processes in the amyloid lifecycle have
reached clinical trials although other than the recent controversial approval of aducanumab by
the US Food and Drug Administration in June 2021 (Tagliavini et al., 2021), the developed
therapeutics have not been widely successful (Mehta et al., 2017). Part of the problem lies with
the fact that the holistic role of amyloid lifecycle in disease mechanisms has not been fully
elucidated. Potential mechanisms to target amyloid formation include kinetic stabilisation of
native and inert states, inhibitors of enzymes that process amyloid precursors, sequestering
small toxic oligomeric species with antibodies, inhibition of amyloid-membrane interactions,
prevention of elongation through blocking fibril ends, and potentially increasing elongation
rates to force smaller, more toxic, states to form part of longer fibrils with less cytotoxic
potential. For example, a molecular chaperone BRICHOS can effectively bind to the surface
of AP fibrils, thus preventing secondary nucleation (G. Chen et al., 2017; Willander et al.,
2012). Engineered and enhanced disaggregases, including Hsp104, are capable of clearing
amyloid inclusions and could also potentially lead to development of therapeutics that
upregulate amyloid aggregate clearance (Jackrel et al., 2014). Immunotherapies targeting A
oligomers or fibrils have been thus far been unsuccessful, although results are yet to emerge
for their ability to prevent disease in asymptomatic people with a genetic predisposition (Y.
Wang et al.,, 2017). This highlights the fact that developing drugs for amyloid disease
treatments is not as straightforward as designing an inhibitor for monomer production. A
deeper holistic and systems understanding of the effects of pathogenic amyloid in the biological

context is required for effective development of therapeutics.

The potential for exploiting functional amyloid as natural bio-nanomaterials has inspired the

development and rational design of artificial nanomaterials which use their unique materials

56



properties for a variety of prospective applications in biotechnology and biomedicine. The self-
assembly mechanism produces highly stable fibrils with a tensile strength comparable to that
of steel (Smith et al., 2006). These properties make them highly lucrative for novel biomaterial
development. Additionally, amyloidogenic proteins are amenable to significant sequence and
chemical modifications to alter their physio-chemical properties as the fibrils are able to
maintain their structure under a wide range of conditions. Potential applications of synthetic
amyloids include mechanisms of drug delivery as a reservoir for controlled release of drugs,
and tissue repair as a molecular scaffold promoting cell adhesion, migration and differentiation.
Another possible use of amyloid fibrils includes forming biosensors by entrapping proteins or
other sensory molecules, depending on the desired application, or the formation of nanowires
by forming long hollow tubes (Mankar et al., 2011). Amyloid-carbon hybrid membranes have
also been developed for inexpensive water purification, efficiently removing heavy metal ions
and radioactive waste (Bolisetty & Mezzenga, 2016). Thus, if bespoke amyloid can be designed
and negatively selected against molecular features that are associated with toxic properties,

amyloid fibrils will make excellent nanomaterials for biotechnology and biomedical purposes.

1.2.9 Closing remarks

Despite increasing research efforts, the specific role of amyloid structures in neurodegenerative
disease remains elusive. There is still a lack of clear understanding of the identity of the toxic
amyloid species, their mechanism of action and their infectious potential in relation to their
structural properties. Indeed, high-resolution structural models of amyloid fibrils have now
been resolved using emergent ssSNMR and cryo-EM methodologies, and these advances

confirm that despite sharing the same cross-3 core characteristics, amyloidogenic proteins form

57



fibrils with differences in the arrangements of the steric zipper core packing, -sheet content,
and the number and packing arrangement of protofilaments. The formation of different
polymorphs and the heterogeneity of the amyloid populations can be affected by environmental
conditions, and fibrils and small oligomeric species with different morphologies can form
under the same conditions, including in vivo and in disease-affected patients. There is also now
increasing evidence to show that fibrils are not inert end-stage structures, but are an integral
member of the amyloid lifecycle. Through division, replication and propagation processes such
as enzyme-catalysed fibril fragmentation, several potential pathways of toxicity can have key
roles in the amyloid lifecycle and their pathological effects. Simultaneously, there is a large
degree of variability in the biological roles of amyloid, ranging from those essential for

physiological functions to those associated with debilitating neurodegenerative diseases.

Variability in fibril polymorphs and their suprastructures on the mesoscopic scale could
rationalise the variations in functional and pathogenic consequences of amyloid. Thus,
conflicting evidence regarding varied cytotoxicity of amyloid fibrils could be resolved by
fibrils having different levels of stability, structural rigidity, surface properties, and
suprastructural formations that affect cytotoxicity, aggregation, interactions with chaperones,
propensity to shed oligomers or sequester essential cellular proteins. This could also rationalise
why amyloid deposits in the brain do not always correlate well with clinical symptoms of
neurodegenerative disease or how some amyloids can have important physiological roles
without any harmful effects. Additionally, patients with the same neurodegenerative disease
form different predominant types of polymorphs of the same amyloid protein that could
influence disease progression and clinical symptoms. Thus, a key challenge is to establish a
correlation between amyloid structure, specific mechanisms of toxicity, and variability in

clinical symptoms. Fully understanding mechanisms of the amyloid lifecycle and the behaviour
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of heterogeneous and polymorphous amyloid populations and their suprastructural properties
in the mesoscopic scale is essential to ensure the efficacy of future therapeutics targeting

amyloid as well as biotechnological applications of amyloids.
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1.3 On the structural diversity and individuality of polymorphic amyloid

protein assemblies

1.3.1 Abstract

The prediction of highly ordered three-dimensional structures of amyloid protein fibrils from
the amino acid sequences of their monomeric self-assembly precursors constitutes a
challenging and unresolved aspect of the classical protein folding problem. Because of the
polymorphic nature of amyloid assembly whereby polypeptide chains of identical amino acid
sequences under identical conditions are capable of self-assembly into a spectrum of different
fibril structures, the prediction of amyloid structures from an amino acid sequence requires a
detailed and holistic understanding of its assembly free energy landscape. The full extent of
the structure space accessible to the cross-f§ molecular architecture of amyloid must also be
resolved. Here, we review the current understanding of the diversity and the individuality of
amyloid structures, and how the polymorphic landscape of amyloid links to biology and disease
phenotypes. We present a comprehensive review of structural models of amyloid fibrils derived
by cryo-EM, ssNMR and AFM to date, and discuss the challenges ahead for resolving the

structural basis and the biological consequences of polymorphic amyloid assemblies.
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1.3.2 Research Highlights

¢ Amyloid structures are highly polymorphic in that the folding/misfolding-assembly of
a single polypeptide sequence into the amyloid state may result in many different
fibril structures.

e Prediction of amyloid structures from a primary amino acid sequence is a ‘one
sequence to many structures’ problem due to polymorphism, and this challenge is far
from being resolved.

e Structural data of amyloid in the PDB and the EMDB released to date (up to March
2021) show considerable presence of polymorphism, and are summarised in this
review.

e Cryo-EM and ssNMR have revealed extensive diversity of amyloid structures that all
share the defining cross-f fibril core architecture of amyloid.

e AFM has revealed the individuality displayed by each fibril structure in

heterogeneous amyloid populations.
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1.3.3 Introduction

Amyloid structures represent a class of filamentous protein self-assemblies that are defined by
their characteristic core structures containing f-strands arranged perpendicularly to the fibril
axis (Eisenberg & Jucker, 2012; Riek, 2017). Compared to the folding reaction of globular
proteins, amyloid formation stands out because it possesses unique properties. Firstly, the
coupled folding-assembly reaction of monomeric peptide chains into the amyloid state occurs
as a result of intermolecular interactions between a large but variable number of monomers.
Secondly, the resulting protein conformations of amyloid fibrils are capable of self-
propagation. This property allows the information encoded in the individual 3D structures of
amyloid and prions, which represent a class of infectious amyloid that can spread between
individual organisms (Scheckel & Aguzzi, 2018), to be transmitted to monomers not yet in the
amyloid state. Thirdly, although the end-products of a single type of amyloid assembly reaction
are fibrils sharing the defining cross-f core architecture, there may be a wide degree of
variation between their specific structures, even when the assembly reactions start with
identical monomeric polypeptide chains under identical conditions. This property, called
structural polymorphism, is biologically important because it affects the physicochemical
properties of the fibrils, which subsequently may reflect the variation in the biological response
to amyloid in vivo. For example, specific amyloid polymorphs formed from the same tau
protein are found in different tauopathies (Shi et al., 2021), and within each disease-specific
amyloid population there can exist several types of polymorphic fibrils (Falcon et al., 2019;
Fitzpatrick et al., 2017; Zhang et al., 2020). However, structural polymorphism complicates
any attempt of predicting a protein’s 3D shape from its amino acid sequence, because in the
case of amyloid, one single amino acid sequence may fold/misfold and assemble into a

spectrum of different 3D structures.
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Experimental techniques that have been applied to study the polymorphous amyloid structures
include cryo-electron microscopy, solid-state nuclear magnetic resonance spectroscopy, and
atomic force microscopy (Table 1.2). Methodological advances in cryo-EM has, in recent
years, led to the elucidation of numerous structural models of amyloid fibrils (Fitzpatrick &
Saibil, 2019). These cryo-EM derived models are made with 3D Coulomb potential maps,
reconstructed nowadays routinely to sub-4 A resolutions, using 2D projection images of
fibrillar samples collected on modern cryo-EM microscopes. For ssNMR, spectroscopic data
of nuclear resonance frequencies are collected on fibril samples formed from isotopically
labelled protein monomers. The interpretation of the resulting chemical shifts and atomic
distance constraints are used to reconstruct an ensemble of possible conformations of each
single structural model (Tycko, 2011). AFM allows the morphologies of individual fibrils to
be directly visualised on 2D topology images to a low-nanometre resolution, from which 3D
envelope models of each individually observed fibril can then be reconstructed (Lutter et al.,
2020). Combining AFM with infrared spectroscopy (AFM-IR) (Ruggeri et al., 2015) or Raman
spectroscopy (AFM-Raman) (Krasnoslobodtsev et al., 2016), allows the secondary structure
content of individual fibrils or aggregates to also be assessed. The 3D structural models
obtained by these techniques, and the subsequently observed structural polymorphism, are

discussed in this review.
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Table 1.2 Summary of experimental techniques for 3D structural characterisation of
polymorphic amyloid fibrils. Data type and structural information obtainable from the three
methods highlighted in this review, i.e., cryo-electron microscopy (cryo-EM), solid-state
nuclear magnetic resonance spectroscopy (ssNMR), and atomic force microscopy (AFM), are

described.

Cryo-EM ssNMR AFM
Projection Resonance Surface topoeraph
Data type images/transmission frequencies/chemical pograpiy

electron micrographs | shifts of atomic nuclei (height) images

Atomic distances, bond

Structural | 3D coulomb potential angles, and local 3D molecular surface
information maps chemical environment envelopes
information

Can provide individual
particle information at

Can provide high- Generates an ensemble
! ) low-nanometre
resolution (<4A) of possible molecular .
Features resolution, and allows
averaged structural models at sub- .
.. . collection of nano-
maps Angstrom resolution

mechanical or
chemical information

Recently, advances in the prediction of protein structures from their primary sequences by
AlphaFold 2, a deep learning-based method which uses attention mechanisms and was
developed by Google’s DeepMind Al research group, showed that its structural predictions can
now nearly match experimental results (Jumper et al., 2020). This was demonstrated by
participation in the 14th Community Wide Experiment on the Critical Assessment of
Techniques for Protein Structure Prediction (CASP14), a biennial community experiment in
which international research teams participate to evaluate the accuracy of their protein structure
prediction methods (e.g. (Kryshtafovych et al., 2019; Moult et al., 2018)). Despite this
important advance, AlphaFold 2 has not yet been applied to multimeric protein structure
prediction (Jumper et al., 2020), even though accurate prediction of multi-protein complex
structures such as amyloid fibrils could revolutionise aspects of key applications, including

drug design. This highlights the magnitude of unresolved challenges in structural prediction of
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large protein assemblies, and the need to establish a fundamental understanding between amino
acid sequence, amyloid structure, function, and pathogenicity. Thus, predicting the 3D
structures of polymorphic amyloid fibrils from primary amino acid sequences is exceptionally
challenging, but also offers important opportunities for contributing to our fundamental
understanding of coupled protein folding and assembly free energy landscapes, as well as for
potentially important applications in the development of anti-amyloid drugs for
neurodegenerative diseases. This challenge can only begin to be addressed through the
characterisation of the extent of amyloid polymorphism as well as the individual 3D structures
of polymorphs formed. Here, we review recent advances in our understanding of amyloid
polymorphism through recent structural data that reveal the diversity of amyloid fibril
structures that can be formed, and the individuality of filament structures that exists within
heterogeneous amyloid populations. We discuss the resulting physicochemical and biological
consequences of amyloid polymorphism, the challenges of amyloid structure prediction, and
opportunities where such contributions could provide new fundamental insights or

applications.

1.3.4 The paradox of amyloid polymorphism: from one amino-acid sequence to many

three-dimensional structures

Recent studies of the 3D structures of amyloid fibrils have revealed extensive presence of
structural polymorphism in high-resolution detail. Different, but ordered and stable amyloid
structures have been shown to assemble from polypeptide chains of the same primary amino
acid sequence. This contradicts the uniqueness condition of Anfinsen’s dogma stating that a
uniquely dominating energy minimum in the free energy landscape of a polypeptide chain is

required for it to fold into a unique native 3D structure (Anfinsen, 1973). Instead, it appears
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that the free energy landscape for amyloid protein folding/misfolding and assembly consists of
many local minima of similar levels of free energy, and the extent of such local minima groups
are affected by factors that include the primary amino acid sequence of the monomeric building
blocks of the fibrils (Aubrey et al., 2020). This structural polymorphism creates a considerable
challenge for 3D structure prediction from primary sequence as one sequence can result in
many different stably observable structures. Importantly, the structural polymorphs observed
to date do not only result from different contacts between residues in the fibril cores that then
lead to different overall folds, but instead involves a number of possible variations which
interplay in a hierarchical manner (D. Li & Liu, 2021; Lutter et al., 2019) (Fig. 1.6). Firstly,
different amyloid structures may result from ‘top-level’ modifications in the primary amino
acid sequence such as point-mutations, truncations/deletions and/or post-translational
modifications (Fig. 1.6a). However, these ‘top-level’ modifications involve changes in the
covalent bonding pattern and can be classified as sequence polymorphism rather than structural
polymorphism, and thus do not wholly reflect the complexities of amyloid sequence-structure
relationships. Secondly, further complexities arise from the conformational arrangements of
protofilaments, which are filamentous building blocks that make up the fibril structures. In the
protofilament core, the extent and the packing of B-sheet- and random coil-forming regions, as
well as disordered regions, often vary even for monomeric polypeptide chains of identical
sequences. Co-factors in the fibril core may also be necessary for stabilising specific folds,
further contributing to structural polymorphism. There are also known instances where
protofilaments are formed by multiple different polypeptide sequences, thus resulting in
heteroamyloid fibrils (Fig. 1.6b). Thirdly, although conformational differences in the
protofilament core formed from a single amyloid protein or peptide sequence can display
remarkable structural diversity, it is also common for amyloid fibrils to assemble and form

structures involving multiple protofilaments (Fig. 1.6¢). In this case, each monomeric layer of
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the fibril consists of multiple copies of the same peptide chain, which can be arranged in a

number of different ways. Notably, the protofilament building blocks of amyloid fibrils can

have identical or different folds, and their lateral arrangement can vary. Finally, structural

polymorphism can also arise from variations in the fibrils’ mesoscopic (nm to um length-scale)

arrangements like twist handedness, twist pitch, the position of the fibril screw-axis, and fibril

length. These long-range properties contribute to the molecular individuality of amyloid fibrils,

which may subsequently also impact the biological response the fibrils elicit.
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Figure 1.6 Hierarchical structural polymorphism of amyloid fibrils. (a) Modifications of
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amyloid structures. (b) Polypeptide chains with identical amino acid sequences may exhibit
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further differences in the adopted protofilament fold upon assembly, including differences in
the B-sheet forming regions (segmental polymorphism; demonstrated by AB4o PDB IDs 2M4J
and 2LMQ on the left and right, respectively), the arrangement of the core fold (packing
polymorphism; demonstrated by overlay of a-synuclein PDB IDs 6 XYP and 6XYQ) and the
presence of noncovalent co-factors (tau PDB ID 6NWP). Interestingly, heteroamyloid can
result from alternate stacking of monomers with different sequences to form a fibril (RIPK1/3
PDB ID 5V7Z). (¢) Assembly of identical or different protofilaments by lateral associations
can result in further diversity of amyloid structures. Assembly polymorphism with identical
folds is illustrated by a-synuclein PDB IDs 6L1T (left) and 6L1U (right) and for fibrils with
diverse folds the accession codes are 6XYO (left) and 6XYP (right), also showing a-synuclein
fibrils. (d) Polymorphism can also arise in the mesoscopic length scale from differences in
twist handedness, helical pitch, the position of the helical axis and the number of monomers in
the fibril, which determines the length. Molecular models were generated using UCSF Chimera

(Pettersen et al., 2004).

Due to polymorphic folding and assembly landscapes, the prediction of amyloid structures
from their constituent monomeric amino acid sequences is challenging. The hierarchical nature
of structural polymorphism, which has been experimentally observed to give rise to many
diverse structures from identical protein sequences, may lead to a continuous cloud of
polymorphs within a population of amyloid fibrils, with individual fibrils populating the
structure space defined by local energy minima with differing probabilities. Thus, the
possibility of diverse and individualistic amyloid structures resulting from the
folding/misfolding-assembly of identical polypeptide chains presents a conundrum in terms of
whether the cloud of structures formed also translates into equally diverse biological or
phenotypical responses, and whether it is possible to predict amyloid structures and subsequent
function with some degree of certainty. It is currently not possible to assess how well structural
prediction tools would predict amyloid structures as none have yet been included as CASP
targets. However, structural prediction of multimeric CASP targets is a greater challenge

compared to monomeric targets due to the necessity of predicting how multiple monomeric
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subunits interface with each other (Guzenko et al., 2019). Therefore, prediction of amyloid
fibril structures, which have multiple interfacing monomeric subunits and, in addition, exhibit
a wide degree of polymorphism (see Fig. 1.6), will require significant additional advances to
current methods. Current prediction tools specifically designed for amyloid sequences are
focused on predicting the amyloid forming propensity of sequence regions, with some offering
additional predictions of intrinsic disorder and secondary structure (e.g. (Fernandez-Escamilla
et al., 2004; Maurer-Stroh et al., 2010; Walsh et al., 2014)). Nevertheless, predicting the
amyloidogenic regions and aggregation propensity has been challenging even for short

peptides (Roland et al., 2013; Santos et al., 2020).

1.3.5 The structural diversity of filamentous amyloid assemblies

Amyloid fibrils are defined by a characteristic cross- structure formed by B-strands with 4.7
A spacing, stabilised by a hydrogen bonding network parallel to the fibril axis, and tight side-
chain packing between two B-sheets with 10 A spacing. This cross-p architecture can be
experimentally readily observed in X-ray fibre diffraction patterns (Jahn et al., 2010).
Importantly, the 3D structures of a growing number of amyloid fibrils have been
experimentally resolved in the last five years, revealing extensive presence of structural
polymorphism (see Table 1.3 and Fig. 1.7 for a summary of structural data in the EMDB and

the PDB released up until March 2021).
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Figure 1.7 Diversity of cross-p structures demonstrated by a graphical summary of structural data of amyloid fibrils acquired by cryo-
EM or ssNMR.
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Figure 1.7 (continued) Average cross-section of cryo-EM density maps, ssNMR ensembles, and structural models of amyloid fibrils containing
constituent polypeptide segments longer than 10 amino acids deposited in the EMDB and PDB databases up until March 2021 are shown in an

orientation with the fibril axis perpendicular to the page plane. The entries are grouped by protein name and then by the release date of the data
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entry, with the newest data entry shown first. The numbers shown correspond to the entry numbers listed in Table 1.3. Structural models are
displayed by a coloured ribbon representation in cases where PDB entries are available. Each polypeptide chain in the cross-section view is
coloured differently, with the cross-p segments, where such segments are determined and labelled in the PDB entry, shown as a wider chains in a
darker shade and their C-terminal residues shown in an even darker shade. A single layer of each fibril model along the helical axis is shown only,
for clarity. For ssNMR ensembles, the first model is shown in the coloured ribbon representation and other models are shown in grey wire
representation. Cryo-EM maps are shown as grey average cross-sections with a darker grey outline representing the iso-line that defines the density
boundary. The cross-sections were drawn by first untwisting the map to a single slice along the length of the fibril using published twist and rise
values, and isolines were subsequently generated using the recommended isovalue provided by the authors in the EMDB entry. A key is provided
in the bottom right corner of the figure, showing the cartoon labels for entries of ex vivo samples or of ex vivo seeded samples used throughout.
All models and representations are scaled equally, with the scale bar representing the length of 20 A. Molecular models were generated using

UCSF Chimera (Pettersen et al., 2004).
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Table 1.3 Three-dimensional structural data entries of amyloid fibrils acquired by cryo-
EM or ssNMR. Entries that are released in the EMDB and PDB databases running up to March

2021 are shown.

Amyloid Sample Experimental EMDB @ Release

. . PDBID Referen
name * origin § method i ID date clerence
AD brain, ssNMR & cryo- (U. Ghosh et
1 APao seeded EM 6w0o 21501 13/01/2021 al, 2021)
. (Cerofolini et
2 APBao ssNMR 6ti5 22/07/2020 al., 2020)
3 APao AD brain cryo-EM 6shs 10204 06/11/2019
4 ABao AD brain cryo-EM 4864  06/11/2019 (K"”z‘g‘;rgft Al
5 APao AD brain cryo-EM 4866 06/11/2019
(Z.-W. Hu et
6 APao ssNMR 60c9 05/06/2019 al., 2019)
6326, (Rohou &
7 APBao cryo-EM 6327, 29/04/2015 Grigorieff,
6328 2014)
(Sgourakis et
8 ABio ssNMR 2mpz 22/04/2015 . 2015)
(Schiitz et al.,
9 APao ssNMR 2mvx 26/11/2014 2015)
AD brain, . (J.-X. Luetal.,,
10 ABio seeded ssNMR 2mdj 25/09/2013 501%)
11 ABao ssNMR 2Ing 0s/02/2012 ~ (Qiangetal,
2012)
12 APao ssNMR 2lmg, 2lmp 28/12/2011 (Paravastu et
13 AB4o ssNMR 2lmo, 2lmn 28/12/2011 al., 2008)
5008, (Sachse et al.,
14 ABao cryo-EM si32 | 0811012000 e 010)
(M. Schmidt et
15 APBao cryo-EM 1650 24/09/2009 al., 2009)
. . (Cerofolini et
16 APao/ABa ssNMR 6ti6, 6ti7 22/07/2020 00
17 ABa cryo-EM So0qv 3851 13/09/2017 (Greg(‘)elr7§t 25
(Wilti et al.,
18 APaz ssNMR 2nao 27/07/2016 2016)
19 ABa2 ssNMR 5kK3 13072016 (CObn 66; el
(M. Schmidt et
20 ABaz cryo-EM Saef 3132 26/08/2015 al., 2015)
(Xiao et al.,
21 AP ssNMR 2mxu 06/05/2015 2015)
(R. Zhang et
22 ABa2 cryo-EM 5052 o7/07/2000  TL
(M. Schmidt et
23 APaz cryo-EM 1649 24/09/2009 al., 2009)
(Lihrs et al.,
24 APaz ssNMR 2beg 22/11/2005 2005)
MSA brain,
25 a-syn seeded cryo-EM 7nck 12269 24/02/2021
26 a-syn Miﬁ‘e (‘1’;3‘“’ cryo-EM 7ncj 12268 | 24/02/2021 = (Lévestam et
27 a-syn MSA brain, cryo-EM Tnci 12267 24/02/2021 i
Y seeded vy
MSA brain,
28 a-syn seeded cryo-EM 7nch 12266 24/02/2021
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a-syn
a-syn
a-syn
a-syn
a-syn
a-syn
a-syn
a-syn
a-syn
a-syn
a-syn
a-syn
a-syn
a-syn
a-syn
a-syn
a-syn
a-syn

a-syn
a-syn

a-syn
a-syn
a-syn
B-endorphin
B2m
B2m
B2m
B2m
CA150

FUS

Glucagon

HET-s

HET-s

HET-s

MSA brain,
seeded
MSA brain,
seeded

MSA brain
MSA brain
MSA brain

cryo-EM
cryo-EM
cryo-EM
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*. Database entries are ordered alphabetically by their protein name. Entries of amyloid formed
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grouped and all accession codes are included in the same row.

§. The origin of the tissue from which ex vivo fibrils were extracted is noted. Where the species
is not specified, the tissue is of human origin, with the following abbreviations for disease
diagnoses: AD — Alzheimer’s Disease, MSA — multiple system atrophy, CBD — corticobasal
degeneration, CTE — chronic traumatic encephalopathy, ATTR — transthyretin amyloidosis
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+. The Protein Data Bank (PDB) ID code associated with the structural model.
t. The Electron Microscopy Data Bank (EMDB) accession codes associated with the EM
density map.

The elucidation of amyloid 3D structures in atomic detail was pioneered by X-ray diffraction
experiments of amyloid peptide microcrystals, allowing the variation in the [-sheet
arrangements to be experimentally characterised and the features that stabilise the cross- fold
to be studied (Sawaya et al., 2007). This revealed, for example, the tight inter-digitating side
chains that make up the dry interface between [B-sheets, termed steric zippers, and the
hydrogen-bonding ladders formed by stacking of specific side-chains along the length of the
long fibril axis. Eight different possible classes of steric zippers have been described, with
differences arising from the parallel or antiparallel direction of the B-sheets, and the relative
orientations of the two connecting -sheets (Sawaya et al., 2007). More recently, microcrystal
electron diffraction (microED) has been employed to elucidate the structures of amyloid
peptide crystals, with the advantage that even nano-sized crystals too small for conventional
X-ray crystallography experiments can be amenable for analysis (Rodriguez et al., 2015).
Formation of crystals for structural studies is, however, limited by the length of the amyloid
forming peptide. Therefore, amyloid structures formed from larger polypeptide fragments or
full-length proteins have been mainly resolved using solid state nuclear magnetic resonance
spectroscopy and cryo-electron microscopy. Although ssNMR has been used to generate
structural models of amyloid fibrils for nearly two decades, it was the ‘resolution revolution’
of cryo-EM that led to the increased rate in the number of data entries of amyloid fibrils
deposited to the EMDB and PDB databases in recent years. The average resolution of cryo-
EM maps has also markedly improved in the last five years (Fig. 1.8). Advances in cryo-EM
hardware and increased accessibility to equipment have driven the collection of evermore
number of high-quality datasets of amyloid fibril samples, whereas improved software for

helical reconstruction and refinement have facilitated 3D reconstruction with resolutions that
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regularly allow de novo building of molecular models (Scheres, 2020). These recent advances
have made possible the wide-ranging characterisation of amyloid fibril structures and the types
of polymorphic features they exhibit in detail, revealing the diversity in the conformation of
the fibril cores, the possible presence of post-translational modifications (PTMs) and co-
factors, the span of cross-f forming regions, and the extent of ordered and dynamic regions
within amyloid fibrils. Here, structural models of amyloid fibrils determined by cryo-EM and
ssNMR available in the EMDB and PDB databases up to March 2021 are listed in Table 1.3
and correspondingly visualised in Fig. 1.7 to both illustrate the diversity of cross-3 structures

as well as provide an organised resource that facilitates comparison.
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Figure 1.8 The number of structural data entries of amyloid fibrils deposited to the
EMDB and PDB databases is rapidly growing, and the resolution of cryo-EM data is
improving. (a) Number of new amyloid structural models determined by ssNMR deposited to
the PDB released each year since 2004. (b) Number of new amyloid cryo-EM data deposited
to the EMDB released each year since 2009. (¢) Mean and best resolutions of cryo-EM data of
amyloid fibrils each year. The star symbols (*) indicate that only entries released up until

March are included for 2021.

The evermore detailed information on amyloid fibril core structures has revealed a large degree

of polymorphism, which can be classified in a hierarchical manner as illustrated in Fig. 1.6.
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Especially interesting are polymorphic structures formed from protein chains with an identical
sequence, which exhibit fibril polymorphism in protofilament folds, filament assemblies, and
mesoscopic properties, as these features indicate sensitivity of the assembly process to
environmental conditions in determining the extent of polymorphism and the individuality of
the formed fibril structures. For example, amyloid fibrils formed from AP4o and AP42 result in
considerably different structures with different protofilament folds and assemblies (see Fig.
1.7, entries 1 to 24, and Table 1.3 for accession codes), likely due to the different conditions
in which the fibrils were formed. Structures of the same protein with different disease-
associated mutations and post-translational modifications have also been shown to form
structures with different morphologies. For example, structural data are available for a-
synuclein with three different mutations related to early-onset Parkinson’s disease, E46K,
AS53T, and H50Q (see Fig. 1.7 and Table 1.3, entries 33, 34, 35, 41 and 42). Comparing the
structures and their properties, such as stability and seeding propensity, to those of wild-type
fibrils may indicate how polymorphism varies between familial and sporadic cases. Recently
a combined cryo-EM and mass spectrometry approach has also revealed specific PTMs on tau
fibrils from ex vivo patient brain tissue (see Fig. 1.7 and Table 1,3, entries 97-99) (Arakhamia
et al., 2020). Identification of disease-relevant modifications is crucial for understanding how
PTMs may modulate fibril polymorphism and its biological effects. Importantly, the current
structural data have shown differences between fibril structures extracted from ex vivo tissues
and those assembled in vitro from recombinant protein monomers (e.g. see Fig. 1.7 and Table
1.3 entries 92-95) (Bansal et al., 2021). This is indicative of the importance and the challenge
of studying amyloid polymorphism in disease contexts in order to understand possible disease-
relevant sequence modifications and local in vivo environmental factors. Additionally, it was
recently shown that seeded formation of amyloid using fresh monomer incubated with ex vivo

fibril seeds does not necessarily replicate the structure of the seed in the case of a-synuclein
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from multiple system atrophy patient brain tissue (Lovestam et al., 2021). It is currently not
known if seeding may not propagate fibril structures due to a non-matched PTM pattern of the
monomer compared to that of the seeds, if co-factors that may be present in the fibril core are
missing in the seeded reactions, or if the assembly conditions during seeding are too different
to those during the formation of the seeds in general. It is also unclear how this may vary for
different amyloid systems that exhibit different kinetic rates for templated elongation and
secondary nucleation (Meisl et al., 2014). Nevertheless, these results demonstrate that
structures of fibrils formed from seeded growth using ex vivo fibril seeds should not necessarily
be assumed to be identical to those of the patient derived seeds without further evidence
(Koloteva-Levine et al., 2021; Peduzzo et al., 2020), due to the complexities arising from the
polymorphism-prone nature of amyloid. In summary, detailed structural characterisation of
amyloid fibrils, enabled by methodological advances in cryo-EM and ssNMR, has
demonstrated a remarkable tendency for many amyloid forming polypeptide sequences to each

form a diverse range of polymorphic cross- amyloid structures.

1.3.6 The individuality of amyloid structures

The potential of amyloid fibrils to display a diverse range of cross-f structures (Fig. 1.7) due
to polymorphism resulting from the vast number and combinations of possible arrangements
of the polypeptide chains within each fibril (Fig. 1.6) means that the structures of amyloid
fibrils should also be considered with respect to individual fibrils. Each individual fibril in a
heterogeneous amyloid population may be distinguishable from every other fibril in the same
population in terms of its precise structure, stability, and biological properties, even when the

primary sequence of the monomeric polypeptide chains making up the fibrils is the same. This
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is because many of the possible structural variations which underpin the observed amyloid
polymorphism are based on differences in the pattern of the energetically weak non-covalent
interactions (Fig. 1.6b-d), especially those peripheral to the cross-p protofilament core (Fig.
1.6¢c-d). Experimental observations by both negative-stain electron microscopy and atomic
force microscopy have shown that amyloid fibril populations can be highly heterogeneous
(Adamcik & Mezzenga, 2012; Findrich et al., 2009; Goldsbury et al., 2005; Jiménez et al.,
2002; Kad et al., 2003). Advances in AFM imaging over the last two decades have contributed
with the discovery that the differences between structural polymorphs of amyloid, such as the
number of protofilaments, twist patterns, and the thickness of fibrils, which are all influenced
by the structure of the amyloid core, can indeed vary from fibril to fibril within a population

(Adamcik et al., 2010; Aubrey et al., 2020; Goldsbury et al., 2005; Kad et al., 2003).

Modern AFM imaging methods can detect and characterise the structures of individual amyloid
fibrils within complex and heterogeneous samples. While the imaging resolution achievable
by AFM in one of the three spatial dimensions, i.e., the z- or height-axis, can now routinely
reach sub-angstroms under ambient conditions, the overall 3D-resolution of AFM has not yet
reached that currently achievable by cryo-EM and remains in the low-nanometre range.
However, due to its underlying high signal-to-noise physics, the structures of individual
particles of amyloid can be characterised to ~nm resolution without the extensive cross-particle
averaging that cryo-EM methodologies rely on. Recently, we have developed a method to
reconstruct the 3D surface envelopes of individual helical amyloid fibrils using the 3D
information encoded in AFM height topology images (Lutter et al., 2020) (Fig. 1.9). This
advance, combined with a systematic morphometric analysis and classification of individually
reconstructed 3D fibril models, enables the detection and structural characterisation of

individual, potentially rare, amyloid fibril species, and structural variations within individual

82



fibrils. The heterogeneity of a polymorphic amyloid population can also be quantitatively
assessed using AFM data by analysing the variations in fibril width, cross-sectional area and
shape, twist periodicity and twist handedness of individual fibrils within the population. We
demonstrated the potential of this approach to map the assembly landscapes of amyloid by
analysis of amyloid fibrils formed from three different peptide sequences (Fig. 1.9 left column
and Fig. 1.10). The assembly landscape of these peptides show amino acid sequence dependent
continuums of structural polymorphs from each assembly population. This discovery was
revealed through the analysis of hundreds of individual fibrils in the population, with the fibril
structures subsequently hierarchically classified into polymorphic classes (Aubrey et al., 2020).
In this study, each individual fibril observed on AFM images was used to generate a 3D model
(e.g., left column in Fig. 1.9¢), with no two fibril models being exactly the same. It is possible
that the morphological differences observed between closely related but not identical fibrils are
due to small variations in the helical twist and/or the packing of protofilaments with otherwise
identical core conformations, but the differences can also reflect structural variations of the
protofilament core. As illustrated in Fig. 1.6. Thus, the data demonstrates the potential of
amyloid fibrils to display strong structural individuality within the heterogeneous amyloid

populations.

83



HYFNIF

297-391

Figure 1.9 Structural details individual to each amyloid fibril are revealed by AFM.
Gentle force-distance curve-based AFM imaging and 3D-reconstruction of fibril surface
envelopes revealed the individuality of amyloid fibrils in amyloid populations, with no two
fibrils being exactly the same. (a) AFM height topology images of amyloid fibrils formed from
a hexa-peptide of the primary sequence HYFNIF (Aubrey et al., 2020), AB42, and a tauz97-391
fragment (also called dGAE) (Al-Hilaly et al., 2020). The images are shown with the same
length and colour scale, with the scale bar to the left indicating the length of 1um in all three
images. (b) Images of digitally straightened fibrils seen in the images in (a), with the coloured
triangle markers indicating their position in a). A 350 nm segment of each fibril is shown. (¢)
The 3D surface envelope models individually reconstructed for each fibril in b) are shown with
surface colours ranging from blue to yellow to indicate the distance to the fibril axis from thin
to wide. A 200 nm segment of each 3D model is shown. These AFM images and individual
fibril models suggest that the extent of structural polymorphism is not the same for different
amyloid forming sequences, with fibrils formed from tauz97-391 showing the least extent of
polymorphism amongst the three examples. Polymorphic structural variation within a fibril is

also seen on the image of A4 fibrils.
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Figure 1.10 Structural analysis of individual fibrils using AFM allows mapping of the
polymorphic amyloid assembly landscape. (a) The polymorphic amyloid assembly
landscapes of three short amyloid forming peptide sequences are represented as smoothed 2D
histograms and visualised as contour maps (Aubrey et al., 2020). The colouring represents the
density of the morphometric parameters, which include the average height and the number of
repeating units per nm (directional periodic frequency, dpf) of the individual fibrils observed
on AFM height images. Negative and positive dpf values correspond to fibrils with left-handed
twist and right-handed twist, respectively. (b) Example images of digitally straightened fibrils
formed from the three peptide sequences in (a), with the coloured triangle markers indicating

their position in the maps in (a). A 500 nm segment of each fibril is shown.

To date, AFM imaging has been used to characterise individual B-lactoglobulin amyloid fibrils
by measuring their height profile and twist pattern (Adamcik et al., 2010), as well as to analyse
and compare the morphologies of fibrils formed from wild-type a-synuclein and its disease-
relevant variants (Ruggeri et al., 2020). AFM has also been used to structurally characterise
individual AP4o filaments, which revealed structurally polymorphic fibrils after long incubation

times (Goldsbury et al., 2005). In addition, AFM methods have helped to reveal that when
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samples containing different structural polymorphs, identified by ssNMR, were used to seed
new fibril samples, the elongation rate within the new samples was specific to the structural
polymorph of the seed (Qiang et al., 2013), highlighting the relationship between fibril
structures and physicochemical properties such as kinetics. Furthermore, developments in
high-speed AFM have revealed the dynamics of individual A4 fibril structures, including that
elongation occurs preferentially at one end of the fibrils (Watanabe-Nakayama et al., 2016).
This is a result that may contain clues to the organisation of protofilaments within individual
fibrils. AFM can also provide complementary structural information in combination with other
methods. An example of this includes the use of both AFM and cryo-EM to quantify the
structural variation in samples of diabetes-related IAPP fibrils, from which structures of the
fibril cores were also determined (Gallardo, ladanza, et al., 2020), or the use of ssNMR, cryo-
EM and AFM to determine the core structure of transthyretin fibrils (Fitzpatrick et al., 2013).
Another example includes the use of AFM in combination with fluorescence microscopy, in
which evidence of structural variation within individual fibrils was observed by AFM when
mouse and hamster variant prion protein fibrils were used to seed each other, resulting in
individual fibrils with a conformational change (Makarava et al., 2009). Structural variations
within individual fibrils have recently also been observed in ex vivo samples of
immunoglobulin light chain fibrils from patients with systemic AL amyloidosis and in AP
fibrils from patients with Alzheimer’s disease (AD), both demonstrated using cryo-EM
(Kollmer et al., 2019; Radamaker et al., 2021). Using AFM, we have observed strong
individuality and structural variations within APa42 fibrils formed in vitro (Fig. 1.9, middle
column), demonstrating the extensive polymorphism exhibited by A sequences. Interestingly,
AFM images of amyloid fibrils formed from tau297-301 (also termed dGAE), with a morphology
that mimics the core of paired helical filaments extracted from Alzheimer’s patient tissue (Al-

Hilaly et al., 2020), show little structural variations between individual fibrils within its fibril
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population (Fig. 1.9, Tauz97-391 column), suggesting that the extent of structural polymorphism

and fibril individuality is not the same for different amyloid forming sequences.

1.3.7 Physicochemical consequences of amyloid polymorphism

Structural variations within and between individual fibrils in typically heterogeneous amyloid
populations can exist on multiple length scales (Fig. 1.6). These structural variations that define
amyloid polymorphism can range from atomic scale differences in the order of angstroms,
arising from packing variations of the polypeptide chains, to nanometre-scale variations in
fibril width, or even reach the scale of hundreds of nanometres in variations of twist periodicity
and handedness of amyloid fibrils (Aubrey et al., 2020). At these different length scales, as a
consequence of the diversity and individuality of polymorphic amyloid structures, the
physicochemical properties of individual fibrils, such as the overall accessible surface area
(Fandrich et al., 2009), surface hydrophobicity and charge (Pansieri et al., 2018), growth and
disassembly kinetics and thermodynamics (Qiang et al., 2013), and mechanical properties that
include persistence length and the second moment of inertia (T. P. Knowles et al., 2007), can
also vary within a population. Therefore, in contrast to globular proteins which typically have
a single native fold, the structural variation between individual fibrils within a population may
impact the functional properties of the amyloid population in vivo, mediated by variation in
their specific physicochemical properties. For example, different amyloid structures have
different cross-sectional dimensions and shapes. Thicker fibrils with rounded cross-sections
are likely to have a higher second moment of inertia than thin fibrils with elliptical cross-
sections, making them more resistant to breakage. Fibrils with higher fragmentation rates are

more likely to generate a larger number of small active amyloid particles and subsequently may
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be more effective in propagating their amyloid state (Beal et al., 2020), compared to fibrils that
are more stable and less susceptible to breakage. This is demonstrated through the size-
dependent transfection efficiency relationship of Sup35NM amyloid particles that confer the
[PSI*] phenotype when transfected into yeast cells (Marchante et al., 2017). In studies of
transmissible amyloid known as prions, specific strains are found to selectively propagate from
cell to cell (Atarashi et al., 2006; Bateman & Wickner, 2013; Bruce et al., 1991; Hannaoui et
al., 2013), suggesting a possible relationship between the strain phenomenon, the structural
polymorphism of amyloid fibrils, and the individual fibrils’ stability towards fragmentation.
Thus, the differences in the stability of individual fibrils, as a consequence of structural
polymorphism, may lead to variations in the fitness of individual fibrils in an amyloid
population, and subsequent ‘selection’ of specific amyloid conformation due to a polymorphic
bias under certain conditions as well as adaptive ‘evolution’ processes of the dominant amyloid
conformation due to changes in the environment. The structural constraints provided by the
cross-f architecture coupled with a strong structural individuality in some amyloid populations,
and the ability of some amyloid to efficiently propagate the information encoded in their
conformational state, may suggest that some amyloid could behave in a manner similar to that
of viral quasispecies. In addition to fibril fragmentation, secondary nucleation is another
property that is affected by the fibril structural arrangement and could mediate the biological
effects of amyloid. Fibrils with a higher surface-area-to-volume ratio might provide better
access to active fibril surfaces that can catalyse secondary nucleation, compared to larger
amyloid structures with proportionally less available surface area. Secondary nucleation is a
process in which new amyloid are formed through catalysis by existing amyloid fibril surfaces.
The importance of secondary nucleation, in particular with respect to the biological impact of
AP42 amyloid fibrils, has become increasingly evident. For example, by combining kinetic

analysis of A4 aggregation with impaired secondary nucleation using the molecular
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chaperone Brichos (Cohen et al., 2015) and antibodies that bind to the fibril surface (Michaels
et al., 2020), it has been shown that secondary nucleation events may be the source of cytotoxic
oligomeric species during A4z aggregation. It is further possible, that secondary nucleation on
the surface of amyloid fibrils is site-specific, potentially occurring at sites of defects or at
locations where structural breaks occur. Individual fibril polymorphs with higher propensity to
contain defects, have structural breaks, or those that simply have a larger accessible surface
area might then provide more efficient surfaces for secondary nucleation, and, therefore, be

responsible for a greater cytotoxic potential within the amyloid population.

The polymorphic features of individual amyloid fibrils can both influence and be influenced
by interactions with other biological structures. For example, the formation of a-synuclein
amyloid fibrils in vitro is modulated by the air water interface (Campioni et al., 2014). Since
a-synuclein fibrils are found in vivo in patients with various diseases, where the air-water
interface is likely to be absent, it suggests that other biological interfaces may provide sites for
the heterogeneous nucleation of a-synuclein assembly. This type of surface-catalysed
aggregation of amyloidogenic proteins involves adsorption of amyloid forming proteins onto
surfaces, followed by a step that includes a conformational change, whether that be from a
random coil to the core fold of the resultant amyloid fibril or to an oligomeric intermediate
state (Grigolato & Arosio, 2021). Importantly, the precise amyloid structures that form,
amongst the diverse possible structures that can be formed, may be dependent on the
physicochemical characteristics of the catalysing surface. High local concentrations of self-
assembling proteins adsorbed onto a surface can increase the rate of heterogeneous primary
nucleation in a manner which is dependent on the mobility of the proteins once adsorbed onto
the surface. Cell membranes and, in particular, their lipid bilayer components are amongst the

most well-studied biological structures known to interact with amyloidogenic proteins in such
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a manner (Bode et al., 2017; Butterfield & Lashuel, 2010; Milanesi et al., 2012; Monsellier et
al., 2016; Sciacca et al., 2018). Fibril formation reactions can be catalysed by lipid bilayers
(Lindberg et al., 2017; Vahdat Shariat Panahi et al., 2019), but can also be damaging to lipid
bilayers (Bode et al., 2017; Engel et al., 2008; Sparr et al., 2004). In fact, it may be possible to
connect the aggregation kinetics to the toxicity of the aggregation reaction through their
interaction with membranes (Flagmeier et al., 2020). In order for lipid bilayers to catalyse
primary nucleation, the monomeric subunits must first adsorb to the bilayer surface. In some
cases, lipid bilayers induce a conformational change in the monomeric subunits of an
amyloidogenic protein. For example, a-synuclein undergoes a change in conformation,
dependent on the fluidity of the lipid bilayer (Rovere et al., 2018). Additionally IAPP
undergoes conformational changes upon insertion into a lipid bilayer, eventually forming
amyloid fibrils in a lipid-mediated manner (Sasahara et al., 2012), and when mixed with large
unilamellar vesicles it has been observed that the secondary nucleation of AP can be
accelerated through lipid bilayer interactions (Lindberg et al., 2017). Conformational changes
upon binding to a surface imply that structural features of a resultant amyloid fibril can be
dependent on the local physicochemical environment, and the precise structures of the fibrils,
therefore, will vary and contribute to the individuality of each fibril in the population. Further
biological structures which can impact fibril formation include additional cell membrane
constituents such as gangliosides (Kakio et al., 2002), extracellular structures such as heparin
(Goedert et al., 1996), as well as other heterologous amyloid fibrils through cross-seeding
events. If cross-seeding events proceed through surface-catalysed reactions (Koloteva-Levine
et al., 2021), the resulting new amyloid structures could result in considerable fibril diversity
and individuality, as heterogeneous nucleation events may also introduce heterogeneity in the

resulting amyloid population, depending on the physicochemical conditions of local interfaces.
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Thus, surface interactions may enhance the potential for amyloid forming polypeptide

sequences to display structural polymorphism.

1.3.8 Biological and pathological consequences of amyloid polymorphism

Amyloid fibrils display remarkable diversity in both the structures they form, as well as the
biological contexts they are found in. Some amyloid structures are found to be disease-
associated, while others may be essential for physiological functions. The wide range of in vivo
biological functions or pathological consequences of amyloid may reflect the polymorphic
diversity of amyloid fibril structures, mediated by the differing physicochemical properties of
individual amyloid fibrils, as discussed above. However, specific molecular links between
structural features, particular cellular pathways or processes, and biological consequences are
not currently well-understood. One of such possible mediating properties could be the
thermodynamic stability of the fibril core, determined by structural features like core
hydrophobicity and steric zipper interactions, with lower stability leading to reversible
assemblies (J. Lu et al., 2020; Ulamec & Radford, 2020). Furthermore, amyloid with assembly-
dependent functional roles may show less polymorphism compared to disease-associated
amyloid (Hervas et al., 2020; J. Lu et al., 2020; Murray et al., 2017), which could indicate that
the specific core fold of amyloid fibrils may convey corresponding specific biological
properties that facilitate functional roles. In contrast, a wide range of polymorphs of disease-
associated amyloid structures have been observed, with diverse patterns of polymorphic extent
that include patient-specific polymorphism, clinical-subtype specific polymorphism for the
same disease, and disease-specific polymorphism (Fig. 1.11). Structural data obtained to date

suggest that different amyloid systems behave differently in this respect, although more
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structural data of ex vivo amyloid assemblies is needed to resolve how the polymorphic
landscape varies in different disease-states, spatial localisations within organs, or individual
patients. Further structural characterisation of physiologically functional amyloid structures
and comparison of these structures with those of disease-associated amyloid is also necessary

to fundamentally understand the amyloid structure-function links.

d Clinical subtype-specific b Disease-specific C Patient-specific
polymorphism polymorphism polymorphism
Rapid Slow Corticobasal  Chronic traumatic AL cardiac amyloidosis
progression progression degeneration encephalopathy patients

H &) R |8
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Figure 1.11 Amyloid polymorphism shows diverse patterns in disease-states. (a)
Illustrations of the varying extent of structural polymorphism and the diverse types of
polymorphic structures that may be present in clinical disease subtypes, for example shown for
rapid and slow progressive Alzheimer’s disease (M. L. Cohen et al., 2015; Qiang et al., 2017).
(b) Disease-specific polymorphism has been demonstrated for amyloid structures formed from
tau protein in various tauopathies. A single representative cartoon model is shown of amyloid
fibril cross-sections from samples originating from the brain tissue of patients with four
different neurodegenerative diseases, with the thicker sections denoting the cross-f3 segments,
where such segments are determined and labelled in the PDB entry. PDB accession codes for
the models shown are 6VHA, 6NWP, SO3L and 6GXS5 (Arakhamia et al., 2020; Falcon et al.,
2019; Falcon, Zhang, Murzin, et al., 2018; Fitzpatrick et al., 2017), for chronic corticobasal
degeneration, traumatic encephalopathy, Alzheimer’s disease, and Pick’s disease, respectively.
(¢) Individual patients with the same diagnosis may have distinct structures of the same protein,
for example in the case of AL amyloidosis. Cartoon models of the cross-sections of ex vivo
amyloid fibrils extracted from the cardiac tissue of two patients with AL amyloidosis are

shown, with PDB accession codes 6HUD and 6IC3 (Radamaker et al., 2019; Swuec et al.,
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2019), respectively. Molecular models were generated using UCSF Chimera (Pettersen et al.,

2004).

Different neurodegenerative diseases show distinct patterns of spatial origins of amyloid
aggregation as well as progression by prion-like spreading, which is mediated by neuronal
connectivity and individual cell-type vulnerability (Brettschneider et al., 2015). For example,
tau lesions originate in different regions of the brain in patients with Alzheimer’s disease and
chronic traumatic encephalopathy (CTE), despite being composed of the same protein isoforms
(Katsumoto et al., 2019). The structural diversity of the amyloid aggregates involved can be
affected by the local in vivo environment which could, in turn, elicit different biological effects
based on the precise physicochemical properties of the individual fibrils formed. These
complex relationships may result in biological feedback loops that subsequently contribute to
the molecular and phenotypical differences between amyloid-associated diseases, even when
the primary sequence of the original protein involved is identical. For example, in recent years,
ex vivo amyloid fibrils of the tau protein have been well-characterised, and their structures have
been resolved to high-resolution detail from the brain tissue of patients with various different
diseases, including Alzheimer’s disease, Pick’s disease, corticobasal degeneration (CBD) and
chronic traumatic encephalopathy (Falcon, Zhang, Murzin, et al., 2018; Falcon et al., 2019;
Fitzpatrick et al., 2017; W. Zhang et al., 2020). Although tau isoforms forming the amyloid
fibrils differ between some diseases, and thus have slightly different primary sequences, the
structures of fibrils from Alzheimer’s and CTE disease tissues, which both contain the 3R and
4R isoforms, are nevertheless different (Fig. 1.11b). Notably there is also polymorphism
present within the fibril population of each disease-specific sample, e.g., paired helical
filaments (see Fig. 1.7 and Table 1.3 entries 99, 108, 112 and 113) and straight filaments (see
Fig. 1.7 and Table 1.3 entries 109, 114 and 115) in Alzheimer’s disease brain tissue (Falcon,

Zhang, Schweighauser, et al., 2018; Fitzpatrick et al., 2017). Other rare but potentially also
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biologically important polymorphs of amyloid in the same disease-associated amyloid
populations may also be present (Kollmer et al., 2019), but their 3D structures are currently
inaccessible to characterisation by cryo-EM because they are present in low numbers, and

therefore cannot satisfy the extensive particle-averaging required by cryo-EM methodologies.

In addition to disease-specific amyloid polymorphism, considerable structural variation may
exist for AP amyloid from patients with different Alzheimer’s disease clinical subtypes. Fibril
samples formed through seeding with ex vivo fibrils extracted from the brain cortex of patients
with Alzheimer’s disease have been investigated by ssNMR (Qiang et al., 2017). While the
structures of fibrils formed from seeding do not necessarily reflect that of the seeds (Lovestam
et al., 2021), it has been found that seed samples originating from patients with prolonged-
duration AD resulted in fibrils of a single predominant Af4o polymorph, whereas samples
originating from patients with rapidly progressive AD resulted in a wider degree of structural
diversity, suggesting that the seeds’ structures were different. A amyloid fibrils from patient
brain tissue with slowly and rapidly progressing AD have also been shown to have different
biochemical characteristics, including different stability upon chemical and thermal
denaturation, and higher levels of oligomeric AP42 in the rapidly progressive form (M. L.
Cohen et al., 2015), further evidencing the possible presence of complex, clinical subtype-

dependent amyloid polymorphism.

Cryo-EM structures from four patients with Alzheimer’s disease have demonstrated common
paired helical and straight filament structures of tau amyloid (Falcon, Zhang, Schweighauser,
et al., 2018), demonstrating that for some amyloid assemblies, the structures are specific to the
disease, and not to the individual patients or disease subtypes. In addition, images of

immunogold labelled tau amyloid fibril samples from 19 AD patients, as well as from different
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brain regions of the same patients, also show similar patterns. Subsequently, disease-specific
fibril structures have been reported for various tauopathies, giving rise to a structure-based
classification approach for these neurodegenerative diseases (Shi et al., 2021). However, it is
not yet known whether structures prevalent during earlier stages, which may drive disease
progression, are also identical to those extracted from the tissues of individuals with end-stage

AD and determined by cryo-EM.

Light chain (AL) amyloidosis is an example of patient-specific amyloid polymorphism. In AL
amyloidosis, expansion of a B cell clone leads to overproduction of a free monoclonal
immunoglobulin light chain protein, aggregation of which results in amyloid fibrils that
accumulate in organs, such as the heart or the kidneys, leading to tissue damage. The specific
sequence of the accumulating immunoglobulin light chain protein in each patient can affect the
propensity of amyloid formation and thus, potentially also the disease aetiology through impact
on the thermodynamic stability of the specific polypeptide sequence (Nokwe et al., 2016), the
tissues where amyloid deposits, and the clinical outcome (Abraham et al., 2003). However, it
has been recently shown that extrinsic factors, especially susceptibility to proteolytic cleavage
and presence of proteases that fragment the immunoglobulin light chain proteins under
physiological conditions, could instead be a strong determinant of amyloid formation in vivo
(Sternke-Hoffmann et al., 2021). Amyloid structures have been resolved from the explanted
cardiac tissue of three patients, demonstrating patient-specific structural differences in detail
(Radamaker et al., 2019, 2021; Swuec et al., 2019). Contrary to the previous examples of tau
and AP amyloid, the primary sequence of the monoclonal immunoglobulin light chain protein
varies between patients as it depends on the selection of the germline gene and somatic
mutations (Blancas-Mejia et al., 2018). Thus, patient-specific amyloid polymorphism stems

from the ‘top-level’ patient-specific variations in the primary polypeptide sequence (Fig. 1.6
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top row). It is, however, not yet known whether patient-specific amyloid polymorphism can
arise for amyloid structures formed from the same monomeric polypeptide sequence. There
remain many unanswered questions on the in vivo role of amyloid in disease-states, both related
to how the environmental factors affect fibril growth and their structures, as well as how
amyloid formation and structures affect the surrounding cells and tissue environments,
including any cell-type specific vulnerabilities. Further insights into the relationship between
fibril polymorphism and their biological consequences can be achieved from continued efforts
in resolving ex vivo fibril structures from tissues of patients with different diagnoses or disease
progression, from different regions of the brain or diseased tissues, and from multiple
individual patients with the same diagnosis. Likewise, in vitro approaches in which the
polymorphic landscape is modified in a controlled manner by systematically varying sequence
or environmental factors to form specific structures will provide molecular and mechanistic
evidence of pathological pathways. Both approaches will equally require the structural

characterisation of amyloid fibrils to molecular and individual detail.

Challenges in predicting the polymorphic landscape of amyloid assembly

For globular proteins, AlphaFold 2 did exceptionally well in predicting 3D structures from
primary amino-acid sequences (Jumper et al., 2020) in comparison to other structure prediction
algorithms (Kryshtafovych et al., 2021). The achievements of 3D structure prediction through
deep learning methods, e.g., the trained neural network architecture of AlphaFold 2, to date on
monomeric proteins in CASP14, is a result of both extensive computational resources for
model training and inference of new structures, as well as the availability of approximately

170,000 publicly available protein structure entries in the RCSB Protein Data Bank, and many
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more protein sequences used for multiple sequence alignments, which inform structure
prediction. Future developments to AlphaFold 2 will potentially include prediction of protein
complexes. Although amyloid structures were not included as targets in CASP14, further
developments in structure prediction of large protein complexes, including amyloid, could lead
to fundamental understandings of how some of the biggest biological protein structures form.
Considerable developments to the current prediction methods will, however, need to be
incorporated to allow the prediction of many structures from a single primary sequence due to
the extensive polymorphism displayed by amyloid fibrils, which form diverse structures even
under identical environmental conditions and from identical amino acid sequences. This type
of challenge can only be met if a sufficiently holistic understanding of the assembly landscape,
in terms of both structures and energetics, is reached. However, with only around a hundred
amyloid fibril structures currently available in the PDB for full-length or fragments of
amyloidogenic proteins (Table 1.3, Fig. 1.7 not including cases where the same data has been
reanalysed), the limited training data available for structural prediction tool development,
especially ones that rely on ‘big-data’ approaches, pose a severe limitation to such a holistic
undertaking. A further 108 PDB structures are available for amyloid fibrils formed from
microcrystals of amyloid forming peptide sequences ranging from 4 to 11 amino acids in
length, determined by X-ray and electron diffraction techniques, which could be useful for the
prediction of local structural arrangements of the various steric-zipper motifs. Nevertheless, to
predict the structures of large, multi-polypeptide chain, and highly polymorphic protein
assemblies like amyloid, significant effort must first be spent on matching the quantity of high-

quality structural data, such as currently seen for globular proteins.

Another key challenge for amyloid structure prediction is the high potential sensitivity of the

amyloid conformation to a multitude of environmental factors, such as pH, ionic strength and
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interactions with other biomolecules and surfaces. As the precise local in vivo environments
experienced by the various amyloid forming systems are unknown for disease-associated and
functional amyloid, the characterisation of ex vivo amyloid fibrils needs to be carried out as
indirect reporters on the relevant in vivo environments. These in vivo conditions are likely to
differ from conditions used in vitro, since ex vivo amyloid structures have been found to differ
compared to in vitro formed amyloid originating from monomers of the same amino acid
sequence (Bansal et al., 2021; Fitzpatrick et al., 2017; W. Zhang et al., 2019). Direct structural
characterisation for ex vivo amyloid without the need for further seeded amplification is
currently only possible using cryo-EM. There are further challenges for resolving ex vivo
amyloid structures, including limited access to patient-derived tissues, experimental challenges
with extracting fibrils from these tissues, and the ability to only study the most prevalent fibril
species despite the diversity of species present. As a result, currently, structural data of only
fewer than thirty of such unseeded ex vivo amyloid have been deposited to the EMDB and the
PDB. Although an increasing number of ex vivo amyloid fibrils are being studied every year,
it remains a labour-intensive and costly endeavour. Thus, for predicting the 3D structures of
amyloid under physiologically relevant environmental conditions, it may be necessary to first
resolve how the assembly landscape is precisely modulated by environmental conditions
through combined ex vivo and in vitro approaches, and then train a neural network using 3D

structures formed under widely varying conditions.

The prediction of 3D protein structures gives rise to applications such as the ability to infer
function associated with the predicted structure, as well as structure-based drug design. These
applications rely on specific folds and motifs being predicted from amino acid sequences. For
amyloid, there are likely to be unique challenges compared to other, well-studied classes of

proteins such as enzymes, where a specific catalytic pocket could, for example, indicate a

98



specific functional role. As more structural data of amyloid from different biological contexts,
both disease-associated and functional, become available, it may be possible to predict whether
an amyloid forming sequence may be associated with the formation of assemblies with toxic
or infective potential. More structural data will facilitate this type of analysis and may
potentially reveal the mediating physicochemical factors involved in the link between amyloid
structure, function, and pathogenicity. Only once this relationship has been firmly established
based on both structural data and biological context, could a predicted 3D structure be used to
explore the potential biological consequences and aid structure-based therapeutic
interventions. A significant amyloid-specific opportunity for structure prediction lies in cases
where structures are disease subtype- or patient-specific. For example, in AL amyloidosis, each
patient has a slightly different immunoglobulin light chain amino acid sequence that can be
noninvasively determined from urine (Solomon et al., 1998). If the fibril structures could then
be predicted from the primary amino-acid sequence, it could be helpful in determining a
specific clinical subtype or indicate specific pathways of pathology. Furthermore, structure-
based inhibitors of amyloid aggregation have been demonstrated for some proteins such as AP
in cell-culture models (Griner et al., 2019). If a structure-based approach would be
demonstrated to be clinically effective, for example, for AL amyloidosis patients, prediction of
structure from sequence could determine patient-specific epitopes that could be targeted in a

personalised medicine approach.

1.3.9 Conclusions

Amyloid assembly presents unique challenges to protein 3D structure elucidation, prediction,
and understanding of the relationship between structure and biological consequences.

Unresolved challenges arise from the highly polymorphic nature of amyloid assembly, the
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subsequent individuality of each fibril formed within the heterogeneous amyloid populations,
and the resulting differences in the fibrils’ physicochemical properties arising even from
monomers with identical amino acid sequences. This structural diversity is reflected in
amyloid-associated biological roles which range from functionality to pathogenic effects in
neurodegenerative diseases and systemic amyloidoses, with a potentially wide variation in
disease subtypes and clinical outcomes. Successful amyloid structure prediction from the
primary amino acid sequence of its monomeric polypeptide components will need to contain
robust predictions of whether an amino acid sequence is likely to form the cross- amyloid fold
in the first place, followed by precise structural predictions that holistically takes into account
the assembly landscape and its sensitivity to the environmental conditions it experiences.
Finally, the path towards solving the ‘one sequence to many structures’ problem amyloid
assemblies represent, and the successful prediction of the full range of diverse amyloid
structures, will inevitably push our fundamental understanding of the coupled protein folding-

assembly processes commonly found in biology.
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1.4 RESEARCH AIMS

The primary aim of this research project is to characterise and modulate the polymorphism of
amyloid self-assemblies in order to investigate the relationship of amyloid structure, function,
and dysfunction. Firstly, chemical conjugation techniques are used with the aim of modulating
amyloid self-assembly and inhibiting the spread of amyloid between cells. Specifically, the
Sup35 yeast prion protein is used as a model system in order to investigate whether conjugation
of amyloid to complementary DNA strands could alter the resulting suprastructure, reduce
fragmentation propensity, and thus also restrict cell-to-cell transmission of the prion
phenotype. In addition, DNA origami-based methods will enable the development of amyloid-
DNA conjugates as modular nanomaterials, which could further be functionalised, thus taking
advantage of the unique materials properties of both DNA and amyloid. The effect of the
modified Sup35 on amyloid self-assembly kinetics resulting morphology will be characterised

by a fluorescent ThT dye assay and atomic force microscopy, respectively.

AFM data analysis has been largely limited to qualitative descriptions of sample morphology
due to a lack of advanced computational analysis tools. This work further aims to improve the
algorithms and workflows available for AFM topographic data, with specific focus on the
analysis of amyloid fibril polymorphism. Additionally, AFM data on amyloid fibrils is highly
complementary to data collected with other structural biology tools, such as cryo-EM or
ssNMR, as it is capable of resolving the nanoscale morphology of individual fibrils. However,
a lack of computational tools for integrating or comparing AFM data with data collected with
these different techniques had hindered the use of AFM data in conjunction with molecular
models generated with cryo-EM and ssNMR methods. Thus, computational tools to integrate

AFM data of polymorphic amyloid fibrils with other structural biology data will be explored
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in order to enhance the analysis of polymorphic amyloid populations. Finally, a systematic
meta-analysis approach to further our fundamental understanding of the amyloid structure,
function, and dysfunction relationship will be explored using data deposited to publicly

available data banks.
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Chapter 2: Amyloid-DNA conjugates as inhibitors of amyloid

spread and functional nanomaterials
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2.1 Summary

Chapter 2 is based on experimental work in which the Sup35 yeast prion protein is used as a
model system for the modulation of amyloid self-assembly via conjugation to DNA. A
modified variant of the protein is used, consisting of the NM-domains of the Sup35 protein,
with an added C-terminal linker and cysteine residue (Sup35NM-LCys). The modified protein
is conjugated to a chemical linker via thiol-maleimide reactions between the thiol side chain of
cysteine and a maleimide group of the linker. Two different amyloid-DNA conjugation
strategies are explored. The first strategy consists of separately conjugating two
complementary single-stranded DNA (ssDNA) molecules with covalently bound maleimide-
functionalised chemical linkers to the modified Sup35NM protein monomer. When mixed, the
two strands will result in reversible, temperature-sensitive cross-linking between the amyloid
monomers. In the second strategy, a nucleobase analogue is conjugated to the Sup35NM-LCys
protein via the maleimide linker. The resulting construct is then capable of forming hydrogen
bonds with thymine, which can be added in as ssDNA of defined length, thus forming seeds.
In both strategies the amyloid-DNA conjugates are added to the WT Sup35NM protein in small

proportions to modulate self-assembly.

The Sup35NM-LCys protein was recombinantly expressed in E. coli and purified by affinity
and size-exclusion chromatography. The purified protein was analysed by SDS-PAGE and
mass spectrometry, which confirmed the identity of the purified protein. The kinetics and
morphology of Sup35NM-LCys and WT variants mixed in various ratios were characterised
to assess their cross-elongation by following fibril formation with the small fluorescent dye
ThT and imaging of the resulting samples by AFM. Both ThT curves and AFM images showed
that the two proteins interact, as the mixed self-assemblies exhibited morphologies different
from the individually assembled LCys and WT variants. However, further experiments are
needed to establish whether the two variants are capable of cross-templating fibril elongation.
Finally, the conjugation of ssDNA and nucleobase analogue linkers was carried out.
Experimental analysis of SDS-PAGE and mass spectrometry results indicated that the correct
conjugation products had formed for both ssDNA and nucleobase analogue linkers,
respectively. In future research these amyloid-DNA conjugates may be added to WT Sup35NM

to regulate the self-assembly process in vitro and in vivo in yeast cells.
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2.2 Introduction to amyloid-DNA conjugates

Amyloidogenic proteins are involved in both progression of a range of neurodegenerative
diseases, as well as essential biological functions (Dobson, 2017). The emerging polymorphic
nature of amyloid and the diversity of the fibrils in amyloid populations could be a significant
factor in in the wide degree of variation in the biological effects of amyloid (Lutter, Aubrey, et
al., 2021), although a direct causal relationship is yet to be established. Thus, understanding
and controlling the formation and structural state of amyloid is important, as it could contribute
to developing effective therapeutic interventions for reducing pathological effects, as well as
employing the distinct materials properties of amyloid for applications as functional

bionanomaterials (Mankar et al., 2011).

Efforts to change amyloid aggregation behaviour to achieve a therapeutic benefit for the
increasing numbers of patients suffering from neurodegenerative diseases have been underway
for decades with varying strategies employed with limited success (Makin, 2018). This has led
to the controversial approval of aducanumab in June 2021 (Mullard, 2021), after demonstrating
that the monoclonal antibody significantly reduced amyloid plaques in patient brain, although
improvements to cognitive function were not clear (Biogen, 2021). Despite all amyloid broadly
following a nucleated polymerisation mechanism (Tornquist et al., 2018), there are variations
in the structural properties of the monomers, for example whether they are folded or
intrinsically disordered, which may propagate to differences in rate constants of the
microscopic processes involved in self-assembly and lead to further changes to the fibril
population diversity, as well as their surface and mechanical properties (Féndrich et al., 2018).
As a result, different modulating strategies are likely to be required for different amyloid

proteins. For example, the only other approved protein-targeting amyloid modulator tafamidis
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stabilises a natively-folded tetrameric form of transthyretin, aggregation of which otherwise
results in amyloidosis characterised by accumulation of amyloid plaques in organs including

the heart (Bulawa et al., 2012).

The lack of amyloid modulating drugs capable of significantly preventing or reversing the
decline of cognitive and motor functions, hallmarks of the associated neurodegenerative
diseases (Dugger & Dickson, 2017), is thought to occur in large part as a result of the difficulty
in translating the drugs from use in model systems to use in humans, and not from lack of basic
research on identifying modulating compounds. A range of molecules with specific binding to
amyloid structures have been identified and extensively studied, including amyloid-specific
antibodies with differing kinetic effects (Linse et al., 2020), peptides-inhibitors capable of
interfering with the self-assembly pathway (Armiento et al., 2020; Griner et al., 2019), as well
as small molecules with varying proposed mechanisms of action (Young et al., 2017). For
example, the fibril disaggregating effect of epigallocatechin gallate (EGCG), a small molecule
natural product found in green tea, has been shown to reduce amyloid load and lead to cognitive
benefits in an Alzheimer’s disease mouse model (Rezai-Zadeh et al., 2008) and a cryo-EM
study has revealed binding of EGCG to a cleft between two protofilaments, potentially

disrupting their binding interface (Seidler et al., 2020).

Although many of these studies show positive results for disaggregating amyloid and reducing
toxicity in model organisms, these results have not yet translated to clinical success for the
treatment of amyloid-associated diseases (Mehta et al., 2017). The causes of this are not clear
and there may be many possible explanations, including difficulty in getting the drugs across
the blood-brain barrier, to a specific region in the brain or other organ, administering the drug

too late in disease progression, not using high-enough doses, etc. However, in some cases it is
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also possible that the disaggregation of amyloid itself could lead to the production of small
oligomers and/or fibrillar seeds with cytotoxic potential. This is highlighted both by the
requirement of Hsp104 chaperone for prion propagation in yeast through the generation of
seeds (Chernoff et al., 1995), as well as the recent elucidation of the mechanisms employed by
the Hsp70 chaperone machinery which operates both by extraction of monomers and fibril
fragmentation, and could result in residual small aggregates (Wentink et al., 2020). Small
oligomeric species have been hypothesised to be the primary driving force for
neurodegeneration (Cline et al., 2018), whereas small fibrillar seeds participate in prion-like
spreading of amyloid between cells (W.-F. Xue et al., 2010). Therefore, promoting amyloid
aggregation into larger fibrillar networks and plaques, which may be comparatively inert, may
be a potential alternative strategy for therapeutic interventions. For example, introducing
fibrillisation-promoting peptides or small molecule chemicals has been shown to reduce prion-
like spread and cytotoxicity of disease-associated amyloid in cell-culture models. (Jia et al.,
2020; Yang et al., 2020) These modulators result in an increase in the size distribution rather
than a decrease, as in the cases of the EGCG and antibodies discussed above. Furthermore,
build-up of amyloid plaque may sequester smaller and more toxic oligomeric species, thus
reducing the overall toxicity profile of the population. As it has been shown that the prion-like
spread of amyloid between cells is modulated by size of the particles, (Marchante et al., 2017)
increasing the population size distribution could thus result in a reduction in spread of the

amyloid state between cells.

Here, a chemical conjugation approach of an amyloidogenic monomer to two different
complementary single-stranded DNA molecules is devised, with the aim of promoting fibril
aggregation into large networks through cross-elongation with endogenously expressed, non-

modified monomer, when added into biological systems. The biological effects of the
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intervention could then be assessed to determine whether a cross-linking approach could
provide a beneficial mechanism of action against cytotoxic and prion-like spreading effects
through sequestering of toxic oligomers and reducing fragmentation, or whether promoting an
increased amyloid aggregate size distribution could further increase deleterious effects, for
example through mechanical stress on membranes, sequestering lipids and other essential

cellular components through non-specific surface interactions, or some alternative mechanism.

In addition to the pathogenic effects of amyloid proteins in neurodegenerative diseases, some
amyloid also carry out functional roles within a range of organisms from bacteria to humans,
facilitated by their unique materials properties (T. P. J. Knowles & Buehler, 2011). For
example, it has been proposed that amyloid have a biological role in innate immunity via an
antimicrobial effect, as some amyloid B (AP) species can bind to bacterial cells and prevent
host-pathogen interactions (Kumar et al., 2016). The biological functions of amyloid
aggregates, including surface adhesion and storage of peptide hormones, have inspired the use
of amyloid as nanomaterials (Mankar et al., 2011). The adhesive properties of amyloid fibril
surfaces make them suitable for synthetic biology approaches, including for the development
of scaffolding for tissue engineering (Das et al., 2018), as well as further functionalisation of
the surfaces to achieve desired physicochemical properties (Biverstal et al., 2020). Applications
also include amyloid-carbon membranes for removal of heavy metal contaminants from water,
which improve on previous methods as the amyloid-ion interactions are non-specific and thus
able to remove a mix of contaminants with higher efficiency (Peydayesh & Mezzenga, 2021).
Amyloid proteins have various properties that are desirable for materials development, most
notably their self-assembly, stiffness similar to that of silk, and strength similar to that of steel
(Smith, Knowles, Dobson, MacPhee, et al., 2006), as well as high thermal and chemical

stability compared to proteins in natively folded states (Meersman & Dobson, 2006).
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Furthermore, the physico-chemical properties can be altered by changing the aggregating
amyloid sequence or assembly conditions, allowing tailoring of amyloid materials’ properties

for a specific application.

Aside from its fundamental biological role as the genetic material of living organisms, DNA
also has properties which make it useful for nanomaterials purposes, including its simple
amplification by polymerase chain reaction (PCR), and high-specificity reversible sequence-
specific molecular recognition through base pairing. These properties have led DNA to be used
as a versatile building block for various nanomaterials for several decades, starting with
relatively simple cubes (J. Chen & Seeman, 1991) and leading to recently developed
nanostructures with increased complexity through the use of new tools and strategies
(Chidchob & Sleiman, 2018). Examples of these complex DNA nanostructures include DNA
bricks, which allow scaffold-free assembly of DNA into LEGO-like 3D structures (Y. Chen et
al., 2020), as well as DNA-based mimics of trans-membrane proteins (J. Li et al., 2021). One
of the most significant advances in DNA nanotechnology is DNA origami, which allows the
folding of DNA into well-defined and programmable structures of virtually any nanosized 2D
or 3D shape (Dey et al., 2021; Rothemund, 2006). Even dynamic nanodevices have been

created (Y. Hu et al., 2020), illustrating the versatile applications of DNA as a nanomaterial.

The conjugation of these two nanomaterials, amyloid and DNA, is explored here. Previously
DNA has been conjugated to a short amyloidogenic peptide and used to form amyloid-DNA
nanotubes via a DNA origami platform resulting in DNA-sheathed amyloid fibrils which can
be arranged into organised patterns (Udomprasert et al., 2014). Here, in a second amyloid-
DNA conjugation strategy, an amyloidogenic monomer is conjugated to a nucleobase analogue

that can form hydrogen bonds with thymine. A single-stranded thymine DNA molecule with a
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defined size can then be added to the amyloid-DNA conjugate to form seeds. Addition of
unmodified monomer to the preformed seeds will result in the design modular amyloid-DNA

nanomaterials.

2.3 Amyloid-DNA conjugation strategies

The Saccharomyces cerevisiae yeast prion Sup35 is here used as a model system to modulate
amyloid self-assembly via DNA conjugates. In its native biological context, the C-terminal of
Sup35 acts a translation terminator, whereas the N-terminal domain is required for amyloid
aggregation, which leads to increased readthrough of stop codons and an associated [PSI']
prion phenotype. The N- and C-terminal domains are separated by the M-domain which acts
as a flexible linker (Tuite, 2000). The biological mechanisms and effects of [PSI'] are not well
understood, and the phenotype can be both detrimental to the host (McGlinchey et al., 2011),
as well as provide growth advantages under some environmental conditions (Garcia & Jarosz,
2014). In addition to the self-propagation of the Sup35 amyloid within a cell, the prion
phenotype is transmitted to progeny, as well as to other cells during yeast mating, through
cytoplasmic transfer (Liebman & Derkatch, 1999). Thus, the use of Sup35 facilitates the
characterisation of the effect of the amyloid-DNA conjugates on both in vitro amyloid self-

assembly, and on the spread of the prion state in cellular systems.

The protein monomer used here comprises only the NM domains of Sup35 to facilitate
recombinant protein production and purification, as the elongation termination function of the
C-terminal is not required for amyloid formation. Sup35NM is capable of in vitro self-

assembly, as well as inducing the [PSI"] phenotype in yeast (Sant’Anna et al., 2016) and is
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even capable of cell-to-cell transmission when expressed in multicellular organisms
(Nussbaum-Krammer et al., 2013). The Sup35NM protein construct is here further modified
to include a flexible linker and a terminal cysteine residue in the C-terminal (Sup35NM-LCys),
which allows thiol-maleimide reactions with added maleimide-functionalised chemical linkers
to occur. The added nine amino-acid residue flexible linker before the C-terminal cysteine of
the protein is designed to ensure that the LCys variant is capable of templated cross-elongation
with the WT Sup35NM, enabling it to be added in small amounts to control the self-assembly

behaviour in vitro and potentially also in vivo in yeast cells.

In the first amyloid-DNA conjugation strategy (Fig 2.1), the Sup35NM-LCys protein
undergoes coupling to a maleimide-functionalised small chemical linker, to which a short
ssDNA polymer has been covalently added. The conjugation is carried out separately with
linkers covalently bound to two different, complementary ssDNA strands termed DNA1 and
DNAZ2. The formed Sup35NM-LCys-DNA1/2 can then both be added to the unmodified WT
Sup35NM in a small proportion to modulate its aggregation behaviour. The DNA-conjugated
Sup35NM-LCys monomers are expected to be incorporated into the fibrils formed by WT
Sup35NM and the complementary DNA strands are expected to form cross-links, thus
promoting aggregation of the formed amyloid into clusters, resulting in an increased size-
distribution. DNA cross-linking is reversible and temperature-sensitive, with the possibility of
changing the melting temperature of the two complementary DNA strands by changing the
complementary sequences. This reversibility could be tested by thermal shift assays to identify
effects on amyloid aggregation. The cross-linking could also change the spread of the
Sup35NM prion state by reducing the effect of fragmentation and the release of small seeds,

which could be tested by transfecting yeast cells expressing endogenous Sup35 with small
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seeds of cross-linked Sup35NM-LCys-DNA1/2 fibrils and measuring the effect on the [PSI']

prion state propagation.
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Figure 2.1 Conjugation of an amyloidogenic monomer to two complementary single-stranded
DNA molecules. (a) Structure of the ssDNA-maleimide linker. (b) Cartoon representation of
the amyloid aggregation modulation strategy.

A second strategy employed here is designed to conjugate the Sup35NM-LCys protein
monomer to a nucleobase analogue via a maleimide linker, in order to form seeds of a defined
size (Fig. 2.2). Amyloid-DNA conjugation is again carried out via thiol-maleimide reactions
between the thiol group of the Sup35NM-LCys C-terminal cysteine side chain, and the
maleimide-functionalised small molecule linker, to which a nucleobase analogue has been

covalently attached. Hydrogen bonding between the nucleobase analogue and the thymine
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nucleobase of an added poly(T) ssDNA will then result in the formation of seeds with a width
defined by the length of the ssDNA strand, capable of promoting self-assembly of amyloid
fibrils through elongation upon adding unmodified WT Sup35NM monomer. The resulting
amyloid fibrils could potentially also be capped by a small peptide capable of inhibiting
elongation, to achieve a length distribution defined by the added WT protein monomer
concentration and elongation time. Furthermore, the resulting amyloid-DNA self-assemblies
with defined width and length could be further used in a modular way to assemble
nanomaterials of various 2D or 3D structures by adding flanking DNA sequences to the poly(T)

strands, which can then hybridise and form DNA scaffolds of a desired shape and size.

a nucleobase analogue maleimide linker
A . A .
3 modified amyloidogenic
0] protein monomer
L5
N N
/Ol}] \N NJJ\/\/\/w
‘ H |_'| H 0]
o] NYo
single-stranded j\;/ N o
poly(T) DNA < 0 ©
Q
WIP—O
o

b

unmodified amyloid <
monomers

modified amyloid monomers

conjugated to a nucleobase
analogue
single-stranded ' via a maleimide linker
poly(T) DNA

113



Figure 2.2 Conjugation of an amyloidogenic monomer to a nucleobase analogue and hydrogen
bonding to single-stranded poly(T) DNA. (a) Structure of the nucleobase analogue-maleimide

linker. (b) Cartoon representation of the amyloid aggregation modulation strategy.

2.4 Results

2.4.1 Expression and purification of Sup3SNM-LCys

The Sup35NM-LCys protein used here as a model system for the modulation of amyloid self-
assembly by DNA conjugates was expressed and purified from E. coli containing an expression
plasmid. The expressed protein is found in inclusion bodies, so lysis of the harvested cells was
carried out under denaturing conditions using guanidine hydrochloride (GdnHCI). In addition,
this prevents the self-assembly of the protein monomer into an amyloid state during
purification. Briefly, the purification was carried out by sonication of the cells, centrifugation
of the cell suspension to remove debris, and an affinity chromatography step of the supernatant
using Ni-NTA resin. The eluted fractions were then further purified in a size exclusion
chromatography (SEC) step. As the Sup35NM-LCys protein contains a terminal cysteine
residue, the protein is expected to exist in solution both as a monomer and dimer. Thus, DTT
was initially added before the SEC step in order to reduce the disulphide bonds and purify the
protein in a monomeric state. However, it was found that the major of the protein was already
in a monomeric state (Fig. 2.3b) and avoiding reducing agents during purification resulted in
a better separation of peaks in the SEC profile (Fig. 2.3a). A band corresponding to the
approximate molecular weight of the Sup35NM-LCys protein (calculated as 31.3 kDa) was
seen in fractions from peak 3 with SEC carried out in nonreduced conditions, and a band which
upon addition of DTT reduces to the same size, thus corresponding to the dimeric form of the

protein, was seen in fractions from peak 2. The molecular weight of the monomeric protein
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band on SDS-PAGE results (~37 kDa) appeared higher than the calculated molecular weight
of the protein, which has been observed in prior work with this construct. Thus, to confirm the
identity of the protein, pooled fractions from peak 3 were analysed by mass spectrometry. A
peak corresponding to the exact mass of the Sup35SNM-LCys protein was seen on the mass
spectrometry spectrum (Fig 2.3¢). A peak of ~300 Da larger mass was also seen, which may

correspond to a contaminant protein not removed during the protein purification process.
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Figure 2.3 Purification of expressed Sup35NM-LCys. (a) Size exclusion chromatography
profiles of Ni-NTA column eluate with (top) and without (bottom) added DTT. (b) 8 % SDS-
PAGE of the peaks shown in the bottom SEC profile from (a) in reduced and unreduced

conditions. (¢) Mass spectrometry results of peak 3.

2.4.2 Co-assembly of WT and LCys Sup3SNM
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The design of amyloid-DNA conjugates here relies on the addition of the modified Sup35NM-
LCys to the WT variant in order to regulate the self-assembly process. Therefore, the kinetics
and the morphology of both WT and LCys Sup35NM, and their mixtures of varying
proportions, were analysed. Sup35NM readily self-assembles into amyloid fibrils upon the
removal of denaturing agents, here 6 M GdnHCIl in which the protein monomers were stored
after purification. To initiate fibril formation, buffer exchange from the denaturing guanidine
buffer into a 20 mM phosphate buffer at pH 7.4 was carried out. The WT and LCys proteins
were then mixed in various proportions, pipetted into a 96-well plate, and incubated at 37 °C
in a microplate reader over several days. Fibril formation was followed with the fluorescent
dye thioflavin T (ThT), which exhibits increased fluorescence upon binding amyloid (Fig.
2.4a), and by AFM imaging of the samples formed under identical conditions without the

addition of ThT (Fig. 2.4b).
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Figure 2.4 Kinetic and morphological analysis of Sup35NM WT and LCys co-aggregation.

(a) Thioflavin T assay of aggregation kinetics with varying ratios of WT and LCys Sup35NM.

Monomer concentration was 5 uM for both proteins. (b) Representative AFM images of the

aggregation reactions without the addition of ThT. Scale bar represents 1 um.
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All ThT fluorescence curves exhibited the characteristic sigmoidal shape of amyloid fibril
growth curves, although higher proportions of LCys to WT Sup35NM resulting in increased
aggregation lag times. Additionally, an increase in both noise and variance between repeats
was seen with an increasing proportion of LCys, which also corresponded to an increase in
small fibrillar, oligomeric and amorphous aggregate species in the AFM images of sample
morphologies. AFM imaging also showed that both WT and LCys Sup35NM formed fibrils,
and the morphologies of the populations appeared distinct. Interestingly, the 20:80 LCys to
WT ratio resulted in a mostly homogenous sample of small aggregate species. ThT and AFM
results indicate that the LCys and WT proteins interact and affect both the kinetics of amyloid

aggregation and the morphology of formed fibrils.

2.4.3 Conjugation of Sup3SNM-LCys to complementary DNA strands

The conjugation of the Sup35NM-LCys protein monomer to the two complementary linkers,
linker-DNA1 and linker-DNA2, was carried out separately, and the reaction proceeded through
a thiol-maleimide coupling between the thiol group of the Sup35NM-LCys terminal cysteine
residue and the maleimide group of the linker. Various denaturing reaction conditions were
tested, and the reaction mixtures were analysed by both SDS-PAGE and mass spectrometry.
The reducing agent TCEP was added to the protein sample prior to all conjugation trials in
large molar excess to reduce any protein dimers formed via disulphide bonds between two
Sup35NM-LCys C-terminal cysteines. Initially, the purified Sup35NM-LCys protein in
Elution G buffer was mixed with linker-DNAT1 and linked-DNA-2, in a molar equivalent ratio
of ~15:1 and left to react at room temperature overnight. SDS-PAGE analysis showed a band
shift of approximately the expected size (6.5 kDa) from the monomeric Sup35NM-LCys
towards higher molecular weight, whereas the maleimide-conjugated control did not show a

band shift on the gel (Fig. 2.5a), indicating that the reaction had been successful. It should be
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noted that the total amount of protein loaded on the SDS-PAGE gels varied, leading to
differences in total band intensities between gels and lanes, as a result of removing the
guanidine buffer after the conjugation reaction, in order to avoid precipitation of SDS and

distortion of the gel.

Interestingly, the sequence of the DNA strand added to the linker had an effect on conjugation
efficiency, with DNA2 resulting in a higher yield of DNA-protein conjugate of approximately
15 % more conjugate formed, compared to DNA1, as measured by intensity of the SDS-PAGE
bands from the digitalised image shown in Fig. 2.5a. In addition to SDS-PAGE, mass
spectrometry was also used to analyse the conjugation reaction mixture. However, the mass
spectrometry data were too noisy to identify whether molecules with the size corresponding to

that of the Sup35NM-LCys-linker-DNA1/2 conjugates were present.

Changes to buffer conditions were then explored in order to improve the conjugation
efficiency. The guanidine concentration was first lowered, to test whether interactions between
guanidine and DNA may lead to a lower conjugation efficiency. However, decreasing the
guanidine concentration of the conjugation reaction to 3 M did not have an effect on efficiency
(Fig. 2.5b). Raising the pH of the denaturing buffer from 7 to 8 was then tried. Although
maleimide-thiol reactions are specific in the pH range of 6.5 to 7.5, above pH 7.5 the specificity
is lost as the maleimide competitively reacts with both thiols and primary amines in the N-
terminal, as well as lysine side chains (Hermanson, 2013). However, raising the pH from 7 to
8 was tested to see if conjugation efficiency can be achieved at the expense of specificity.
However, a similarly low conjugation efficiency to all previous trials was observed by SDS-

PAGE when carrying out the reaction 6 M guanidine buffer at pH 8 (Fig. 2.5¢) and no
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conjugation was observed when the reaction was carried out in 8 M urea buffer at pH 8 (Fig.

2.5d).
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Figure 2.5 SDS-PAGE results of conjugating linker-DNA to the Sup35NM-LCys
amyloidogenic monomer. (a) A band shift of the approximately expected size (~6.5 kDa) can
be seen upon addition of linker-DNA and not when adding maleimide. The reaction was carried
out in 6 M GdnHCI at pH 7. (b) A band shift of approximately expected size can also be seen
in 3 M GdnHCI buffer at pH 7. (¢) Conjugation carried out at 6 M GdnHCI pH 8. (d)

Conjugation carried out at § M urea pH 8.

2.4.4 Conjugation of Sup3SNM-LCys to a nucleobase analogue

The Sup35NM-LCys monomer was conjugated to a nucleobase analogue with a covalently
attached maleimide-functionalised linker via a thiol-maleimide reaction between the thiol
group on the Sup35NM-LCys C-terminal cysteine and the maleimide in the linker. The reaction
was carried out in denaturing buffer containing 6 M GdnHCI at pH 7 (Elution G buffer).
Various molar equivalent ratios were tested, ranging from 2-20 molar equivalents of linker-
nucleobase analogue to 1 molar equivalent of protein. The reactions were carried out overnight
at room temperature (RT) or 37 °C. Unlike the conjugation of the complementary DNA strands

to Sup35NM-LCys demonstrated above, the conjugation of the nucleobase analogue cannot be
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analysed by SDS-PAGE, as the size of the linker is 344 Da, which is too small to be detected
by SDS-PAGE due to its limited resolution. Thus, the conjugation reaction mixtures were

analysed by mass spectrometry (Fig. 2.6).

Mass spectrometry data showed the appearance of a peak approximately around the position
of the expected peak for the protein-linker conjugate of an expected molecular weight of ~31.6
kDa. The peak in the approximate region of the conjugation product appeared to increase in
intensity at high molar equivalent ratios of linker to protein for both RT and 37 °C reactions,
indicating that protein and linker may be reacting and forming the conjugation product with a
higher yield. The reaction was also more efficient at 37 °C compared to RT, as the peak in the
expected region of the protein-linker conjugate was more intense at each successively higher
ratio of linker to protein. However, the mass spectrometry results were noisy and inconclusive
as peaks showed a wide distribution, and an unexpected peak ~200 Da larger than the expected
protein-linker conjugate was present in all samples and also appeared to increase in intensity
with higher linker:protein molar equivalent ratios. The wide distribution of the peak to the left
of the red line and arrow on Fig. 2.6, which likely contains the unconjugated protein, indicates
that the protein may be partially degraded or that the sample may contain impurities that were

not removed during the chromatography steps.

As a result of the inconclusive mass spectrometry results, the experiment was repeated with a
different batch of purified protein and using the most efficient conditions identified from Fig.
2.6, 1.e. 20:1 molar equivalent ratio of linker to protein at 37 °C. A mass spectrometry analysis
of the repeat conjugation experiment now showed a peak within 0.4 Da of the expected
molecular weight of the protein-nucleobase analogue conjugate (Fig. 2.7). Although the

similarity in size is enough to give confidence that the reaction had been successful, the mass
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spectrometry data are still ambiguous, as there are two peaks to the left of the conjugation
product, whereas only a single peak would be expected for the unreacted protein. Additionally,

peaks were broad and showed various local maxima of unknown compositions.
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Figure 2.6 Mass spectrometry analysis of the reaction mixture after conjugation of a
nucleobase analogue to Sup35NM-LCys amyloidogenic monomer with varying molar
equivalent ratios of linker:protein at room temperature (RT) and at 37 °C. Red line and arrow

indicate the position of the expected peak for the protein-linker conjugate at 31601.3 Da.
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Figure 2.7 Mass spectrometry results showing a repeat experiment of the conjugation of
Sup35NM-LCys to the nucleobase analogue linker at 37 °C at 20:1 molar equivalent ratio of

linker:protein.

2.5 Discussion

Modulation of amyloid self-assembly is a key strategy for both the identification of potential
therapeutic interventions to prevent the cytotoxicity and prion-like spread of pathogenic
amyloid, as well as to facilitate the use of amyloid as nanomaterials. One potential mechanism
for the modulation of amyloid aggregation is conjugation of amyloid to DNA, a versatile
biological polymer with properties that can be modified by changes to the nucleic acid

sequence.

Amyloid-DNA conjugates were here formed, in order to induce cross-linking of the Sup35NM
prion protein and increase the size distribution of the fibril population. SDS-PAGE results

indicated that the thiol-maleimide based conjugation reactions between two different,
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complementary DNA strands with covalently attached linkers, and the Sup35NM-LCys protein
monomer had been successful. Improving conjugation efficiency would be necessary in future
work, followed by purification of the formed conjugation products and recycling of the
unreacted protein and linker-DNA. A systematic screen to identify optimal reaction conditions,
such as denaturing agent concentration, pH, reaction time, and ratio of protein-to-linker, could
be useful for the improvement of conjugation efficiency. Once the amyloid-DNA conjugates
with complementary strands can be purified from the reaction mixtures, studies on their effect
on aggregation in physiological conditions could be carried out both in vitro by addition of WT
Sup35NM and monitoring of amyloid aggregation by ThT and morphological analysis of the
resulting samples by AFM and TEM. The conjugate could be further introduced into yeast cells
through transfection of yeast with short pre-formed fibril fragments of Sup35NM-LCys-linker-
DNA1/2, as previously demonstrated for various different amyloid (Marchante et al., 2017), in
order to assess the spread of the endogenously expressed Sup35 protein and the [PSI]" prion

state between cells.

In the second strategy employed here, Sup35NM-LCys monomers were conjugated to a
nucleobase analogue, with the aim of forming seeds of defined size and shape through base
pairing between the nucleobase analogue and the complementary nucleobase thymine. Mass
spectrometry analysis of the conjugation reaction mixtures indicated that the correct product is
likely to have formed, although contaminants and side-products were also present in high
concentrations. The reaction proceeded more efficiently at higher linker:protein ratios, with
20:1 being the highest tested ratio. The reaction was also more efficient at 37 °C compared to

room temperature conditions.
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Characterisation of the amyloid aggregation kinetics and resulting sample morphologies
between LCys and WT variants of Sup35NM was carried out by ThT assays and AFM imaging,
respectively, in order to determine whether the two proteins are capable of cross-elongation, as
designed by the addition of the C-terminal flexible linker to Sup35NM-LCys protein. Although
both ThT and AFM data indicated that the proteins interacted with each other, resulting in
differences in aggregation kinetics and morphologies when mixed in various ratios, compared
to LCys or WT assemblies alone, it was not possible to determine from these data whether
cross-elongation occurred. This could be determined in future experiments, for example, by
confocal imaging of the co-aggregated sample of WT and LCys-linker-DNA amyloid by the
addition of a fluorescent probe that recognises the cross-f backbone. A DNA strand
complementary to that conjugated to the Sup35NM-LCys protein with an additional covalently
attached fluorescent probe of a different colour could then be added to see whether the
fluorescence emissions overlap, indicating co-fibrillation. Alternatively, an unconjugated long
stretch of ssDNA with a complementary end to DNA1 could be added as a probe to fibrils
formed through the addition of Sup35NM-LCys-linker-DNAT to WT Sup35NM. The resulting
sample could then be imaged by AFM to identify whether the long DNA probe co-localises

with fibrils.

In summary, it was here shown that the designed amyloid-DNA conjugates can be formed from
the Sup35NM-LCys protein and the maleimide-functionalised small chemical linkers with
attached DNA. In future work, the formation of amyloid-DNA conjugates demonstrated here
could be improved through optimisation of the various steps involved, such as improving the
concentration and purity of the recombinantly expressed protein through modifications to the
expression construct or purification protocols, as well as improvements to the conjugation

reaction efficiency by systematic testing of various reaction conditions. The purification and
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further characterisation of the formed conjugation products would then allow testing of their

effect on amyloid self-assembly in both in vitro and in vivo conditions.

2.6 Materials and Methods

2.6.1 Expression of Sup3SNM-LCys

The yeast prion protein Sup35NM with an added N-terminal Hise-tag and C-terminal flexible
linker with terminal cysteine residue (LCys) had previously been transformed into BL21(DE3)
E. coli strain in an ampicillin-selective plasmid, grown in LB media, and stored as a glycerol
stock at -80 °C. The sequence of the Sup35NM-LCys protein is shown in Fig. 2.8 below, with
the modified residues highlighted in colour and the calculated molecular weight of the protein
is 31.3 kDa. Here, Sup35NM-LCys was expressed by streaking of an LB-ampicillin plate with
a small amount of the glycerol stock culture. The plate was incubated overnight at 37 °C.
Individual colonies from the LB-ampicillin plate were then used to inoculate four flasks with
100 mL of LB-ampicillin media and the cultures were incubated overnight at 37 °C while
shaking at 180 rpm. The overnight cultures were spun down in Falcon tubes at 4000 rpm for
10 min and the supernatant was discarded. The cell pellets were then resuspended in 2 mL of
fresh LB medium and used to inoculate four baffled flasks with 1 L of LB-ampicillin medium.
The cells were again incubated at 37 °C with 180 rpm shaking, until reaching an ODsoo of ~0.6,
approximately 1 hour, determined by periodically measuring the absorbance. Expression of
Sup35NM-LCys was then induced by addition of 1 mL of 1M IPTG to each culture, to a final
concentration of 1 mM, followed by incubation of the cultures for 4 hours in the 37 °C shaking
incubator. The cell pellets were then harvested by centrifugation at 4000 rpm for 10 min at 4
°C. The supernatant was discarded, and the cell pellets were stored at -80 °C until purification,

typically overnight.
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His-tag

1 GSSHHHHHHS SGLVPRGSHM SDSNQGNNQQ NYQQYSQNGN QQQGNNRYQG YQAYNAQAQP
61 AGGYYQNYQG YSGYQQGGYQ QYNPDAGYQQ QYNPQGGYQQ YNPQGGYQQQ FNPQGGRGNY
121 KNFNYNNNLQ GYQAGFQPQS QGMSLNDFQK QQKQAAPKPK KTLKLVSSSG IKLANATKKYV
181 GTKPAESDKK EEEKSAETKE PTKEPTKVEE PVKKEEKPVQ TEEKTEEKSE LPKVEDLKIS
241 ESTHNTNNAN VTSADALIKE QEEEVDDEVV NDGSGGSGGS GC
LCys

Figure 2.8 Sequence of the Sup35NM-LCys protein. N-terminal modifications are highlighted
in yellow and C-terminal modifications in blue. Number of the first residue in each row is noted

in the leftmost column.

2.6.2 Purification of Sup35NM-LCys

Sup35NM-LCys was purified from the frozen harvested E. coli cell pellets by consecutive
affinity-chromatography and size exclusion chromatography steps. All buffers used are noted
in Table 2.1. Firstly, the frozen cell pellets were resuspended in 30 mL of MLBG buffer and
sonicated 6 times in 30 second intervals with ~2 min between intervals. Initially, DTT was
added after sonication, to a final concentration of 5 mM but it was later found that subsequent
purification steps were more efficient if reducing agents were added after purification. The cell
lysates were then spun down at 13000 rpm for 30 min at 4 °C. Then, the Ni-NTA resin was
prepared in two Falcon tubes by washing 5 mL of Chelating Sepharose Fast Flow resin (GE
Healthcare) in each tube sequentially with milli-Q water, 0.2 M NiCl2, MLB buffer, and MLBG
buffer. Between each step the resin was spun down by centrifugation at 4000 rpm for 5 min
and the supernatant was discarded. The centrifuged cell lysate supernatant was added to the
prepared Ni-NTA resin and left on a tube roller at room temperature for 1 hour. The Ni-NTA
resin was spun down at 4000 rpm for 5 min and the supernatant was discarded. The resin was
washed with MLBG buffer twice and then loaded onto a column (Poly-Prep Chromatography
Columns, BioRad), 7 mL of MLBGE buffer was used to elute the Sup35NM-LCys protein
from the column, and the eluate was collected in 1 mL fractions. The absorbance of light at

280 nm (A2s0) of each fraction was measured and the three fractions with the highest
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absorbance values were pooled and further purified by size exclusion chromatography (SEC)
on an AktaPrime Plus system using a HiLoad 16/600 Superdex 200 pg column (GE
Healthcare). The column was equilibrated with both the Equilibration and Elution buffers prior
to the injection of 1-3 mL of the pooled protein. The sample was run at a flow rate of 0.3
mL/min and 1 mL fractions were collected. The A2g0 of the eluting sample was continuously
measured, allowing the fractions containing protein to be detected and collected. Two to three
fractions from the appropriate peaks were then pooled, frozen in liquid nitrogen, and stored at

-80 °C.

Table 2.1 Buffers used for the purification of Sup35NM-LClys.

Affinity chromatography Size exclusion chromatography
MLB MLBG MLBGE Equilibration Elution G
(equilibration) (denaturation) (elution) buffer buffer
20 mM Tris- 20 mM Tris- 20 mM Tris- 20 mM Tris- 20 mM Tris-
HCI (pH 8) HCI (pH 8) HCI (pH 8) HCI (pH 8) HCI (pH 8)
1 M Na(Cl 1 M Na(Cl 1 M NaCl 0.5 M NaCl 0.5 M NaCl
20mM 20mM Ty S M imidazole 6 M GdnHCl
imidazole imidazole
6 M GdnHCI 6 M GdnHCI

2.6.3 SDS-PAGE analysis of purified Sup35SNM-LCys

Samples containing guanidine hydrochloride (GdnHCl) were prepared for SDS-PAGE by
changing the denaturing buffer to an 8 M urea buffer beforehand, as SDS can cause GdnHCI
to precipitate and the lanes in the gel to become deformed. For this, the buffer containing
GdnHCl was first removed through ethanol precipitation. Cold ethanol was added to the sample

in a 9:1 ratio. The sample was mixed well and left at -20 °C for 1 hour. The sample was then
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spun down at 13000 rpm for 10 min and the supernatant was discarded. The resulting white
powder was washed with cold ethanol and mixed through brief vortexing before spinning down
the sample again at 13000 rpm for 10 min. The supernatant was discarded, and the pelleted
powder dried by a gentle stream of nitrogen air. The sample was then resuspended in 8 M urea,
followed by addition of SDS-bromophenol blue loading dye. By resuspending the sample in a
lower volume of buffer than the volume of the starting material, the sample was simultaneously
concentrated as needed. A standard 8 % SDS-PAGE gel was then run. The gel was stained by

InstantBlue Protein Stain (Expedeon Protein Solutions) and imaged for analysis.

2.6.4 Mass spectrometry of Sup3SNM-LCys protein and conjugates

Mass spectrometry analysis was carried out by Kevin Howland in the Biomolecular Science
Facility, University of Kent. Briefly, the electrospray mass spectrum was recorded on a Bruker
micrOTOF-Q II mass spectrometer. An aliquot of the sample, corresponding to approximately
20 picomoles of protein, was desalted on-line by reverse-phase HPLC on a Phenomenex Jupiter
C4 column (5 pum, 300& 2.0 mm x 50 mm) running on an Agilent 1100 HPLC system at a
flow rate of 0.2 mL/min using a short water, acetonitrile, 0.05 % trifluoroacetic acid gradient.
The eluent was monitored at 280 nm and then directed into the electrospray source, operating
in positive ion mode, at 4.5 kV and mass spectra recorded from 500-3000 m/z. Data were
analysed and deconvoluted to give uncharged protein masses with Bruker’s Compass Data

Analysis software.

2.6.5 Sup35SNM-LCys and Sup35NM self-assembly
WT Sup35NM was provided by Jack Barber of the Xue lab, University of Kent. Both WT and
LCys Sup35NM were prepared for self-assembly by buffer exchange from the Elution G buffer

in which they were stored into sterile-filtered fibril formation buffer (20 mM phosphate, 50
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mM NaCl, 0.1 % NaNs, pH 7.4). Buffer exchange was carried out in a PD10 column (GE
Healthcare) according to the manufacturer’s instructions. The column eluate was collected in
0.5 mL fractions and the A2so of each fraction was measured. The fractions with the highest
absorbance values were pooled and the final protein concentration was calculated. Both
proteins were then diluted to the same concentration and pipetted in varying ratios to wells of
a black 96-well plate with a transparent bottom (BRANDplate, Brand GMBH, 781608), with
a final volume of 100 pL per well. The plates were sealed using transparent film (X-Clear
Advanced Polyolefin StarSeal, Star Lab, E2796-9795) and incubated in a microplate reader
(FLUOstar Omega, BMG Labtech). Samples were mixed by double orbital shaking at 700 rpm

for 1 second.

2.6.6 Thioflavin T assay and data analysis

The samples were prepared for polymerisation as described above. ThT stock solution was
added to 100 uL of protein solution in selected wells, with a final ThT concentration of 10 pL,
whereas wells with sample for AFM imaging were incubated without ThT. ThT fluorescence
was measured every 30 min by excitation at 440 nm and monitoring the emission of the sample
at 480 nm. The collected data were analysed in Matlab by fitting of a sigmoidal curve to each
time-course dataset to normalise it to the plateau phase via a nonlinear least-squares fitting
approach. A sigmoidal curve was then also fitted to all the replicate data points of a single

condition. The data points and fitted curve were then visualised in Matlab.

2.6.7 Atomic force microscopy sample preparation and imaging
Protein samples were prepared for AFM imaging at a monomer equivalent concentration of 5
uM, as described above, and 20 pL of the self-assembled protein sample was deposited on each

freshly cleaved mica (Agar Scientific) attached to a steel disc (Agar Scientific) by double-sided
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tape. The samples were left to deposit for 10 min in a covered Petri dish. The samples were
then washed with 1 mL of sterile-filtered milli-Q water and dried using a stream of nitrogen
gas. The samples were imaged using a Bruker Multimode 8 scanning probe microscope with a
Nanoscope V controller operating in PeakForce Tapping mode using Bruker ScanAsyst-Air
probes (nominal spring constant of 0.4 N/m and nominal tip radius of 2 nm). Images were
collected at 10 x 10 pm size at a resolution of 2048 x 2048 pixels with a scan rate of 0.488 Hz.
The images were flattened using Bruker Nanoscope Analysis software to remove the tilt and

bow imaging effects.

2.6.8 Conjugation of Sup3SNM-LClys to a linker-DNA

The DNA-maleimide linkers (Table 2.2) were synthesised by Hannah Crawford and Emerald
Taylor of the Serpell group in the School of Physical Sciences, University of Kent. After
synthesis the linker-DNA constructs were analysed by NMR and mass spectroscopy to verify
that the correct product had been synthesised and purified. Prior to conjugation, solvent was
removed from the linker-DNA samples using a rotary evaporator and the mass of the final
product was weighed. The protein was then prepared for conjugation by thawing of an aliquot
of the sample stored at -80 °C. TCEP at pH 7 was added to the protein in a ~500:1 molar
equivalent ratio of TCEP:Sup35NM-LCys to reduce any disulphide bonds before addition of
linker-DNA. The appropriate volume of Sup35NM-LCys was then added to the Eppendorf
tubes with dried linker-DNA to achieve a desired molar equivalent ratio of linker to protein,
typically in the range of 10:1 to 15:1. Linker-DNA with different sequences, i.e. linker-DNA1
and linker-DNA2 were conjugated to the Sup35NM-LCys protein in separate tubes. As a
control, maleimide (Sigma-Aldrich) was added to a separate protein sample in large molar
excess (>20000 times). The conjugation mixtures were left to react on a tube roller at room

temperature before analysis by SDS-PAGE. Reaction time was varied from 1 to 72 hours.
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Conjugated samples analysed by mass spectrometry were temporarily stored at 4 °C for ~2

weeks.

Table 2.2 DNA-maleimide linker sequences and molecular weights (MW).

DNA Sequence Linker-DNA MW (Da)
Linker-DNA 1 TT TTT CTG TAT GGT CAA CTG 6476
Linker-DNA 2 TT TTT CAG TTG ACC ATA CAG 6454

2.6.9 Conjugation of Sup3SNM-LCys to a complementary nucleobase analogue

The DNA-maleimide linkers were synthesised by Hannah Crawford of the Serpell group in the
School of Physical Sciences, University of Kent. After synthesis the linker-DNA constructs
were analysed by NMR and mass spectroscopy. The conjugation was carried out by mixing the
protein and linker in varying molar equivalent ratios in Protein LoBind Tubes (Eppendorf) at
both room temperature and at 37 °C. TCEP at pH 7 was added to the protein in a ~500:1 molar
equivalent ratio of TCEP to Sup35NM-LCys to reduce any disulphide bonds before addition
of linker-nucleobase analogue. Protein concentration between conjugation trials varied from
7.5-10 uM but was kept constant between individual conditions of a single trial. Conjugation
was carried out overnight on a tube roller (at RT) or quiescently (in a 37 °C incubator).
Conjugated samples analysed by mass spectrometry were temporarily stored at 4 °C for ~2

weeks.
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Chapter 3: Three-dimensional reconstruction of individual helical
nano-filament structures from atomic force microscopy

topographs.
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3.1 Summary

This chapter is based on paper III in the List of Publications included in the thesis (Lutter et
al., 2020). Atomic force microscopy is a type of scanning probe microscopy, which is used to
record and analyse surface topographs of a wide range of samples from biomolecules to
inorganic materials. Individual AFM scans have a high signal-to-noise ratio and a resolution
typically in the low nanometre range, making AFM an excellent single molecule technique.
AFM has also been widely used to characterise the morphology, suprastructural arrangement,
and physical properties of amyloid fibrils. However, the resolution of AFM images is limited
due to the underlying physical process of image collection, which involves probing the sample
surface with a finitely sized, sharp tip. The interactions of the probe and the sample result in
convolution, or widening, of surface features on AFM, and consequently the application of

AFM to the analysis of sample surfaces is limited by the convolution effect.

Here, an AFM topograph deconvolution algorithm is demonstrated on polymorphic amyloid
fibril samples formed from a hexapeptide with the amino acid sequence HYFNIF. The
algorithm recovers the tip-sample contact points based on the modelling of the tip geometry
and through iterative rounds of refinement, leading to both a correction of the imaging artefact
and an approximate doubling of local resolution on concave surfaces. The deconvolution
algorithm is here demonstrated to be applicable to any topograph, facilitating higher resolution
and more accurate AFM data analysis. Furthermore, deconvolution also facilitates the
reconstruction of samples with helical symmetry as 3D envelopes. A moving window approach
is used to reconstruct the tip-inaccessible areas of the fibrils, thus preserving local intra-fibrillar
variations. The single molecule 3D envelope reconstruction approach is demonstrated here on
helically symmetrical hexapeptide amyloid fibrils, showing that the high signal-to-noise ratio
of AFM data, combined with the deconvolution and reconstruction algorithms, allows the
reconstructed fibrils to preserve structural details of polymorphism. The developed approach
presents opportunities for further developments, including mapping of the population
polymorphism of amyloid fibrils on a single molecule level, which can then be applied to
determine the effects of primary amino acid sequence and other factors on the polymorphic
landscape of amyloid assemblies (paper II in the List of Publications that were not included in

the thesis; (Aubrey et al., 2020)).
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3.2 ABSTRACT

Atomic force microscopy is a powerful tool that can produce detailed topographical images of
individual nano-structures with a high signal-to-noise ratio without the need for ensemble
averaging. However, the application of AFM in structural biology has been hampered by the
tip-sample convolution effect, which distorts images of nano-structures, particularly those that
are of similar dimensions to the cantilever probe tips used in AFM. Here we show that the tip-
sample convolution results in a feature-dependent and non-uniform distribution of image
resolution on AFM topographs. We show how this effect can be utilised in structural studies
of nano-sized upward convex objects such as spherical or filamentous molecular assemblies
deposited on a flat surface, because it causes ‘magnification’ of such objects in AFM
topographs. Subsequently, this enhancement effect is harnessed through contact-point based
deconvolution of AFM topographs. Here, the application of this approach is demonstrated
through the 3D reconstruction of the surface envelope of individual helical amyloid filaments
without the need of cross-particle averaging using the contact-deconvoluted AFM topographs.
Resolving the structural variations of individual macromolecular assemblies within inherently
heterogeneous populations is paramount for mechanistic understanding of many biological
phenomena such as amyloid toxicity and prion strains. The approach presented here will also
facilitate the use of AFM for high-resolution structural studies and integrative structural

biology analysis of single molecular assemblies.
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3.3 INTRODUCTION

Atomic force microscopy is a scanning probe microscopy method that enables the collection
of three-dimensional topographic image data, and has been widely applied to characterisation
of biological and non-biological macromolecules. AFM encompasses a range of techniques for
structural studies of biological molecules, including the study of inter- and intramolecular
interactions (Pfreundschuh et al., 2015), molecular dynamics (Parsons et al., 2019), molecular
remodelling under force (Y. Chen et al., 2015) and imaging of molecules in air (Ares et al.,
2016) or in liquid (Moreno-Herrero et al., 2004; Nowakowski et al., 2001). AFM operating in
non-contact mode is capable of reaching atomic resolution on samples of small molecules
(Gross et al., 2009), whereas AFM imaging of biomolecules routinely reaches nanometre
resolutions in single high signal-to-noise images, and is able to characterise biological
populations at a true single molecule level. This technique has been applied to a range of
different bio-molecules, including membrane proteins (Haruyama et al., 2019), viral capsids
(Ramalho et al., 2016) and filamentous biomolecules, such as amyloid fibrils (Adamcik et al.,
2010), nucleic acids (Bose et al., 2018; A. Pyne et al., 2014), and various filaments involved

in the cytoskeleton (Narita et al., 2016).

Amyloid fibrils represent a class of filamentous supramolecular assemblies frequently studied
using AFM imaging. Although the amino acid sequences of the many amyloid forming proteins
are typically unrelated, the fibrils they form share a well-defined common core structural
architecture, namely the cross-§ arrangement made up of B-strands that stack perpendicular to
the fibril axis stabilised by intermolecular hydrogen bonds between B-strands that runs parallel
to the fibril axis (Jahn et al., 2010; Serpell et al., 1999). Despite that all amyloid fibrils share

these core structural features, variations in filament packing arrangements, including fibrils
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assembled from the same precursors, result in a multitude of different fibril structures called
polymorphs, which may be related to the varying types of biological response they elicit. Due
to the unresolved nature of the amyloid assembly structure-function relationship, fibrillar
amyloid specimen are widely studied using AFM imaging to resolve the mechanistic roles of

amyloid assembly and polymorphism (Aubrey et al., 2020).

AFM imaging of a sample, e.g. amyloid fibrils deposited on a surface, with typical intermittent
contact imaging mode such as the tapping mode is achieved by scanning a sample on a flat
surface using a sharp tip attached to a cantilever. As the cantilever oscillates up and down, the
tip and sample are moved relative to each other along the horizontal x and y axes in a raster
pattern. When the tip interacts with the sample, vertical displacement of the cantilever relative
to sample determines the surface height on the z-axis, measured at discrete pixel locations in
the xy-plane. The lateral (x- and y-dimension) sampling is determined by the user in terms of
the number of pixels collected per image and the pixel size, which tends to have edge length in
the order of Angstroms to nanometres. The output of AFM scans is a 3-dimensional topography
map, usually represented by a 2-dimensional coloured image where pixel values contain
information on sample surface height, typically represented by the intensity of colour.
Resolution in the vertical and lateral dimensions of AFM topographs are distinct. Topographs
have a high vertical signal-to-noise ratio, limited by noise in the order of sub-Angstroms, due
to electrical noise in the detector and thermal noise causing fluctuations in the cantilever (Butt
& Jaschke, 1995; O’Connor et al., 1996), whereas lateral resolution is defined by the pixel size
and the tip dimensions. Both vertical and lateral resolution can be affected by distortions or
artefacts caused by drift, ambient noise or deformation of the sample or tip through their
interactions. However, a significant limitation to the application of AFM to structural

characterisation of biomolecules has been the tip-sample convolution effect, which causes
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lateral broadening, or dilation, of upwards convex structural features on AFM topographs.
Convolution arises from the finite size and geometry of the AFM probe tip and is especially
pronounced when sample features are of similar size to the tip radius, usually between 1-10
nm, as is the case for many biological macromolecules. The tip convolution effect has been
studied in detail since the development of the AFM technique in the 1980s (Binnig et al., 1986).
In order to minimise the convolution effect, both experimental and computational approaches
have been developed. For example, various tip modifications have been used in order to
minimise the effect of tip-sample convolution some of which have led to atomic resolution
topographs (Gross et al., 2009). However, this application is limited to small flat molecules
and is not currently suitable for imaging biological macromolecules. The advantage of a
computational approach to deconvolution is that an algorithm can be applied to a topograph of
any specimen, after data collection. Many deconvolution methods have been reported to date.
However common to these methods, they rely on the same concept based on the ‘erosion’
algorithm with various mathematical approaches (Canet-Ferrer et al., 2014; Keller & Franke,
1993; Villarrubia, 1997). Although erosion corrects for the dilation of the sample width, it leads
to a significant loss of lateral structural information present in the AFM topology images
because it does not recognise or recover the structural information that is present at subpixel

locations, as we will show below.

Here, we show that the AFM tip-sample convolution effect result in a feature-dependent and
non-uniform distribution of image resolution on AFM topographs, and is in fact an advantage
in terms of image resolution, as it causes the ‘magnification’ of the sample surface. Upon
correction, we reveal that subpixel resolution information of the sample surface can be
recovered using a contact-point based deconvolution algorithm, thus revealing the enhanced

lateral resolution encoded in the AFM topographs while minimising the dilation image
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distortion. Furthermore, while AFM imaging provides only information on the top of 3-
dimensional molecular surfaces of the sample structures, we show that helically symmetrical
structures can be reconstructed as 3D surface envelopes from AFM topographs. This approach
is demonstrated on imaging analysis of twisted amyloid fibrils formed from short peptide
sequences which have been previously characterised using X-ray fibre diffraction (Morris et
al., 2013). The deconvolution and 3D modelling approach facilitates the structural analysis of
individual twisted filamentous assemblies at an individual particle level. It is therefore capable
of resolving the structural variations of individual macromolecular assemblies within
inherently heterogeneous populations such as amyloid fibrils, which is key for mechanistic

understanding of many biological phenomenon such as amyloid toxicity and prion strains.

3.4 RESULTS

3.4.1 Structural information is lost through erosion deconvolution of AFM topographs

The tip-sample convolution artefact arises from the finite shape and geometry of the cantilever
tip. When the tip interacts with the sample, the surface height at the bottom of the tip is
recorded, whereas the true surface of the sample may lie at a different location, probed at the
tip-sample contact points (Fig. 3.1a). This leads to convolution, or dilation in the case of
upward convex surface features on AFM topographs. Image deconvolution by the erosion
method corrects for the dilation of the sample by translating a model of the tip to the coordinates
at which surface heights were recorded on the image and finding the tip’s deepest penetration
of the convoluted surface to reconstruct a deconvoluted image while conserving pixel
coordinates and sampling in the xy-plane (Fig. 3.1b-c) (Keller, 1991; Villarrubia, 1997). Thus,
erosion resolves apparent clashes between the tip and convoluted sample surface image by

lowering sample surface heights according to the known surface values of the tip translates.
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AFM tip geometry can be typically approximated as conical with varying apical radii, and side
angles that can be modelled from the values provided by the manufacturer. Erosion
deconvolution is efficient in minimising the dilating effect of convolution. However, it causes
a significant loss of structural information (demonstrated on a twisted amyloid fibril in Fig.
3.1¢), because it replaces the existing vertical surface height values with the surface of deepest
tip penetration without finer resampling of surface heights at tip-sample contact points, which
contain structural information in the images. These contact points lie off the pixel grid at
subpixel locations and contain structural information on the true sample surface. As shown on
the twisted amyloid fibril example (Fig. 3.1), deconvolution by erosion causes loss of

information on the fibril helical periodicity and molecular surface features.
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Figure 3.1 AFM image deconvolution by the erosion algorithm corrects for dilation but causes
significant loss of structural information of the sample surface. (a) Schematic cross-sectional
illustration of AFM tip-sample interactions that lead to lateral convolution and dilation of
sample features. This imaging artefact is especially pronounced for sample objects on the same
size range as the tip radius. (b) Schematic cross-sectional diagram of tip-sample deconvolution
by erosion. The sample cross-section is illustrated as a blue circle. Red dots show original

coordinates of the data, orange dots show erosion deconvoluted height coordinates at each pixel
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location and blue dots show the coordinates at tip-sample contact points for each pixel location.
(c) Example of deconvolution by the erosion algorithm demonstrated on an example image of
a twisted amyloid fibril. Left is an AFM topology image showing twisted amyloid fibrils. Right
image shows the erosion-deconvoluted image of the same data, demonstrating substantial loss
of structural information due to the erosion algorithm. A symmetric conical tip with a side
angle of 18° (estimated from the tip geometry information provided by the manufacturer) and
tip radius of 11.2 nm (estimated using the image features as described in the Results) was used

as a model of the tip. The scale bars represent 200 nm.

3.4.2 Tip-sample convolution results in enhanced lateral sampling

Although the tip-sample convolution effect causes upward convex surface features to appear
dilated on topographs, this effect can in fact be use to advantage as it causes the ‘magnification’
of structural features present at tip-sample contact points located at subpixel coordinates, and
results in higher lateral resolution topographic information to be captured than what is recorded
at pixel grid coordinates. This information can be recovered by a deconvolution method in
which the tip, with a known geometry, radius and angle, is modelled on the recorded surface
scan at translations that correspond to original lateral sampling (x and y coordinates) and
recorded surface heights (z coordinates), similarly to the erosion deconvolution method.
However, instead of finding the surface of deepest penetration, geometric modelling of tip and
simulation of tip translates is used to find tip-sample contact points. These tip-sample contact
points contain information on the true surface of the sample, which is otherwise recorded in
magnified, or dilated, form. Thus, the total number of data points remains the same but the
pixel coordinates in both xy-plane and surface heights on the z-axis, are shifted, revealing the
enhanced local sampling of the upward convex surface features encoded in the image data.
This contact point deconvolution approach can be applied to any AFM topograph and is
demonstrated on a sphere, a cylinder, and a randomly generated rough surface (Fig. 3.2).

Contact points are found by iterative rounds of tip-sample simulations, in which the sample
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surface is initially assumed to be circular, until convergence of the deconvoluted surface
coordinates. The corrected images can then be interpolated onto a finely spaced even grid for
visualisation of the deconvoluted image. In Fig. 3.2, lateral sampling of the tops of the example
objects and peaks of the random rough surface can be seen to increase in density and shift
significantly from the original position of xy-gridlines (Fig. 3.2, 3™ column), especially for

features with size similar to the radius of the tip.
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surface image grid lines interpolated image
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Figure 3.2 Contact-point deconvolution can be applied to any surface and results in increased
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local lateral sampling for upward convex sample features. Simulated AFM image (2" column
from left), shifted pixel grid lines after contact point deconvolution (3™ column from left), and
a corrected image with contact points interpolated to a finer pixel grid (right most column) are

shown for a sphere (a), cylinder (b), and a random surface (¢) shown in the left-most column.
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The sphere and the cylinder both have a radius of 2 nm. A symmetric conical tip with a radius

of 2 nm and tip side angle of 18° was used for all simulations. The scale bars represent 2 nm.

The effect of locating the contact points off the pixel grid on the images of upward concave
features is, however, less favourable as the depth of a trough can only be accessed if the sides
of the tip do not come into contact with the sample. This can be seen in the Fig. 3.2 bottom row
example as the decrease in contact point density in these areas. In the case of biological
filaments such as DNA, cytoskeletal and amyloid filaments, major upward concave surface
features include grooves, which can vary ~1-50 nm in width. They may be resolvable by AFM,

depending on the geometric parameters of the tip, as well as depth of the features.

The deconvolution and lateral sampling enhancement of a convoluted surface depends on both
the geometry of the sample, geometry of the tip, and the lateral pixel sampling frequency. The
effect of these various factors on the sampling enhancement is here assessed with scan-line
simulations using a circular cross-section as the sample and a symmetric tip model constructed
from typical tip parameters (Fig. 3.3). The sampling enhancement factor is measured as a ratio
of deconvoluted image signal density to original image signal density, where signal density is
found as the number of moved pixel coordinates that result from tip-sample contact per surface
area. The sampling enhancement factor describes the increase in lateral sampling frequency as
a result of tip-sample contact point deconvolution. The effect of sample diameter as well as tip
radius on the enhancement factor is illustrated in Fig. 3.3. As seen, the sampling enhancement
factor of a sub-nm circular cross-section is more than three times with a 2 nm tip-radius,
representing more than 3 times increase in lateral sampling compared to the convoluted image
(Fig. 3.3 left column). The sampling enhancement then decreases as the circle diameter
increases and plateaus at ~1.4 times enhancement compared to a convoluted surface. The

sampling enhancement fluctuates for non-continuous sampling realistic to actual imaging
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experiments and the stepwise large increases represent increases at which the tip and circle first
come into contact at a sampled pixel as the radius of the circle increases, allowing a new contact
point to be found. Enhancement then slightly decreases with the increase in circle radius as no
new contact points are added and existing contact points become spaced further apart, therefore

decreasing information density.

For a symmetric conical tip, the most important tip parameters for determining tip-sample
interactions are the apical radius of the tip and the angle at which the sides of the tip widen.
Although AFM tips with smaller tip radii and tip angles produce higher resolution images by
minimising the tip-sample convolution effect, with the contact-point deconvolution method,
larger tip radii and tip angles result in higher sampling enhancement as the tip interacts with
the sample at more xy-coordinates, allowing proportionally more contact points to be recovered
(Fig. 3.3b). Thus, with finite scanning precision, increasing resolution of images becomes an
optimisation problem that involves finding optimum tip geometry with any given sampling
frequency and specimen geometry. Importantly, simulations of tip-sample interactions with an
estimate of sample geometry or an already corrected sample surface in which tip model and
pixel size parameters are varied can guide the selection of an optimal tip geometry and

sampling frequency to maximise resulting image resolution for a specific sample.

145



10
5
o E
E c 0 ' (XX
£~
o
o))
Q-5
=
N'-—d
0 4 8 12 16 20 0 4 8 12 16 20
x-coordinate / nm
— Tip translates ¢ Recorded e Actual e Recorded = Actual
b _ 30 7
S
3 6|
© 26}
an-'; 5|
o 21 4
R =
® 8 31|
2 % 1.8}
N 2|
C S | :
Iu 1-4 . & : : N = " 1 - A N N N N " M " "
0O 4 8 12 16 20 0 4 8 12 16 20
Circular cross-section Cantilever tip
radius / nm radius / nm

— Continuous —+ 0.5 pixel / nm 1 pixel /nm -2 pixel / nm

146



Figure 3.3 Image sampling enhancement effect after image correction by contact-point
deconvolution shown with varying sample and sampling parameters. Schematic diagrams are
shown in (a) and results from simulations in (b). Red circles on schematics represent original
convoluted coordinates at each sampled pixel and blue circles represent tip-sample contact
points at each sampled pixel. The sampling enhancement factor is defined as the ratio of pixel
density of these points within the circle envelope. Left column shows the enhancement effect
seen with a circle with varying radius. A symmetric conical tip model with a radius of 2 nm
and tip side-angle of 18° was used. Right column shows the enhancement effect observed with
a circle with a constant radius of 2 nm with varying tip radius and a tip side-angle of 18°. The

dashed line represents the same simulation but with a tip with side-angle of 0°.

3.4.3 Contact-point deconvolution of an AFM amyloid fibril topograph

The deconvolution algorithm and resulting lateral sampling enhancement are demonstrated on
an AFM topograph of an amyloid fibril formed from a short amyloid forming peptide with the
amino acid sequence HYFNIF (section 3.6 Materials and Methods and (Aubrey et al., 2020)).
The fibril example is first traced from the AFM image across the fibril central line and
subsequently straightened and interpolated to an evenly spaced pixel grid (Egelman, 1986),
while maintaining pixel size identical to that in raw data. In order to apply the contact point
deconvolution algorithm as shown on the examples above, the convoluted surface, as well as a
model of the tip used to scan the specimen are needed. For experimental image data, the
variation in the tip radius from their nominal value, which results from the tip manufacturing
process, should be considered (Hill et al., 2009). It is also important to consider that the tip can
become blunter with scanning and its tip radius can widen over time. Here, the tip radius can
be estimated for each individual fibril on an image from the extent of convolution seen in data.
An estimate of the tip radius Is found by assuming the twisted amyloid fibrils have ideal
corkscrew symmetry, and the average cross-section of the fibril perpendicular to its axis of
rotation is, therefore, circular with a radius defined by half of the maximal z-height value.

Least-square regression analysis is then performed to fit a simulated convoluted scan-line
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generated from modelling interactions of the tip with the circular cross-section model to the
average convoluted cross-section observed in data, while letting the tip radius vary as a
parameter. It is assumed that the overall tip geometry and side angles do not change. In the
example shown in Fig. 3.4, while the nominal tip radius provided by the manufacturer was 2
nm, using the approach described here the tip radius estimate was 11.2 nm. The deconvolution
algorithm is then applied to the 3D topograph to find corrected grid lines and surface heights
(Fig. 3.4¢c-d). The deconvoluted contact points follow the twisting pattern of the fibril and
increase lateral sampling of the fibril surface as predicted. The ungridded data points are then
interpolated back onto a finer evenly spaced grid for visualisation of the de-convoluted contact-

points (Fig. 3.4¢).

148



H “:E
: s£2
%I‘jﬁ maEEs
' H

8 {

. s
T %*15:“
EaS ISy

ghe +

za8 ——h
gaze L

=8 ]
Eae2 :

ST P
E ! I:::‘—
Samgss HHT

HHHE ausee
| —]—I* [ INERN
__.+ .

: =
P M <8
T .
t 1 |\ -

g H

S :
HHH : S I :

RN ] -

Original Erosion Contact point Estimated
data deconvoluted  deconvoluted contact points

Figure 3.4 Typical example of contact-point deconvolution of an AFM topograph of a helically
twisted amyloid fibril. (a) Digitally straightened AFM topography image of an amyloid fibril.
(b) Image deconvoluted using the erosion algorithm. (¢) Contact-point deconvoluted and
interpolated image. (d) Corrected lateral (x/y) grid lines after tip-sample contact-point
deconvolution. A symmetric conical tip model with a radius of 11.2 nm and side angle of 18°
was used. A short section of the total fibril is shown for detail and the corresponding part of

the same fibril is shown on each panel. The scale bars represent 20 nm.

3.4.4 Assessment of AFM topograph lateral resolution
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Because AFM topographs are extraordinarily high signal-to-noise, the lateral resolution of a
single uncorrected AFM topographs is typically determined by the spatial frequency of
sampling in the xy-plane. According to the Nyquist sampling theorem, the minimal sampling
rate that contains the information to reconstruct a signal is twice the maximum frequency
component, thus the Nyquist resolution limit for images is twice the pixel size. For example,
the image used in the example in Fig. 3.4 has a pixel size of 2.93 nm and the resolution is,
therefore, limited to 5.86 nm. Deconvolution using our approach shifts pixel coordinates to
subpixel positions off the pixel grid. Therefore, recovering structural information of the sample
by shifting the sample surface coordinates present in magnified form results in recovering of
the true higher lateral sampling frequencies present in the image data. Fig. 3.5 shows the lateral
resolution of deconvoluted AFM images assessed using a feature-based lateral resolution
assessment method (Fechner et al., 2009) and compared with the original convoluted image of
the same fibril shown in Fig. 3.4. The feature-based method applies a low-pass filter to an
image in spatial frequency domain from higher towards lower spatial frequencies and measures
the correlation between the filtered and unfiltered images in real space. Increases in correlation,
seen as peaks in a log-log plot of the first derivative of cross-correlation vs. spatial frequencies,
indicate presence of structural information at the specific spatial frequency. Fig. 3.5b shows
the correlation curves with peaks indicating the presence of structural information. Comparison
of the normalised correlation between the convoluted and deconvoluted amyloid fibril images
shows a shift of the correlation curve towards the right, indicating a shift of information content
towards higher spatial resolutions due to correcting of sampling frequency during
deconvolution. However, the contact point deconvolution has a much larger effect on the x-
axis (across the width of the filament) than on the y-axis (along the length of the filament),
which leads to broadening of the peaks on the 1% derivative of correlation graph. Analysis of

lateral resolution suggests that the highest resolution at which structural information is found
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on the convoluted example fibril image is ~60 A (consistent with the Nyquist frequency of the
original image data) and on the deconvoluted image the highest resolution is ~30 A, indicating
that deconvolution results in approximately doubling of the lateral resolution, for this amyloid

fibril, due to the recovery of the enhanced sampling in the image data.

3.4.5 3D modelling of helical amyloid fibrils from corrected AFM topographs

While AFM provides 3-dimensional topographic data, only the top surface of the sample is
accessible to the tip, preventing the visualisation of the full sample surface envelopes in 3D.
However, for helically symmetric structures such as amyloid fibrils, we describe below an
algorithm that can be used to reconstruct 3D surface envelopes by taking advantage of the
screw-axis symmetry of the filaments. This approach is demonstrated on AFM topographs of
deconvoluted amyloid fibrils. The workflow of AFM image processing for 3D surface

envelope reconstructions is summarised below (Table 3.1).

Table 3.1 Flow chart of AFM topograph processing and 3D helical fibril surface envelope

reconstruction.
Step Description Input(s) Output(s)
Tracing of individual o
‘ ) — Fibril contour (x and y)
1 fibril from AFM — AFM topology image .
coordinates
topograph
— AFM topology image — Cropped topology
2 Fibril straightening — Fibril contour (x andy)  image of the straightened
coordinates fibril
Determining tip — Cropped topology
3 parameters used to image of the straightened — Tip geometry model

record fibril image

fibril
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10

Contact-point
deconvolution of
straightened fibril with
tip model
Selecting number of
coordinate-lines to use
for 3D reconstruction
based on deconvolution
uncertainty
Determining fibril twist
periodicity and
handedness
Reconstruction of
models with various

symmetry estimates

Comparison of
symmetry model and
original fibril image

Fourier spectra

Real-space
reconstruction of the
final 3D surface
envelope with selected

symmetry

Simulation of a
convoluted AFM image

from 3D envelope

— Cropped topology
image of the straightened
fibril
— Tip geometry model

— Contact point

coordinates

— Cropped topology
image of the straightened
fibril

— Edited list of contact

point coordinates

— Cropped topology
image of the straightened
fibril
— 2D FFT spectra of fibril
symmetry models
— Edited list of contact
point coordinates
— Fibril twist periodicity
— Fibril twist handedness
— Fibril helical symmetry
— Cropped topology
image of the straightened
fibril
— 3D surface envelope

model of the fibril

— Contact point

coordinates

— Edited list of contact

point coordinates

— Fibril twist periodicity

— Fibril twist handedness

— 2D FFT spectra of fibril

symmetry models

— Fibril helical symmetry

— 3D surface envelope

model of the fibril

— Validated 3D surface
envelope model of the

fibril

* Contact-point deconvolution was performed on straightened and cropped fibril image rather
than the full original image (as step 2) to reduce the amount of contact-point calculations
needed but assumes long-straight fibril and symmetrical tip geometries.
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Following contact-point deconvolution of traced and digitally straightened fibril image, the
surface envelopes are reconstructed using a moving window approach in which rotation and
translation is applied to each corrected contact point coordinates within the window, thus
reconstructing fibril cross-sections as the window is slid along the length of the fibril. The
width of the moving window is one complete rotation of the fibril cross-section along the fibril
axis (i.e. one nominal helical pitch), determined by its periodicity and screw axis symmetry.
The rotation of each data point within the window depends on the distance of the point from
the central cross-section of the window. Rotation angle values are negative in one direction
from the centre of the window and positive in the other direction, with the specific direction
depending on the twist-handedness of the fibril. The rotation angles are kept constant along the
length of the filament. After deconvolution of the amyloid fibril, the number of lines along the
length of the filament that are to be used for the 3D reconstruction are determined. Data points
further away from the centre of the filament can be more frequently affected by artefacts during
scanning and the uncertainty of the deconvolution algorithm tends to be higher for surface
heights that lie further away from the central line. However, data points further away from the
centre of the filament also contain additional structural information and information on the
fibril twist and width which is harder to determine from the lines closer to the centre alone.
Therefore, the number of pixel-lines used is determined by visual inspection of the
deconvolution result. The deconvoluted surface coordinates that correspond to the selected
pixel-lines are then used for the 3D modelling approach. The deconvoluted contact points off
the pixel-grid are interpolated onto an evenly spaced grid along the screw axis, creating ‘slices’
perpendicular to the fibril axis, while the data remains ungridded along the x-axis. In order to
determine the length of the reconstruction window for the deconvoluted amyloid fibril image,

the periodicity of the fibril is first determined by applying a 1D Fast Fourier Transform (FFT)
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to the surface height profile of the fibril central line (Fig. 3.6a-b). This determines the spatial
frequencies of repeating patterns in the signal. The spatial frequency with the highest amplitude
represents the periodicity of the fibril. For an asymmetric fibril cross-sections, one period
represents a complete turn (one helical pitch) whereas for a fibril with n-fold symmetry
periodicity represents //n of a complete turn. Fibril symmetry is then estimated by constructing
3D models with systematically varied symmetries and comparing these to the original
straightened fibril image to find the best match (Fig. 3.6¢). Symmetry determination is a critical
step for reconstructing the surface of a helical specimen. Different screw axis symmetries result
in differences in the twisting pattern observed on the fibril top surface. In order to make the
comparison of a 2D convoluted image and 3D deconvoluted reconstructions, the tip model is
used to simulate convoluted AFM images from the symmetry models. The straightened
experimental fibril image and various symmetry simulations are zero-padded to square images
and compared as 2D Fourier spectra to estimate fibril screw-axis symmetry that best describes
the original image data. The 2D Fourier spectra contain information on repeating patterns of
fibril top surface and are analogous to a diffraction pattern. Fourier-based analysis of helical
biomolecule structures dates to first diffractions patterns that describe the structure of DNA
and has been since used to reconstruct helical biomolecules from electron cryo-microscopy
images by indexing the Bessel functions of the diffraction pattern layer lines (Diaz et al., 2010,
p.). However, in many cases, resolving individual layer lines and indexing them is not possible,
especially for amyloid fibrils with long helical repeat distances and small twist angles of
individual subunits. Differences in rotational symmetry of a fibril cross-section causes the
Bessel orders to change significantly while the layer lines on the spectrum remain identical
(Sachse, 2015). Here, using this property and assuming that the screw-axis of the filament lies
straight along the centre of the fibril, the differences in layer line Bessel orders observed for

different symmetry models, which contain information on the handedness and screw axis
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symmetry of the fibril and represent the twisting pattern on top of the fibril, were used to
estimate the fibril screw-axis symmetry. For example, if the line between most intense off-
centre spots in the 2D FFT (+ symbols in Fig. 3.6¢) has a positive slope then the fibril is left-
handed, and if the slope is negative the fibril is right-handed. The steepness of the slope
contains information on the screw-axis symmetry of the fibril and the closest match of a
symmetry model to the original fibril image is used to estimate the symmetry for an individual
fibril. For the amyloid fibril example shown in this demonstration (Fig. 3.6), the 2-fold
symmetry model gives the best fit to data (Fig. 3.6¢), suggesting that the fibril cross-section
has a pseudo 2-fold screw axis symmetry. These 2D Fourier spectra from AFM images are less
ambiguous compared to analogous 2D Fourier patterns of TEM images as only the top of the

fibril surface contributes to the signal, facilitating the direct measurement of handedness and

symmetry.
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Figure 3.6 Estimation of the fibril twist periodicity and handedness. The same fibril image as
Fig. 3.4 is used as example. (a) Fibril central line height profile. (b) One-dimensional FFT
power spectrum of the central line is used to determine the periodicity of the fibril. (¢) The
screw axis symmetry and the twist handedness of the fibril is estimated by reconstructing 3D
models of the fibril with varying symmetries, simulating convoluted AFM images from the
models and comparing the 2D FFT spectra of the symmetry model images to that of the original
straightened fibril image. The crosses are drawn on the most intense peaks on the original fibril
2D FFT image and their position is then applied onto each symmetry model 2D FFT spectra to
guide finding the closest match. In this example, a left-hand twisted fibril with a pseudo two-

fold screw-axis symmetry shows the best match to the data.

Having determined the periodicity, handedness and screw-axis symmetry of the fibril, the 3D
surface envelope can be reconstructed using the moving window approach described above
(Fig. 3.7). A cross-section of the fibril is obtained at each y-coordinate and a cubic spline is
fitted to the cross-sections for smoothing. The number of spline pieces is determined by manual
testing, taking into account the periodicity and symmetry of the fibril, which affects the number
of times each cross-section is sampled. For validation of the image deconvolution and
reconstructed 3D models, the final 3D surface envelope and tip model are used to simulate a
convoluted AFM image that can then be compared with the uncorrected straightened fibril
image (Fig. 3.7b). Although there are small differences, the simulated image twist, periodicity
and local surface features generally correspond well to the original fibril image, validating the
reconstruction approach here as a useful method for reconstruction of individual fibrils without

cross-particle averaging.
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Figure 3.7 3D surface envelope reconstruction of amyloid fibrils from AFM topography. (a)
AFM topology image of amyloid fibrils assembled from short peptide with the sequence
HYFNIF (Aubrey et al., 2020; Morris et al., 2013). The scale bars represent 1 um. (b) 3D
surface envelope models for each fibril indicated in (a) are shown together with a comparison
of the original straightened uncorrected fibril images and the simulated AFM images from the
final 3D models. Segments of 500 nm are shown for each fibril model and 1 pm for the images

for detail.

3.5 DISCUSSION

Tip-sample convolution leads to lateral dilation of upward convex surface features on AFM
topographs, which has been seen as a significant limitation to the usefulness of AFM images
for structural biology applications. Here we show that the convolution effect results in the
magnification of the sample top surface and non-uniform distribution of structural information
on the image. The structural information, present in an un-gridded form at sub-pixel tip-sample
contact points, can be recovered at its true lateral resolutions without loss of information using
a contact-point based deconvolution algorithm, which is demonstrated here on an amyloid fibril
formed from a short peptide sequence. This approach improves on the previous erosion-based
deconvolution algorithms and facilitates the use of AFM imaging of nanostructures in

structural studies. Furthermore, we show how the 3-dimensional coordinates encoded in the
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topographic data on AFM images and the helical symmetry of the twisted fibrils can be used
to reconstruct 3D surface envelopes, allowing analysis of structural parameters, such as the
fibril cross-sectional area, which are not otherwise present directly on AFM images of these
samples. Thus, the reconstruction will facilitate the integration of 3D AFM envelope models
with data from other structural biology tools for integrated global structural analysis. The
moving window approach of 3D surface reconstruction conserves the high signal-to-noise
feature of single-molecule imaging capability of the AFM, thus also allowing the intra-fibrillar
and local structural variation to be preserved in the 3D model. Deconvolution and modelling
facilitate the application of AFM to characterise and quantify amyloid fibril polymorphism at

a true individual single molecule level.

Although there are many techniques available for studying the structures of biological
macromolecules, each with their own advantages and disadvantages, AFM occupies a unique
position among these tools due to its high signal-to-noise ratio capable of resolving
morphological features of individual molecules. Ensemble averaging of structural information
from many molecules is a key concept on which techniques like X-ray crystallography and
cryo-EM rely and has led to the elucidation of numerous atomic and near-atomic resolution
structural models of biological macromolecules. For example, recent advances in cryo-EM
equipment and data processing have allowed the reconstruction of protein structures in various
conformations from a set of micrographs and can even contain information on molecular
dynamics (Dong et al., 2019). However, due to the low signal-to-noise ratio of individual
particles on cryo-EM images, only ensemble-average structures can be reconstructed.
Although the overall resolution of AFM images of macromolecular assemblies does not yet
reach the order of Angstréms and only molecular surface features can be probed, it is able to

resolve morphological features at the level of individual molecules. This allows AFM to tackle
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biological problems in a unique way, especially in cases where polymorphism and structural
variations of molecules is important for their biological effects. The lateral resolution, as
defined by pixel size and tip radii, tends to be around 1-5 nm, although vertical resolution can
reach the order of sub-Angstrdms. Using the contact-point deconvolution approach
demonstrated here on AFM images of biological nano-filaments, recovery of the true lateral
sampling resolution at tip-sample contact points was estimated to typically result in doubling
of lateral resolution for helical nano-filaments. Experimental improvements, such as using a
tip with parameters that maximise sampling enhancement and better scanners could lead to a
more pronounced improvement in lateral resolution. Further improvements to the
deconvolution and envelope reconstruction algorithm approach will also likewise help to

improve the overall resolution achievable with AFM.

The structural basis of why amyloid fibrils can have functional roles in a wide range of
organisms, associated with pathological symptoms of neurodegeneration, or simply exist as
inert aggregates is not clear (Lutter et al., 2019). Individual filament 3D reconstruction using
the approach presented here on AFM topographs could help elucidate the link between
morphological features of the fibrils to specific biological responses of amyloid populations.
Reconstructed 3D surface envelopes of amyloid fibrils could also be used in an integrative way
with other structural biology techniques. For example, in recent years numerous cryo-EM
reconstructions of amyloid filaments from ex vivo patient tissue have been resolved. These are
ensemble averages from thousands or more of individual fibrils from the total fibril population,
which in some cases may appear homogenous, but in other cases may be made up of a varying
amount of fibril polymorphs. The number of some of these polymorphs within the population
may also be too low for reconstruction, although these species might have some specific

biological effect. 3D envelope reconstruction from AFM images could be used as a
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complementary technique as it allows the structural analysis and surface modelling of each
individual fibril in the population, allowing rare members of the ensemble population as well
as the population characteristics itself to be analysed. Classifying and quantifying the fibril
structures could be used to determine the landscape of possible fibril structures within a specific
population. Furthermore, this technique allows the intrafibrillar variation to be analysed, which
may be indicative of fibril dynamics and stability. The 3D surface envelope could also be used
in an integrative way with other techniques, contributing to the global information for

modelling the atomic structure of a biomolecule.

The physics of AFM imaging is unique in producing its high signal-to-noise data at nano-scale
and enables true single molecule approaches. Thus, the contact-point deconvolution and 3D
envelope reconstruction approach presented here will facilitate the use of AFM for single-
molecule structural studies. Imaging of any nano-structures with the AFM can benefit from the
contact-point deconvolution approach to correct images while recovering structural
information present at higher lateral resolutions. This includes high-speed AFM (Lyubchenko,
2018), which compromises spatial resolution for higher temporal resolution and allows
imaging of biomolecule dynamics in the timescale down to milliseconds, and which could
benefit from the computational deconvolution of image frames to recover the higher spatial
resolution sampling of the sample surface. Furthermore, the 3D envelope reconstruction
algorithm could also be applied to diverse biological samples with symmetries, including DNA,
membrane proteins that form tubular arrays e.g. nicotinic acetylcholine receptor pore
(Miyazawa et al., 2003) and the mitochondrial outer membrane protein TspO (Korkhov et al.,
2010), as well as helical or spherical virus capsids and cytoskeletal filaments. AFM imaging
of various small molecules and polymers assembled into helical supramolecular arrangements

which are widely used in chemistry, materials science and nanotechnology could, likewise,
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benefit from 3D surface reconstructions as AFM is widely used to characterise a wide range of
such structures (Yashima et al., 2016), for example polymer wrapped functionalised carbon
nanotubes (Bai et al., 2018; Zheng et al., 2003), Further developments could also lead to

samples exhibiting different symmetries such as icosahedral viral capsids to be reconstructed.

In conclusion, the approach reported here will facilitate the use of AFM for structural studies
of individual molecules in complex populations, and for integrative structural biology analysis

of single molecular assemblies and their assembly mechanisms.

3.6 MATERIALS AND METHODS

3.6.1 Peptide amyloid fibril synthesis

The amyloidogenic peptide HYFNIF was synthesised by N-terminal acetylation and a C-
terminal amidation. Multistage solid phase synthesis using Fmoc protection chemistry was
used to generate a lyophilised powder with > 95 % purity measured by HPLC (JPT peptide
technologies, or Biomolecular analysis facility, University of Kent). The lyophilised powder
was suspended in 100 pl of filter sterilized milli-Q water to a final concentration of 10 mg/ml.

The solution was incubated at room temperature for 1 week prior to imaging.

3.6.2 AFM sample preparation and image acquisition

The peptide samples were diluted to 0.05 mg/ml in a solution of HCI (pH2, using filter sterilised
milli-Q water). 20 puL of sample was deposited onto freshly cleaved mica (Agar scientific,
F7013) and incubated for 10 min. Following incubation, the sample was washed with 1 ml of
filter sterilised milli-Q water and then dried using a stream of nitrogen gas. Fibrils were imaged
using a Multimode AFM with a Nanoscope V (Bruker) controller operating under peak force

tapping mode with ScanAsyst probes (silicon nitride triangular tip with tip height = 2.5-2.8
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um, nominal tip radius = 2 nm, nominal spring constant 0.4 N/m, Bruker). Images were
collected with a scan size of 6 x 6 um with 2048 x 2048 pixel resolution. A scan rate of 0.305
Hz was used with a noise threshold of 0.5 nm and the Z limit was reduced to 1.5 um. The peak
force set point was set automatically, typically to ~675 pN during image acquisition.
Nanoscope analysis software (Version 1.5, Bruker) were used to process the image data by

flattening the height topology data to remove tilt and scanner bow.

3.6.3 Image data analysis

Fibrils were traced and digitally straightened (Egelman, 1986; W.-F. Xue, 2014; W.-F. Xue,
Homans, et al., 2009) using an in-house application and the height profile for each fibril was
extracted from the centre contour line of the straightened fibrils. The periodicity of the fibrils
was then determined using fast-Fourier transform of the height profile of each fibril. For 2D
FFT analysis, the fibril images were rotated with the straightened fibril axis aligned vertically.
The images were subsequently zero-padded to squares prior to 2D FFT. All data analyses were

performed using Matlab (MathWorks, Natick, Massachusetts)

162



Chapter 4: Structural identification of individual helical amyloid
filaments by integration of cryo-electron microscopy-derived
maps in comparative morphometric atomic force microscopy

image analysis
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4.1 Summary

This chapter is based on paper IV in the List of Publications included in the thesis (Lutter, Al-
Hilaly, et al., 2021). The atomic force microscopy image deconvolution and helical fibril 3D
reconstruction algorithm developed in Chapter 3 facilitates the integration of the single-
molecule information of amyloid fibrils with other structural biology techniques with different
and complementary information content. Specifically, recent advances in the collection and
processing of cryo-EM data have revealed amyloid fibril structures in high-resolution detail.
Although this information is highly important for understanding amyloids in disease contexts,
it relies on averaging more than tens of thousands of fibril segments in order to achieve this
level of detail. This information is thus complementary to the single-molecule envelopes
reconstructed from AFM images of amyloid fibril samples, which cannot provide information
on the molecular arrangement of the fibril core but offer low-nanometre resolution single-
molecule envelopes and mapping of the population polymorphism of a sample to the level of

individual filaments.

Here, an approach to integrate structural information from AFM 3D reconstructed envelopes
and cryo-EM density maps was developed and demonstrated on a fibril of dGAE tau, a tau
fragment which forms fibrils in vitro without the addition of co-factors. Cryo-EM studies have
revealed that fibrils from ex vivo extracted patient brain tissue from various tauopathies vary
considerably in their molecular arrangements, all of which differ considerably from the
structures of fibrils formed from heparin-induced in vitro self-assembled tau, which has been
widely used to prepare tau filaments in vitro for further studies. Parametric comparison of both
a 3D envelope of dGAE tau fibril reconstructed from an AFM image with cryo-EM density
map-derived data, as well as direct comparison of simulated AFM images with the dGAE
topograph, demonstrated that dGAE fibrils are unambiguously different from heparin-induced
fibrils, and are most similar to paired helical filaments from Alzheimer’s disease patient brain
tissue. The results thus suggest that dGAE fibrils are a more physiological model system for in

vitro formed tau amyloid compared to heparin-induced in vitro formed tau fibrils.
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4.2 ABSTRACT

The presence of amyloid fibrils is a hallmark of more than 50 human disorders, including
neurodegenerative diseases and systemic amyloidoses. A key unresolved challenge in
understanding the involvement of amyloid in disease is to explain the relationship between
individual structural polymorphs of amyloid fibrils, in potentially mixed populations, and the
specific pathologies with which they are associated. Although cryo-electron microscopy and
solid-state nuclear magnetic resonance spectroscopy methods have been successfully
employed in recent years to determine the structures of amyloid fibrils with high resolution
detail, they rely on ensemble averaging of fibril structures in the entire sample or significant
subpopulations. Here, we report a method for structural identification of individual fibril
structures imaged by atomic force microscopy by integration of high-resolution maps of
amyloid fibrils determined by cryo-EM in comparative AFM image analysis. This approach
was demonstrated using the hitherto structurally unresolved amyloid fibrils formed in vitro
from a fragment of tau (297-391), termed ‘dGAE’. Our approach established unequivocally
that dGAE amyloid fibrils bear no structural relationship to heparin-induced tau fibrils formed
in vitro. Furthermore, our comparative analysis resulted in the prediction that dGAE fibrils are
closely related structurally to the paired helical filaments (PHFs) isolated from Alzheimer’s
disease (AD) brain tissue characterised by cryo-EM. These results show the utility of individual
particle structural analysis using AFM, provide a workflow of how cryo-EM data can be
incorporated into AFM image analysis and facilitate an integrated structural analysis of

amyloid polymorphism.
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4.3 INTRODUCTION

Amyloid fibril diversity has been elucidated recently by the development of high-resolution
structural analysis of fibrillar amyloid by cryo-EM and ssNMR (Lutter, Aubrey, et al., 2021;
Willbold et al., 2021), as well as X-ray and electron diffraction of small amyloid peptide
crystals (Sawaya et al., 2007, 2016). Proteins with an identical sequence are able to form
different core or filament arrangements (Gremer et al., 2017; Wilti et al., 2016). Differences
have also been demonstrated for ex vivo extracted and in vitro assembled fibrils (Bansal et al.,
2021), with further differences arising from varying in vitro sample preparation conditions and
techniques (Colvin et al., 2016; M. Schmidt et al., 2015). In particular, recent advances in cryo-
EM have led to the elucidation of an array of structures of amyloid filaments formed by the tau
protein (Shi et al., 2021). Tau is well known for its involvement in Alzheimer’s disease, but is
also found in chronic traumatic encephalopathy, Pick’s disease and numerous other
neurodegenerative diseases (Spillantini & Goedert, 2013). Cryo-EM studies have revealed that
structures of tau fibrils may be disease-specific, although different diseases can also share the
same tau folds (Hallinan et al., 2021; Shi et al., 2021). Importantly, cryo-EM-based structural
models of heparin-induced tau filaments revealed significant differences between fibrils
extracted from patient tissues and those generated synthetically in vitro (Arakhamia et al.,

2020; Falcon, Zhang, Schweighauser, et al., 2018; W. Zhang et al., 2019)

Although cryo-EM and ssNMR methods can provide detailed structural information of the
amyloid fibril core, both require measurements of samples with homogenous populations, or
significantly populated subpopulations. ssNMR requires a '°N- and '*C-labeled homogenous
sample, often achieved through rounds of consecutive seeding of fibrils with fresh monomer

(Paravastu et al., 2009). However, seeding ex vivo extracted fibrils with recombinant monomer
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in vitro may not result in structures identical to those of the original ex vivo material (Koloteva-
Levine et al., 2021; Lovestam et al., 2021). Non-seeded in vitro self-assembled fibril samples
can also yield well-resolved spectra if the labelled starting material is mostly homogenous
(Colvin et al., 2016), although ex vivo fibril structures cannot be studied without seeding with
labelled monomer to produce fibrils amenable for ssNMR analysis. Cryo-EM can achieve high
resolution structural models for significantly populated polymorphs of a heterogenous sample
by classification of sub-populations. However, reconstruction requires averaging of tens to
even hundreds of thousands of identical fibril segments. Therefore, it may not be possible to
assess the polymorphic extent of the sample or to reconstruct polymorphs which are present in
low numbers, but which may still be biologically relevant. Additionally, the analysis of
intrafibrillar variation of structure and morphology of fibrils is limited due to the low signal-

to-noise ratio from individual cryo-EM micrographs.

Atomic force microscopy has recently emerged as a method capable of addressing amyloid
structural polymorphism on an individual fibril level (e.g. Adamcik and Mezzenga, 2018;
Aubrey et al., 2020). It enables the surfaces of individual amyloid fibrils to be reconstructed
and the polymorphism landscape of the sample to be analysed on a single-molecule basis
(Aubrey et al., 2020; Lutter et al., 2020). Therefore, AFM is highly complementary to cryo-
EM and ssNMR, which rely on particle or ensemble averaging to produce reconstructions of
fibril core structures. The application of AFM to structural biology has been hampered by the
imaging artefact that stems from the physical finite size of the AFM probe, resulting in dilation
and distortion of surface features. However, we have recently shown that a computational
deconvolution approach is able to correct for this artefact, and the recovered surface sampling
can result in an increased local image resolution. Furthermore, samples exhibiting helical

symmetry, including amyloid fibrils, can be reconstructed as 3D models, facilitating structural
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analysis of the fibril surface envelopes (Lutter et al., 2020). AFM image deconvolution and 3D
reconstruction of helical filaments can then be employed to carry out a quantitative mapping
of amyloid fibril polymorphism at an individual fibril level (Aubrey et al., 2020). This
deconvolution and reconstruction approach opens up the possibility of integrating high signal-
to-noise individual filament 3D envelope structures from AFM data with high resolution
ensemble-averaged core structural information available from cryo-EM and ssNMR
methodologies. To date, AFM imaging of amyloid fibrils has been carried out alongside cryo-
EM and ssNMR studies to determine fibril handedness or visualise the sample supra-structural
morphology (U. Ghosh et al., 2021; Y. Li et al., 2018; Roder et al., 2019). However, a fully
integrated approach that links AFM data with cryo-EM derived structural maps has the
potential to enhance the structural analysis of amyloid fibril polymorphism as AFM provides
structural data on an individual fibril level, which is highly complementary to the averaged
structural models from cryo-EM and ssNMR data. Nevertheless, there is currently no unifying
workflow which would enable comparison of 3D-information from AFM surface envelope

reconstructions with the structural maps provided by cryo-EM and ssNMR.

Here, we report a new approach to quantitative structural comparison of individual amyloid
fibrils imaged by AFM with ensemble-averaged structural data derived from cryo-EM. This
approach integrates AFM 3D envelope models of individual fibrils with cryo-EM maps and
has been applied to the structural characterisation and identification of individual filaments
formed by tau (297-391) known as ‘dGAE’ (Al-Hilaly et al., 2020), which has not yet been
structurally resolved to high resolution by cryo-EM or by ssNMR. dGAE tau self-assembles
spontaneously in vitro without the presence of anionic cofactors, such as heparin, to form
filaments that share the height and cross-over characteristics observed in paired helical

filaments (PHFs) isolated from Alzheimer’s disease tissue (Al-Hilaly et al., 2020). We
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compared the 3D surface envelope models of synthetic, in vitro assembled dGAE tau filaments
constructed from previously published AFM image data with existing cryo-EM density maps
of both ex vivo extracted tau fibrils and those formed in vitro by the addition of heparin, found
in the Electron Microscopy Data Bank (EMDB). This analysis showed that the surface of
dGAE amyloid fibrils closely resembles that of the cryo-EM density maps arising from some
of the tauopathy tissue-extracted tau filaments, notably those of PHFs isolated from ex vivo
Alzheimer’s disease tissue. Thus, our cryo-EM data-integrated AFM image analysis ruled out
structural similarity of dGAE amyloid fibrils assembled in vitro to in vitro formed heparin-
induced tau filaments, and has provided evidence that identified dGAE fibrils are structurally
closely related to PHFs isolated from AD brain tissue. Individual fibril level structures in mixed
polymorphic amyloid populations are likely to underpin properties such as overall
fragmentation propensity, assembly kinetics and cytotoxic potential. Thus, by developing an
integrative AFM image analysis, we reveal the potential for this form of AFM analysis to be
used for identification of individual fibril structures in heterogeneous and polymorphic amyloid

populations.

4.4 RESULTS

4.4.1 Three-dimensional reconstruction using AFM image data enabled structural

analysis of individual dGAE tau amyloid filaments

AFM imaging of in vitro assembled dGAE filaments (Al-Hilaly et al., 2020) revealed a mixture
of long individual fibrils and laterally associated, twisted bundles (Fig. 4.1a). All fibrils and

bundles showed a left-handed twist, with variation in the cross-over distance (cod, defined
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according to Fig. 4.2a). dGAE fibrils demonstrated a high propensity to bundle (Fig. 4.1a-b).
This may be indicative of surface properties of the dGAE protofilaments or fibrils, which
favour the formation of large, twisted bundles of various widths. To analyse the structure of
individual dGAE fibrils, 3D envelopes of individually selected single, non-bundled dGAE
fibrils can be reconstructed from the AFM topographs using previously developed methods
(Lutter et al., 2020). Here, to demonstrate this approach, a 3D surface envelope model of a
single selected well-separated canonical dGAE fibril was reconstructed (Fig. 4.1c-d). The
central height profile of this dGAE filament showed peaks with the average height of 8.9 nm
and grooves with the average height of 5.9 nm, with cross-over distances ranging from 43.1-
58.6 nm, with an average of 47.7 nm (Fig. 4.1d). These morphometric parameters are in line
with the ranges expected of a typical non-bundled dGAE fibril observed by AFM (Al-Hilaly
et al., 2020). During the 3D reconstruction workflow (Lutter et al., 2020), the fibril was
determined to have 2-fold helical symmetry, suggesting that it is composed of 2-protofilaments
arranged symmetrically about the central helical axis. The reconstructed 3D envelope model
also enabled the evaluation of the cross-sectional area and shape, perpendicular to the fibril
axis (defined in Fig. 4.2a), which was subsequently used in comparison with cryo-EM density

maps of a range of different tau fibril structures.

170



1 1 | | | |

0 50 100 150 200 250 300 350
Length / nm

= o) Wee! =
wu / 1yBieH

5]

Figure 4.1. Analysis of individual dGAE filaments from a topographical AFM height image.
(a) A typical AFM image of dGAE fibrils (Al-Hilaly et al., 2020) with an inset showing a 2x
magnified view. Arrows point to the fibrils shown in (b) and (c). Scale bar represents 500 nm.
(b) Digitally straightened images showing a typical dGAE fibril and typical fibril bundles.
Scale bar represents 200 nm. (c) Digitally straightened AFM image of a canonical dGAE tau
fibril together with a 3D reconstructed surface envelope model. Scale bar represents 50 nm. (d)

The central line height profile of the fibril image shown in (c).
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Figure 4.2. Schematic illustrations of the definitions of the morphometric parameters used for
quantitative comparative structural analysis. (a) Schematic diagram illustrating the structural
properties analysed, exemplified using a segment of the AFM derived dGAE fibril model
shown in Fig 4.1¢. The comparative morphometric parameters calculated by analysis of the
cross-section are illustrated by the red line or areas in (b) for symmetry, (c) for cross-sectional
area and (d) for cross-sectional difference area. Grey shapes show the cross-sections of cryo-
EM density maps and the black line in (d) shows the tip-accessible cross-section, found by
tracing a circle with the radius equivalent to that of the AFM tip radius around the cryo-EM

density cross-section.

4.4.2 Simulation of topographic images from volumetric cryo-EM maps allowed

integration of cryo-EM data in comparative AFM image analysis
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AFM imaging is able to generate image data in the form of 3D topographic raster scans, which
are typically displayed as coloured 2D images where the pixel value represents surface height.
As the images have a high signal-to-noise ratio, topographs of individual filaments can be
traced and extracted from the surface scan data (Fig. 4.1). In order to compare the 3D structural
information from cryo-EM and AFM, simulated topographic AFM height images were
generated from cryo-EM density maps (examples in Fig. 4.3). This enabled the comparative
analysis of the dGAE fibril imaged by AFM (Fig. 4.1c-d) and cryo-EM data of patient derived

ex vivo tau fibrils and in vitro self-assembled heparin-induced tau fibrils.

10 nm

Figure 4.3 Simulation of topographic AFM height images from cryo-EM density maps. Cross-
sectional views of axis-aligned cryo-EM density map iso-surfaces for (a) paired helical
filaments (EMD-0259) and (c¢) ‘heparin-snake’ (EMD-4563) tau fibrils are shown with the
position of the helical axis (+). Simulated topographic images of 500 nm fibril segments and
the top view of extended 250 nm segments of iso-surfaces aligned to the simulated images are

shown for PHF in (b) and ‘heparin-snake’ in (d). All scale bars represent 10 nm.

Volumetric cryo-EM maps of tau amyloid fibrils were first downloaded from the Electron

Microscopy Data Bank, followed by extraction of the map iso-surface 3D coordinates at the
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iso-values specified by the authors of each cryo-EM entry. Where necessary, the individual
maps were then denoised and the maps of the short fibril segments were extended by finding
the helical axis of the map, followed by rotation and translation of multiple copies of the maps
about their helical axes, using author reported twist and rise values, to a total map length
equivalent to that of the AFM imaged dGAE fibril. Although helical twist and rise values are
provided by the authors in experimental metadata, the position and angle of the fibril map
screw-axis is unknown for all cryo-EM maps. Therefore, an iterative approach was used to find
the rotation and translation parameters that provide the best alignment of the cryo-EM fibril
maps to their respective helical axis positions (Fig. 4.3a, ¢). In some cases, for example
heparin-induced recombinant tau ‘snake’ fibrils, the resulting screw-axis position lies off the
fibril centre-of-mass, resulting in a hollow centre (Fig. 4.3¢), in line with previous analyses
(W. Zhang et al., 2019). In order to simulate topographic AFM images of the extended iso-
surfaces, a model of the AFM cantilever probe tip, which interacts with the filament surface,
is then needed. The tip angle and geometry were estimated using the values provided by the
manufacturer of the AFM probe used experimentally. The tip radius used in the simulations
was matched to that used to image the dGAE fibril, which was estimated using AFM image
data from the fibril (Fig. 4.1¢-d) according to a previous published algorithm (Lutter et al.,
2020). A simulated AFM tip constructed from these geometry, angle, and radius parameters
was then used to find the tip-sample contact points with the extended fibril iso-surface, to
account for, and to reproduce, the tip-sample convolution effect in the simulated images. The
sampling rate was also set to be equivalent to that of the experimental AFM data (Fig. 4.3b,
d). As both the tip radius and sampled pixel density of the simulated images match that of the
individual fibril from the AFM image data, it was possible to make a direct comparison

between the two.
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4.4.3 Simulated topographic AFM images from cryo-EM maps of helical fibrils enabled

validation of the AFM based 3D reconstruction methodology

Prior to a full comparative analysis of the AFM derived 3D model of the dGAE fibril with
simulated AFM images from published cryo-EM structural data of tau fibrils, the simulated
AFM images were first used to validate the AFM-based 3D reconstruction methodology used
to construct the dGAE fibril model (Fig. 4.1d). In order to evaluate the 3D reconstruction
method that we developed to reconstruct fibril 3D envelopes from AFM data and to determine
their cross-sectional shapes and helical symmetries, reconstructions from simulated images of
fibrils with known 3D structures were carried out, using cryo-EM maps of selected tau fibril
structures (Fig. 4.4 and 4.5). In this validation process, AFM topographs were simulated as
described above, using the same pixel size and AFM tip radius as seen in the experimental
AFM image of the dGAE tau fibril. Reconstruction of 3D envelopes was then carried out from
these simulated images in the same way as from experimental AFM images, with the aim of
comparing the final 3D reconstructions to the known fibril structures from which the input
images were simulated. This allowed the validation of the reconstruction method regarding the
accuracy of the cross-sectional shape, symmetry assignment, and positioning of the screw-axis,
which the comparative image and morphometric analyses of dGAE tau fibrils requires. During
the reconstruction workflow (Lutter et al., 2020), fibril symmetry is initially unknown so
envelopes of fibrils with various symmetries, as well as an asymmetrically cross-sectioned
fibril, were reconstructed from the simulated image data. The correct symmetry can then be
identified by the angle of the twisting pattern on the fibril surface by comparison of topographs
re-simulated from various symmetry models with the input topograph of the experimental or

simulated image, in direct, as well as in Fourier space (Fig. 4.4f and 4.5f).
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Figure 4.4. Validation of the 3D reconstruction and topograph simulation algorithms and
workflow using a cryo-EM density map of PHF (EMD-0259). (a) Filament axis-aligned and
lengthened cryo-EM density map of PHF. (b) Topographic AFM height image simulated from
the density map in (a). (¢) 3D surface envelope model reconstructed using the simulated image
in (b). (d) Topographic AFM height image simulated from the 3D reconstructed model in (c).
All scale bars represent 50 nm. (e) Comparison of the cross-sections of the EM density map
(grey) and the AFM derived 3D model (blue). (f) Symmetry estimation during the 3D
reconstruction process. As the symmetry is unknown, 3D reconstruction is performed with
various symmetry estimates on the same AFM image data (here showing asymmetric, 2, 3, and
4-fold helical symmetries) and the 2D power spectra of the simulated topograph is compared
to that of the original image (i.e. image shown in b). Here 2-fold symmetry gave the best match

and was used for the final reconstruction.
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Figure 4.5. Validation of the 3D reconstruction and topograph simulation algorithms and
workflow using a cryo-EM density map of a ‘heparin-jagged’ filament (EMD-4565). (a)
Filament axis-aligned and lengthened cryo-EM density map of ‘heparin-jagged’. (b)
Topographic AFM height image simulated from the density map in (a). (¢) 3D surface envelope
model reconstructed using the simulated image in (b). (d) Topographic AFM height image
simulated from the 3D reconstructed model in (c). All scale bars represent 50 nm. (e)
Comparison of the cross-sections of the EM density map (grey) and the AFM derived 3D model
(blue). (f) Symmetry estimation during the 3D reconstruction process. As the symmetry is
unknown, 3D reconstruction is performed with various symmetry estimates on the same AFM
image data (here showing asymmetric, 2, 3, and 4-fold helical symmetries) and the 2D power
spectra of the simulated topograph is compared to that of the original image (i.e. image shown

in b). Here the asymmetric model gave the best match and was used for the final reconstruction
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The cryo-EM density iso-surfaces for PHF (EMD-0259) and heparin-jagged (EMD-4565)
fibrils were used to validate the 3D reconstruction method by comparison of the final 3D model
with the known input structures. PHF and heparin-jagged maps were chosen to evaluate the
reconstruction method, as the structures have C2 and C1 rotational symmetry, respectively,
allowing the reconstruction of different symmetry assignments to be assessed. In addition,
heparin-jagged has a helical axis that lies off the centre-of-mass of the core density. Evaluation
of the approach demonstrated that the 3D reconstruction method can accurately and
unambiguously identify both the C2 and C1 helical symmetries from fibril topographs (Fig.
4.4f and 4.5f). Furthermore, for PHF, the shape of the fibril cross-section closely matched that
of the AFM tip-accessible cross-section from the original cryo-EM density map. The root-
mean-square deviation (RMSD) between the tip-accessible PHF density map cross-section,
which was obtained by tracing a circle with the radius equivalent to that of the AFM tip radius
around the iso-surface cross-section to account for the topographic resolution imposed by the
finite size of the AFM probe (Fig. 4.2d), and 3D reconstructed envelope (Fig. 4.4e) was 0.08
nm. For heparin-jagged fibril, with an off-centre screw-axis, cross-sectional RMSD was 0.23
nm (Fig. 4.5e), although the helical axis was correctly positioned to be lying off the fibril
centre-of-mass (cross in Fig. 4.5e). These results validated the AFM based 3D reconstruction
and simulation approach, although the RMSD values showed potential for improvement for
the reconstruction workflow for asymmetric fibrils with off centre helical axes. More
importantly, these results demonstrated that the approach correctly identified the symmetry and
screw-axis position using known structural maps as input. This gave confidence that the 2-fold
symmetry identified for the dGAE fibril from the experimental image data is accurate,
indicating that it is composed of 2-protofilaments arranged symmetrically about a central
helical axis, like the PHF from AD brain. Furthermore, as the RMSD between the known input

and the 3D reconstruction was sub-Angstrom for the 2-fold symmetric PHF example, the shape
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of dGAE fibril is also not likely to be significantly misrepresented by the 3D reconstruction
process from the AFM data, although limitations can still potentially arise from the sample

structure’s local mechanical stability and imaging conditions.

4.4.4 Comparison of cryo-EM derived topographs with dGAE tau AFM data ruled out

structural similarity with heparin-induced tau fibrils

Simulated topographic images from helical axis-aligned and lengthened cryo-EM density maps
of ex vivo tissue-extracted and in vitro assembled heparin-induced tau filaments were
subsequently prepared for comparison with the topographic AFM image of the canonical
dGAE tau filament (Fig. 4.6). This was achieved by carrying out topographic image
simulations for all unique tau fibril cryo-EM maps available in the EMDB up to August 2021,
which included structural maps of fibrils purified from tissues of patients with corticobasal
degeneration (CBD), chronic traumatic encelopathy (CTE), Pick’s disease (PiD), Alzheimer’s
disease (AD), as well as four fibril polymorphs formed in vitro by addition of heparin to
recombinant tau monomers. In addition to the selected ex vivo fibril data, entries in the EMDB
of near-identical structures to the selected PHFs and straight filaments (SFs) were also
determined for filament structures from various other neurodegenerative diseases, including
prion protein cerebral amyloid angiopathy (PrP-CAA) and primary age-related tauopathy
(PART) (Hallinan et al., 2021; Shi et al., 2021). Where several near-identical structures have
been reported for the same disease, the one with the highest map resolution was used. The
helical twist of amyloid fibrils within a population of fibrils is variable even when the core
structures are identical (W. Zhang et al., 2020), but the helical twist parameters presented in
the population averaged cryo-EM maps represent only one of a continuum of possible values

within a range, while AFM images report the full structural variation within an individual
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filament. To account for this difference in the information content, the periodicities of the
simulated fibril images were optimised to maximise the normalised cross-correlation of the
simulated and experimental fibril images by allowing the long fibril axis of the simulated image
to contract or dilate within a range (see section 4.6 Methods). This allowed for slight
adjustments of the simulated fibril periodicity, which aids the assessment of image similarity

between experimental AFM data and simulated images derived from cryo-EM maps.
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Figure 4.6. Comparison of the typical experimental AFM height image of dGAE tau fibril with
topographical images of tau amyloid fibril polymorphs. The tau fibril polymorphs were
simulated with identical tip (here estimated to be 11.7 nm) and sampling parameters using
extended and axis-aligned cryo-EM map iso-surfaces. The ‘*’ indicate image data shown in
Fig. 1c. Length of the scale bar is 50 nm. The simulated images have been aligned to the same
estimated helical axis height position as the experimental data image and, therefore, have
comparable height colour coding. The EMDB accession codes of the cryo-EM density maps
from which the topographs were simulated from are listed with the abbreviated names of the
individual filaments. The sample origin is noted above the filaments’ images. The following

abbreviations were used for disease diagnoses and filament labels: CBD — corticobasal
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degeneration, CTE — chronic traumatic encephalopathy, PiD — Pick’s disease, AD —
Alzheimer’s disease, NPF — narrow Pick filament, WPF — wide Pick filament, PHF — paired
helical filament, SF — straight filament.

The digitally straightened dGAE fibril (Fig. 4.1¢-d) is shown in Fig. 3 together with all of the
simulated images of tau fibrils from published cryo-EM maps. All simulated tau fibrils are left-
handed, as is the dGAE filament. As with any topographic AFM height image, the intensity of
the colour also represents the height value in the simulated topographs. The comparison of
fibril heights (colour intensity in Fig. 4.6) immediately highlights the differences between the
dGAE fibril and CBD wide filaments, as well as wide Pick filaments (WPF), both consisting
of two intertwined protofilaments with larger cross-sectional areas compared to the dGAE
fibril. However, CBD narrow filaments, narrow Pick filaments (NPF), and straight filaments
(SF) from AD, which appear to be similar to dGAE in height, exhibit a difference in the
repeating pattern compared to dGAE, due to their asymmetric cross-sections. These types of
asymmetric cross-sections lead to a complex pattern of peaks and grooves along the length of
the fibril, compared to the single visible peak and groove of the dGAE with 2-fold screw-
symmetry, which in comparison is more similar to PHFs from AD. A similar pattern, although
with a repeating unit consisting of a major and a minor peak, resulting from tip-sample contact
with the rhombic cross-sections, are also seen on CTE type I and CTE type II filaments. Finally,
the morphologies of all four heparin-induced tau fibrils differ from those of the other simulated
images, and from the dGAE fibril image, due to their off-centre helical axis and asymmetric
cross-sections. Although the dGAE fibril shown here matches the heparin-twister fibril well in
height, the displayed repeating pattern differs substantially from the experimental dGAE fibril

image due to differences in the cross-sectional shape and position of the screw-axis.
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To quantify the similarity between the experimental dGAE fibril image and the simulated
topographical AFM images derived from cryo-EM maps, a correlation distance based score
(dimg, see section 4.6 Methods) was calculated between the dGAE fibril image and each of the
simulated images (Table 4.1). Because the pixel sampling rate in the simulations was set to be
identical to that of the experimental AFM image, each pixel value (height value) in the data
image can be compared to the pixel value in a simulated image at the same coordinate location.
The correlation distance score, dimg, is then one minus the correlation coefficient between the
data pixel values and the simulated pixel values, with smaller distance scores signifying more
similar images. The dimg score was calculated using the pixel value at the coordinates in the
experimental AFM data image where the height values are above the estimated height of the
fibril axis to minimise complex contributions from tip-sample convolution. The resulting dimg
scores (Table 4.1) confirmed that the experimental dGAE fibril image showed closest
similarity to the simulated AFM images derived from cryo-EM data of patient-tissue purified

ex vivo PHF and CTE type II filaments.
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Table 4.1 Quantitative comparison of image similarity and similarity in morphometric parameters between AFM image data of the dGAE fibril

shown in Fig. 4.1c and cryo-EM derived tau fibril maps using the distance measure-based scoring system described in section 4.6 Methods. The

similarity rank is based on the combined score dy, from most similar with lowest dy value to least similar with highest dy value.

Filament type

dGAE, AFM data

CBD wide, EMD-10514

CBD narrow, EMD-10512

CTE type I, EMD-0527

CTE type II, EMD-0528

Narrow Pick’s filament (NPF) , EMD-0077
Wide Pick’s filament (WPF) , EMD-0078
Paired helical filament (PHF) , EMD-0259
Straight filament (SF) , EMD-0260
Heparin snake, EMD-4563

Heparin twister, EMD-4564

Heparin jagged, EMD-4565

Heparin hose, EMD-4566

—_— e e = NN = NN = NN

cod/
nm
49.1%
141.2
203.9
71.1
71.1
2294
141.0
77.6
164.8
134.3
50.1
83.3
161.1

csal
nm?
44.1
106.1
54.8
83.5
64.4
39.6
119.9
61.3
70.5
48.0
37.3
452
30.6

csd/
nm?
0.0
62.8
24.3
40.2
21.3
11.5
78.2
18.4
27.9
52.2
12.9
38.8
42.6

dimg

0.69
0.70
0.41
0.25
0.62
0.77
0.26
0.37
0.75
0.46
0.29
0.92

dsym
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1

dhnd
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0

dcod

0.51
0.86
0.12
0.12
1.00
0.51
0.16
0.64
0.47
0.01
0.19
0.62

dCS a

0.82
0.14
0.52
0.27
0.06
1.00
0.23
0.35
0.05
0.09
0.01
0.18

dcsd

0.80
0.31
0.51
0.27
0.15
1.00
0.23
0.36
0.67
0.16
0.50
0.54

§. Left-hand twisted filaments are assigned a And value of -1 and right-hand twisted filaments are assigned a ind value of 1
1. The mean cross-over distance of the selected dGAE fibril shown in Fig 4.1c-d. The overall comparative similarity rank is unchanged if the
population mean cod value of dGAE fibrils of 72.7 nm (Al-Hilaly et al., 2020) is used instead.
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0.91
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0.88
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2.94
1.72
1.99
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4.4.5 Quantitative and comparative morphometric analysis of dGAE tau amyloid fibrils
with cryo-EM derived structural maps confirms their structural similarity to patient-

derived tau structures

To investigate further whether dGAE tau amyloid fibrils are structurally similar to the tau
amyloid purified from patient tissues, a quantitative and comparative morphometric analysis
was performed next. First, the rotational cross-section of the dGAE tau fibril from the 3D model
constructed using AFM data (Fig. 4.1¢-d), and those of the cryo-EM tau fibril density maps,
were quantified in terms of their area and shape differences (cross-sectional area, csa, and
cross-sectional difference, csd, respectively, defined according to Fig. 4.2¢c-d). For cryo-EM
density maps, the rotational cross-sections were calculated by de-rotating the cross-sections
along their helical axes, followed by tracing of the boundaries of the resulting 2D-maps with a
circle of a radius equivalent to that of the AFM tip of the experimental dGAE fibril image. This
procedure made the cross-sections from cryo-EM and AFM data comparable by accounting for
the finite size of the tip during AFM imaging and thus estimating ‘tip-accessible’ cross-sections
from the cryo-EM maps. A visual comparison of the dGAE fibril cross-section with CTE type
II, PHF, and heparin-twister filament cross-sections (Fig. 4.7) showed that although CTE II
and PHF fibrils both display two-fold helical symmetry and show similarity in their simulated
topographs to the dGAE fibril image data (Fig. 4.6), the dimensions of the dGAE fibril model
cross-section are smaller. However, although the area of the heparin-twister fibril cross-section
better matched that of the dGAE fibril, it has an asymmetric cross-sectional shape with the
helical axis positioned off the centre-of-mass, like other heparin-induced fibrils, which are
dissimilar to the dGAE fibril with two-fold helical symmetry. Therefore, the differences in the

helical symmetry and average cross-over distance were also taken into account in the



comparative analysis, in addition to the cross-sectional difference and area parameters. The
differences for all of these morphometric parameters between the dGAE tau fibril and patient
tissue-extracted tau filament structures, or in vitro heparin-induced filaments, as determined by
cryo-EM, were compiled and listed in Table 4.1. These morphometric distance-based similarity
scores, together with the image similarity score, dimg, allowed the calculation of a combined
score of similarity, dy (see section 4.6 Methods), between the dGAE fibril imaged by AFM
and each of the unique previously determined cryo-EM tau fibril structural maps. This
combined score enabled ranking of overall structural similarity (Table 4.1), showing that the
canonical dGAE fibril (Fig. 4.1¢c-d) exhibits the highest overall structural similarity to PHF
from Alzheimer’s disease, followed closely by CTE type II filaments, while unequivocally
ruling out any close structural similarity to in vitro heparin-induced tau fibrils, as well as other

disease-associated tau fibrils (Fig. 4.8).
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Figure 4.7 Comparison of the cross-section of the surface envelope model derived from the
experimental AFM dGAE filament image and cryo-EM density maps cross-sections. The
cross-sections for the CTE type II filaments (a) and PHF from AD patient tissue (b), as well as
in vitro assembled heparin-induced ‘twister’ filaments (¢) are shown. The average cross-section

of the AFM image derived 3D model is shown as thick blue lines, and the structural variation
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observed along the fibril in the AFM image is indicated by the thin blue line denoting the 2.5

and 97.5 percentile bounds. The cryo-EM density cross-sections are shown in grey.
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Figure 4.8 The image similarity score and the combined score of similarity between the dGAE
fibril AFM image data and cryo-EM derived density maps of tau fibril polymorphs. Lower
score denotes higher degree of similarity. The overall comparative rankings (from highest to

lowest) based on the combined score of similarity (Table 4.1) are labelled for each entry.

4.5 DISCUSSION

Structural analysis of amyloid fibrils at the level of individual filaments is key to the

understanding of the structural polymorphism displayed by amyloid assemblies, which in turn

186



may relate to the varying physiological effects of amyloid in vivo. AFM imaging is
complementary to high-resolution, ensemble-averaging techniques like cryo-EM, due to its
capability for the structural analyses of single, individual molecules, e.g. membrane proteins
(Heath et al., 2021), DNA (A. L. B. Pyne et al., 2021) and amyloid filaments (Aubrey et al.,
2020), as well as their chemical signatures, response to force, interactions and dynamics (Maity
& Lyubchenko, 2019; Ruggeri et al., 2015; Watanabe-Nakayama et al., 2016) Here using
dGAE tau amyloid fibrils, we show that the 3D information from AFM and cryo-EM can be
integrated with each other by simulation of topographic images from cryo-EM density maps or
by 3D reconstruction of fibril surface envelopes from AFM topographic data. As exemplified
by the analysis of the dGAE tau amyloid structure, these workflows enable direct comparison
between experimental AFM images and the increasing numbers of cryo-EM data deposited in
the EMDB. We demonstrate this approach by comparing high-resolution structural maps of
various tau amyloid fibril cores determined by cryo-EM with a single AFM topographic scan
of a sample of dGAE tau fibrils formed in vitro without the addition of anionic cofactors. In
this case, the quantitative comparison of simulated topographs derived from the cryo-EM
density maps with an experimental AFM fibril image of a canonical dGAE tau fibril shows that
the structure of dGAE fibrils differs unambiguously from the structures of in vitro assembled
heparin-induced recombinant tau fibrils. The analysis also predicts a close structural match
between dGAE tau fibrils and both PHFs and CTE type II fibrils extracted from patient brain

tissues.

The biological implications of our findings are significant because It is necessary to establish
conditions of tau self-assembly in vitro that could result in the formation of disease-relevant
fibril structures, in order to enable studies of these structures along a disease-relevant

aggregation pathway, as well as to facilitate accessibility to physiologically relevant fibril
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structures for the development of aggregation modulators. Like dGAE fibrils, PHFs and CTE
II fibrils also have 2-fold helical symmetry and have a similar cross-sectional shape. The cross-
section of dGAE fibrils as estimated by the AFM derived 3D model is, however, smaller than
those derived from CTE II fibrils and PHFs (Fig. 4.7). This may be due to the physical
interactions of the AFM probe tip with the fibril surface despite the low force applied, the
deposition of the fibrils for AFM scanning in air or underlying molecular differences. However,
the similarity between dGAE fibrils and PHFs as well as CTE type II filaments is also
supported by sequence comparison. The dGAE tau sequence contains residues that correspond
to the repeat regions 3 (R3) and 4 (R4) of the 4-repeat tau isoform, as well as 9 residues from
the C-terminus of the repeat region 2 (R2), and thus it is expected the morphology of the fibrils
would more closely resemble that of the fibrils which also contain R3 and R4 residues in their
cores but few or none R1 or R2 residues. Such fibrils include PHFs and SFs AD filaments, as
well as the two CTE filaments (Falcon et al., 2019; Falcon, Zhang, Schweighauser, et al., 2018).
In contrast, filaments from CBD, PiD, and heparin-induced recombinant tau also contain a
larger numbers of residues from the R2 or R1 regions within their core structures (Falcon,

Zhang, Murzin, et al., 2018; W. Zhang et al., 2019, 2020).

Although the sampling pixel density and tip-sample convolution effect are controlled for and
matched to experimental values during the simulation of height images using cryo-EM maps,
other factors arising from experimental imaging conditions such as the sample deposition
process or residual monomeric or small aggregated species sticking onto the imaged fibril or
the probe tip will affect the quality of experimental AFM data. Further improvements to the
resolution and imaging parameters of the experimental dataset, either during data acquisition
or by computational post-acquisition algorithms, could improve the accuracy of the

quantitative comparison and the ranking of the similarity between experimental and simulated
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fibril images. The method presented here can also be extended to include ssNMR derived
structural models by using atomic coordinates deposited to the Protein Data Bank instead of
cryo-EM density maps for comparison. Thus, the approach presented here demonstrates the
vast potential of integrated structural analysis that utilises the complementary 3D information

acquired by different physical principles.

4.6 METHODS

4.6.1 AFM image data

The AFM image data analysed here was collected on a Bruker MultiMode 8 scanning probe
microscope with a Nanoscope III controller, and is part of a previously published data set (Al-
Hilaly et al., 2020). The images were acquired using the ScanAsyst in Air mode using Bruker
Scan Asyst Air probes with nominal spring constant of 0.04 N/m. The AFM image shown in
Fig. 4.1 represents topographical height scans 3 um x 3 pum in size at a resolution of 2048 x
2048 pixels. The height image was flattened using Bruker Nanoscope Analysis software to

remove tilt and bow. All further image analysis was carried out in Matlab.

4.6.2 AFM image analysis

Fibrils were traced (W.-F. Xue, 2014; W.-F. Xue, Homans, et al., 2009) and digitally
straightened (Egelman, 1986) using an in-house application. The radius of the AFM tip during
scanning was estimated by a least-squares fit of tip-sample contact-point model on the mean
cross-section of a straightened fibril across its length, with tip radius as fitted parameter (Lutter

et al.,, 2020). A tip model was then constructed from the tip radius, and the tip angle and
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geometry provided by the manufacturer. The same tip model was later used for simulating
AFM topographs from cryo-EM data. The average fibril cross-over distance was found as the
highest frequency peak from the Fourier transform of the fibril centre line height profile. The
3D reconstruction of the traced and straightened dGAE fibril was carried out as previously

described (Lutter et al., 2020).

4.6.3 Cryo-EM volumetric data pre-processing

Cryo-EM density maps were downloaded from the Electron Microscopy Data Bank (EMDB).
The voxel-based volumetric Coulomb density map data were imported into Matlab where all
subsequent processing and analysis was carried out. The helical rise, twist and handedness
values were obtained from the information provided in the EMDB metadata of each entry. The
iso-surface of a density map was found by applying the isovalue provided by the authors of
each of the EMDB data entries. The iso-surface vertices were rotated and translated, where
necessary, so that the long fibril axis runs along the z-axis. Where necessary, the density maps
were denoised by finding the nearest neighbours for all iso-surface vertices and subsequently
applying a threshold value to remove vertices with a significantly larger mean distance from
neighbours. The number of nearest neighbours and threshold were changed according to the
noise level of each map by manual inspection. All maps were then further denoised by finding
the alpha-shape of the iso-surface using an alpha radius of twice the voxel size of the EM
density map, while suppressing holes and retaining only the vertices that belong to the largest

single region of the isosurface.

4.6.4 Identifying and aligning the fibril screw-axis

190



The position of the fibril screw-axis was estimated by iterative optimisation of the rotation and
translation parameters while maximising the overlap between a voxelised isosurface and the
same isosurface rotated and translated about the z-axis by applying the helical rise and twist
values from the EMDB entry of each density map. Depending on the map features, rotation
and translation parameters of the map isosurface coordinates relative to the screw-axis were
optimised jointly or either rotation or translation was initially optimised separately for an initial

estimate, followed by joint optimisation of all parameters.

4.6.5 Simulation of AFM topographs from cryo-EM structural data

The axis-aligned iso-surface coordinates were extended to double the length of an experimental
AFM image fibril to allow for periodic alignment. This was done by rotating and translating
the iso-surface vertices along the long fibril axis (the z-axis in axis-aligned iso-surface) using
the helical twist and rise values from the EMDB metadata, followed by a 90° rotation so that
the filament axis aligned with the y-axis. The tip model with the radius specific to the
experimentally imaged fibril was then used to find the contact points between the tip model
and the fibril surface on an xy-grid constructed with the pixel size equivalent to that of the
experimental AFM image. The periodicity pattern of the simulated fibril images was
subsequently optimised to take into account possible structural variations in the twist of
filaments by finding a possible best match to that of the experimental AFM fibril image within
a plausible bounded range. This is achieved by an iterative optimisation of a parameter which
dilates or contracts the simulated fibril image along the length of the fibril within a bounded
interval of 0.5-2 times the nominal pixel size and maximises the cross-correlation between the

transformed simulated image and the straightened experimental fibril image.
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4.6.6 Calculation of cross-sectional area and shape differences

Filament cross-sections perpendicular to the fibril axis were found for both the AFM 3D
envelope model of the dGAE tau amyloid fibril and tau amyloid fibril cryo-EM density maps
by untwisting the coordinates to the same 2D plane along the length of the fibril, using the twist
and rise values provided in the EMDB metadata for cryo-EM models, or the analysis of
periodicity for AFM imaged fibrils. For EM density maps, the tip accessible cross-section was
estimated as the alpha shape of the cross-section, which was then found with the alpha radius
equivalent to the tip radius of the fibril on the experimental AFM image. The alpha shape was
then rotated by 1° intervals for a total of 360° and for each interval, RMSD to the cross-section
of the experimental AFM fibril envelope was calculated. The rotation angle that resulted in the
lowest RMSD indicated the best rotational alignment of the two cross-sections. The cross-

sectional area or difference area were then calculated as defined in Fig. 4.2 c-d.

4.6.7 Similarity scores and comparative structural ranking

A score to quantify the similarity between the digitally straightened experimental AFM image
of the dGAE fibril and simulated AFM images using cryo-EM maps of different polymorph of
tau filaments found in the EMDB was defined as the correlation distance, dimg, between the
pixel height values, which is one minus the correlation coefficient, », between the data pixel

values and the simulated pixel values (Eq. 4.1)

dimg=1-—r1 Eq.4.1
The dimg score was calculated using only the pixel value at the coordinates in the experimental

AFM data image where the height values are above the estimated height of the fibril axis to
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minimise complex contributions from tip-sample convolution. Scores to quantify the
differences in the morphometric parameters (defined according to Fig. 4.2) helical symmetry,
sym, twist handedness, /hnd, average cross-over distance, cod, cross-sectional area, csa and
cross-sectional difference area, csd, between each of the cryo-EM derived tau filament maps
and the experimentally AFM-imaged dGAE fibril are defined as their individual Euclidian
distances d, normalised to their observed maximum values, or the theoretical maximum value

of 2 for hnd.

|parEM map ~ pardGAEl

- |P‘1TEM map — pardGAEl

dpar Eq.4.2

max

In Eq. 4.2, ‘par’ represents the parameters sym, hnd, cod, csa or csd. Defining of all the
similarity scores using standardised distance measures means that lower numerical values
indicate higher degree of similarity. The overall score of similarity, dy, was then defined as the

sum of the individual image and morphometric similarity scores (Eq. 4.3).

dz = dimg + dsym + dhnd + dCOd + dcsa + dCSd Eq4 3
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Chapter 5: Multivariate analysis of amyloid fibril structural

polymorphism
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5.1 Summary

In this unpublished manuscript a computational meta-analysis approach to amyloid fibril
structural information is used to tackle the amyloid structure-function relationship. Amyloid
fibrils elicit a variety of biological effects, from roles required for physiological functionality
to cytotoxicity and disease-association. A similarly wide degree of variation is seen in the
structures formed by amyloid fibrils, recently revealed by ssNMR and cryo-EM. Determining
the nature of the relationship between structure, function, and dysfunction in biological
contexts is a key unresolved challenge that will further our fundamental understanding of
amyloid biology and facilitate identifying therapeutic strategies for the amyloid-associated

neurodegenerative and systemic diseases.

This manuscript uses the structural information of amyloid fibril atomic coordinates and
density maps deposited to the PDB and EMDB databases up to August 2021. A systematic
meta-analysis is carried out to characterise the fibril models and determine differences in
specific structural features between groups of amyloids, in order to generate hypotheses around
features that may mediate biological effects. Amyloids are here broadly categorised as
pathogenic, functional, and low complexity domain-containing (LCDs), which can be both
functional or disease-associated. A statistical analysis of specific structural features revealed
that LCDs have unique properties compared to pathogenic amyloids, including both more
hydrophilic solvent-accessible surfaces and fibril core interiors. Furthermore, LCD folds are
more compact compared to the folds of pathogenic amyloids and have, on average, more than
three times as large protofilament interface areas. On the other hand, functional amyloids do
not differ from pathogenic amyloids in these analysed features, but instead have, on average,
smaller folds with less total solvent-accessible surface area and only half as extensive 3-sheet
interface areas in the fibril cores as compared to pathogenic amyloids. These features may
mediate different biological properties and effects such as thermodynamic stability,
reversibility of assemblies, as well as the rates of the nucleation, elongation, or fragmentation
steps along the aggregation pathway. Future work on this manuscript will lead to more detailed
analysis of structural features in order to advance our understanding of amyloid structure-

function relationships.
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5.2 ABSTRACT

Structural polymorphism is a key feature of amyloid assembly that results in fibrils of varied
physicochemical properties, potentially leading to the diverse biological responses of amyloid
observed in biological contexts, from functional roles to neurodegenerative disease-associated
mechanisms of toxicity. To date, significant advances in structural analysis of amyloid fibrils
have been made using cryo-electron microscopy and solid-state NMR, providing a wealth of
high-resolution data on fibril structures, and revealing a high degree of structural variation.
Although comparisons of a number of individual structures have thus far been used to identify
structural characteristics which may mediate biological properties, a systematic quantitative
analysis of variance in specific structural features across all amyloid structures is lacking. Here,
we report a quantitative meta-analysis of amyloid core structural models in order to elucidate
the amyloid structure-function relationship. The analysis reveals that structural models of low-
complexity domain-containing amyloids (LCDs) have on average both more hydrophilic
solvent-accessible surfaces and core packing arrangements compared to pathogenic amyloids.
Furthermore, LCDs are more compact and have more than three times as large protofilament
interface areas. Other functional amyloids do not significantly differ from pathogenic amyloids
in these analysed structural features but are, on average, smaller and contain only half as much
total B-sheet interface area relative to size. In summary, structural features including
protofilament interface areas and packing of hydrophobic residues are potential mediators of
biological properties for LCD-containing amyloids, whereas size and B-sheet interfaces may

be key mediators of biological properties for other functional amyloids.
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5.3 INTRODUCTION

The mechanisms of toxicity through which pathogenic amyloids exert their cytotoxic effects
are varied, with the small oligomeric species emerging as the most cytotoxic via pathological
processes including loss of membrane integrity (Tian et al., 2021), ionic homeostasis (Quist et
al., 2005), and disruption of signalling pathways (Amar et al., 2017), whereas fibrillar species
have been shown to exert toxicity via membrane disruption (Milanesi et al., 2012) and
deleterious effects on the endo-lysosomal pathway (X. Zhang et al., 2020). In addition, loss-
of-function toxicity can occur where the native function of the protein is disrupted due to
misfolding and amyloid formation (S. Ghosh et al., 2017). However, the full extent of the
mechanisms of toxicity employed by the various species along the aggregation pathway is yet
to be elucidated. Furthermore, there is currently no consensus on which mechanisms might be
most significant in in vivo disease contexts, why some amyloid plaques are seemingly inert and
do not correlate with cognitive impairment, and how amyloid mechanisms of toxicity are

affected by cellular changes during aging.

Similarly to the variations seen in amyloid mechanisms of toxicity, some amyloids have diverse
mechanisms for carrying out biological functions, including structural support roles, storage of
peptide hormones, and regulation of signalling pathways (Otzen & Riek, 2019). For example,
the fibrillar state of the CPEB protein Orb2 leads to memory persistence through enhancing
the translation of specific mRNAs (Hervas et al., 2020). In addition, some amyloidogenic
proteins have functional roles in biomolecular condensates formed through liquid-liquid phase
separation (LLPS) but undergo aberrant aggregation into pathological amyloid as a result of
aging-related loss of homeostasis (Alberti & Hyman, 2021). How this diversity in biological

effect, ranging from essential for physiological functions to an array of cytotoxic effects, arises
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from fibrils sharing the amyloid state, is a key question to our understanding of fundamental

amyloid biology in health and disease.

Studies of amyloid fibril structures have recently revealed that the large degree of variation in
biological effects of amyloids is reflected in the diversity seen in their structures. Cryo-electron
microscopy (cryo-EM) and solid-state NMR (ssNMR) methods have been instrumental in
determining the structures of a wide variety of amyloid fibril cores, thus elucidating the
polymorphic nature of amyloids in high-resolution detail (Iadanza, Jackson, et al., 2018).
Although amyloid fibrils share the common cross-§ core architecture comprised of B-strands
that stack perpendicular to the fibril axis with a 4.7 A inter-strand and 10 A inter-sheet
separation (Jahn et al., 2010), structural models now show a wide variety of differences in
amyloid core features. Differences in the core architecture include the 3-sheet forming regions,
core arrangement, presence of co-factors, and packing of laterally associated protofilaments
(Lutter, Aubrey, et al., 2021). Although most of the available structural data characterises in
vitro formed fibrils, an increasing number of ex vivo fibril structural models are also available.
Comparison of in vitro and ex vivo structures of the same protein monomers has revealed vastly
different folds (Fitzpatrick et al., 2017; W. Zhang et al., 2019), highlighting the local in vivo
microenvironment as an important factor in determining the polymorphism landscape of
amyloid fibril populations. Furthermore, structural data from ex vivo extracted fibrils from
neurodegenerative disease patients has shown that the fibril structures are near-identical for the
same protein in patients with the same diagnosis (Falcon, Zhang, Schweighauser, et al., 2018),
and holds the potential to determine whether fibril structures could also be tissue- or clinical
subtype-specific for a disease. Finally, the structures of some reversible, functional amyloid
fibrils have also recently been determined (Hervas et al., 2020; J. Lu et al., 2020; Seuring et

al., 2020). Although considerably less functional amyloid structures are available due to the
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critical need for a better understanding of pathological amyloid states to combat disease-
associated aggregation, it provides an opportunity for a comparative approach towards
elucidating the relationship between the variation of amyloid in biological contexts and their

structural polymorphism.

The relationship between amyloid structure and function or dysfunction is often discussed by
comparison of a number of structures with different biological effects, such as functional and
pathogenic amyloids, or models of wild-type and familial mutation-carrying structures, in order
to form hypotheses on the structural features which could mediate the differences in biological
effects. For example, this has led to an observation that the Orb2 functional amyloid core has
a much less hydrophobic interior compared to that of a model of a pathogenic AP4o fibril
(Ulamec & Radford, 2020). Although this approach offers detailed information on the specific
structural folds, it is limited by the small number of analysed models, which does not facilitate
drawing conclusions about general features of amyloids with different biological
consequences. An alternative approach in which residue- and molecule-specific
thermodynamic stability is calculated from the entropic and enthalpic contributions to the
solvation free energies across all amyloid structural models has likewise provided valuable
insights, demonstrating that pathogenic amyloids tend to be more stable (Sawaya et al., 2021).
Although thermodynamic stability is likely to be a key element of determining the biological
effects of amyloid fibrils, a parametrised approach would have the advantage of disentangling
any specific structural features that lead to the observed differences in stability, which could

further be useful for identification of therapeutic strategies.

A detailed understanding of key structural features is required to detangle the interplay between

amyloid structural differences and biological consequences. Here, a parametric approach is
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used in a systematic meta-analysis on 105 unique amyloid fibril structural models determined
by cryo-EM and ssNMR up to August 2021. The models were computationally analysed by
calculations of specific structural features in order to identify significant differences and relate
these to biologically categories of pathogenic, functional, and low complexity domain-
containing amyloids (LCDs). The general differences in characteristics including symmetry,
number of protofilaments and fibril handedness are first analysed, along with the size and shape
of the structural models. Further analysis then reveals significant differences in hydrophobic
core arrangements, packing of the fibril core, as well as protofilament interface areas between
LCDs and pathogenic amyloids. Contrastingly, functional amyloids did not on average differ
from pathogenic amyloids in these features, but exhibited less exposed surface area per layer
and a lower B-sheet interface area. Finally, differences between ex vivo and in vitro formed
structures are highlighted and mechanisms through which the identified differences could lead

to different biological effects are discussed.

5.4 RESULTS

5.4.1 Amyloid fibrils display a large degree of structural polymorphism

Amyloid structural models deposited to the EMDB and PDB databases up to August 2021 were
selected, resulting in a total of 105 fibril models from which 92 had available atomic
coordinates and secondary structure annotations (see section 5.6 Methods for further inclusion
criteria). The general features of the 105 amyloid fibril core models were first assessed through
characterisation of symmetry, handedness, and number of protofilaments (Fig. 5.1a). In
analysis of fibril model symmetries, 2-fold helical symmetry was the most prevalent at 58 %,

followed by 38 % of fibrils with asymmetrical cross-sections. Within the group of 2-fold
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symmetries, pseudo-21 screw-symmetry was 20 % more prevalent than the C2 rotational
symmetry, and for a small number of structures it was not possible to differentiate between
these due to limited resolution. Finally, a small minority of 4 % of fibril models had C3
rotational symmetry. Variations in symmetry were reflected in similar variation in number of
protofilaments, demonstrating that increased numbers of protofilaments often become
symmetrically arranged about the helical axis. Nearly two thirds of the fibrils consisted of two
protofilaments and a quarter consisted of a single protofilament. A small number of fibrils also
had three protofilaments (8 %) or four protofilaments (3 %). The proportion of asymmetric
fibrils is 13 % higher compared to models with single protofilament fibrils as protofilaments
are not symmetrically arranged in all models and resulting in a relatively higher proportion of
asymmetric fibril core structures. While the majority of the fibrils are left-handed,
approximately one in six of the determined structural models exhibit right-handed twist instead.
The major prevalence of left-hand twisted fibrils occurs as a result of the chirality of L-amino
acids, which in B-sheet arrangements favour left-handed twist (Chothia, 1973). Thus it is
possible that specific features of the folds of right-handed twisted fibrils act to compensate for

this comparatively less favourable twist arrangement.

Amyloids were then grouped by biological effects into pathogenic, functional, and low
complexity domain-containing proteins (LCDs). Pathogenic amyloid models (n = 76) included
amyloid-B (AB), a-synuclein, tau, islet amyloid polypeptide (IAPP), immunoglobulin light-
chain (IG LC), serum amyloid A (SAA), B2-microglobulin (32m), transthyretin (TTR), CA150,
and the prion protein (PrP). The group of functional amyloid models (n = 7) included PI3K,
RIPK1/3, glucagon, B-endorphin, and HET-s. Finally, the LCD models (n = 9), which contain
both reversible and functional as well as pathogenic amyloid sharing the low complexity motif,

included fused in sarcoma (FUS), TAR DNA-binding protein 43 (TDP-43), heterogeneous
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nuclear ribonucleoprotein A1 and A2 (hnRNPA1/2), and Orb2. The biological groupings for
each amyloid structural model, along with all the calculated parameters, can be seen in

Supplementary Table 5.1.

The variations in sizes and shapes of the amyloid fibril structural models across the total 105
fibril data set were first assessed (Fig. 5.1 b-¢). The mean cross-sectional area of the amyloid
fibril models is 32.7 nm? with 88.6 % of the fibrils having cross-sectional areas less than 50
nm?, and only a minority of the fibrils having larger cross-sections up to 106.9 nm?. The shape
of the fibril model cross-sections was assessed through measures of roundness, a function of
perimeter and area, and eccentricity, a ratio of the minor and major axes. Shape analysis
highlighted that the cross-sectional shapes formed by amyloid structures are both more
elongated than circular, and have non-circular boundaries, suggesting that packing

arrangements favour increased surface area rather than compactness.
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Figure 5.1 Statistical analysis of amyloid fibril model symmetry, handedness, number of
protofilaments, size, and shape. (a) Symmetry, handedness, and number of protofilaments of
amyloid fibril structural models. (b) Histogram of amyloid fibril model cross-sectional areas.

(c¢) Shape analysis of amyloid fibril models by circularity and eccentricity measures.

5.4.2 Pathogenic, functional, and LCD-containing amyloid fibrils display on average no

significant differences in p-sheet content

The general sequence composition of amyloid fibril structural models was characterised by the
ratio of unique amino acids and the number of possible unique amino acids, as well as the [
sheet content, determined from the secondary structure assignments of each model. As
expected, LCDs have on average less sequence complexity, with both pathogenic and
functional amyloids having approximately 1.4 times as high unique amino acid ratios compared
to LCDs (Fig. 5.2a; p =0.01 and p = 0.002, respectively), whereas the B-sheet content per layer

did not differ significantly between any of the amyloid groups (Fig. 5.2b).
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Figure 5.2 Comparison of general sequence features of amyloid fibril structural models shows
that LCD-containing fibrils form structures with less unique amino acids compared to both
pathogenic and functional amyloids, whereas B-sheet content does not significantly different
between assigned biological categories. (a) Comparison of unique amino acid ratio. (b)
Comparison of -sheet content between different biological categories of amyloid. ** denotes

significance at or below the 0.01 level. Statistical comparison of means was carried out between
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all groups and was not significant if not otherwise indicated. Welch’s ANOVA was used with
Games-Howell post-hoc tests to correct for multiple comparisons while not assuming equal
variance. On each box, the central mark indicates the median, and the bottom and top edges of
the box indicate the 25" and 75" percentiles, respectively. The whiskers extend to the most
extreme data points not considered outliers, and the outliers (defined here as values beyond

+2.70) are plotted individually using the symbol 'o'.

5.4.3 LCDs have more hydrophilic solvent-accessible surfaces, core packing

arrangements, and are more compact than pathogenic amyloids

Amyloid fibril structural model core fold arrangements were analysed by measures assessing
the relationship of residue-specific hydrophobicity with both solvent accessibility and distance
from the fibril core interior. Although both measures use residue-specific hydrophobicity
information, they differ in the second component, either solvent accessibility or distance from
helical axis. These parameters are used as solvent-accessible hydrophobicity could potentially
be linked to nonspecific sequestering of essential cellular components through hydrophobic
interactions, whereas hydrophobicity of the core interior could instead be linked to higher
thermodynamic stability. While the solvent-accessible hydrophobicity is an averaged measure
and affected by the overall hydrophobicity of the amino acid sequence, the core hydrophobicity
score does not depend on sequence hydrophobicity, as it is the relationship between distance
from helical axis and residue-specific hydrophobicity that is measured, allowing the fold
packing arrangement to be evaluated directly. In addition to the residue-specific
hydrophobicity-based measures, fold arrangement is also evaluated as the total solvent-
accessible surface area (SASA) per layer, which relates to the total size of the fibril core model.
Finally, fold compactness is defined as an averaged measure of solvent accessibility in the
folded state compared to the unfolded state of each amino acid. The differential contributions

of hydrophobicity, solvent accessibility and distance on the measures are visualised in Fig.
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5.3e, illustrating the principle behind each measure through examples of structural models with

the highest and lowest scores.

Core arrangement and hydrophobicity analysis revealed that LCDs have on average more
hydrophilic solvent-accessible surfaces, less hydrophobic core packing, and more compact
folds (Fig. 5.3b-d). The solvent-accessible and core hydrophobicity measures were on average
32.8 % and 65.6 % lower for LCDs compared to pathogenic amyloids (p =0.015 and p = 0.009,
respectively). LCD fold arrangements were on average 5.6 % more compact, compared to
pathogenic amyloids (p = 0.001), and 9.5 % more compact than those of functional amyloids
(p = 0.047). In addition, the LCD core models were on average smaller than pathogenic

amyloids, with 18.0 % less SASA per layer (p = 0.041).

Surprisingly, functional amyloids showed on average no differences to pathogenic amyloids in
core and solvent-accessible hydrophobicity measures and did not have more compact fold
arrangements (Fig. 5.3b-d). However, functional amyloids had overall smaller folds with 57.5
% less solvent-accessible surface area per layer compared to pathogenic amyloids (p = 0.022).
Additionally, it was also noted that both anti-parallel ABao (Fig. 5.3e; PDB ID 2Inq), as well as
the functional RIPK1/3 heteroamyloid (PDB ID 5v7z), had very low fold compactness and
high solvent-exposed hydrophobicity scores (Fig. 5.4), highlighting the unique properties of

these rare arrangements.
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Figure 5.3 Statistical analysis of solvent-accessible surface area and hydrophobicity-based
fibril structural features. (a) Total solvent-accessible surface area per layer. (b) Fold
compactness. (¢) Core hydrophobicity measure. (d) Solvent-exposed hydrophobicity measure.
* *% and *** denote significance at or below the 0.05, 0.01, and 0.001 levels, respectively.
(e) Illustrative model representations of the calculated parameters on amyloid fibril structural
models with the highest and lowest values for fold compactness, solvent-accessible
hydrophobicity, SASA per layer, and core hydrophobicity. Fold compactness is illustrated by
greyscale sphere models of the atomic coordinates, where the colour intensity corresponds to
residue-specific solvent exposure in the fibrillar state, relative to the free state of the amino

acid and main chain atoms of adjacent residues. For solvent-accessible and core
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hydrophobicity, the red-blue colour scale indicates residue-specific hydrophobicity, with red
representing more hydrophobic residues and blue more hydrophilic residues. For solvent-
accessible hydrophobicity, the radii of the spheres representing atomic coordinates are scaled
with solvent-exposure, so that more exposed residues appear larger and less exposed residues
appear smaller. Similarly, for core hydrophobicity, sphere radii are scaled with distance of the
residue from the helical axis to the solvent-accessible boundary, so that residues closer to the
helical axis appear larger and residues further away appear smaller. SASA per layer is
illustrated as surface representations of the atomic coordinates. All models are scaled equally

and scale bar in bottom right corner represents 2 nm.
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Figure 5.4 Visualisation of the variation in core and solvent-accessible hydrophobicity, fold
compactness, and total solvent-accessible surface area per layer. (a) A scatter plot of fold
compactness and solvent-accessible hydrophobicity shows a negative linear correlation the two
variables (7(93) = -0.88, p < 0.001), which is expected as the calculations of the measures are
related through the ratio of residue-specific solvent-accessible areas in folded and unfolded
states. (b) A scatter plot of core solvent-accessible surface area per layer and core
hydrophobicity does not show a significant correlation between these structural features.
Structural models used to illustrate the plotted measures in Fig. 5.3e are also labelled in this
figure, along with the RIPK 1/3 heteroamyloid (PDB ID 5v7z). Pathogenic, functional and LCD

amyloids are shown as yellow, blue, and green circles, respectively.

5.4.4 Low-complexity domain-containing amyloids have larger protofilament interface

areas compared to pathogenic amyloids
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The interface areas between protofilaments and between individual B-sheet forming B-strands
were calculated for all structural models in order to detect differences between pathogenic,
functional and LCD categorised amyloids, and determine whether these features may convey
properties corresponding to the biological consequences of these amyloids. A relative interface
area score was calculated for each amyloid structural model, taking into account differences in
cross-sectional area, which affects the potential to form protofilament and B-sheet interfaces.
The interface area measurements are illustrated in Fig. 5.5d on fibril structural models with the

highest and lowest relative B-sheet and protofilament interface areas.

Analysis of the interface areas revealed that a LCDs are more prone to high interface areas
relative to size compared to other amyloids (Fig. 5.5¢) and where protofilament interfaces
form, they are on average 230.7 % larger compared to the protofilament interfaces of
pathogenic amyloids (p < 0.001), whereas no significant difference was observed for the
relative B-sheet interface area between LCDs and pathogenic amyloids. On the other hand,
functional amyloids were determined to have on average 47.4 % less relative B-sheet area

compared to pathogenic amyloids (p = 0.026).
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Figure 5.5 Protofilament and B-sheet interface area analysis between pathogenic, functional,
and LCD amyloids. (a) Protofilament interface areas relative to the total cross-sectional areas
of the fibrils. LCDs have significantly higher relative protofilament interface areas compared
to pathogenic amyloids. (b) B-sheet interface areas relative to the total cross-sectional areas of
the fibrils showing a significant difference between functional and pathogenic amyloid fibril
structural models. * and *** denote significance at or below the 0.05 and 0.001 levels,
respectively. (¢) A scatter plot of relative protofilament and B-sheet interface areas further
shows the differences in interface areas between groups but does not show a significant
correlation between relative protofilament and B-sheet interface areas. Pathogenic, functional
and LCD amyloids are shown as yellow, blue, and green circles, respectively. (d) Illustrations
of the calculated parameters on amyloid fibril structural models with the highest and lowest
relative protofilament and B-sheet interface areas. Protofilament and B-sheet interfaces are
shown in purple and pink, respectively. For B-sheet interface illustrations, B-sheet regions are
shown in darker grey and intervening residues are shown in lighter grey. For protofilament
interface illustrations, all residues not at the interface are shown in dark grey. The four
structural models used for illustrations are also labelled in (c). All models are scaled equally

and scale bar in bottom right corner represents 2 nm.
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5.4.5 Principal component analysis of structural features reveals differential extent of

polymorphism between amyloid proteins

Structural features of amyloid models calculated in comparisons between pathogenic,
functional, and LCD amyloids were then used in a principal component analysis (PCA), in
order to determine whether visualisation by dimensionality-reduction will lead to grouping of
structural models by either the assigned biological categories or by some other additional
property. Parameters used for principal component analysis included the unique amino acid
ratio, B-sheet content, total SASA per layer, fold compactness, core hydrophobicity, solvent-

exposed hydrophobicity, as well as relative protofilament and -sheet interface areas.

Principal component analysis of all amyloid models highlighted the large degree of variation
resulting from the diversity of fibril structures and the polymorphism between amyloid forming
even from the same or near-identical amino acid sequences. Visualisation of the multivariate
data by dimensionality reduction and plotting of the first two principal components did not
indicate clustering of the data based on the calculate parameters and the biological assigned
groups of pathogenic, functional and LCD amyloids (Fig. 5.6a). However, PCA of the
structural features of just tau amyloid fibril models and coloured grouping by sample origin
did show large differences between the heparin-induced in vitro formed fibrils and fibrils
extracted from ex vivo patient brain tissue (Fig. 5.6b). This was also accompanied by a
relatively higher percentage of explained variance of the first two principal components for tau
fibrils, as compared to all fibril models or a-synuclein models only. On the other hand, PCA
of a-synuclein fibrils, coloured by sample origin as ex vivo extracted from multiple system
atrophy (MSA) patient brain tissue or self-assembled in vitro from wild-type, N-terminally

acetylated, or familial mutation-carrying sequences, did not show the same extent of
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discrepancies between analysed structural features of ex vivo and in vitro formed fibrils as tau
(Fig. 5.6¢). This suggests that depending on the amyloid protein and assembly conditions, in

vitro formed fibrils can differ in the extent of similarity compared to ex vivo extracted fibrils.
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Figure 5.6 Principal component analysis of amyloid fibril model structural features shows the
differential variation of structural features across amyloid proteins. (a) PCA of all analysed
structural models, coloured by assigned biological categories, i.e. pathogenic, functional and
LCD-containing amyloids. (b) PCA of tau fibril structures coloured by sample origin, which
include in vitro assembled heparin-induced tau, as well as ex vivo fibrils extracted from tissue
of patients with Alzheimer’s disease (AD), primary age-related tauopathy (PART),
corticobasal degeneration (CBD), chronic traumatic encephalopathy (CTE), Pick’s disease
(PiD). (¢) PCA of a-synuclein fibril structural models, coloured by sample origin, including ex
vivo extracted fibrils structures from multiple system atrophy (MSA) patient brain tissue, as
well as in vitro formed wild-type (WT) fibrils, N-terminally acetylated fibrils, and fibrils with

familial mutations. PC — principal component.

5.5 DISCUSSION

Amyloid fibrils exhibit extensive structural diversity and polymorphism despite sharing the
same characteristic cross- architecture, reflected by a wide range of biological activities from
pathogenic effects to functional roles. Recent advances in structural biology techniques have

led to the elucidation of amyloid core structures at sufficient resolutions to regularly allow
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elucidation of amyloid fibril structures and atomic model building. The PDB and EMDB
databases contain models of mostly pathogenic amyloid, but the addition of functional and
reversible models facilitates development of hypotheses about the structural features that may
convey different biological effects. In this study, a systematic meta-analysis of structural
features across all deposited models revealed specific differences for low complexity domain-
containing and functional amyloids as compared to pathogenic amyloids. It was found that
LCDs have on average more hydrophilic solvent-accessible surfaces and interior core regions,
as well as larger protofilament interfaces compared to pathogenic amyloids. In contrast,
functional amyloids did not share these significant differences compared to pathogenic
amyloids, but instead had less total solvent-accessible surface area per layer and only

approximately half as extensive B-sheet areas.

Solvent-accessible hydrophobicity was on average significantly lower in LCDs compared to
pathogenic amyloids. Hydrophobic surfaces could potentially lead to nonspecific interactions
and sequestering of essential biomolecules in biological contexts or be more favourable for
secondary nucleation by promoting unfolding or misfolding of monomer through hydrophobic
interactions. However, residues which appear solvent-exposed in structural models may be
shielded by flexible flanking regions which are absent from the models or may otherwise be
inaccessible due to variations in the twist pattern or interactions with other macromolecules.
Therefore, the calculated solvent-accessibility of the residues may reflect the solution
conditions of the protein less well than the core hydrophobicity measure, which relies on
distance from the helical axis and varies less as the structural biology tools used are better
suited to resolve the rigid core about which the fibril twists than the dynamic regions that may
surround it. The interior of the fibril core was also more hydrophilic for LCD amyloid models

compared to those of pathogenic amyloids, which could result in lower thermodynamic
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stability and facilitate reversible assemblies. Further techniques for distinguishing different
types of stability will also be important for an improved understanding of amyloid structural
characteristics. While thermodynamic stability could be a significant determinant for the
reversibility, related features like mechanical stability or protease resistance could also be
responsible for some of the observed differences in amyloid structure and function. For
example, it is possible that lowered mechanical stability could lead to brittle fibrils with an
increased fragmentation rate, which can result in increased cytotoxicity (W.-F. Xue, Hellewell,
etal., 2009) and prion-like spread (Marchante et al., 2017). In cellular contexts, surface features
which favour interactions with chaperones that lead to the formation of small seeds (Wentink

et al., 2020) could likewise also have a similar effect.

Interestingly, an anti-parallel B-sheet structural model of AR (PDB ID 2Inq) had the highest
solvent-exposed hydrophobicity score out of all analysed models, approximately 1.5 times
higher than the median for pathogenic amyloids. Anti-parallel arrangements have previously
been observed for AP oligomers, typically associated with higher cytotoxicity (Cerf et al.,
2009). However, the functional RIPK1/3 heteroamyloid also had a high solvent-exposed
hydrophobicity score at 0.8 times higher than the median score due to the alternating packing
arrangement of monomer layers, and is not associated with toxic aggregation, indicating that

the toxic effects of AP anti-parallel structures might not be mediated by this specific feature.

Surprisingly, LCDs also had on average 2.3 times larger protofilament interface areas relative
to size compared to pathogenic amyloids, which would be expected to have a large stabilising
effect on the structures. The lower intramolecular interactions in the low-complexity aromatic
rich kinked segments (LARKS) motif of LCDs resulting from the kinking of the backbone

(Hughes et al., 2021) thus here appears to be compensated by larger intermolecular interactions
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between protofilament. It is possible that low number of unique residues allows the formation
of tight complementary interfaces between protofilaments, thus speeding up aggregation
kinetics and lowering the concentration of oligomeric species with potential cytotoxic effects.
Furthermore, the median relative B-sheet interface area was the highest for LCDs. Although
the difference was not statistically significant, it would instead be expected that these fibril
models characterised as LARKS would have comparatively less B-sheet interface area due to
a lack of dry steric zippers which is associated with pathogenic amyloids. Surprisingly,
functional amyloids did not on average significantly differ in the solvent-exposed or core
hydrophobicity measures. However, they did have nearly a fifth less total exposed surface area
per layer, indicating that they are simply smaller than pathogenic amyloids and had nearly half
as little B-sheet interface areas relative to size. A key feature of functional amyloids may be
rapid aggregation kinetics which minimises the population of toxic oligomeric intermediates
(Dear et al., 2020). Thus, smaller fibrils with less surface area could be favoured for functional
amyloids compared to larger amyloids composed of several protofilaments, potentially

changing the kinetic rates of aggregation towards favouring rapid elongation.

The meta-analysis is limited by the dataset available from the PDB and EMDB and the uneven
sample sizes for the different categories. Although pathogenic amyloid structures are critical
for the development of aggregation inhibiting therapeutics against amyloid-associated systemic
neurodegenerative diseases, for the purposes of a comparative meta-analysis the reduced
dataset available for reversible LCDs and functional amyloid limits the power of the study. The
growing number of available amyloid fibril structural models with different biological effects
in the PDB and EMDB databases will facilitate the use of these and other structural parameters

in order to elucidate the relationship between amyloid structure and function.
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5.6 METHODS

5.6.1 Atomic coordinate pre-processing

Atomic coordinates and accompanying metadata were obtained from the PDB for amyloid
fibril structures with available atomic coordinates. Models formed from short peptide
fragments of less than 12 amino acids were excluded as they do not represent the properties of
the full-length proteins or larger protein fragments from which the fibrils form under
physiological conditions. Models with added anti-amyloid compounds or dyes were also
excluded. In cases where several models were deposited based on the analysis of the same
NMR data, the most recent submission was chosen. Where alternative conformations were
available for residues, the first conformation provided was used. Similarly, for depositions of
an ensemble of models the first model was used as a representative. Where NMR models with
both left- and right-handed twist were available from the same collected data, the left-handed
twisted model was selected for calculation of structural parameters, and the twist information
for that fibril was not included in the statistics on fibril handedness. Where only a cryo-EM
density map was available, but no atomic model, volumetric density maps were downloaded
from the EMDB and where several EM density maps of the same structure have been deposited,
the one with the highest resolution was chosen. Where multiple PDB models were built into
the same density, the first one was selected as a representative. The map recommended
1sovalue, helical rise, twist, and handedness were obtained from the information in the EMDB
metadata. Data from both the PDB and the EMDB were imported into Matlab where all

subsequent processing and analysis was carried out.

215



For cryo-EM density maps, the iso-surface of a density map was found by applying the isovalue
provided by the authors. Where necessary, the density maps were denoised by finding the
nearest neighbours of all iso-surface vertices and subsequently applying a threshold value to
remove vertices with a significantly larger mean distance from neighbours. The number of
nearest neighbours and the threshold were changed according to the noise level of each map
by manual inspection. Maps were further denoised by finding the alpha shape of the iso-surface
using an alpha radius of twice the voxel size of the EM density map, while suppressing holes
and retaining only the vertices that belong to the largest single region of the isosurface. Finally,
atomic model coordinates or iso-surface vertices were rotated and translated, where necessary,
so that the long fibril axis runs along the z-axis, and then used in downstream analyses. Atomic
model coordinates were analysed in sphere representation where the radius of atoms

correspond to their Van der Waals radii, with surface sampling density of ~15 dots/A2.

5.6.2 Alignment of the fibril screw-axis

The position of the fibril screw-axis was estimated by iterative optimisation of rotation and
translation parameters. For structures where cryo-EM density maps were available, the map
iso-surfaces were used, as these are typically longer along the fibril axis compared to the
corresponding PDB models, thus increasing the accuracy of the screw-axis parameter
estimation. The objective function for finding the rotation and translation parameters consisted
of maximising the overlap between the isosurface and the same isosurface translated and
rotated about the z-axis by applying the helical rise and twist values from the EMDB entry of
each density map. The rotational and translational parameters determined for screw-axis
alignment from the density maps were then also used to align the corresponding PDB

coordinates. In the case of ssSNMR structures, helical twist values were not available and thus
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the PDB coordinates were used to estimate both the screw-axis position, as well as the degree
of helical twist, by iterative optimisation of rotation and translation parameters by minimising
the standard deviation of twist angles and z-distances calculated between identical atoms in
different layers of the fibril, relative to the screw-axis. Depending on the map features, rotation
and translation were optimised jointly or either one was initially optimised separately for an

initial estimate, followed by joint optimisation of all four parameters.

5.6.3 Determination of fibril symmetry and handedness

The symmetry along the fibril axis was found from accompanying publications or, if not
discussed, assigned by visual inspection of the structures as asymmetric (C1), or having C2,
21,0or C3 helical symmetries. In cases where resolution limitations did not enable distinguishing
between C2 and 21 symmetry, general 2-fold rotational symmetry was marked as C2/2;. Fibril
handedness was determined from the sign of the twist values provided in the EMDB
experimental metadata, or from the calculated mean twist values between identical atoms in
different layers, for ssSNMR structures. Where the sign of the twist value did not agree with
visual inspection of map handedness, or maps of both left- and right-handed fibrils were

deposited from analysis of the same data, no handedness value was assigned.

5.6.4 Calculation of fibril cross-sectional dimensions and area

The sizes and shapes of amyloid fibril structural models were analysed from a single repeating
unit of the model. For most models the repeating unit is equivalent to a single layer of the fibril,
whereas for hetero-amyloid (PDB IDs 6ti6, 6ti7, 5v7z), anti-parallel models (PDB IDs 2Inq,

6nzn), and a model where the monomer forms two consecutive layers of B-strands (PDB ID
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2kj3), the repeating unit is composed of two layers. To calculate the cross-sectional area, A,p,
the solvent-exposed cross-sections of the atomic coordinates were found by tracing the
coordinates with a sphere with the radius of 0.14 nm, an approximate radius of a water
molecule, while suppressing holes and retaining only the coordinates that belong to the largest
single region. Where only a density map was available, the iso-surfaces were first de-rotated
about the helical axis by the corresponding twist and rise values, and a sphere with a radius of
four times the voxel size was used for tracing, to account for differences in resolution between
these density maps. The area and perimeter, P, of the cross-sections were then calculated. To
measure cross-sectional dimensions, distances from the cross-sectional boundary to the helical
axis were then found for a 360° rotation of the cross-section with 1° spacing, from which
maximum and minimum distances, d,,4, and d,,;,, respectively, were found. Fibril cross-
sectional shape was then analysed by measures of circularity (Eq. 5.1) and eccentricity (Eq.

5.2), which were calculated from the described cross-sectional parameters.

. . AmAyp
Circularity = P2 Eq.5.1
dinax — drznin
Eccentricity = Eq.5.2
dmax

5.6.5 Amino acid sequence analysis

Amino acid sequences of amyloid fibril core regions were analysed from single repeating units
of atomic coordinates accessed from the PDB. The -sheet content was found as a percentage
of the number of residues annotated with a B-sheet secondary structure in the PDB metadata,

ng, compared to the total number of residues in the repeating units, n (Eq. 5.3).

n
B-sheet content (%) = 73 Eq.5.3
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The unique amino acid ratio was then calculated from the total number of unique amino acid
residues per repeating unit, 1,p;qye, as shown in Eq. 5.4.

nunique

unique AA ratio = ]

Eq.5.4

Where [ = 20 if n > 20, otherwise [ = n, in order to account for differences in sequence

length.

5.6.6 Calculation of solvent-accessible surface area

Solvent-accessible surface area was found for each individual residue of a repeating unit of the
fibril atomic model in the folded and unfolded states, as well as for individual chains and B-
sheets for the calculation of interface areas. The same process for calculating the SASA was
carried out in all cases by first finding the solvent-excluded surface by tracing the input
coordinates with a sphere with the radius of 0.14 nm, approximating a water molecule. The
solvent-accessible surface was then found by translating the solvent-excluded surface
coordinates 0.14 nm in the direction of their surface normals. Finally, SASA was calculated

from the triangulation of the solvent-accessible surface coordinates.

5.6.7 Calculation of SASA and fold compactness

SASA per layer was calculated from the repeating units of PDB model atomic coordinates in
sphere representation. Residue-specific solvent-accessible surface area was found by first
extending the axis-aligned coordinates of a repeating unit by five additional units in both
directions along the fibril axis by rotation and translation using the helical twist and rise values

corresponding to each fibril, in order to simulate intermolecular contacts within a fibril. The
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SASA of each residue i in the middle layer of the extended fibril, SASA folded;, was then
found as described above. SASA in the unfolded state was found by calculating the residue-
specific SASA from the coordinates of each residue and the main chain atoms of adjacent
residues, only. Total SASA per layer was then calculated as the sum of the residue-specific
folded surface areas divided by the unfolded surface areas, in order to control for differences

in the amino acid sequence (Eq. 5.5).

cass— i SASA folded, I
. 1SASA unfolded; 9>
=

Where the repeating unit consisted of two layers, the total SASA was divided by two. Fibril
fold compactness was then found as a complement of the ratio of the summed SASAs in the

folded and unfolded states across all residues of a repeating unit (Eq. 5.6).

1 SASA folded;
*,SASAunfolded;

fold compactness =1 — Eq.5.6

5.6.8 Solvent-exposed and core hydrophobicity measures

The core hydrophobicity measure was calculated from the repeating units of PDB model
atomic coordinates in sphere representation, which were first extended by five units in both
directions along the fibril axis in order to simulate intermolecular contacts within the fibril.
The residue-specific distances from the position of the helical axis to the solvent-excluded
surface, d;, were then found. In order to relate distance from screw-axis and hydrophobicity,
the Kyte-Doolittle hydrophobicity scale of amino acids (Kyte & Doolittle, 1982) was scaled to
a range of 0.1 to 1 and used to find the hydrophobicity corresponding to each residue in the
repeating unit, h;. The core hydrophobicity measure, CH, was finally calculated as the negative
slope of the linear regression predictor that predicts hydrophobicity from distance to the helical
axis (Eq. 5.7).
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_X(di—d)(hi—h)

CH = i
~(di —d)

Eq.5.7

The solvent-exposed hydrophobicity, SEH, was then calculated as an averaged measure of

residue-specific solvent-accessibility and hydrophobicity (Eq. 5.8).

n (h- SASA folded,; )
=1\"" SASA unfolded;
n

SEH =

Eq.5.8

5.6.9 Surface area of protofilament interfaces

The total surface area of protofilament interfaces per layer, Apg interrace » Was calculated from
the repeating units of PDB model atomic coordinates in sphere representation, where each
chain corresponds to a layer of an individual protofilament. Chain-specific solvent-accessible
surface area was found by first extending the axis-aligned coordinates of a repeating unit by
five additional units in both directions of the fibril axis by rotation and translation using the
helical twist and rise values corresponding to each fibril, in order to simulate intermolecular
contacts within a fibril. The surface area of the protofilament interface was calculated pairwise
from the unique combinations of chains in the set of all chains, C. Each individual
protofilament interface area was first calculated from the solvent-accessible surface areas of

isolated and interfacing protofilament chains (Eq. 5.9).

SASA, + SASA, — SASA,
Aprp interface (a,b) = . > < Eq.5.9

The total interface surface area was then found as the sum of all interfaces between pairs of
chains, further accounting for the total size of the model by dividing by the 2D cross-sectional

area (Eq. 5.10).

Z Jj<k Ainterface(cj: Ck)
{J.k}eC
Apr interface = A Eq.5.10
2D
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Where the repeating unit consisted of two layers, the protofilament interface area was

calculated for each layer separately and averaged.
5.6.10 Surface area of B-sheet interfaces

The total surface area of B-sheet interfaces interface per layer, Ag_sneet interface » Was calculated

from the repeating units of PDB model atomic coordinates in sphere representation.
Continuous regions of B-sheets, B, within the structure were identified from accompanying -
sheet annotations. Where models had different B-sheet assignments for different layers, the
layer with the highest total -sheet composition was used. The interface areas were calculated
pairwise for all possible unique combinations of B-sheets and the total -sheet interface area of
a structure was found as the sum of all B-sheet interface areas relative to the 2D cross-sectional

area (Eq. 5.11).

X Jj<k Ainterface(Bj'Bk)
{j.k}eB
Aﬁ-sheetinterface = A Eq.5.11
2D

Where the repeating unit consisted of two layers, the protofilament interface area was

calculated for each layer separately and averaged.

5.6.11 Statistical comparison of means

Statistical testing of calculated parameters between groups was carried out in SPSS. Welch’s

one-way ANOVA was used to test for multiple pair-wise comparisons without assuming equal

variance, using the a level of 0.05. To correct for the effect of multiple comparisons, Games-

Howell post-hoc testing was carried out, again allowing for unequal variances between groups.
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SUPPLEMENTARY DATA

Table 5.1 Quantitative analysis of structural features from models of amyloid fibrils deposited to the PDB and EMDB up to August 2021. Entries

are sorted alphabetically by name of the protein monomer and further by release date. Values are missing where atomic coordinate information

was not available. Where not specified, units are arbitrary. The following abbreviations are used: sym — symmetry, ind — handedness, #PF —

number of protofilaments, 42p — cross-sectional area, circ — circularity, ecc — eccentricity, SAH — solvent-accessible hydrophobicity, CH — core

hydrophobicity, SASA — solvent-accessible surface area, PF — protofilament, cat — category, L — left-handed, R — right-handed, P — pathogenic,

LCD — low-complexity domain-containing, F — functional.

. PDB/ Azp . B- SASA Fold Rei?ltTive Rﬁiillltei:: Release
Protein El\&l))B sym  hnd #PF (nm?) circ  ecc sl:)eet SAH CH per lagfer compact- interface  interface date
(%) (nm) ness area area
1 APao 6w0o 2 L 19.6 028 098 613 0.09 042 10.27 0.83 0.23 0.37 P 13/01/2021
2 ABso 6ti5 C2 L 19.2 040 0.85 66.7 0.09 049 10.70 0.82 0.12 0.28 P 22/07/2020
3 APao 4864 2 R - 63.0 051 0091 - - - - - - - P 06/11/2019
4 ABao 4866 2, R - 1069 047 095 - - - - - - - P 06/11/2019
5 ABso 6shs 2 R 2 27.0 038 097 4338 0.11 022 16.51 0.80 0.08 0.17 P 06/11/2019
6 APao 60c9 2 L 2 19.8 034 098 363 0.08  0.64 11.51 0.86 0.09 0.54 P 05/06/2019
7 ABao 6328 C2/2, L - 71.5 043 0098 - - - - - - - P 29/04/2015
8 APao 2mpz C3 R 3 26.8 0.53 0.80 53.8 0.09  0.66 13.46 0.82 0.14 0.19 P 22/04/2015
9 APao 2mvx C2 L 2 234  0.60 0.89 30.8 0.05 0.68 8.97 0.88 0.21 0.08 P 26/11/2014
10 APBao 2m4j C3 R 3 40.0 037 085 150 0.08 0.65 19.46 0.83 0.16 0.05 P 25/09/2013
11 Ao 2Inq Cl R 2 94 054 097 462 022 055 8.59 0.66 0.00 0.25 P 08/02/2012
12 APao 2lmn C2 - 2 18.0 021 092 328 011 0.63 12.67 0.80 0.10 0.21 P 28/12/2011



Table 5.1 Continued.

13 APBao 2lmq C3 - 3 30,5 031 0.89 469 0.11 0.56 19.52 0.79 0.06 0.00 P 28/12/2011
14 ABao 5008 C2/2, L - 48.1 0.27 1.00 - - - - - - - P 08/10/2009
15 APso 1650 C2/2; L - 65.6 074 0.92 - - - - - - - P 24/09/2009
16 ABaoa2 6ti6 C2 L 2 203 038 096 51.6 0.10 0.44 11.67 0.80 0.19 0.61 P 22/07/2020
17 ABaoaz 6ti7 C2 L 2 202 036 096 60.5 0.10 041 11.20 0.81 0.18 0.52 P 22/07/2020
18 ABas Soqv 2 L 2 272 045 091 714 005 0.60 10.81 0.87 0.08 0.20 P 13/09/2017
19 APs 2nao C2 L 2 235 025 096 238 0.07 039 11.94 0.86 0.08 0.00 P 27/07/2016
20 ABa 5kk3 2 L 2 175 048 0.88 40.6 007 053 8.52 0.87 0.15 0.39 P 13/07/2016
21 APas S5aef C2/2; L 2 17.0 026 097 53.6 0.15 0.39 13.75 0.75 0.04 0.04 P 26/08/2015
22 APs 2mxu Cl L 1 102 053 091 68.8 0.11 0.54 6.27 0.81 0.00 0.24 P 06/05/2015
23 ABs 5052 C2/2y L - 28.1 0.84 0.75 - - - - - - - P 07/07/2010
24 ABa 2beg Cl L 1 83 057 094 769 0.13 -0.08 4.83 0.81 0.00 0.10 P 22/11/2005
25 a-syn 7cld 2 R 2 276 024 093 39 0.10 0.24 19.50 0.79 0.06 0.00 P 05/05/2021
26 a-syn Tnca C2 L 2 43.0 035 093 590 008 0.28 19.40 0.83 0.01 0.43 P 24/02/2021
27 a-syn Tncg C2 L 2 39.2 021 1.00 639 008 0.16 20.44 0.82 0.00 0.41 P 24/02/2021
28 a-syn 7nch C2 L 2 420 042 092 375 0.07  0.31 18.71 0.85 0.01 0.23 P 24/02/2021
29 a-syn Tnci C2 L 2 374  0.19 0.76  28.7 0.07  0.17 18.32 0.85 0.00 0.13 P 24/02/2021
30 a-syn 7ncj Cl L 2 37.1 021 099 450 007 0.16 17.81 0.85 0.01 0.42 P 24/02/2021
31 a-syn Tnck Cl L 1 19.1 044 099 64.1 0.07 027 8.47 0.86 0.00 0.65 P 24/02/2021
32 a-syn ol1t 2 L 2 587 0.19 1.00 444 010 0.15 37.33 0.80 0.01 0.28 P 12/08/2020
33 a-syn 6l1u Cl L 3 87.7 0.13 099 505 0.10  0.12 56.75 0.80 0.01 0.28 P 12/08/2020
34 a-syn 6l4s 2 R 2 3.3 028 095 29.1 0.08  0.35 18.80 0.81 0.08 0.16 P 29/04/2020
35 a-syn 6lrq 2 L 2 371 022 1.00 49.2 0.12  0.00 27.39 0.77 0.00 0.19 P 08/04/2020
36 a-syn 6ufr C2 L 2 39.1 031 093 76.2 0.11 0.31 26.89 0.78 0.02 0.49 P 19/02/2020
37 a-syn 6xyo Cl L 2 47.0 029 098 68.8 0.08  0.15 25.76 0.82 0.09 0.55 P 12/02/2020
38 a-syn 6xyp Cl L 2 426 028 1.00 46.2 0.09  0.08 26.38 0.80 0.09 0.24 P 12/02/2020
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Table 5.1 Continued.

39 a-syn 6xyq Cl L 2 426 030 099 483 0.09  0.11 25.19 0.81 0.10 0.28 P 12/02/2020
40 a-syn 6sst 2 L 2 39.7 0.17 1.00 65.8 0.09  0.09 26.88 0.80 0.01 0.60 P 18/12/2019
41 a-syn 6ssx C2 L 2 424 025 096 712 0.09 024 25.56 0.81 0.01 0.63 P 18/12/2019
42 a-syn 6peo Cl L 1 181 038 093 78.1 0.11 0.28 13.36 0.79 0.00 0.55 P 27/11/2019
43 a-syn 6pes Cl L 2 33.6 025 099 73.7 0.10  0.04 22.81 0.80 0.01 0.55 P 27/11/2019
44 a-syn 60sj 21 L 2 350 021 096 443 0.09 021 20.96 0.81 0.06 0.37 P 25/09/2019
45 a-syn 60sl 2 L 2 345 028 092 551 0.08  0.34 19.99 0.81 0.07 0.61 P 25/09/2019
46 a-syn 60osm 2 L 2 359 034 0.89 275 0.11 0.17 23.52 0.79 0.05 0.10 P 25/09/2019
47 a-syn 6cu’ 2 L 2 358 023 096 483 0.09 0.29 21.47 0.80 0.05 0.24 P 12/09/2018
48 a-syn 6cul 2 L 2 247 023 095 195 0.09 041 16.14 0.78 0.09 0.00 P 12/09/2018
49 a-syn 6h6b 2 L 2 347 031 090 448 0.08  0.11 16.14 0.85 0.07 0.45 P 08/08/2018
50 a-syn 6a6b 2 L 2 362 020 097 317 009 024 21.45 0.81 0.05 0.28 P 11/07/2018
51 a-syn 2n0a Cl R 1 3.5 0.17 099 329 007 025 19.68 0.85 0.00 0.25 P 23/03/2016
52 a-syn 6482 Cl R - 563 080 0.83 - - - - - - - P 16/12/2015
53  B-endorphin 6tub Cl L 1 9.1 051 097 258 0.06  0.30 4.72 0.84 0.00 0.13 F 28/10/2020
54 B2m 0019 Cl - - 98.5 0.25 1.00 - - - - - - - P 19/06/2019
55 B2m 0021 Cl - - 252 022 0.87 - - - - - - - P 29/05/2019
56 B2m 6gk3 C2 L 2 427 0.18 099 516 008 0.17 25.54 0.79 0.01 0.23 P 14/11/2018
57 B2m 2e8d Cl R 1 6.1 041 096 545 0.11 0.16 4.37 0.81 0.00 0.35 P 13/02/2007
58 CA150 2nnt Cl R 1 94 046 097 613 0.07  -0.17 4.78 0.84 0.00 0.66 P 14/11/2006
59 FUS 6xfm 2y L 2 2377 053 089 615 0.05 -0.09 10.26 0.87 0.22 0.62 LCD 07/10/2020
60 glucagon 6nzn C2 L 2 233 041 098 93.1 0.10 -0.07 12.85 0.77 0.22 0.33 F 05/06/2019
61 HET-s 2946 Cl L - 21.6 091 0.75 - - - - - - - F 15/04/2015
62 HET-s 2kj3 Cl L 1 13.8 040 093 443 0.07 033 7.04 0.80 0.00 0.15 F 02/06/2010
63 hnRNPA1 7bx7 2 L 2 229 041 0.88 378 0.06 -0.13 12.62 0.86 0.21 0.53 LCD 18/11/2020
64 hnRNPA2 6wqgk Cl L 1 149 038 097 228 0.05  0.10 7.62 0.85 0.00 0.05 LCD  26/08/2020
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65 IAPP 6zrf 2 L 2 132 027 094 583 0.14 025 11.55 0.75 0.10 0.53 P 30/09/2020
66 IAPP 6zrq 2 L 2 128 045 098 59.1 0.10  0.49 7.72 0.82 0.03 0.46 P 30/09/2020
67 IAPP 6ztr Cl L 3 20.0 046 0.99 56.1 0.10  0.12 11.33 0.82 0.10 0.53 P 30/09/2020
68 IAPP ovw2  C2/2, L 2 14.0 039 095 458 0.09 0.19 8.15 0.81 0.18 0.25 P 10/06/2020
69 IAPP 10670 2 L - 11.7 044 0.97 - - - - - - - P 04/03/2020
70 IAPP 10671 2 L - 40.5 0.28 1.00 - - - - - - - P 04/03/2020
71 IAPP 6yla 2 R 2 147 051 0.88 48.0 0.11 0.26 9.38 0.81 0.11 0.22 P 04/03/2020
72 IGLC 6z1i Cl L 1 255 040 097 593 0.08  -0.07 11.93 0.85 0.00 0.53 P 24/02/2021
73 IGLC 6zlo Cl L 1 278 039 099 596 007 -0.06 12.68 0.85 0.00 0.54 P 24/02/2021
74 IGLC 6ic3 Cl R 1 282 034 099 187 0.09 0.14 16.61 0.81 0.00 0.00 P 03/04/2019
75 IGLC 6hud Cl L 1 243 040 0.99 675 0.10  0.10 16.17 0.79 0.00 0.27 P 27/03/2019
76 Orb2 6vps C3 L 3 312 034 0.87 742 0.04 -0.16 11.08 0.88 0.12 0.80 LCD 18/03/2020
77 PI3K 6rdr 2 L 2 486 042 091 532 0.06 -0.11 21.32 0.86 0.06 0.12 F 28/08/2019
78 PrP 6Ini 2 L 2 40.0 0.20 099 450 0.08 0.28 24.04 0.80 0.02 0.04 P 10/06/2020
79 PrP 6uur 2 L 2 228 044 092 575 0.07 042 11.57 0.83 0.20 0.46 P 15/04/2020
80 RIPK1/3 S5v7z Cl R 2 134 041 096 576 016 048 9.54 0.68 0.19 0.26 F 28/03/2018
81 RIPK3 Tdac Cl L 1 85 034 097 586 009 052 5.89 0.78 0.00 0.33 F 28/04/2021
82 RIPK3 6jpd Cl L 1 64 037 1.00 238 0.11 0.01 4.71 0.76 0.00 0.05 F 28/10/2020
83 SAA 6zctf 2 L 2 239 038 095 73.0 008 0.00 12.95 0.83 0.07 0.84 P 17/02/2021
84 SAA 6zcg C2 L 4 504 034 088 73.0 008 0.05 23.58 0.84 0.11 0.92 P 17/02/2021
85 SAA 6zch Cl L 3 62.5 0.17 098 565 0.05 0.20 29.86 0.85 0.02 0.40 P 17/02/2021
86 SAA 6dso 2 L 2 415 048 64 435 0.05 023 20.0 0.85 0.72 0.80 P 13/03/2019
87 SAA 6mst 2 R 2 33.0 039 0.81 40.7 0.05 0.16 14.29 0.86 0.14 0.16 P 13/03/2019
88 tau Tnrq 2 L 2 47.1 0.16 098 46.8 0.06  0.06 24.54 0.83 0.04 0.34 P 24/03/2021
89 tau Tnrs Cl L 2 46.6 0.14 1.00 584 006 0.09 25.95 0.82 0.02 0.38 P 24/03/2021
90 tau 6tjx C2 L 2 742 020 1.00 40.2 0.09  0.07 44.86 0.78 0.01 0.12 P 05/02/2020
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| tau 6nwp 2 L 2 46.4 0.13 0.99 66.7 0.07  0.06 25.85 0.82 0.03 0.41 P 27/03/2019
92 tau 6nwq 2 L 2 478 0.16 097 280 0.08 0.03 27.69 0.80 0.05 0.00 P 27/03/2019
93 tau 6qjh Cl L 1 18.0 027 0.75 542 0.11 0.01 13.50 0.76 0.00 0.26 P 20/02/2019
94 tau 6gqjm Cl L 1 120 033 095 595 0.14  0.03 9.71 0.73 0.00 0.07 P 20/02/2019
95 tau 6qjp Cl L 1 1.3 033 069 714 012 0.26 8.70 0.74 0.00 0.35 P 20/02/2019
96 tau 6qjq Cl L 2 179 028 0.66 574  0.11 0.34 12.21 0.76 0.22 0.28 P 20/02/2019
97 tau 0078 C2 L - 974 038 099 - - - - - - - P 12/09/2018
98 tau 6gx5 Cl L 1 29.1 022 1.00 64.9 0.08  0.10 17.86 0.80 0.00 0.45 P 12/09/2018
929 tau 6tjo Cl L 1 364 035 098 159 0.09  0.06 22.49 0.78 0.00 0.03 P 05/02/2020
100 TDP-43 Tkwz Cl L 1 362 034 098 432 0.06 021 19.53 0.85 0.00 0.40 LCD  24/02/2021
101 TDP-43 6n37 2 L 2 21.0 042 091 333 0.10  0.17 13.58 0.81 0.22 0.16 LCD 26/06/2019
102 TDP-43 6n3a 2 L 4 334 029 096 583 0.07  0.07 17.53 0.86 0.20 0.56 LCD 26/06/2019
103 TDP-43 6n3b Cl L 2 223 046 092 416 0.10 0.23 14.00 0.82 0.24 0.23 LCD 26/06/2019
104 TDP-43 6n3c 2 L 4 326 038 093 39.1 0.05  0.05 15.93 0.87 0.27 0.41 LCD 26/06/2019
105 TTR 6sdz Cl L 1 293 054 0.88 51.1 0.08  0.15 14.25 0.84 0.00 0.24 P 13/11/2019
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Chapter 6: Conclusions
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Protein self-assembly into the amyloid state and the resulting structural polymorphism presents
a considerable challenge to both our fundamental understanding of amyloid and their roles in
physiological and pathogenic contexts, as well as the development of self-assembly modulators
with potential therapeutic effects for the many amyloid-associated neurodegenerative diseases.
In the work carried out as part of this thesis, chemical conjugation techniques, biophysical
imaging methods, and computational analysis were used to investigate the polymorphic nature

of amyloid fibrils.

In Chapter 2, two amyloid-DNA conjugation strategies were employed in order to modulate
the self-assembly process, with the aim of reducing the prion-like spread of amyloid between
cells, as well as directing the formation of amyloid-based nanomaterials. For both strategies
the Sup35NM yeast prion protein fragment was used as a model system, with additional
modifications to facilitate thiol-maleimide-based chemical conjugation to DNA with an
attached maleimide linker. In the first strategy, reversible cross-linking of amyloid-conjugated
complementary DNA strands was explored, and SDS-PAGE analysis of the reaction mixture
indicated that the conjugation product had successfully formed. In the second strategy, a
nucleobase analogue was conjugated to the modified Sup35NM protein in order to direct the
amyloid self-assembly into modular building blocks with defined dimensions. Different
reaction conditions were tested, and mass spectrometry results suggested that the amyloid-
nucleobase analogue product had also formed. Further optimisation of the reaction conditions
could improve conjugation efficiency, which would facilitate further characterisation of the
amyloid-DNA conjugates and enable testing of the effects of their self-assembly when doped
into unmodified Sup35NM protein monomer in in vitro and in vivo assays. In order to
investigate whether the modified and unmodified monomer are capable of templated

elongation, kinetic and morphological characterisation was carried out by a time course assay
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with the fluorescent dye ThT and by imaging of the samples using atomic force microscopy.
These analyses indicated that the modified and unmodified Sup35NM monomers interact,
leading to changes in the kinetic profiles and fibril morphologies, although further

characterisation is necessary to establish whether cross-elongation occurs.

In Chapter 3 it was shown that the convolution imaging artefact of atomic force microscopy
topographs, which results from tip-sample interactions and has been a limiting factor for the
use of AFM as a single molecule imaging technique, can be corrected via an iterative algorithm
in which tip-sample contact points are recovered. This approach was demonstrated to be
applicable to any surface and was further shown to result in approximate doubling of lateral
local resolution on concave surface features, as well as correcting for the convolution effect.
Furthermore, deconvolution of AFM images facilitates the 3D reconstruction of surface
envelopes of samples with helical symmetry, which was demonstrated on polymorphic
hexapeptide amyloid fibrils. These developed post-acquisition deconvolution and
reconstruction algorithms facilitate the use of AFM as a single molecule technique and offer
further potential for applications to investigate amyloid fibril polymorphism, as well as
advance AFM data analysis methods. For example, the correction and 3D reconstruction
approach allow more parameters to be determined from amyloid fibril samples, including
cross-sectional shape, size, fibril symmetry and the position of screw axis. Due to the high
signal-to-noise ratio of AFM topographs, this 3D information can be collected from hundreds
of individual fibrils in a sample at low-nanometre resolution. This results in an enhanced, single
molecule depiction of amyloid polymorphism. This approach was further applied to determine
the effect on primary amino acid sequence on fibril polymorphism via analysis of three
different hexapeptide fibril samples, showing a differential extent of polymorphism in samples

formed from monomers of different sequences (Aubrey et al., 2020).
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In Chapter 4 the deconvolution and 3D reconstruction approach developed to analyse amyloid
fibril structural data from AFM images was extended to include integration of information from
other structural biology techniques. Recently both cryo-EM and ssNMR methods have led to
the elucidation of numerous amyloid fibril structures with resolutions which allow atomic
models to be built through ensemble-averaging processes (Sawaya et al., 2021). The high-
resolution molecular model data are complementary to the single molecule 3D envelope
reconstructions developed here in Chapter 3. Thus, the workflow for analysing amyloid fibrils
from AFM images was extended to include a comparative morphometrics approach with other
available structural data. This integrated approach was demonstrated on AFM data of a dGAE
tau amyloid fibril, a fragment of the tau protein containing the residues 297-391, which is
capable of forming fibrils in vitro without the addition of anionic co-factors such as heparin
(Al-Hilaly et al., 2020). Tau amyloid fibrils formed in the presence of heparin have been widely
used to assemble tau in vitro for further biochemical and cellular studies (Goedert et al., 1996)
but are structurally very different from fibrils from brain tissue of patients with various
tauopathies (Shi et al., 2021; W. Zhang et al., 2019). 3D envelopes from AFM images of dGAE
tau fibrils were compared by various parametrised features, including cross-sectional shape
and size, periodicity, symmetry, and position of screw-axis, as well as a direct comparison of
the dGAE image data and simulated AFM images from cryo-EM density-derived maps of tau
fibrils. The comparative morphometrics approach demonstrated that dGAE fibrils are
unambiguously different from fibrils formed in vitro in the presence of heparin and are instead
most similar to paired helical filaments from Alzheimer’s disease brain tissue, as well as type
II filaments from chronic traumatic encephalopathy brain tissue. The integration of amyloid
fibril data from AFM and cryo-EM methods thus reveals dGAE as a more physiological model

system of in vitro formed tau fibrils, compared to heparin-induced tau amyloid, and highlights
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the advantages of integrating methods based on different physical principles for the study of

amyloid polymorphism.

In Chapter 5 of this thesis, a computational meta-analysis of amyloid fibril structural models
determined by cryo-EM and ssNMR and deposited to the PDB or EMDB up to August 2021
was carried out in order to determine specific structural features that may mediate the different
biological effects of amyloid, ranging from pathogenic to essential for physiological
functioning. Specific structural features were calculated across all amyloids with available
structural models, revealing significant differences between amyloids which were categorised
as pathogenic, functional, and low-complexity domain-containing (LCDs). LCDs have on
average significantly more hydrophilic solvent-accessible surfaces and core folds, as well as
slightly smaller and more compact folds, compared to pathogenic amyloids. Furthermore,
LCDs were found to have more than three times as large protofilament interfaces. Interestingly,
similar differences were not seen for functional amyloids, which instead were on average
smaller than pathogenic amyloids, and contained only nearly half as extensive B-sheet interface
interfaces. These findings highlight that amyloids with different biological effects have
different propensities towards forming structures with characteristics such as solvent-
accessible or core hydrophobicity, as well as interface areas, which may modulate the different
in vivo biological responses through affecting fibril stability or interactions with other
biomolecules. In future revisions to this manuscript, additional parameters and further
structural information on functional and LCD-containing amyloids could enhance the power

of analysis.
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6.1 SUMMARY OF MAJOR FINDINGS

SDS-PAGE and mass spectrometry data suggest that the modified yeast prion
Sup35NM was here successfully conjugated to complementary DNA strands, as well
as a nucleobase analogue, via thiol-maleimide reactions. These amyloid-DNA
conjugates can be further developed to test the in vivo effect of limiting the spread of

the prion phenotype, as well as to design modular nanomaterials.

The convolution imaging artefact on atomic force microscopy topographs can be
corrected by identifying tip-sample contact points, thus facilitating the use of AFM as
a single molecule imaging technique. Samples with helical symmetry can then be
reconstructed as 3D envelopes from the AFM images, as demonstrated on scans of
polymorphic hexapeptide amyloid fibrils. The deconvolution and reconstruction
approach facilitate further single molecule studies of amyloid population diversity and

polymorphism.

The deconvoluted and 3D modelled fibril data from AFM topographs can be integrated
with data collected with other structural biology techniques, including cryo-EM and
ssNMR, which provide high resolution molecular models. An integrated approach to
AFM and cryo-EM data using comparative morphometrics was demonstrated on a fibril
sample of dGAE tau. A representative dGAE fibril was shown to be unambiguously
different from heparin-induced in vitro assembled tau fibril structural models and most
similar to PHFs from AD, highlighting dGAE as a physiological model system for in

vitro self-assembled tau amyloid filaments.
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The structural data of amyloid fibrils deposited to the PDB and EMDB up to August
2021 determined by cryo-EM and ssNMR were used in a systematic computational
meta-analysis of structural features between samples of different biological roles.
Amyloid formed from proteins containing low-complexity domains have on average
more hydrophilic surfaces and core interiors, as well as larger protofilament interfaces,
compared to pathogenic amyloid proteins. On the other hand, functional amyloids are
on average smaller and contain less B-sheet interfaces, compared to pathogenic

amyloids.
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6.2 FUTURE PERSPECTIVES

The chemical conjugation and biophysical data analysis algorithms developed here to
investigate the polymorphic nature of amyloid fibrils offer various possibilities for future
advances, including modulating the transmission of the amyloid state via amyloid-DNA
conjugates, developing modular nanomaterials, investigating polymorphic amyloid
populations on an individual fibril level, as well as further developments in computational
methods towards advancing the use of AFM as a single molecule imaging technique. For
example, the amyloid-DNA conjugated using the Sup35NM protein with attached
complementary ssDNA strands could be tested for in vivo effects in yeast endogenously
expressing the unmodified monomer to investigate whether this strategy could prevent the
spread of the prion phenotype between cells and change the biological response. In addition,
the nucleobase analogue strategy could be used to direct the self-assembly of amyloid into
specific modular building blocks. Further DNA origami-based strategies could then be used to

formed hybrid nanomaterials with a desired shape and size.

The developed deconvolution and 3D reconstruction workflow of AFM image analysis can be
further applied to amyloid fibril datasets formed while systematically varying conditions
during self-assembly, which would allow changes to the population polymorphism to be
determined, thus providing an indirect measure of how the self-assembly energy landscape
changes as a function of specific parameters. For example, fibrils can be formed in various
buffer conditions to determine the effect of specific environmental parameters on the
polymorphism of amyloid fibril populations. Similarly, time-course experiments could be
carried out to investigate the polymorphic landscape of the fibril maturation process, which is

broadly thought include increased lateral associations between protofilaments, but specific
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changes are currently not well characterised. Furthermore, the effects of various other
biomolecules with relevant roles in neurodegenerative diseases, such as chaperones, metal ions,
and surfaces, on the fibril population polymorphism could also be determined on a single
molecule level. The mapping of the polymorphic landscape could also be further combined
with the comparative morphometrics approach, integrating AFM and cryo-EM or ssNMR data,
and applied towards datasets from ex vivo patient brain tissue to investigate the fibril population
on a single molecule level and determine which polymorphs are represented by the high
resolution cryo-EM reconstructions. Thus, the deconvolution and 3D reconstruction workflow
developed here offers a potential for a wide variety of experiments which allow the effects of
many different variables on amyloid fibril self-assembly landscape to be assessed which will

further our fundamental understanding of amyloid polymorphism.

The developed deconvolution and 3D reconstruction workflow of AFM image analysis could
further be extended to incorporate 3D reconstruction of biomolecules with any symmetry as
the 3D information the information content is present in the topographs, and the challenge lies
in finding the rotational and translational alignments between particles. Although averaging
would be required, similarly to cryo-EM and ssNMR techniques, the comparatively higher
signal-to-noise ratio of AFM topographs would lead to a significantly smaller number of
particles required for reconstruction thus bringing AFM 3D envelope reconstruction closer to
a true single particle method, which could thus provide information complementary to other
structural biology techniques. For example, as AFM allows the collection of biophysical
parameters in addition to surface topographs properties such as stiffness of the sample or the
strength of its chemical interactions with a functionalised probe, which could be additionally
collected and mapped onto the 3D surface envelope reconstructions, thus potentially leading

to multi-dimensional particle information on biomolecules with any symmetry.
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Finally, the manuscript draft on meta-analysis of amyloid fibril structural features from atomic
models deposited to the PDB and EMDB will be extended to further consider the different
parameters of sample origins, for example whether the sample was formed in vitro or was
extracted ex vivo from tissue, or whether the sample self-assembly was seeded, in order to yield
further insights into the different biological properties. Additional structural features will also

be explored, including extent of kinking of the protein backbone.

In conclusion, the developed chemical conjugation and biophysical analysis workflows offer

potential for further advances towards modulating amyloid polymorphism, elucidating how

polymorphism results from amyloid self-assembly, and what are its biological consequences.
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ARTICLE INFO ABSTRACT

Keywords: The formation of a diverse range of amyloid structures from normally soluble proteins and peptides is a hallmark
Amyloid of devastating human disorders as well as biological functions. The current molecular understanding of the
Prions amyloid lifecycle reveals four processes central to their growth and propagation: primary nucleation, elongation,
Polymorphism secondary nucleation and division. However, these processes result in a wide range of cross-p packing and
:zﬂ_r::::;f;l;e filament arrangements, including diverse assemblies formed from identical monomeric precursors with the same

amino acid sequences. Here, we review current structural and mechanistic understanding of amyloid self-as-
sembly, and discuss how mesoscopic, i.e. micrometre to nanometre, organisation of amyloid give rise to su-
prastructural features that may be the key link between the polymorphic amyloid structures and the biological
response they elicit. A greater understanding of the mechanisms governing suprastructure formation will guide
future strategies to combat amyloid associated disorders and to use and control the amyloid quaternary structure

in synthetic biology and materials applications.

1. Introduction

Amyloid forming proteins are at the centre of various protein mis-
folding disorders as well as having normal physiological functions in a
wide variety of organisms from bacteria to mammals. The main char-
acteristic of amyloid forming proteins is their propensity to form or-
dered fibrils with a core made of tightly packed [3-sheets perpendicular
to the fibril axis. The organisation of soluble peptides or proteins into
insoluble amyloid fibrils has been identified in many human patholo-
gies [1], including amyloid $ (AB) and tau involved in Alzheimer's
disease (AD), a-synuclein (a-syn) in Parkinson's disease, and huntingtin
in Huntington's disease. Other amyloid-associated disorders include
type II diabetes and several types of systemic amyloidoses [2-4].
However, not all amyloid structures are disease associated. In fact, a
range of non-disease associated amyloid structures participate in an
array of normal physiological processes without any apparent harmful
effects to their hosts [5,6]. Thus, it is difficult to establish direct causal
relationships between amyloid protein precursors, the large range of
structures they form, and the diseases they are associated with due to a
lack of evidence linking structural and mechanistic understanding of
neurodegenerative disease aetiology.

The building blocks of amyloid fibrils are soluble monomeric pro-
teins or peptides. Their primary sequences typically include

* Corresponding author.
E-mail address: W.F.Xue@kent.ac.uk (W.-F. Xue).
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amyloidogenic motifs containing amino acids with high propensity to
assembly into amyloid fibrils, influenced by both the physiochemical
properties of these amino acids, as well as their order in the sequence.
These motifs tend to be hydrophobic, more rigid and have a tendency to
form [ secondary structures [7]. Despite differences in the primary
sequence between amyloid-forming proteins, the monomeric precursors
form fibrils with a characteristic cross-f structure in all amyloid [8,9].
The cross-f architecture that defines the amyloid core is composed of f3-
strands packed perpendicularly to the fibril axis, and can be readily
observed by X-ray fibre diffraction usually showing a characteristic 4.7
A reflection on the meridian of the diffraction pattern that corresponds
to the spacing between f-strands and indicates that they are stacked
perpendicular to the fibril axis. The B-sheets can be arranged in parallel
or antiparallel arrangements, forming a stable cross-f configuration
that resists degradation by proteases, detergents and heat. Pairs of [3-
sheets usually intermesh with close side chain complementarity in a
variety of possible steric zipper arrangements [10]. The ~10 A equa-
torial reflection corresponds to the spacing between f-sheets and in-
dicates that there are usually two or more sheets in amyloid filaments
[9]. The supramolecular fibril structure is supported by intermolecular
hydrogen bonds parallel to the fibril axis, making amyloid fibrils strong
fibrous materials [11]. Amyloid fibrils typically have diameters of ap-
proximately 5-20 nm and can be up to several micrometres long
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Fig. 1. Recent structural models of amyloid fibrils determined using ssNMR and cryo-EM. These structures illustrate the similarities in cross-ff core structure despite
distinct primary sequences, as well as the different polymorphic structures that identical monomeric precursors can assemble into. PDB structures are shown with a
yellow or orange backbone, blue basic side chain residues, red acidic side chain residues, grey hydrophobic side chain residues and green polar side chain residues.
The models are oriented so that the fibrils are viewed from their ends and two layers along the fibril axis are shown for each fibril model for clarity. From upper left to
lower right, the structures are drawn in Pymol from PDB entries: 6A6B [169], 6H6B [170], 6CU7 [12], 6CU8 [12], 2NOA [171], 2MXU [172], 2NAO [173], 50QV

[174], 5KK3 [175], 6GK3 [74], 503L [73], 503T [73], and 6GX5 [72].

[12-14].

The structure of amyloid fibrils has been studied to high detail using
atomic force microscopy (AFM), solid state NMR spectroscopy (ssNMR)
and cryo-electron microscopy (cryo-EM), which provide information on
B-strand content within a monomer, arrangements of B-sheets, specific
interactions between residues and the conformation of non-f-strand
segments. In particular, the advent of high resolution cryo-EM and
ssNMR methods has led to the elucidation of a range of amyloid species
at near-atomic resolution, including several formed from the same
monomeric precursors (Fig. 1). In this case, differences in fibril forming
conditions, such as pH, temperature and salt concentration affect the
morphology of fibrils formed. In fact, identical monomers under the
same conditions can often form a mix of highly polymorphic supras-
tructures, and the heterogeneity exhibited by amyloid samples

complicates structural and functional studies while their mechanistic
origins and biological consequences are not understood.

The aggregation pathway by which soluble monomers form oligo-
meric intermediates and eventually fibrils is thought to be similar for all
amyloid, despite differences in primary sequences and pathological
presentation. The aggregation process starts with protein misfolding
events in which native state monomers adopt amyloidogenic states and
aggregate into nuclei that grow into oligomeric intermediates of in-
creasing size distributions. Monomers are then added to the oligomeric
intermediates, forming larger, more flexible, often elongated oligomers,
frequently called protofibrils. These intermediate species are then
lengthened into ordered assemblies of cross-$ filaments that can elon-
gate further with the addition of monomers at their ends. At the same
time, two or more filaments can associate to form fibrils. Amyloid fibrils

Table 1
Glossary of commonly used terms relevant to the amyloid lifecycle shown in Fig 2.
Term Description
Elongation Growth of fibrils in a direction parallel to the fibril axis by templated monomer addition at fibril ends.

Fibril ends

Active sites where elongation by templated monomer addition occur.

Fibril fragmentation
Fibrils
Nuclei

Oligomers

Primary nucleation
Proto-filaments
Proto-fibrils
Secondary nucleation

Secondary processes

Seeds

Breakage or division of fibrils, which can be mediated by mechanical agitation, thermal stress, chemical perturbation or chaperone catalysis.

Long filaments formed typically by two or more intertwined proto-filaments, sometimes loosely referred to as “mature” fibrils.

Smallest oligomeric aggregates on which further growth by attachment of new monomers result in aggregates with faster further monomer attachement
than detachment of existing monomers in the aggregates.

There is no universal definition but commonly sub-100-mer aggregates featuring a heterogeneous and transient nature, and small enough to be disperse
and not sedimented by centrifugation.

De novo formation of the amyloid state through nucleated assembly of soluble monomers either in solution (primary homogeneous nucleation), or at
surfaces or interfaces (primary heterogeneous nucleation).

Single elongated amyloid filament with a cross-p core structure.

Curve-linear or worm-like fibrils that are less ordered and elongated compared to fibrils, thought to be structurally comparable to some oligomers.
Special case of heterogeneous nucleation in which nucleation events occur on the surface of already existing fibrils.

Secondary nucleation and fibril fragmentation, which result in the acceleration and exponential growth of amyloid, as opposed to primary processes of
primary nucleation and elongation.

Aggregates that are capable of accelerating amyloid assembly reactions, for example post-nucleation amyloid species capable of growth by elongation, or
species capable of promoting secondary nucleation.
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can further cluster into a variety of suprastructures, which include ex-
tracellular plaques, as in the case of Af, or intracellular inclusions, as in
the case of huntingtin and tau.

Despite the shared core cross-f architecture, the detailed structures
and surface features of oligomeric intermediates, fibrils and supras-
tructures depend on the specific precursor protein, and they elicit
varied biological effects [15]. For example, polymorphs of in vitro
formed A4 can have different levels of toxicity on neuronal cell cul-
tures [16]. Amyloid fibrils are then able to undergo division, for ex-
ample by fragmentation through mechanical stress, catalysis by specific
cellular components such as chaperones [17], or due to biochemical
changes in the cellular environment, into shorter fibril particles that act
as seeds. The seeds are further elongated by monomers, which are
continuously produced by their host organism. Thus, rather than a
linear process, amyloid assembly represents a molecular lifecycle in
which a ‘cloud’ of species and suprastructures in a heterogeneous
mixture are continuously being produced, and the species populations
in this cycle will evolve as a function of time in response to changes in
the conditions.

This review will discuss the molecular lifecycle of amyloid assembly
in terms of the current understandings of the key molecular processes
involved. It remains poorly understood how some amyloid aggregates
are tolerated or even beneficial while others, despite having similar
core structures are associated with debilitating neurodegenerative dis-
eases. Moreover, identical monomer sequences can also form fibrils
with different morphological and phenotypic consequences, adding
complexity to finding the structural determinants behind amyloid ag-
gregation, toxicity, and biological response. The wide degree of het-
erogeneity and structural polymorphism of amyloid fibrils will be dis-
cussed in this review to demonstrate that all species in the amyloid
lifecycle are an integral part of the lifecycle and form a population that
may contribute to the pathogenic potential of amyloid as a whole.
Finally, this review will also address in what manner the supras-
tructural arrangement of amyloid assemblies may represent a funda-
mental link between amyloid structures and their functional variations
in biological systems. This will be discussed in terms of how supras-
tructures may affect fibril division and propagation of the amyloid state
in the amyloid lifecycle, as well as how they affect the infectious and
cytotoxic potentials of amyloid.

2. The amyloid lifecycle and its defining molecular processes

The molecular details of amyloid fibril formation are debated, but
the self-assembly reaction fundamentally consists of four key processes:
nucleation, elongation, division [18] and secondary nucleation [19]
(Fig. 2). However, the current description of amyloid aggregation and
the resulting fibril assembly pathway is influenced by in vitro kinetic
studies where the reactions are limited by the amount of monomers
present. This process is better represented as a lifecycle, considering
that in vivo, monomer production, misfolding, nucleation, elongation,
division and secondary nucleation all occur continuously and simulta-
neously, and it is their relative rates that change over time as defined by
the microscopic rate constants associated with each step. It should also
be noted that all of the steps along the amyloid lifecycle are dynamic
and reversible, although some reverse reactions are associated with
high kinetic barriers.

In the initial stages of the amyloid lifecycle, partial unfolding and/
or conformational changes are required to convert amyloidogenic
proteins in their native states to misfolded states capable of further
conversion into the amyloid state. The monomeric or small oligomeric
amyloid precursors initially exist in a dynamic equilibrium of con-
formations with varying degrees of structural order and can aggregate
to form small amyloid oligomers. These intermediate oligomers can be
structurally similar to fibrils in their conformation and [3-sheet content
as shown by binding of conformation-specific antibodies and analysis of
secondary structure content. They can also be highly disordered, or

BBA - Proteins and Proteomics 1867 (2019) 140257

Primary fo)

Nucleation >/. HH

/ Elongation \ Secondary
o o ‘ Nucleation
) O Monomer
\ Monomeric
\ unit in the
amyloid state

O Amyloid fibrils

Fig. 2. Schematic illustration of the amyloid lifecycle. Soluble monomeric
proteins (circles) are continuously generated and can adopt the amyloid state
with a cross-p conformation (parallelograms). Coloured arrows represent the
four main processes in amyloid assembly: primary nucleation (red), which may
occur as homogeneous nucleation in solution or heterogeneous nucleation at
interfaces; secondary nucleation (purple), which may occur as heterogeneous
nucleation on fibril surfaces; elongation, which is growth at fibril ends (blue);
and fibril division, for example through spontaneous or catalysed fibril frag-
mentation (yellow). See Table 1 for glossary of terms associated with the
amyloid lifecycle. The arrows represent dynamic and reversible steps along the
lifecycle.

indeed anywhere in-between [20]. Thus, at some point along these
initial aggregation events, monomers or small oligomers adopt a con-
formation with a high -content. This process can be accelerated by
specific mutations and environmental factors. This initial aggregation
process of primary nucleation can be seen as a phase transition of the
amyloidogenic protein from an aqueous solution phase to the ‘solid
phase’ represented by amyloid fibrils. Primary nucleation can proceed
as homogenous nucleation occurring in solution, or heterogeneous
nucleation occurring on surfaces or interfaces. As biological environ-
ments are rich in surfaces, it is possible that many spontaneous primary
amyloid nucleation events occur as heterogeneous nucleation in vivo.
Thus, surfaces may have profound effects on aggregation kinetics de-
pending on their composition and properties [21]. Nucleation events
generally occur after a “critical concentration” of monomers in solution
has been reached and exceeded [22,23]; these solutions are called su-
persaturated solutions [24]. The smallest oligomeric aggregate on
which further growth is more likely to occur than reduction in size is
called the nucleus, although the generic nature of amyloid nuclei re-
mains unresolved.

Once formed, amyloid nuclei can grow by templated elongation, in
which free monomers are converted to the amyloid state and added to
growing filament ends. Although elongation is a reversible reaction,
dissociation of monomers is usually negligible due to the highly stable
fibril structure contributing to a slower relative detachment rate com-
pared to the attachment rate during elongation. Nucleation and elon-
gation are concentration-dependent processes [25], and their relative
contributions to amyloid formation varies between different amyloid
proteins and solution conditions [23,26,27]. Post-nucleation species
capable of templating elongation growth are called seeds. Seeds can
grow into protofilaments, which are elongated structures with mono-
meric units in the amyloid state. Protofilaments can subsequently twist
around each other forming fibrils. Thus, fibril ends act as the growth
active sites of amyloid fibrils. A fibril typically may consist of 2-6
protofilaments, and can be further elongated and adopt a more ordered
fibril arrangement. Some fibrils are quite flexible and can circularise
and grow into loops [28]. Adding to the ambiguity of amyloid forma-
tion terminology, there is no objective definition for “mature” fibrils.
This term is typically used to refer to long and straight fibrils observed
in an end-stage in vitro assembly reaction, but there is no formal length,
width or twist definition for these.
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In the in vivo amyloid lifecycle, the large and possibly biologically
inert fibrillary aggregates will be part of a heterogeneous population of
aggregates of a range of sizes and states, including small intermediate
oligomeric species, often referred to simply as ‘oligomers’. There is
currently no universal definition of what constitutes an amyloid oli-
gomer, but common features include a ‘soluble’ (i.e. not true soluble in
a physiochemical sense but small enough to be disperse and not sedi-
mented by centrifugation), heterogeneous and transient nature. Such
small oligomeric amyloid aggregates vary in subunit composition and
morphology, for example, disordered, spherical and annular structures
having been identified in vitro [29-31]. Major oligomer types include
fibrillar oligomers, which structurally and immunochemically closely
resemble short fibril particles, and prefibrillar oligomers, which are
intermediate species having a distinct but not well characterised
structure [32]. There is also a type of oligomer that is formed off-
pathway from fibril formation that may be highly cytotoxic in vitro
[33].

Additional complexity arises from the fact that oligomer popula-
tions are inherently highly polymorphic. Oligomeric structures have
been determined under different conditions using diverse techniques,
and it is not always clear whether, or in what form, they exist in vivo.
This raises the question of what the toxic physiochemical or structural
properties of amyloid species might be. In addition to the formation of
amyloid species, which represents a phase transition of protein pre-
cursors in aqueous solution to an insoluble solid phase, amorphous
aggregates with no ordered cross-f core may instead result from tran-
sition to a liquid phase, forming liquid droplets through liquid-liquid
phase separation (LLPS). It has been hypothesized that the LLPS process
is utilised by cells to compartmentalise proteins and biochemical re-
actions and consequently has physiological roles in cell signalling and
regulation of gene expression [34]. Such liquid phase separated struc-
tures include P granules, nucleoli and stress granules, and are typically
made up of aggregates of nucleic acids and protein. Intrinsically dis-
ordered proteins are also often found in cellular liquid droplets as their
exposed hydrophobic areas and structural freedom may facilitate ag-
gregation. Similarly, amyloid liquid-liquid demixing could be promoted
by molecular chaperones [35]. Demixing allows high local concentra-
tions of specific proteins, and as the droplets stabilise and mature over
time, they may provide a driving force to further phase transition to a
solid phase, characterised by amyloid fibril formation.

Lateral sides of protofilaments or fibrils are able to catalyse the
formation of new amyloid nuclei and oligomeric species capable of
growth by monomer addition in a process known as secondary nu-
cleation [27,36]. Secondary nucleation is a special case of hetero-
geneous nucleation where the catalysing surface is specifically that of
preformed amyloid instead of any surface. New nuclei formed through
this secondary process then detach and can be further elongated. In-
deed, it has been suggested that once a critical concentration of fibrils
has been reached, fibril-catalysed secondary nucleation becomes the
major source of toxic oligomeric species [27]. Despite secondary nu-
cleation events occurring on pre-existing fibrils, amyloid fibrils are not
considered to grow into branched suprastructures as each protofilament
in a fibril remains unbranched.

Finally, amyloid fibrils are capable of dividing into smaller fibril
particles. The division of amyloid fibrils propagates the amyloid state
and the conformation associated with the parent fibril assemblies [18].
Amyloid division can occur due to fibril fragmentation caused by
thermal energy or mechanical forces, or be catalysed enzymatically by
chaperone proteins [37]. Division increases the number of fibrils par-
ticles and, therefore, reactive fibril ends that can lead to further growth
by elongation. For prions, which are amyloid that are transmissible
between hosts, division of amyloid fibrils is required for infectivity and
propagation of the prion phenotype [38], which suggests a similar
mechanism could occur in prion-like amyloid correlated with neuro-
degenerative disease. As a single prion or amyloid forming sequence
can assemble into a wide range of fibril polymorphs, the differences in
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their ability to divide may result in the selection of specific prion strains
under specific corresponding conditions. These properties will affect
phenotype strength of the prions and will depend on the structural
stability of the amyloid fibrils. Thus, fibril stability changes may alter
its propensity for division which, in turn, affects amyloid toxicity and
prion infectivity [39]. The biological implications of these structural
differences could reveal a key element of the amyloid structure-function
relationship.

3. Mapping the kinetics mechanisms of amyloid assembly

The complex nature of amyloid aggregation kinetics due to non-
linear growth processes in the amyloid lifecycle, combined with their
high sensitivity to environmental and experimental factors, has chal-
lenged the development of kinetic assays and derivation of rate laws.
While the outline of the amyloid lifecycle as discussed above is gen-
erally well understood and documented based on in vitro assembly ex-
periments, the specific structures of the species involved and the rates
of their formation and exchange remain unclear.

3.1. Amyloid assembly in vitro

Currently, the kinetics of amyloid self-assembly is frequently as-
sayed in vitro utilising the tinctorial property of amyloid following de-
velopment of high-throughput microplate-based kinetic assays [25]
using the dye thioflavin T (ThT). ThT shows enhanced fluorescence
emission upon binding to in-register side-chains within the (3-sheets of
amyloid fibrils, and a kinetic assay with ThT as amyloid reporter is
widely used as it is simple and relatively sensitive compared to turbidity
and light scattering approaches [40]. ThT assays have allowed in-depth
studies of amyloid formation kinetics and derivation of rate laws that
have elucidated the molecular mechanisms of amyloid assembly and
aid in determining the mode of action of fibril formation inhibitors
[41]. Also, ThT fluorescence intensity may reflect fibril morphology,
regardless of the 3-sheet content due to different accessibility to binding
sites [42].

Although ThT is a useful tool for quantifying the relative amounts of
fibrillar cross-f content over time, it does have some limitations and
shortcomings. For example, ThT cannot be used for specific identifi-
cation of amyloid fibrils, as it is not sufficiently specific to amyloid
aggregates and can for example, bind to DNA [43], nor can it be used to
distinguish between amyloid fibrils and prefibrillar species [44]. Ad-
ditionally, screening the effect of small molecule inhibitors on fibril
formation using ThT is prone to false positives as the candidate in-
hibitors may interfere with the binding of the dye, rather than the fi-
brillation process [45]. The study of amyloid aggregation should always
be complemented with various other biophysical techniques, including
circular dichroism (CD) and Fourier transfer infrared spectroscopy
(FTIR) for secondary structure characterisation, and AFM and EM for
fibril imaging. Several derivatives of ThT have been developed for in
vivo detection of amyloid fibrils in the organs and tissues of live patients
[46,47]. Amyloid probes also include luminescent conjugated oli-
gothiophenes, which are fluorescent amyloid ligands that can report on
the fibrillar conformation, facilitating the in vitro and ex vivo analysis of
polymorphism [48,49]. The continued development of novel reporters
for use in animal models and in future clinical applications will con-
tribute to a better understanding of the formation and spread of amy-
loid aggregates under in vivo conditions.

The main distinctive characteristic of amyloid aggregation, as
measured in vitro using ThT, which gives a fluorescent signal increase
upon binding amyloid fibrils, is a sigmoidal growth curve (Fig. 3). The
lag phase represents early reaction times where primary nucleation
events that lead to nuclei and small intermediate oligomer formation
dominates. Nucleation is initially thermodynamically unfavourable and
kinetically rate limiting as the nucleation process is associated with a
free-energy barrier, with pre-nucleation species in the reaction
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Fig. 3. Schematic illustration of the amyloid aggregation growth curve as
measured in vitro with kinetic ThT assay. Coloured arrows represent the four
main processes in amyloid assembly (Fig. 1). Primary nucleation (red) is the
driver of de novo amyloid aggregation in the initial stages of the reaction, al-
though primary nucleation will continue to take place, at much lower rates, in
the later stages as free monomer concentration drop. The rate of elongation
growth at fibril ends (blue) peaks during the exponential growth phase of the
fibrils. Elongation continues to occur once a plateau has been reached as the
fibrils are in dynamic exchange with residual monomers and/or small oligo-
mers, as well as other species along the fibril formation pathway. Secondary
nucleation (purple), which requires both the presence of monomers and fibrils,
dominates nuclei formation as soon as first fibrils have formed in the lag phase.
Fibril division through fragmentation (yellow) occurs continuously after the
formation of first fibrils and continues to have a significant role in the capacity
to increase fibril load. The relative magnitudes of the rates of these main pro-
cesses (exemplified by the thickness of the arrows) also vary by the type of
amyloid monomer, their concentration and environmental conditions.

coordinate favouring dissociation compared to further growth by
monomer association [25,50,51]. The lag phase can be eliminated by
introducing preformed fibrillar amyloid seeds, enabling the conversion
and addition of monomers directly to fibril ends in the amyloid state,
thereby bypassing the rate-limiting nucleation process. At the end of the
lag phase, while most of the protein is still monomeric, there is a
transient population of intermediate oligomeric species, some of which
are referred to as protofibrils because they are sufficiently and ob-
servably elongated species [52]. Small transient oligomers grow and
fully convert into protofilaments with amyloid cross-p core that are
then elongated by further addition of monomers to fibril ends. As fibrils
form during lag phase, secondary processes such as secondary nuclea-
tion and fibril fragmentation become the major mechanism of amyloid
formation, peaking during the exponential growth phase [25,27]. Fibril
mass increases as protofilaments are elongated and twist around each
other. Finally, growth plateaus as most monomers in solution have been
added to fibril ends. The population in such a sample remains in dy-
namic exchange (Fig. 2). For example, monomers and oligomers may
continuously break off and reattach to fibril ends [53]. Importantly,
these key steps are part of the lifecycle of all amyloid fibril formation,
but their rate constants and thermodynamic driving forces vary for
different monomers [50].

3.2. Amyloid assembly in vivo

While the fundamental kinetic principles governing the self-as-
sembly of amyloid are the same in vitro as in vivo, the kinetics of the
amyloid lifecycle under in vivo conditions would be expected to be
significantly different from the well-characterised in vitro conditions.
One of the main differences is the unlimited and continuous production
of monomers in vivo. Other key differences include the added com-
plexities associated with genetic variations of amyloid monomer or its
precursor and other risk factors, components of the cellular and ex-
tracellular environment that affect amyloid aggregation kinetics, spa-
tiotemporal variations in monomer production affecting local monomer
concentrations, and amyloid clearance mechanisms. Using fluorescence
lifetime imaging (FLIM), the kinetics of AR aggregation, as well as its
cellular uptake and trafficking, have been studied in live neuronal cells
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[54]. The aggregation of AR in human APP-expressing mice was ana-
lysed using a fluorescent amyloid dye and a cranial window through
which images were collected using two-photon imaging over a period of
two years [55]. The plaque volume change was found to have a sig-
moidal shape, with many small plaques forming initially, when the
concentration of free AP is high, and growing in volume until they
plateau when AP production becomes rate-limiting. However, while
transgenic murine models of AD are useful research tools for familial
AD, they fail to represent the most abundant type of AD in humans,
which is sporadic. Amyloid positron emission tomography (PET), a
method for visualizing amyloid deposition in the brain using radio-
pharmaceuticals that bind fibrillar amyloid, has also been used to col-
lect and assemble AP load data from cognitively impaired patients to
create a long-term disease model that showed a sigmoidal curve of
increasing amyloid load in the brain over the course of more than 30
years [56]. Overall, few studies have been done on the in vivo ag-
gregation kinetics of amyloid in animal models or humans in any mo-
lecular detail.

The rates governing the amyloid lifecycle and its kinetics are spe-
cific to protein sequence and environmental conditions. For example,
aggregation propensity is affected by charge and exposed hydrophobic
surfaces of the monomer. The lag phase can also be shortened by an
increased fragmentation propensity. Although a key feature of many
amyloid-forming proteins is being intrinsically disordered as mono-
mers, or having significant stretch of unstructured regions due to ex-
tensive exposed hydrophobic areas, others can be folded, globular, and
with low aggregation-propensity in their native states [57]. Such pro-
teins, including > microglobulin associated with systemic dialysis re-
lated amyloidosis, require local unfolding to initiate aggregation [58].
In these cases, physiological thermal fluctuations may be sufficient for
native conformation destabilisation [59] and hence enough for in-
itiating assembly. Conditions such as temperature, pH, protein-dena-
turing agents, presence of other proteins, metal ions, surfaces and their
composition and properties can have an impact on the aggregation of
amyloid proteins [21,60-63]. Even many physiologically non-amyloi-
dogenic proteins can be made to adopt the characteristic cross-§
structure under specific environmental conditions [64,65]. Deviations
from the typical kinetic characteristics of amyloid aggregation have
been identified under varying environmental conditions, which has
implications for the biomedical use of amyloid-prone proteins, and for
developing drugs targeting amyloid assembly. For example, the human
glucagon-like peptide 1, analogues of which are used for treatment of
type II diabetes, exhibits kinetics consistent with the standard nuclea-
tion-polymerisation mechanism at pH 8.2, but at pH 7.5 the kinetics
showed a highly unusual profile, with the lag phase becoming longer
with increasing monomer concentration [66]. This was attributed to the
formation of off-pathway oligomers, with unknown physiological ef-
fects. One plausible explanation is that metastable oligomers and pro-
tofibrils could be off-pathway competitors and inhibitors of fibril for-
mation, instead of on-pathway precursors [67].

4. Amyloid assembly polymorphism

Amyloid fibrils, by definition, share a cross- core arrangement.
Their assembly, either from precursors of different or identical se-
quences, nevertheless result in fibrils with a varying degree of structural
differences (Figs. 1, 4). Polymorphism of molecular crystals has been
characterised in the context of small molecules and pharmaceuticals,
for which the varying physiochemical properties including the stability
and bioavailability of a substance with an identical molecular structure
and dissimilar suprastructure has been documented [68,69]. Analo-
gously, the fibrillar amyloid state can be viewed as a pseudo one di-
mensional “crystal-like” form in which different polymorphs may also
have varying biological properties. Variance in fibril structure, i.e. the
polymorphic nature of amyloid fibrils, has been characterised for fibrils
formed from synthetic or recombinant monomeric amyloid precursors,
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Fig. 4. Hierarchical classification of amyloid polymorphism types with sche-
matic illustrations exemplifying each type. Amyloid polymorphs can be classi-
fied into sequence polymorphs and assembly polymorphs. Assembly poly-
morphs can be further divided into core polymorphs and filament polymorphs,
and core polymorphs can be divided in turn into segmental polymorphs and
packing polymorphs. The different types of polymorphism are organised from
top to bottom to indicate the hierarchical effects of polymorphism types. For
example, sequence polymorphs where one polymorph contains a single amino
acid residue change (top schematic, stars depict an amino acid sequence var-
iation) would also affect which segment of the chain forms the amyloid core
(segmental polymorphism), how the amyloid core is packed (packing poly-
morphism) and how the protofilaments are arranged (filament polymorphism).
On the other hand, polymorphism based on the varied number and arrange-
ment of the protofilaments (bottom schematic depicting filament poly-
morphism) may occur without changes in the sequence, the core segment or the
packing of the core (all placed above filament polymorphism in the schematic).

as well as those formed in vivo in tissue or by seeding with fibrils from
brain tissue of patients with various neurodegenerative diseases
[70-72]. Amyloid assembly polymorphism resulting from assembly of
precursors of identical sequence can be broadly divided into two
classes: core polymorphism with differences in the arrangement of
monomeric units in the cross-f core, or filament polymorphism with
differences in the lateral arrangement of protofilaments in a fibril and
the specific contacts they form (Fig. 4). In core polymorphism, the core
structure can vary in (-sheet content, conformation of non-f-strand
segments, steric zipper packing and specific contacts between residues.
Core polymorphism can be further categorised into segment poly-
morphism where different segments of a polypeptide may form dif-
ferent cross-f} cores, and packing polymorphism where the same seg-
ment of a polypeptide chain is involved in the cross-p core. For
example, inter-sheet contacts can be stabilised by steric zippers, as well
as hydrophobic contacts and salt bridges. Eight potential classes of
steric zipper packing arrangements were described by Eisenberg and
colleagues [10] forming the basis for core and assembly polymorph-
isms. These steric zipper arrangements vary by whether -strands that
make up B-sheets are parallel or antiparallel, whether adjacent B-sheets
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that form the steric zipper pack same or different surfaces together, or
whether the B-sheets themselves are oriented parallel or antiparallel
relative to each other. In terms of filament polymorphism, the current
confirmed examples include cryo-EM reconstructions of purified paired
helical and straight tau filaments, which show indistinguishable cross-f§
and f-helical structures, surrounded by a fuzzy coat of disordered do-
mains, but distinctive inter-protofilament arrangements [73] and f,-
microglobulin, for which several morphologies were identified using
cryo-EM, although all shared the same core structure, as shown by NMR
[74].

Amyloid populations regularly contain heterogeneous mixtures of
fibril polymorphs. Often, several subpopulations of amyloid fibril
polymorphs can form under identical conditions, for example paired
helical and straight fibrils of tau or striated ribbon and twisted fibrils of
AP [73,75]. In studies in which a single fibril structure is reconstructed,
the sample may have contained a broad range of morphologies, as in
the case of the recent (3,-microglobulin structure [74]. These individual
fibril polymorphs can sometimes be distinguished by their width, as
they may vary in the number of protofilaments (Fig. 4), or other mor-
phological differences such as twist periodicity and persistence length
in terms of curvature. Additionally, fibril polymorphs may vary in
stability and dynamic behaviour which may, for example, affect their
fragmentation rate and consequently cytotoxicity [76]. Fibrils differing
in twist and length can also result in differences in their cytotoxic po-
tential [16,39].

From fibril structures determined from patient brain tissue, it
emerges that there may be disease-specific association with certain
amyloid fibril polymorphs. For instance, tau fibrils from an Alzheimer's
patient and a Pick's disease patient have remarkably different core ar-
rangements [72,73]. Additionally, structural polymorphs of A} are
thought to correlate with variations in AD pathological phenotypes
[77]. For example, recent ssNMR analysis of A fibrils seeded from AD
patient brain tissue showed a link between clinical AD subtypes and
specific features of fibril polymorphism. A4, aggregates were shown to
have a single major morphology in patients with typical prolonged-
duration AD and posterior cortical atrophy variant (PCA-AD) and a
higher proportion of alternative structures in the rapidly progressive
form of AD. By contrast, AP, aggregates were found as several poly-
morphs across both categories [77]. In another study, Ay, fibrils
seeded from brain tissue of two AD patients with different clinical
histories were relatively homogenous for the individual patients, al-
though analysis of the predominant fibril structures by ssNMR between
the two patients indicated significant differences in their cores [78].

Due to amyloid and prions have structural and mechanistic simila-
rities, and the morphological heterogeneity of amyloid populations
potentially linked with disease progression, the idea of whether struc-
tural amyloid polymorphs propagate phenotypically as strains has been
tested. For prions, the prion strains give rise to specific pathologies and
disease phenotypes, which are maintained when the strains are in-
troduced de novo into a genetically identical host where they continue
to be stably propagated. Some studies have also suggested the spread of
tau and a-synuclein as distinct strains [79]. Thus, identifying the
structure of distinct fibril polymorphs, the suprastructures they form,
and characterising the environmental factors that drive structural
changes, as well as their biological effects, could be the key link to
elucidating the dramatic variations in amyloid disease pathological
presentation and provide a structural rationalisation of the strain phe-
nomenon. The structural differences between amyloid polymorphs
could also be mediated by changing the propensity to the various fibril
associated pathology mechanisms, including interactions with mem-
branes, ability to sequester proteins essential for the cell, differences in
metal binding and creation of reactive oxygen species, or some as yet
unknown mechanism of fibril toxicity. Thus, in terms of disease asso-
ciation, environmental changes may modulate amyloid structure and
exert pressure to select for specific polymorphs, and the selected
polymorphs in turn reinforce the disease-associated environmental
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Fig. 5. Schematic illustration of possible variations in the suprastructural properties of amyloid at mesoscopic (micrometre to nanometre) length scales. a) Long-
straight fibrils of varying length; b) highly heterogeneous population with filaments and bundles decorated with small oligomeric species. c) fibrils of tight twist
properties d) highly fragmented fibril population with abundance of small particles; e) fibril cluster f) fibril network; g) aligned fibrils h) thick and bundled fibrils; i)
flexible or curve-linear fibrils with low persistence length; j) crystalline-like fibril bundles.

changes.

5. Amyloid suprastructures

As amyloid fibrils are highly polymorphic, the heterogeneous po-
pulations of amyloid species that result from the amyloid lifecycle also
show a variety of different mesoscopic arrangements on the micrometre
to nanometre scale, forming a variety of possible suprastructures
(Fig. 5). Amyloid fibrils vary in width, with some self-associating into
thick bundles by protofilament interactions, whereas other fibrils may
consist of a single protofilament only [80]. The length distribution of
the fibrils in a population can similarly vary, depending on the me-
chanical properties of the fibrils, such as stiffness, and their fragmen-
tation rate [18]. Each fibril population formed from the same amyloid
sequence may contain varying proportions of fibril polymorphs, ran-
ging from a uniform ensemble to almost continuous variation in twist
[13,78]. While some fibrils self-associate into packed clusters or net-
works, others do not form such structures and remain separated,
sometimes in a parallel alignment with directional order [81,82]. Al-
though various suprastructures have been identified, little is known
about their relative biological impact. At liquid interfaces amyloid fi-
brils can exist in a liquid crystalline nematic phase in which the fibrils
are aligned parallel to each other [83]. In vitro studies of entangled
amyloid networks have also identified gel-like behaviour at the meso-
scopic scale. Interestingly, elastic properties appear as early as during
nucleation events in the lag phase [84]. Electron tomography studies of
AR suprastructures have revealed three main types of aggregates:
amorphous meshwork, fibril bundle and amyloid star, all within the
same overall deposit [85]. Interestingly in each case, the fibrils them-
selves were morphologically indistinguishable. Additionally amyloid
fibrils have been observed to form spherulites which show a typical
Maltese cross pattern when observed under polarised light in both in
vitro and ex vivo [86,87]. Furthermore, between fibril networks, extra-
cellular vesicles of various sizes are found [85] and lipid membrane
components have been identified also within and around dense AP
plaques in human brains of AD patients [88].

Morphological differences observed in plaque deposits reflect the

suprastructural assembly preferences and features of amyloid ag-
gregates, and seeded fibrils from AD patient brains have been correlated
to differences in clinical subtypes [77]. Thus, it is possible that the
different suprastructures that differ in their mesoscopic arrangements
also have different toxic or infectivity profiles. The suprastructural ar-
rangements of fibrils can also be affected by the dominance of in-
dividual fibril polymorphs as they can have different surface properties
which affect their interactions. Thus, aggregates with different supras-
tructural features will also have different surface properties and pro-
pensities to sequester other metastable essential constituents of the
cellular proteome. Characterising the various suprastructural para-
meters such as length and width distribution, twist, stiffness, clustering
and heterogeneity of amyloid assemblies and correlating these with
biological activity could lead to essential insights into the amyloid
structure-function relationship.

6. Regulation of functional and pathological amyloid structure
and assembly

Defining an amyloid suprastructure-toxicity relationship would help
us elucidate why some amyloid formations are highly toxic whereas
others are inert. Given the presence of amyloid aggregates in numerous
neurodegenerative diseases, it is perhaps surprising that an increasing
number of amyloid structures have been found to participate in an
array of normal physiological processes without any observable
harmful effects to their hosts [6]. In humans these include melanin
biosynthesis, regulation of long-term potentiation (LTP) and peptide
hormone storage [89-91]. Functional amyloid assemblies have also
been discovered in numerous other organisms, including bacteria, fungi
and metazoa. For instance, in some bacteria, fibrillar matrix of extra-
cellular amyloid proteins such as curli and Fap are required for surface
adhesion and colony formation [92-95]. In insects and fish, the egg-
shell is primarily made up of chorion proteins with a characteristic
amyloid fibril structure [6]. The line between functional and patho-
genic amyloid is also increasingly blurred, as subtle changes in pro-
cessing or regulation may cause an amyloid with normal physiological
roles to become pathogenic. For example, AR is produced from the
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amyloid precursor protein (APP) in neural and other cells throughout
the human lifetime [96]. The precursor can be cleaved by a- and y-
secretases leading to production of non-amyloidogenic fragments or by
B- and y-secretases, which produces several isoforms of A} correlated
with AD. However, there is evidence that monomeric AR and other
peptides resulting from precursor cleavage might have important roles
in cellular signalling pathways, regulating synaptic activity and might
even be essential for survival of neurons [97]. Moreover, fibrillar forms
of AP have been suggested to have protective effects against fungal and
bacterial infections in mouse, nematode and cell culture models of
Alzheimer's disease, thus suggesting that they might have a role in in-
nate immunity [98]. Recently, human neural cell culture models have
also been used to investigate the role of a herpes simplex 1 virus in-
fection on amyloid aggregation and it was reported that Ap oligomers
bind virus surface glycoproteins and mediate resistance to the virus
[99]. This finding suggests that even small oligomeric amyloid species
may have functional roles.

Amyloidogenic proteins lack sequence homology and can have di-
verse structural and catalytic functions in their normal non-amyloid
states. The ability to self-assemble into an amyloid state could be a
generic structural feature of polypeptide chains [100]. Therefore, un-
derstanding the mechanistic and structural differences between func-
tional and pathogenically-associated amyloid, which share the same
cross-f} core structure by definition, is a key requirement for treating
amyloid-associated diseases as any potential treatment must be able to
recognise essential functional features of amyloid and differentiate
these from the pathogenically-associated features. A key aspect of
functional amyloid may lie in their controlled and localised assembly
initiation and termination in response to environmental cues, which is
sometimes achieved with post-translational modifications. For example,
the CPEB3 protein activates the transcription of mRNAs that promote
long-term potentiation (LTP), but only when ubiquitylated and deSU-
MOylated, which promotes its assembly into the functional fibrillar
form [90,101]. SUMOylation of CPEB3 makes it soluble and inactive,
although in other amyloid proteins it can promote aggregation and
toxicity [102]. Additionally, many peptide hormones that are stored
within endocrine granules require both the compartmentalised acidic
pH environment and the presence of glycosaminoglycans (GAGs) for
fibril formation. GAGs accelerate fibril formation by abolishing the lag-
phase and some can interfere with potentially harmful fibril-membrane
interactions [103,104].

Another regulatory mechanism of controlling amyloid assembly
involves chaperones. Recently chaperones DNAJB6 and Hsp70 were
identified as part of a natural control mechanism to prevent the ag-
gregation of a-synuclein, found as toxic aggregates in Parkinson's
Disease patients [105]. a-syn is expressed at high levels in healthy in-
dividuals in various tissues of the body and, in the monomeric state, has
important synaptic functions related to neurotransmitter release and
synaptic plasticity, although the exact mechanisms are not known
[106]. Chaperone proteins such as Hsp70, Hsp40, and others are also
involved degradation and refolding of amyloid aggregates. The cha-
perone Hsp104 is essential for propagation of [PSI"] prion phenotype
in yeast that is associated with the functional amyloid state of Sup35;
Hsp104 promotes division and propagation of Sup35 amyloid by cata-
lysing fibril fragmentation in vivo [107,108].

On the basis that amyloid associated with pathology may have roles
in normal physiological processes, it has been suggested that it is a
dysfunctional protein degradation machinery that leads to disruption in
proteostasis and build-up of toxic amyloid aggregates [109]. Some
functional amyloid systems, for example pre-melanosomal protein,
aggregate into fibrils much more rapidly than non-functional amyloid,
thus preventing accumulation of intermediate oligomeric species with
potential for harmful effects [110].

All the above-mentioned mechanisms may have evolved to ensure
the normal roles of functional and/or to prevent the pathogenic features
of amyloid assemblies, which have important implications in numerous
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physiological processes involving amyloid or amyloid precursors with
no deleterious effects. Safety mechanisms that control and regulate
amyloid localisation, compartmentalisation, processing and degrada-
tion, as well as their assembly kinetics and interactions with other
cellular structures, may present some of the differences between func-
tional and disease associated amyloid.

7. Structural and molecular origins of amyloid toxicity

Although the hallmark of neurodegenerative disease is deposits of
amyloid fibrils, the neuropathological and clinical symptoms vary sig-
nificantly. Therefore, the identity of the toxic species, and the mole-
cular origin of the cytotoxic potential associated with amyloid is widely
debated. For example, AD is characterised by progressive loss of sy-
napses, neuronal death and atrophy of the affected areas, resulting in
decline of memory and cognitive functions, whereas the main patho-
physiological characteristic of Parkinson's disease is degeneration of
dopaminergic neurons in the substantia nigra resulting in loss of motor
function leading to rigidity and tremors. Other neurodegenerative and
prion diseases also involve progressive neuronal death in various areas
of the brain and result in different symptoms. Severe cases of amyloid
deposition has also been found in the brains of human subjects with no
cognitive decline or symptoms of dementia upon post-mortem assess-
ment of neuropathology [111]. Thus, several underlying toxicity me-
chanisms involving a range of amyloid species have been suggested for
these symptoms, including disruption of cell membranes, dysregulation
of calcium homeostasis, mitochondrial dysfunction and oxidative stress.

7.1. Toxicity potential of small oligomeric amyloid species

Amyloid toxicity is currently thought to result from pathological
effects associated with small amyloid oligomers as they are ubiquitous
in the brains of neurodegenerative amyloid disease patients and their
cytotoxicity has been well characterised in vitro. According to this hy-
pothesis, large deposits such as amyloid plaques and inclusion bodies
are thought to be relatively inert. Indeed, small oligomeric species from
post-mortem human brains can disrupt long-term potentiation, synaptic
plasticity and memory when injected into a mouse hippocampus [112].
This view is supported by evidence of neurodegeneration and cognitive
defects preceding plaque formation in vivo [113,114]. In the case of
mutant huntingtin, the formation of inclusion bodies was also found to
reduce the risk of cell death from toxic mutant huntingtin aggregates
[115]. Furthermore, the formation of prefibrillar oligomers is ac-
celerated by mutations in a-syn causing a familial, early-onset form of
Parkinson's [116]. However, the precise molecular nature of the small
oligomeric species that confers toxicity remains to be established and a
large number of species of varied structures and suprastructures have
been observed. For example, according to the ‘ion channel hypothesis’,
oligomeric species with a ring-like structure insert into cell membranes
and act as aberrant ion channels, disrupting the homeostasis of ions and
leading to cell death [117]. Such oligomers have been suggested to
form membrane-associated annular structures in vitro through interac-
tions with specific lipids in the membrane, and possibly form a 3-barrel
pore [118-120]. However, specific structural features may be required
for ion channel formation, as it has been suggested that oligomers of
AR4o but not AB4o are capable of channel formation in membranes
[121]. Disruption of calcium homeostasis has been observed in proxi-
mity of amyloid plaques, which may act as a reservoir of cytotoxic
species [122]. Loss of calcium compartmentalisation leads to distortion
of neuritic morphology and as calcium is essential for neural integration
of signals, dysregulation of its homeostasis disrupts local neural net-
works [122]. Amyloid oligomer cytotoxicity has also been linked to the
size and conformation of the oligomers, with smaller and more exposed
hydrophobic surfaces with structural flexibility displaying the most
toxic potential [123,124]. Thus, the dynamic and hydrophobic nature
of prefibrillar oligomers may provide a rationale to their propensity to
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aggregate and display cytotoxic properties though their interaction
with membrane bilayers.

The elucidation of the role of small oligomeric species in amyloid
diseases is complicated not only due to their varied structures and
heterogeneity, but also due to their transient nature. Thus, in terms of
species formed during the amyloid lifecycle in vivo, due to experimental
limitations it is only possible to study stable species secreted by in vitro
cell cultures or those extracted from post-mortem patients' brains.
Furthermore, the population and the concentration of amyloid species
in the brain is unknown. Attempts to quantify the concentration of A
in the brain has focused mostly on mouse models, with some studies on
human brain tissue and cerebrospinal fluid [125-127]. However, re-
sults are inconclusive as there is currently no method for quantifying
whole amyloid populations ranging from prefibrillar oligomeric species
to fibrillar species in vivo without exposing them to non-native condi-
tions that could affect their aggregation states, leading to unreliable
estimates. Additionally, very little is known about how the local en-
vironment in the in vivo human brain affects amyloid structure and
toxicity, especially as the amyloid population are likely to be highly
heterogeneous and distinct oligomeric species can vary in toxicity.

7.2. Toxicity potential of fibrillar amyloid species

In addition to the cytotoxic effects displayed by prefibrillar oligo-
meric species, amyloid fibrils also have direct cytotoxic properties via
disruptive effects on the phospholipid bilayer during fibril growth
[128]. Localised neuronal damage, characterised by progressive neu-
ronal dystrophy and microglial activation, has been correlated with
plaque formation and shown to worsen over the clinical course of the
disease [129,130]. Several indirect mechanisms of fibril toxicity have
been proposed, including secondary nucleation events where fibrils
catalyse the formation of small oligomeric species through surface in-
teractions, thereby contributing to the neurotoxic effects of amyloid
[27]. Additionally, fibrils may act as a reservoir for toxic species, which
may be released to generate a local pool of toxic species as a halo
around fibrillar deposits [131]. Besides these indirect mechanisms, fi-
brils can also contribute directly to cell damage under conditions in
which non-fibrillar aggregates are not detectable by spectroscopy or
antibody-binding, thus suggesting a role as a direct contributor of cy-
totoxicity.

Fibril fragmentation is key to amyloid cytotoxicity by increasing the
number of termini through division of fibrils, which provides increased
reactive growth competent surface, and also creates smaller fibrillar
amyloid species that decrease cell viability and increase disruptive ef-
fects on membrane bilayers. The increase in the toxic potential cannot
be solely attributed to the increased number of fibril ends, suggesting
other yet unknown surface-dependent mechanisms [39]. Furthermore,
short fibril particles are also readily internalised by endocytosis,
causing disruption within the cell by inhibiting the degradation of
proteins within lysosomes and altering trafficking of lysosomal mem-
brane proteins [132]. Disruptive interactions of fibrils with membranes
have been visualised in 3D using electron tomography, surrounded by
lipid inclusions of varying sizes [133]. Extraction and clustering of li-
pids around amyloid aggregates and their potential links to toxicity
have also been previously characterised [134]. Fibril-membrane inter-
actions also promote the shedding of oligomers from fibril ends that
then diffuse rapidly through the brain and impair cognitive function in
mice [135]. These oligomers formed through reverse assembly reac-
tions were found to have a highly heterogeneous size distribution, but
similar biochemical and physical properties to those formed by nu-
cleation and forward assembly reactions [135]. Another potentially
physiologically harmful effect of amyloid could arise from fibril inter-
actions with metal ions [136], as several co-localise with amyloid pla-
ques in AD patient brains [137]. A4, fibril interactions with copper
(Cu**) enable retention of redox activity and generation of reactive
oxygen species in vitro [138]. The presence of metal ions also affects
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fibril aggregation morphology, which may have additional con-
sequences on biological and pathogenic properties [136,138,139].

7.3. Modulating factors of amyloid cytotoxicity

In the complex, crowded environment of cells and nervous tissue,
the cellular milieu plays an important role in affecting how the amyloid
lifecycle progresses, and how amyloid species and populations form and
interact with other cellular structures. Surfaces, such as those presented
by membranes, can promote protein misfolding and aggregation, thus
potentially speeding up nucleation events in the amyloid lifecycle,
promoting the de novo formation of amyloid species [140]. This effect
depends on the lipid composition of the membrane. Differing mem-
brane composition could potentially explain the variable vulnerability
of various cell types to toxic amyloid species. Phosphatidylserine and
other acidic phospholipids could provide a local low-pH environment
that promotes fibril formation [141]. Interestingly, functional amyloid
assemblies are often compartmentalised into membrane-bound orga-
nelles without causing damage. A specific membrane composition could
explain why this key toxicity target is not harmed by functional amyloid
aggregates. Furthermore, hydrophobic surfaces and the air-water in-
terface are also capable of inducing heterogeneous nucleation and
formation of small amyloid oligomers, as well as leading to the for-
mation of fibrils with a distinct morphology compared to fibrils formed
by homologous nucleation away from surfaces [142,143].

The lack of clear correlation between amyloid fibril aggregates with
clinical symptoms in neurodegenerative diseases promoted the view
that small oligomeric pre-fibrillar species are the main toxic species.
While some oligomeric species display significant cytotoxic potential,
not all oligomeric species share this potential. In the same manner,
some amyloid fibril structures possess cytotoxic potential while others
appear to be inert. Difficulties in studying the mechanisms and struc-
tures associated with amyloid toxicity under physiologically relevant
conditions also add to the fact that the composition of the amyloid
populations that are associated with disease as a whole, and their
combined modes of action, have not been resolved. It is possible that
the incoherence between the amyloid species and the neurodegenera-
tive disease symptoms and progression they are associated with could
be better explained not by individual amyloid structures but the sum of
their presence in a population as a whole. The variation in the com-
position of the heterogeneous amyloid population resulting from the
amyloid lifecycle may drive different characteristics and clinical
symptoms associated with amyloid.

8. The infectious potential of amyloid: prions and prion-like
amyloid

Prions are infectious amyloid particles with the self-propagating
amyloid cross-f3 state. Mammalian prions are correlated with a number
of currently untreatable neurodegenerative diseases termed transmis-
sible spongiform encephalopathies (TSEs) which include kuru,
Creutzfeldt-Jakob disease, bovine spongiform encephalopathy, and
scrapie in sheep. These diseases can arise spontaneously, be inherited,
or acquired through an infection by prion particles. TSEs are associated
with an amyloidogenic form of the mammalian prion protein (PrP) and
can be transmitted between individuals and sometimes even across
species [144,145]. However, not all prion replication is disease-asso-
ciated and in fungi in particular they can have neutral or beneficial
effects. For example in yeast, prions confer phenotypic plasticity
through evolutionary selective advantages [146]. For example, the
Saccharomyces cerevisiae protein Sup35 is a subunit of the eukaryotic
translation release factor, required for termination of mRNA transla-
tion. The amyloid form of Sup35 is associated with the [PSI*] prion
phenotype [147]. Similarly, [URE3] is the prion phenotype associated
with the S. cerevisiae Ure2 protein [147]. Both of these prion proteins
can form several strain variants with different characteristics and have
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been studied extensively to elucidate the molecular mechanisms and
structural determinants of amyloid proteins [148].

Prions have been be considered a subclass of amyloid that can be
transmitted between cells and organisms [149]. However, there is now
increasing evidence to suggest that some pathogenic amyloid proteins
can also be transmissible from cell-to-cell. For example, cross-cell
transmission has been demonstrated for AB [150], a-syn [151], hun-
tingtin [152] and tau [153], blurring the distinction between ‘prions’
and ‘amyloid’. As the likelihood of transmissibility of these pathogenic
amyloid proteins between individuals, an essential aspects of prion
behaviour, is probably low, they are consequently typically classified as
‘prion-like’ amyloid. Nevertheless, these proteins may be infectious to
an extent, as shown for tau where injection of tau-containing brain
extract of human origin can induce tau inclusions in transgenic mice
expressing wild type human tau [154]. Recently, further evidence was
found to support iatrogenic transmission of A by identifying AB4o and
Ap4o, along with tau, in archived vials of human cadaveric pituitary-
derived growth hormone [155], which was used to treat patients until
1985 when some were diagnosed with Creutzfeldt-Jacob-Disease (CJD)
[156]. This raises concerns over accidental transmission of prion and
prion-like amyloid during medical procedures and through potentially
amyloid-contaminated surgical equipment.

How some amyloid can show a type of prion-like behaviour is not
known, but fibril fragmentation seems to play a key role in facilitating
infectivity [157], as in the case of prion particles, division and propa-
gation through fibril fragmentation could also be a key determinant for
infectivity and amyloid phenotype strength [38]. Fibril fragmentation
could facilitate vesicular cell-to-cell transport, due to the smaller size of
fragmented particles, as cell-to-cell spreading is thought to be mediated
by intracellular amyloid particles weakening the lysosomal protein
degradation pathway, leading to exocytosis of oligomeric species cap-
able of propagating the amyloid state that are then taken up by re-
cipient cells [158]. Thus, the stability of amyloid particles towards fibril
fragmentation, which may be modulated by their suprastructure, could
represent a link between amyloid structure and their infective potential
as prions.

9. Challenges in establishing amyloid structure-function
relationships

Many important aspects of amyloid toxicity, propagation, and their
role in neurodegenerative diseases remain elusive. A significant gap in
knowledge relates to the specific mechanisms of amyloid pathogenicity
in terms of the structural properties associated with the toxic and in-
fective potential displayed by amyloid structures. To effectively develop
therapeutics that specifically target toxic or infective properties or
species, it is first necessary to understand the mechanisms of toxicity,
transmission and propagation in detail. However, for amyloid-asso-
ciated diseases it is not yet clear whether amyloid aggregates are a
cause or a consequence of the disease, and by which mechanisms they
could exert toxic effects to the cells. Consequently, no safe and effective
anti-amyloid treatments have yet been developed despite efforts by
academia and pharmaceutical companies alike. Although aggregates of
amyloid fibrils are an important hallmark for diagnosis of amyloid
disease, their role in pathology is debated. It is thought that earlier
species in the amyloid lifecycle, specifically the small intermediate,
oligomeric, pre-fibrillary species, are responsible for some of the cyto-
toxic and neurodegenerative effects in amyloid associated pathologies
[159]. However, there is also evidence of fibrils with a shorter length
distribution having cytotoxic effects [160]. Additionally, they could
have important roles in amyloid propagation and other indirect me-
chanisms of toxicity, as well as being involved in the infective activities
associated with prions and prion-like amyloid. The problem is ex-
acerbated by the lack of high-resolution structural information of in-
termediate species on or off the fibril formation pathway as they have
remained largely elusive due to conformational heterogeneity and
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transient nature.

Often, populations containing a heterogeneous mixture of amyloid
polymorphs or amyloid species from different precursor sequences can
be present in the brain of an affected individual, which might be part of
the complex and varied nature of neurodegenerative diseases [71,161].
As discussed above, a plethora of amyloid fibril polymorphs may form
and grow under the same conditions, but each individual polymorph
may have different effects on cells. However, it is often necessary to
achieve a homogenous sample of fibrils of a single morphology by
progressive seeding or stabilising fibrils of a specific polymorph for
structural characterisation and when assaying biological effects of
amyloid fibrils. A nearly homogenous population can be achieved by
repeated seeding because fibrils with different morphologies have dif-
ferent rates of self-assembly [75]. However, the species distribution as a
whole may have an impact on the pathological properties associated
with amyloid. For example, in a population, some species may con-
tribute directly to the accelerated propagation of the amyloid state in
the amyloid lifecycle and only indirectly in the accumulation of toxic
species, while other species may act as cytotoxic entities directly. Whole
population effects could also rest in the varied concentrations of dif-
ferent species in the population as the toxic potential of the whole
amyloid population will be a sum of the toxic potential displayed by
individual species in the population, weighted by their concentrations.
Just like for any toxic substances, the classic principle “sola dosis facit
venenum” (the dose makes the poison) will also apply to amyloid spe-
cies. Furthermore, the infectious and toxic potential of amyloid will be
modulated by their suprastructural states, such as clustering and fila-
ment lateral assembly, at a mesoscopic scale. This information can be
obtained using - for example - atomic force spectroscopy (AFM) and
transmission electron microscopy (TEM) and will be highly com-
plementary to higher resolution structural information on individual
filament types obtainable by ssNMR and cryo-EM.

Various anti-amyloid therapeutics targeting different processes in
the amyloid lifecycle have reached clinical trials although so far none
have been successful. Part of the problem lies with the fact that the
holistic role of amyloid lifecycle in disease mechanisms has not been
fully elucidated. Potential mechanisms to target amyloid formation
include kinetic stabilisation of native and inert states, inhibitors of
enzymes that process amyloid precursors, sequestering small toxic oli-
gomeric species with antibodies, inhibition of amyloid-membrane in-
teractions, prevention of elongation through blocking fibril ends, and
potentially increasing elongation rates to force smaller, more toxic,
states to form part of longer fibrils with less cytotoxic potential. For
example, a molecular chaperone BRICHOS can effectively bind to the
surface of A fibrils, thus preventing secondary nucleation [162,163].
Engineered and enhanced disaggregases, including Hsp104, are capable
of clearing amyloid inclusions and could also potentially lead to de-
velopment of therapeutics that upregulate amyloid aggregate clearance
[164]. Immunotherapies targeting AP oligomers or fibrils have been
thus far been unsuccessful, although results are yet to emerge for their
ability to prevent disease in asymptomatic people with a genetic pre-
disposition [165]. This highlights the fact that developing drugs for
amyloid disease treatments is not as straightforward as designing an
inhibitor for monomer production. A deeper holistic and systems un-
derstanding of the effects of pathogenic amyloid in the biological
context is required for effective development of therapeutics.

The potential for exploiting functional amyloid as natural bio-na-
nomaterials has inspired the development and rational design of arti-
ficial nanomaterials which use their unique materials properties for a
variety of prospective applications in biotechnology and biomedicine.
The self-assembly mechanism produces highly stable fibrils with a
tensile strength comparable to that of steel [166]. These properties
make them highly lucrative for novel biomaterial development. Ad-
ditionally, amyloidogenic proteins are amenable to significant sequence
and chemical modifications to alter their physio-chemical properties as
the fibrils are able to maintain their structure under a wide range of
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conditions. Potential applications of synthetic amyloid include me-
chanisms of drug delivery as a reservoir for controlled release of drugs,
and tissue repair as a molecular scaffold promoting cell adhesion, mi-
gration and differentiation. Another possible use of amyloid fibrils in-
cludes forming biosensors by entrapping proteins or other sensory
molecules, depending on the desired application, or the formation of
nanowires by forming long hollow tubes [167]. Amyloid-carbon hybrid
membranes have also been developed for inexpensive water purifica-
tion, efficiently removing heavy metal ions and radioactive waste
[168]. Thus, if bespoke amyloid can be designed and negatively se-
lected against molecular features that are associated with toxic prop-
erties, amyloid fibrils will make excellent nanomaterials for bio-
technology and biomedical purposes.

10. Closing remarks

Despite increasing research efforts, the specific roles of amyloid
structures in neurodegenerative disease remains elusive. There is still a
lack of clear understanding of the identity of the toxic amyloid species,
their mechanism of action and their infectious potential in relation to
their structural properties. Indeed, high-resolution structural models of
amyloid fibrils have now been resolved using emergent ssNMR and
cryo-EM methodologies, and these advances confirm that despite
sharing the same cross-f3 core characteristics, amyloidogenic proteins
form fibrils with differences in the arrangements of the steric zipper
core packing, (-sheet content, and the number and packing arrange-
ment of protofilaments. The formation of different polymorphs and the
heterogeneity of the amyloid populations can be affected by environ-
mental conditions, and fibrils and small oligomeric species with dif-
ferent morphologies can form under the same conditions, including in
vivo and in disease-affected patients. There is also now increasing evi-
dence to show that fibrils are not inert end-stage structures, but are an
integral member of the amyloid lifecycle. Through division, replication
and propagation processes such as enzyme-catalysed fibril fragmenta-
tion, several potential pathways of toxicity can have key roles in the
amyloid lifecycle and their pathological effects. Simultaneously, there is
a large degree of variability in the biological roles of amyloid, ranging
from those essential for physiological functions to those associated with
debilitating neurodegenerative diseases.

Variability in fibril polymorphs and their suprastructures on the
mesoscopic scale could rationalise the variations in functional and pa-
thogenic consequences of amyloid. Thus, conflicting evidence regarding
varied cytotoxicity of amyloid fibrils could be resolved by fibrils having
different levels of stability, structural rigidity, surface properties, and
suprastructural formations that affect cytotoxicity, aggregation, inter-
actions with chaperones, propensity to shed oligomers or sequester
essential cellular proteins. This could also rationalise why amyloid
deposits in the brain do not always correlate well with clinical symp-
toms of neurodegenerative disease or how some amyloid can have
important physiological roles without any harmful effects. Additionally,
patients with the same neurodegenerative disease form different pre-
dominant types of polymorphs of the same amyloid protein that could
influence disease progression and clinical symptoms. Thus, a key
challenge is to establish a correlation between amyloid structure, spe-
cific mechanisms of toxicity, and variability in clinical symptoms. Fully
understanding mechanisms of the amyloid lifecycle, and the behaviour
of the heterogeneous and polymorphous amyloid populations and their
suprastructural properties in the mesoscopic scale, is essential to ensure
the efficacy of future therapeutics targeting amyloid as well as bio-
technological applications of amyloid.
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Appendix II: The molecular lifecycle of amyloid — Mechanism of assembly,
mesoscopic organisation, polymorphism, suprastructures, and biological

consequences.
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Abstract

The prediction of highly ordered three-dimensional structures of amyloid protein fibrils from the amino acid
sequences of their monomeric self-assembly precursors constitutes a challenging and unresolved aspect
of the classical protein folding problem. Because of the polymorphic nature of amyloid assembly whereby
polypeptide chains of identical amino acid sequences under identical conditions are capable of self-
assembly into a spectrum of different fibril structures, the prediction of amyloid structures from an amino
acid sequence requires a detailed and holistic understanding of its assembly free energy landscape. The
full extent of the structure space accessible to the cross- molecular architecture of amyloid must also be
resolved. Here, we review the current understanding of the diversity and the individuality of amyloid struc-
tures, and how the polymorphic landscape of amyloid links to biology and disease phenotypes. We pre-
sent a comprehensive review of structural models of amyloid fibrils derived by cryo-EM, ssNMR and AFM
to date, and discuss the challenges ahead for resolving the structural basis and the biological conse-

quences of polymorphic amyloid assembilies.

© 2021 Elsevier Ltd. All rights reserved.

Introduction

Amyloid structures represent a class of
filamentous protein self-assemblies that are
defined by their characteristic core structures
containing B-strands arranged perpendicularly to
the fibril axis.® This highly ordered three-
dimensional (3D) structural arrangement, called
the cross-p architecture, confers amyloid fibrils with
high chemical, mechanical and biological stability,
in part due to the network of hydrogen bonds run-
ning between the B-sheets present throughout the
fibrils, parallel to the fibril axis. Deposits of amyloid
are associated with pathology in more than 50
human disorders, including neurodegenerative dis-
eases as well as type 2 diabetes, prion diseases
and systemic amyloidosis.® Some amyloid proteins,
however, form fibrils required for physiological func-
tionalities.” In humans, more than 20 proteins have

0022-2836/© 2021 Elsevier Ltd. All rights reserved.

been shown to form amyloid, despite having vastly
different amino acid sequences.” The assembly into
the amyloid state proceeds through a nucleated
polymerisation mechanism in which natively folded
or intrinsically disordered protein monomers unfold
or misfold, and aggregate into dynamic and tran-
sient oligomers.® Some of these species go through
primary nucleation events to form nuclei, which are
the smallest units from which growth of aggregates
by energetically favourable elongation into fibrils
can proceed by monomer addition to fibril ends.”®
The resulting amyloid state self-propagates by
catalysis of new nucleation events by existing fibril
surfaces, and through fibril fragmentation, which
produces seeds by division of the fibrils without
undergoing an additional nucleation phase.”'°
Compared to the folding reaction of globular
proteins, amyloid formation stands out because it
possesses unique properties. Firstly, the coupled
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folding-assembly reaction of monomeric peptide
chains into the amyloid state occurs as a result of
intermolecular interactions between a large but
variable number of monomers. Secondly, the
resulting protein conformations of amyloid fibrils
are capable of self-propagation. This property
allows the information encoded in the individual
3D structures of amyloid and prions, which
represent a class of infectious amyloid that can
spread between individual organisms, " to be trans-
mitted to monomers not yet in the amyloid state.
Thirdly, although the end-products of a single type
of amyloid assembly reaction are fibrils sharing
the defining cross-B core architecture, there may
be a wide degree of variation between their specific
structures, even when the assembly reactions start
with identical monomeric polypeptide chains under
identical conditions. This property, called structural
polymorphism, is biologically important because it
affects the physicochemical properties of the fibrils,
which subsequently may reflect the variation in the
biological response to amyloid in vivo. For example,
specific amyloid polymorphs formed from the same
tau protein are found in different tauopathies,'? and
within each disease-specific amyloid population
there can exist several types of polymorphic fib-
rils.”*'® However, structural polymorphism compli-
cates any attempt of predicting a protein’s 3D shape
from its amino acid sequence, because in the case
of amyloid, one single amino acid sequence may
fold/misfold and assemble into a spectrum of differ-
ent 3D structures.

Experimental techniques that have been applied
to study the polymorphous amyloid structures
include cryo-electron microscopy (cryo-EM), solid-
state nuclear magnetic resonance (ssNMR)
spectroscopy, and atomic force microscopy (AFM)
(Table 1). Methodological advances in Cryo-EM
have, in recent years, led to the elucidation of
numerous structural models of amyloid fibrils.'®
These cryo-EM based models are derived from
3D Coulomb potential maps, reconstructed nowa-
days routinely to sub-4 A resolutions, using 2D pro-
jection images of fibrillar samples collected on

modern cryo-EM microscopes. For ssNMR, spec-
troscopic data of nuclear resonance frequencies
are collected on fibril samples formed from isotopi-
cally labelled protein monomers. The interpretation
of the resulting chemical shifts and atomic distance
constraints are used to reconstruct an ensemble of
possible conformations of each single structural
model.'” AFM allows the morphologies of individual
fibrils to be directly visualised on 2D topology
images to a low-nanometre resolution, from which
3D envelope models of each individually observed
fibril can then be reconstructed.'® Combining AFM
with infrared spectroscopy (AFM-IR)'® or Raman
spectroscopy (AFM-Raman),”® allows the sec-
ondary structure content of individual fibrils or
aggregates to also be assessed. The 3D structural
models obtained by these techniques, and the sub-
sequently observed structural polymorphism, are
discussed in this review.

Recently, advances in the prediction of protein
structures from their primary sequences by
AlphaFold 2, a machine learning-based method
developed by Google’s DeepMind Al research
group, showed that its structural predictions can
now nearly match experimental results.?’ This was
demonstrated by its participation in the 14th Com-
munity Wide Experiment on the Critical Assessment
of Techniques for Protein Structure Prediction
(CASP14), a biennial community experiment in
which international research teams participate to
evaluate the accuracy of their protein structure pre-
diction methods (e.g. ?*?°). Despite this important
advance, AlphaFold 2 has not yet been agplied to
multimeric protein structure prediction,© even
though accurate prediction of multi-protein complex
structures such as amyloid fibrils could revolu-
tionise aspects of key applications, including drug
design. This highlights the magnitude of unresolved
challenges in structural prediction of large protein
assemblies, and the need to establish a fundamen-
tal understanding between amino acid sequence,
amyloid structure, function, and pathogenicity.
Thus, predicting the 3D structures of polymorphic
amyloid fibrils from primary amino acid sequences

Table 1 Summary of experimental techniques for 3D structural characterisation of polymorphic amyloid fibrils.
Data type and structural information obtainable from the three methods highlighted in this review, i.e., cryo-electron
microscopy (cryo-EM), solid-state nuclear magnetic resonance spectroscopy (ssNMR), and atomic force microscopy

(AFM), are described.

Cryo-EM ssNMR AFM
Data type Projection Resonance Surface topography (height) images
images/transmission frequencies/chemical shifts of
electron micrographs atomic nuclei
Structural 3D Coulomb potential Atomic distances, bond angles, 3D molecular surface envelopes
information maps and local chemical environment
information
Features Can provide high- Generates an ensemble of Can provide individual particle information

resolution (<4A)
averaged structural maps

possible molecular models

and allows collection of nano-mechanical or
chemical information
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is exceptionally challenging, but also offers impor-
tant opportunities for contributing to our fundamen-
tal understanding of coupled protein folding and
assembly free energy landscapes, as well as for
potentially important applications in the develop-
ment of anti-amyloid drugs for neurodegenerative
diseases. This challenge can only begin to be
addressed through the characterisation of the
extent of amyloid polymorphism as well as the indi-
vidual 3D structures of polymorphs formed. Here,
we review recent advances in our understanding
of amyloid polymorphism through recent structural
data that reveal the diversity of amyloid fibril struc-
tures that can be formed, and the individuality of fil-
ament structures that exists within heterogeneous
amyloid populations. We discuss the resulting
physicochemical and biological consequences of
amyloid polymorphism, the challenges of amyloid
structure prediction, and opportunities where such
contributions could provide new fundamental
insights or applications.

The paradox of amyloid
polymorphism: From one amino-acid
sequence to many three-dimensional
structures

Recent studies of the 3D structures of amyloid
fibrils have revealed extensive presence of
structural polymorphism in high-resolution detail.
Different, but ordered and stable amyloid
structures have been shown to assemble from
polypeptide chains of the same primary amino
acid sequence. This contradicts the uniqueness
condition of Anfinsen’s dogma stating that a
uniquely dominating energy minimum in the free
energy landscape of a polypeptide chain is
required for it to fold into a unique native 3D
structure.?® Instead, it appears that the free energy
landscape for amyloid protein folding/misfolding
and assembly consists of many local minima of sim-
ilar levels of free energy, and the extent of such
local minima groups are affected by factors that
include the primary amino acid sequence of the
monomeric building blocks of the fibrils.>> This
structural polymorphism creates a considerable
challenge for 3D structure prediction from primary
sequence as one sequence can result in many dif-
ferent stably observable structures. Importantly,
the structural polymorphs observed to date do not
only result from different contacts between residues
in the fibril cores that then lead to different overall
folds, but instead involve a number of possible vari-
ations which interplay in a hierarchical manner®’
(Figure 1). Firstly, different amyloid structures may
result from ‘top-level’ modifications in the primary
amino acid sequence such as point-mutations, trun-
cations/deletions and/or post-translational modifi-
cations (top row of Figure 1). However, these ‘top-

level’ modifications involve changes in the covalent
bonding pattern and can be classified as sequence
polymorphism rather than structural polymorphism,
and thus do not wholly reflect the complexities of
amyloid sequence-structure relationships. Sec-
ondly, further complexities arise from the conforma-
tional arrangements of protofilaments, which are
filamentous building blocks that make up the fibril
structures. In the protofilament core, the extent
and the packing of B-sheet- and random coil-
forming regions, as well as disordered regions,
often vary even for monomeric polypeptide chains
of identical sequences. Co-factors in the fibril core
may also be necessary for stabilising specific folds,
further contributing to structural polymorphism.
There are also known instances where protofila-
ments are formed by multiple different polypeptide
sequences, thus resulting in heteroamyloid fibrils
(second row of Figure 1). Thirdly, although confor-
mational differences in the protofilament core
formed from a single amyloid protein or peptide
sequence can display remarkable structural diver-
sity, it is also common for amyloid fibrils to assem-
ble and form structures involving multiple
protofilaments (third row of Figure 1). In this case,
each monomeric layer of the fibril consists of multi-
ple copies of the same peptide chain, which can be
arranged in a number of different ways. Notably, the
protofilament building blocks of amyloid fibrils can
have identical or different folds, and their lateral
arrangement can vary. Finally, structural polymor-
phism can also arise from variations in the fibrils’
mesoscopic (nm to um length-scale) arrangements
like twist handedness, twist pitch, the position of the
fibril screw-axis, and fibril length. These long-range
properties contribute to the molecular individuality
of amyloid fibrils, which may subsequently also
impact the biological response the fibrils elicit.

Due to polymorphic folding and assembly
landscapes, the prediction of amyloid structures
from their constituent monomeric amino acid
sequences is challenging. The hierarchical nature
of structural polymorphism, which has been
experimentally observed to give rise to many
diverse  structures from identical protein
sequences, may lead to a continuous cloud of
polymorphs within a population of amyloid fibrils,
with individual fibrils populating the structure space
defined by local energy minima with differing
probabilities. Thus, the possibility of diverse and
individualistic amyloid structures resulting from the
folding/misfolding-assembly of identical
polypeptide chains presents a conundrum in terms
of whether the cloud of structures formed also
translates into equally diverse biological or
phenotypical responses, and whether it is possible
to predict amyloid structures and subsequent
function with some degree of certainty. It is
currently not possible to assess how well structural
prediction tools would predict amyloid structures as
none have yet been included as CASP targets.
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Figure 1. Hierarchical structural polymorphism of amyloid fibrils. Top row: Modifications of the primary amino
acid sequence, including truncations, deletions, mutations, and post-translational modifications, represent the first
layer of complexity that leads to the diversity of amyloid structures. Second row: Polypeptide chains with identical
amino acid sequences may exhibit further differences in the adopted protofilament fold upon assembly, including
differences in the B-sheet forming regions (segmental polymorphism; demonstrated by AB4c PDB IDs 2M4J and
2LMQ on the left and right, respectively), the arrangement of the core fold (packing polymorphism; demonstrated by
overlay of a-synuclein PDB IDs 6XYP and 6XYQ) and the presence of noncovalent co-factors (tau PDB ID 6NWP).
Interestingly, heteroamyloid can result from alternate stacking of monomers with different sequences to form a fibril
(RIPK1/3 PDB ID 5V7Z). Third row: Assembly of identical or different protofilaments by lateral associations can result
in further diversity of amyloid structures. Assembly polymorphism with identical folds is illustrated by a-synuclein PDB
IDs 6L1T (left) and 6L1U (right) and for fibrils with diverse folds the accession codes are 6XYO (left) and 6XYP (right),
also showing a-synuclein fibrils. Bottom row: Polymorphism can also arise in the mesoscopic length scale from
differences in twist handedness, helical pitch, the position of the helical axis and the number of monomers in the fibril,
which determines the length. Molecular models were generated using UCSF Chimera.'%*

However, structural prediction of multimeric CASP
targets is a greater challenge compared to
monomeric targets due to the necessity of
predicting how multiple monomeric subunits
interface with each other.?® Therefore, prediction of
amyloid fibril structures, which have multiple inter-
facing monomeric subunits and, in addition, exhibit
a wide degree of polymorphism (see Figure 1), will
require significant additional advances to current
methods. Current prediction tools specifically
designed for amyloid sequences are focused on pre-
dicting the amyloid forming propensity of sequence

regions, with some offering additional predlct|ons of
|ntr|n3|c disorder and secondary structure (e.g.

). Nevertheless, predicting the amyloidogenic
regions and aggregation propensng has been chal-
lenging even for short peptides.®

The structural diversity of filamentous
amyloid assemblies

Amyloid fibrils are defined by a characteristic
cross-p structure formed by B-strands with 4.7 A
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spacing, stabilised by a hydrogen bonding network
parallel to the fibril axis, and tight side-chain
packing between two B-sheets with 10 A spacing.
This cross-B architecture can be experimentally
readily observed in X-ray fibre diffraction
patterns.®* Importantly, the 3D structures of a grow-
ing number of amyloid fibrils have been experimen-
tally resolved in the last five years, revealing
extensive presence of structural polymorphism
(see Table 2 and Figure 2 for a summary of struc-
tural data in the EMDB and the PDB released up
until March 2021).

The elucidation of amyloid 3D structures in atomic
detail was pioneered by X-ray diffraction
experiments of amyloid peptide microcrystals,
allowing the variation in the B-sheet arrangements
to be experimentally characterised and the
features that stabilise the cross-p fold to be
studied.®® This revealed, for example, the tight
inter-digitating side chains that make up the dry
interface between B-sheets, termed steric zippers,
and the hydrogen-bonding ladders formed by stack-
ing of specific side-chains along the length of the
long fibril axis. Eight different possible classes of
steric zippers have been described, with differences
arising from the parallel or antiparallel direction of
the B-sheets, and the relative orientations of the
two connecting p-sheets.®> More recently, micro-
crystal electron diffraction (microED) has been
employed to elucidate the structures of amyloid
peptide crystals, with the advantage that even
nano-sized crystals too small for conventional X-
ray crystallography experiments can be amenable
for analysis.®® Formation of crystals for structural
studies is, however, limited by the length of the
amyloid forming peptide. Therefore, amyloid struc-
tures formed from larger polypeptide fragments or
full-length proteins have been mainly resolved using
solid-state nuclear magnetic resonance spec-
troscopy and cryo-electron microscopy. Although
ssNMR has been used to generate structural mod-
els of amyloid fibrils for nearly two decades, it was
the ‘resolution revolution’ of cryo-EM that led to
the increased rate in the number of data entries of
amyloid fibrils deposited to the EMDB and PDB
databases in recent years. The average resolution
of cryo-EM maps has also markedly improved in
the last five years (Figure 3). Advances in cryo-
EM hardware and increased accessibility to equip-
ment have driven the collection of evermore num-
ber of high-quality datasets of amyloid fibril
samples, whereas improved software for helical
reconstruction and refinement have facilitated 3D
reconstruction with resolutions that regularly allow
de novo building of molecular models.®>” These
recent advances have made possible the
wide-ranging characterisation of amyloid fibril struc-
tures and the types of polymorphic features they
exhibit in detail, revealing the diversity in the confor-
mation of the fibril cores, the possible presence of
post-translational modifications (PTMs) and co-

factors, the span of cross-B forming regions, and
the extent of ordered and dynamic regions within
amyloid fibrils. Here, structural models of amyloid
fibrils determined by cryo-EM and ssNMR available
in the EMDB and PDB databases up to March 2021
are listed in Table 2 and correspondingly visualised
in Figure 2 to both illustrate the diversity of cross-
structures as well as provide an organised resource
that facilitates comparison.

The evermore detailed information on amyloid
fibril core structures has revealed a large degree
of polymorphism, which can be classified in a
hierarchical manner as illustrated in Figure 1.
Especially interesting are polymorphic structures
formed from protein chains with an identical
sequence, which exhibit fibril polymorphism in
protofilament folds, filament assemblies, and
mesoscopic properties, as these features indicate
sensitivity of the assembly process to
environmental conditions in determining the extent
of polymorphism and the individuality of the
formed fibril structures. For example, amyloid
fibrils formed from AP and A4 result in
considerably different structures with different
protofilament folds and assemblies (see Figure 2,
entries 1 to 24, and Table 2 for accession codes),
likely due to the different conditions in which the
fibrils were formed. Structures of otherwise
identical proteins with different disease-associated
mutations and post-translational modifications
have also been shown to form structures with
different morphologies. For example, structural
data are available for o-synuclein with three
different mutations related to early-onset
Parkinson’s disease, E46K, A53T, and H50Q (see
Figure 2 and Table 2, entries 33, 34, 35, 41 and

42). Comparing the structures and their
properties, such as stability and seeding
propensity, to those of wild-type fibrils may

indicate how polymorphism varies between
familial and sporadic cases. Recently a combined
cryo-EM and mass spectrometry approach has
also revealed specific PTMs on tau fibrils from
ex vivo patient brain tissue (see Figure 2 and
Table 2, entries 97-99).°® Identification of
disease-relevant modifications is crucial for under-
standing how PTMs may modulate fibril polymor-
phism and its biological effects. Importantly, the
current structural data have shown differences
between fibril structures extracted from ex vivo tis-
sues and those assembled in vitro from recombi-
nant protein monomers (e.g. see Figure 2 and
Table 2 entries 92-95).°° This is indicative of the
importance and the challenge of studying amyloid
polymorphism in disease contexts in order to under-
stand possible disease-relevant sequence modifi-
cations and local in vivo environmental factors.
Additionally, it was recently shown that seeded for-
mation of amyloid using fresh monomer incubated
with ex vivo fibril seeds does not necessarily
replicate the structure of the seed in the case of
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Table 2 Three-dimensional structural data entries of amyloid fibrils acquired by cryo-EM or ssNMR. Entries that
have been released in the EMDB and PDB databases running up to March 2021 are shown.

Amyloid name * Sample origin § Experimental method PDB ID i EMDB ID } Release date Reference

1 ABao AD brain, seeded ssNMR & cryo-EM 6w00 21501 13/01/2021 105
2 ABao ssNMR 6ti5 22/07/2020  '°°
3 ABaso AD brain cryo-EM 6shs 10204 06/11/2019 56
4 ABaso AD brain cryo-EM 4864 06/11/2019

5 ABao AD brain cryo-EM 4866 06/11/2019

6 ABao ssNMR 60c9 05/06/2019 %7
7 ABao cryo-EM 6326, 6327, 6328 29/04/2015 %8
8 ABao ssNMR 2mpz 22/04/2015 109
9 ABao ssNMR 2mvx 26/11/2014  '1°
10 AP AD brain, seeded ssNMR 2m4j 25/09/2013 '™
11 APao ssNMR 2Inq 08/02/2012 12
12 APgo ssNMR 2Img, 2lmp 28/12/2011 s
13 APgo ssNMR 2lmo, 2Imn 28/12/2011

14 APago cryo-EM 5008, 5132 08/10/2009  ''*11°
15 APao cryo-EM 1650 24/09/2009 ¢
16 APBso/APsz ssNMR 6ti6, 6ti7 22/07/2020 106
17 APa cryo-EM 5oqv 3851 13/09/2017 7
18 APs ssNMR 2nao 27/07/2016  ''®
19 APs ssNMR 5kk3 13/07/2016  ''°
20  ABs cryo-EM Saef 3132 26/08/2015  '2°
21 AP ssNMR 2mxu 06/05/2015 '
22 ABs cryo-EM 5052 07/07/2010  '*2
23 AP cryo-EM 1649 24/09/2009 e
24 APs ssNMR 2beg 22/11/2005 '8
25  o-syn MSA brain, seeded cryo-EM 7nck 12269 24/02/2021 40
26 o-syn MSA brain, seeded cryo-EM 7ncj 12268 24/02/2021

27  o-syn MSA brain, seeded cryo-EM 7nci 12267 24/02/2021

28  o-syn MSA brain, seeded cryo-EM 7nch 12266 24/02/2021

29  o-syn MSA brain, seeded cryo-EM 7ncg 12265 24/02/2021

30 a-syn MSA brain, seeded cryo-EM 7nca 12264 24/02/2021

31 o-syn cryo-EM 6l1t 0801 12/08/2020  '**
32  a-syn cryo-EM 6l1u 0803 12/08/2020

33  a-syn cryo-EM 6l4s 0833 29/04/2020 125
34  o-syn cryo-EM 6irq 0958 08/04/2020 6
35 a-syn cryo-EM 6ufr 20759 19/02/2020 127
36 o-syn MSA brain cryo-EM 6xy0 10650 12/02/2020 %8
37  o-syn MSA brain cryo-EM 6xyp 10651 12/02/2020

38 a-syn MSA brain cryo-EM 6xyq 10652 12/02/2020

39  o-syn cryo-EM 6sst 10305 18/12/2019 '
40  a-syn cryo-EM 6ssx 10307 18/12/2019

41 o-syn cryo-EM 6peo 20328 27/11/2019 130
42  o-syn cryo-EM 6pes 20331 27/11/2019

43 a-syn cryo-EM 60sj 20183 25/09/2019 ¥
44  o-syn cryo-EM 6osm 20186 25/09/2019

45  oa-syn cryo-EM 60sl 20185 25/09/2019

46 oa-syn cryo-EM 6cu7 7618 12/09/2018 %2
47  o-syn cryo-EM 6cu8 7619 12/09/2018

48  o-syn cryo-EM 6h6b 0148 08/08/2018 33
49  a-syn cryo-EM 6a6b 0988 11/07/2018 3¢
50  o-syn ssNMR 2n0a 23/03/2016 '
51  a-syn cryo-EM 6482 16/12/2015 136
52  p-endorphin ssNMR 6tub 28/10/2020 ¥
53 p2m cryo-EM 0019 19/06/2019 %8
54  p2m cryo-EM 0021 29/05/2019

55  p2m cryo-EM 6gk3 0014 14/11/2018

56  p2m ssNMR 2e8d 13/02/2007  '*°
57 CA150 ssNMR 2nnt 14/11/2006 140
58 FUS ssNMR & cryo-EM 6xfm 22169 07/10/2020 '
59  Glucagon ssNMR 6nzn 05/06/2019  '*?
60 HET-s ssNMR 2mus, 2lbu 01/02/2017 143144
61 HET-s cryo-EM 2946 15/04/2015 %
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Table 2 (continued)

Amyloid name * Sample origin § Experimental method PDB ID i EMDB ID Release date Reference
62 HET-s ssNMR 2kj3, 2rnm 02/06/2010 46147
63  hnRNPA1 cryo-EM 7bx7 30235 18/11/2020 '8
64  hnRNPA2 cryo-EM 6wak 21871 26/08/2020  ©°
65 IAPP cryo-EM 6zrf 11380 30/09/2020  *°
66 IAPP cryo-EM 6zrq 11382 30/09/2020
67 IAPP cryo-EM 6zrr 11383 30/09/2020
68 IAPP cryo-EM VW2 21410 10/06/2020 149
69 IAPP cryo-EM 6yla 10669 04/03/2020  '%°
70 IAPP cryo-EM 10670 04/03/2020
71 IAPP cryo-EM 10671 04/03/2020
72 IGLC AL cardiac tissue cryo-EM 6z10 11031 24/02/2021 57
73 IGLC AL cardiac tissue cryo-EM 6z1i 11030 24/02/2021
74 IGLC AL cardiac tissue cryo-EM 6ic3 4452 03/04/2019 %8
75 IGLC AL cardiac tissue cryo-EM 6hud 0274 27/03/2019  °
76 IGLC cryo-EM 3986 28/02/2018 ¢!
77 IGLC cryo-EM 3987 28/02/2018
78 IGLC cryo-EM 3988 28/02/2018
79 IGLC cryo-EM 3989 28/02/2018
80 IGLC cryo-EM 3990 28/02/2018
81 IGLC cryo-EM 3991 28/02/2018
82 IGLC cryo-EM 3992 28/02/2018
83 IGLC cryo-EM 3993 28/02/2018
84 IGLC cryo-EM 3994 28/02/2018
85 IGLC cryo-EM 3128 18/05/2016 %2
86 Orb2 D. melanogaster brain  cryo-EM 6vps 21316 18/03/2020 ¥’
87 PI3K cryo-EM 6rar 4727 28/08/2019 %8
88 PrP cryo-EM 6lni 0931 10/06/2020 ¢
89 PrP cryo-EM Buur 20900 15/04/2020 155
90  RIPK1/RIPK3 ssNMR 5v7z 28/03/2018  '*°
91  RIPK3 ssNMR 6jpd 28/10/2020 %7
92  SAA Murine liver cryo-EM 6zch 11164 17/02/2021 89
93 SAA cryo-EM 6zcg 11163 17/02/2021
94  SAA cryo-EM 6zcf 11162 17/02/2021
95 SAA Murine spleen cryo-EM 6dso 8910 13/03/2019 %8
96 SAA Amyloidotic kidney cryo-EM 6mst 9232 13/03/2019
97 tau CBD brain cryo-EM 6vh7 21200 04/03/2020 %
98 tau CBD brain cryo-EM 6vha 21201 04/03/2020
99 tau AD brain cryo-EM 6vhi 21207 04/03/2020
100 tau CBD brain cryo-EM Btjx 10514 05/02/2020 '
101 tau CBD brain cryo-EM 6tjo 10512 05/02/2020
102 tau CTE brain cryo-EM 6nwp 0527 27/03/2019  '°
103 tau CTE brain cryo-EM 6nwq 0528 27/03/2019
104 tau cryo-EM 6ajh 4563 20/02/2019 '™
105 tau cryo-EM 6gjm 4564 20/02/2019
106 tau cryo-EM 6qjp 4565 20/02/2019
107 tau cryo-EM 6qjq 4566 20/02/2019
108 tau AD brain cryo-EM Bhre 0259 10/10/2018 %2
109 tau AD brain cryo-EM 6hrf 0260 10/10/2018
110 tau Pick’s disease brain cryo-EM 6gx5 0077 12/09/2018  °'
111 tau Pick’s disease brain cryo-EM 0078 12/09/2018
112 tau AD brain cryo-EM 508l 3741 26/07/2017  '°
113 tau AD brain cryo-EM 5030 3742 26/07/2017
114 tau AD brain cryo-EM 503t 3743 26/07/2017
115 tau AD brain cryo-EM 3744 26/07/2017
116 TDP-43 cryo-EM 7kwz 23059 24/02/2021 159
117 TDP-43 cryo-EM 6n3a 9349 26/06/2019  '%°
118 TDP-43 cryo-EM 6n3b 9350 26/06/2019
119 TDP-43 cryo-EM 6n3c 0334 26/06/2019
120 TDP-43 cryo-EM 6n37 9339 26/06/2019
121 TDP-43 cryo-EM 5w7v 8781 14/03/2018 ¢!
122 TTR ATTR heart cryo-EM 6sdz 10150 13/11/2019 162
123 TTR ssNMR 2m5n 17/07/2013  °*

(continued on next page)



L. Lutter, L.D. Aubrey and Wei-Feng Xue

Journal of Molecular Biology 433 (2021) 167124

Table 2 (continued)

Amyloid name * Sample origin § Experimental method PDB ID i EMDB ID } Release date Reference
124 TTR cryo-EM 2m5k 5590 03/04/2013
125 TTR cryo-EM 2m5m 2323 27/03/2013
126 TTR cryo-EM 3zpk 2324 27/03/2013
127 TTR ssNMR 1rvs 20/01/2004  '%®

*

. Database entries are ordered alphabetically by their protein name. Entries of amyloid formed from the same protein are ordered by

release date from the newest to the oldest. Where several models have been published based on reanalysis of the same original
data, the entries are grouped and all accession codes are included in the same row.

§. The origin of the tissue from which ex vivo fibrils were extracted is noted. Where the species is not specified, the tissue is of human
origin, with the following abbreviations for disease diagnoses: AD — Alzheimer’s Disease, MSA — multiple system atrophy, CBD —
corticobasal degeneration, CTE — chronic traumatic encephalopathy, ATTR — transthyretin amyloidosis.

+. The Protein Data Bank (PDB) ID code associated with the structural model.

1. The Electron Microscopy Data Bank (EMDB) accession codes associated with the EM density map.

a-synuclein from multiple system atrophy patient
brain tissue.® It is currently not known if seeding
may not propagate fibril structures due to a non-
matched PTM pattern of the monomer compared
to that of the seeds, if co-factors that may be pre-
sent in the fibril core are missing in the seeded reac-
tions, or if the assembly conditions during seeding
are too different to those during the formation of
the seeds in general. It is also unclear how this
may vary for different amyloid systems that exhibit
different kinetic rates for templated elongation and
secondary nucleation.”’ Nevertheless, these
results demonstrate that structures of fibrils formed
from seeded growth using ex vivo fibril seeds
should not necessarily be assumed to be identical
to those of the patient derived seeds without further
evidence,***® due to the complexities arising from
the polymorphism-prone nature of amyloid. In sum-
mary, detailed structural characterisation of amyloid
fibrils, enabled by methodological advances in cryo-
EM and ssNMR, has demonstrated a remarkable
tendency for many amyloid forming polypeptide
sequences to each form a diverse range of polymor-
phic cross-f amyloid structures.

The individuality of amyloid structures

The potential of amyloid fibrils to display a diverse
range of cross-B structures (Figure 2) due to
polymorphism resulting from the vast number and
combinations of possible arrangements of the
polypeptide chains within each fibril (Figure 1)
means that the structures of amyloid fibrils should
also be considered with respect to individual
fibrils. Each individual fibril in a heterogeneous
amyloid population may be distinguishable from
every other fibril in the same population in terms
of its precise structure, stability, and biological
properties, even when the primary sequence of
the monomeric polypeptide chains making up the
fibrils is the same. This is because many of the
possible structural variations which underpin the
observed amyloid polymorphism are based on
differences in the pattern of the energetically weak

non-covalent interactions (rows 2, 3 and 4 in
Figure 1), especially those peripheral to the cross-
B protofilament core (rows 3 and 4 in Figure 1).
Experimental observations by negative-stain
electron microscopy and atomic force microscopy
(AFM) have shown that amyloid fibril populations
can be highly heterogeneous.***® Advances in
AFM imaging over the last two decades have con-
tributed to the discovery that the differences
between structural polymorphs of amyloid, such
as the number of protofilaments, twist patterns,
and the thickness of fibrils, which are all influenced
by the structure of the amyloid core, can indeed
vary from fibril to fibril within a population.?>#6:48:49

Modern AFM imaging methods can detect and
characterise the structures of individual amyloid
fibrils within complex and heterogeneous samples.
While the imaging resolution achievable by AFM
in one of the three spatial dimensions, i.e., the z-
or height-axis, can now routinely reach sub-
angstroms under ambient conditions, the overall
3D-resolution of AFM has not yet reached that
currently achievable by cryo-EM. However, due to
its underlying high signal-to-noise physics, the
structures of individual particles of amyloid can be
characterised to ~nm resolution without the
extensive cross-particle averaging that cryo-EM
methodologies rely on. Recently, we have
developed a method to reconstruct the 3D surface
envelopes of individual helical amyloid fibrils using
the 3D information encoded in AFM height
topology images'® (Figure 4). This advance, com-
bined with a systematic morphometric analysis
and classification of individually reconstructed 3D
fibril models, enables the detection and structural
characterisation of individual, potentially rare, amy-
loid fibril species, and structural variations within
individual fibrils. The heterogeneity of a polymorphic
amyloid population can also be quantitatively
assessed using AFM data by analysing the varia-
tions in fibril width, cross-sectional area and shape,
twist periodicity and twist handedness of individual
fibrils within the population. We demonstrated the
potential of this approach to map the assembly
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discovery was revealed through the analysis of hun-
dreds of individual fibrils in the population, with the
fibril structures subsequently hierarchically classi-
fied into polymorphic classes.”” In this study, each
individual fibril observed on AFM images was used
to generate a 3D model (e.qg., left column in Figure 4
(e)), with no two fibril models being exactly the
same. It is possible that the morphological differ-
ences observed between closely related but not
identical fibrils are due to small variations in the heli-
cal twist and/or the packing of protofilaments with
otherwise identical core conformations, but the dif-
ferences can also reflect structural variations of
the protofilament core, as illustrated in Figure 1.
Thus, the data demonstrates the potential of amy-
loid fibrils to display strong structural individuality
within the heterogeneous amyloid populations.

To date, AFM imaging has been used to
characterise individual p-lactoglobulin amyloid
fibrils by measuring their height profile and twist
pattern,*® as well as to analyse and compare the
morphologies of fibrils formed from wild-type o-
synuclein and its disease-relevant variants.>®
AFM has also been used to structurally charac-
terise individual AP4o filaments, revealing struc-
turally polymorphic fibrils after long incubation
times.*® In addition, AFM methods have helped
to reveal that when samples containing different
structural polymorphs, identified by ssNMR, were
used to seed new fibril samples, the elongation
rate within the new samples was specific to the
structural polymorph of the seed,”’ highlighting
the relationship between fibril structures and
physicochemical properties such as kinetics. Fur-
thermore, developments in high-speed AFM have
revealed the dynamics of individual A, fibril
structures, including that elongation occurs prefer-

entially at one end of the fibrils.>® This is a result
that may contain clues to the organisation of
protofilaments within individual fibrils. AFM can
also provide complementary structural information
in combination with other methods. An example of
this includes the use of both AFM and cryo-EM to
quantify the structural variation in samples of
diabetes-related IAPP fibrils; from which structures
of the fibril cores were also determined,*® or the
use of ssNMR, cryo-EM and AFM to determine
the core structure of transthyretin fibrils.>* Another
example includes the use of AFM in combination
with fluorescence microscopy in which evidence
of structural variation within individual fibrils was
observed by AFM when mouse and hamster vari-
ant prion protein fibrils were used to seed each
other, resultin% in individual fibrils with a conforma-
tional change.”® Structural variations within individ-
ual fibrils have recently also been observed in
ex vivo samples of immunoglobulin light chain fib-
rils from patients with systemic AL amyloidosis
and in A fibrils from patients with Alzheimer’s dis-
ease (AD), both demonstrated using cryo-EM.>%>’
Using AFM, we have observed strong individuality
and structural variations within AP, fibrils formed
in vitro (Figure 4, middle column), demonstrating
the extensive polymorphism exhibited by A
sequences. Interestingly, AFM images of amyloid
fibrils formed from tausg7.391 (also termed dGAE),
with a morphology that mimics the core of paired
helical filaments extracted from Alzheimer's
patient tissue,”® show little structural variations
between individual fibrils within its fibril population
(Figure 4, right column), suggesting that the extent
of structural polymorphism and fibril individuality is
not the same for different amyloid forming
sequences.

<

Figure 2. Diversity of cross-p structures demonstrated by a graphical summary of structural data of
amyloid fibrils acquired by cryo-EM or ssNMR. Average cross-sections of cryo-EM density maps, ssNMR
ensembles, and structural models of amyloid fibrils containing constituent polypeptide segments longer than 10 amino
acids deposited in the EMDB and PDB databases up until March 2021 are shown in an orientation with the fibril axis
perpendicular to the page plane. The entries are grouped by protein name and then by the release date of the data
entry, with the newest data entry shown first. The numbers shown correspond to the entry numbers listed in Table 2.
Structural models are displayed by a coloured ribbon representation in cases where PDB entries are available. Each
polypeptide chain in the cross-section view is coloured differently, with the cross- segments, where such segments
are determined and labelled in the PDB entry, shown as a wider chains in a darker shade and their C-terminal
residues shown in an even darker shade. A single layer of each fibril model along the helical axis is shown only, for
clarity. For ssNMR ensembles, the first model is shown in the coloured ribbon representation and other models are
shown in grey wire representation. Cryo-EM maps are shown as grey average cross-sections with a darker grey
outline representing the iso-line that defines the density boundary. The cross-sections were drawn by first untwisting
the map to a single slice along the length of the fibril using published twist and rise values, and isolines were
subsequently generated using the recommended isovalue provided by the authors in the EMDB entry. A key is
provided in the bottom right corner of the figure, showing the cartoon labels for entries of ex vivo samples or ex vivo
seeded samples, used throughout. All models and representations are scaled equally, with the scale bar representing
the length of 20 A. Molecular models were generated using UCSF Chimera.'%*
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Fig 2. (continued)

Physicochemical consequences of
amyloid polymorphism

Structural variations within and between
individual fibrils in typically heterogeneous amyloid
populations can exist on multiple length scales
(Figure 1). These structural variations that define
amyloid polymorphism can range from atomic
scale differences in the order of angstroms,
arising from packing variations of the polypeptide
chains, to nanometre-scale variations in fibril
width, or even reach the scale of hundreds of
nanometres in variations of twist periodicity and
handedness of amyloid fibrils.>> At these different
length scales, as a consequence of the diversity
and individuality of polymorphic amyloid structures,
the physicochemical properties of individual fibrils,
such as the overall accessible surface area,*” sur-
face hydrophobicity and charge,® growth and dis-
assembly kinetics and thermodynamics,®’ and
mechanical properties that include persistence
length and the second moment of inertia,®° can also
vary within a population. Therefore, in contrast to
globular proteins which typically have a single
native fold, the structural variation between individ-
ual fibrils within a population may impact the func-
tional properties of the amyloid population in vivo,
mediated by variation in their specific physicochem-
ical properties. For example, different amyloid
structures have different cross-sectional dimen-
sions and shapes. Thicker fibrils with rounded
cross-sections are likely to have a higher second
moment of inertia than thin fibrils with elliptical
cross-sections, making them more resistant to
breakage. Fibrils with higher fragmentation rates
are more likely to generate a larger number of small

13

active amyloid particles and subsequently may be
more effective in propagating their amyloid state,®’
compared to fibrils that are more stable and less
susceptible to breakage. This is demonstrated
through the size-dependent transfection efficiency
relationship of Sup35NM amyloid particles that con-
fer the [PSI’] phenotype when transfected into
yeast cells.° In studies of transmissible amyloid
known as prions, specific strains are found to selec-
tively propagate from cell to cell,’*°° suggesting a
possible relationship between the strain phe-
nomenon, the structural polymorphism of amyloid
fibrils, and the individual fibrils’ stability towards
fragmentation. Thus, the differences in the stability
of individual fibrils, as a consequence of structural
polymorphism, may lead to variations in the fithess
of individual fibrils in an amyloid population, and
subsequent ‘selection’ of specific amyloid confor-
mation due to a polymorphic bias under certain con-
ditions as well as adaptive ‘evolution’ processes of
the dominant amyloid conformation due to changes
in the environment. The structural constraints pro-
vided by the cross- architecture coupled with a
strong structural individuality in some amyloid pop-
ulations, and the ability of some amyloid to effi-
ciently propagate the information encoded in their
conformational state, may suggest that some amy-
loid could behave in a manner similar to that of viral
quasispecies. In addition to fibril fragmentation,
secondary nucleation is another property that is
affected by the fibril structural arrangement and
could mediate the biological effects of amyloid. Fib-
rils with a higher surface-area-to-volume ratio might
provide better access to active fibril surfaces that
can catalyse secondary nucleation, compared to
larger amyloid structures with proportionally less
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Figure 3. The number of structural data entries

2004 2008 2012 2016 2020

Year

of amyloid fibrils deposited to the EMDB and PDB

databases is rapidly growing, and the resolution of cryo-EM data is improving. (a) Number of new amyloid
structural models determined by ssNMR deposited to the PDB released each year since 2004. (b) Number of new
amyloid cryo-EM data deposited to the EMDB released each year since 2009. (c) Mean and best resolutions of cryo-
EM data of amyloid fibrils each year. The star symbols (*) indicate that only entries released up until March are

included for 2021.

available surface area. Secondary nucleation is a
process in which new amyloid are formed through
catalysis by existing amyloid fibril surfaces. The
importance of secondary nucleation, in particular
with respect to the biological impact of AB4, amyloid
fibrils, has become increasingly evident. For exam-
ple, by combining kinetic analysis of AR, aggrega-
tion with impaired secondary nucleation using the
molecular chaperone Brichos®” and antibodies that
bind to the fibril surface,®® it has been shown that
secondary nucleation events may be the source of
cytotoxic oligomeric species during AB4> aggrega-
tion. It is further possible, that secondary nucleation
on the surface of amyloid fibrils is site-specific,
potentially occurring at sites of defects or at loca-
tions where structural breaks occur. Individual fibril
polymorphs with higher propensity to contain

defects, have structural breaks, or those that simply
have a larger accessible surface area might then
provide more efficient surfaces for secondary nucle-
ation, and, therefore, be responsible for a greater
cytotoxic potential within the amyloid population.
The polymorphic features of individual amyloid
fibrils can both influence and be influenced by
interactions with other biological structures. For
example, the formation of a-synuclein amyloid
fibrils in vitro is modulated by the air water
interface.®® Since a-synuclein fibrils are found
in vivo in patients with various diseases, where
the air-water interface is likely to be absent, it sug-
gests that other biological interfaces may provide
sites for the heterogeneous nucleation of
a-synuclein assembly. This type of surface-
catalysed aggregation of amyloidogenic proteins

14
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Figure 4. Structural details individual to each amyloid fibril are revealed by AFM. Gentle force-distance curve-
based AFM imaging and 3D-reconstruction of fibril surface envelopes revealed the individuality of amyloid fibrils in
amyloid populations, with no two fibrils being exactly the same. (a) AFM height topology images of amyloid fibrils
formed from a hexapeptide of the primary sequence HYFNIF,?®> AB4,, and a tau,gy.se fragment (also called dGAE).>®
The images are shown with the same length and colour scale, with the scale bar to the left indicating the length of
1 um in all three images. (b) Images of digitally straightened fibrils seen in the images in a), with the coloured triangle
markers indicating their position in a). A 350 nm segment of each fibril is shown. (c) The 3D surface envelope models
individually reconstructed for each fibril in (b) are shown with surface colours ranging from blue to yellow to indicate
the distance to the fibril axis from thin to wide. A 200 nm segment of each 3D model is shown. These AFM images and
individual fibril models suggest that the extent of structural polymorphism is not the same for different amyloid forming
sequences, with fibrils formed from tau.g7.391 showing the least extent of polymorphism amongst the three examples.
Polymorphic structural variation within a fibril is also seen on the image of AP, fibrils.

involves adsorption of amyloid forming proteins be damaging to lipid bilayers.”"”®"? In fact, it may
onto surfaces, followed by a step that includes a  be possible to connect the aggregation kinetics to
conformational change, whether that be fromaran-  the toxicity of the aggregation reaction through their
dom coil to the core fold of the resultant amyloid fib-  interaction with membranes.®’ In order for lipid
rii or to an oligomeric intermediate state.”® bilayers to catalyse primary nucleation, the mono-
Importantly, the precise amyloid structures that  meric subunits must first adsorb to the bilayer sur-
form, amongst the diverse possible structures that  face. In some cases, lipid bilayers induce a
can be formed, may be dependent on the physico- conformational change in the monomeric subunits
chemical characteristics of the catalysing surface. = of an amyloidogenic protein. For example,
High local concentrations of self-assembling pro-  a-synuclein undergoes a change in conformation,
teins adsorbed onto a surface can increase the rate dependent on the fluidity of the lipid bilayer.®" Addi-
of heterogeneous primary nucleation in a manner  tionally IAPP undergoes conformational changes
which is dependent on the mobility of the proteins upon insertion into a lipid bilayer, eventually forming
once adsorbed onto the surface. Cell membranes amyloid fibrils in a lipid-mediated manner,®* and
and, in particular, their lipid bilayer components = when mixed with large unilamellar vesicles it has
are amongst the most well-studied biological struc-  been observed that the secondary nucleation of
tures known to interact with amyloidogenic proteins AB42 can be accelerated through lipid bilayer inter-
in such a manner.”’~"® Fibril formation reactions  actions.”® Conformational changes upon binding
can be catalysed by lipid bilayers,”®’” but can also ~ to a surface imply that structural features of a
15
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Figure 5. Structural analysis of individual fibrils using AFM allows mapping of the polymorphic amyloid
assembly landscape. (a) The polymorphic amyloid assembly landscapes of three short amyloid forming peptide
sequences are represented as smoothed 2D histograms and visualised as contour maps.?® The colouring represents
the density of the morphometric parameters; which include the average height and the number of repeating units per
nm (directional periodic frequency, dpf) of the individual fibrils observed on AFM height images. Negative and positive
dpf values correspond to fibrils with left-handed twist and right-handed twist, respectively. (b) Example images of
digitally straightened fibrils formed from the three peptide sequences in (a), with the coloured triangle markers
indicating their position in the maps in (a). A 500 nm segment of each fibril is shown.

resultant amyloid fibril can be dependent on the
local physicochemical environment, and the precise
structures of the fibrils, therefore, will vary and con-
tribute to the individuality of each fibril in the popula-
tion. Further biological structures which can impact
fibril formation include additional cell membrane
constituents such as gangliosides,®® extracellular
structures such as heparin,®* as well as other
heterologous amyloid fibrils through cross-seeding
events. If cross-seeding events proceed through
surface-catalysed reactions,”” the resulting new
amyloid structures could result in considerable fibril
diversity and individuality, as heterogeneous nucle-
ation events may also introduce heterogeneity in
the resulting amyloid population, depending on the
physicochemical conditions of local interfaces.
Thus, surface interactions may enhance the poten-
tial for amyloid forming polypeptide sequences to
display structural polymorphism.

Biological and pathological
consequences of amyloid
polymorphism

Amyloid fibrils display remarkable diversity in both
the structures they form, as well as the biological
contexts they are found in. Some amyloid
structures are found to be disease-associated,
while others may be essential for physiological
functions. The wide range of in vivo biological
functions or pathological consequences of amyloid
may reflect the polymorphic diversity of amyloid
fibril structures, mediated by the differing
physicochemical properties of individual amyloid
fibrils, as discussed above. However, specific
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molecular links between structural features,
particular cellular pathways or processes, and
biological consequences are not currently well-
understood. One of such possible mediating
properties could be the thermodynamic stability of
the fibril core, determined by structural features
like core hydrophobicity and steric zipper
interactions, with lower stability leading to
reversible assemblies.®>®® Furthermore, amyloid
with assembly-dependent functional roles may
show less ponmorgphism compared to disease-
associated amyloid,®*>®”-®® which could indicate that
the specific core fold of amyloid fibrils may convey
corresponding specific biological properties that
facilitate functional roles. In contrast, a wide range
of polymorphs of disease-associated amyloid struc-
tures have been observed, with diverse patterns of
polymorphic extent that include patient-specific
polymorphism, clinical-subtype specific polymor-
phism for the same disease, and disease-specific
polymorphism (Figure 6). Structural data obtained
to date suggest that different amyloid systems
behave differently in this respect, although more
structural data of ex vivo amyloid assemblies is
needed to resolve how the polymorphic landscape
varies in different disease-states, spatial localisa-
tions within organs, or individual patients. Further
structural characterisation of physiologically func-
tional amyloid structures and comparison of these
structures with those of disease-associated amyloid
is also necessary to fundamentally understand the
amyloid structure—function links.

Different neurodegenerative diseases show
distinct patterns of spatial origins of amyloid
aggregation as well as progression by prion-like
spreading, which is mediated by neuronal
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Figure 6. Amyloid polymorphism shows diverse patterns in disease-states. (a) lllustrations of the varying
extent of structural polymorphism and the diverse types of polymorphic structures that may be present in clinical
disease subtypes, for example shown for rapid and slow progressive Alzheimer's disease.’** (b) Disease-specific
polymorphism has been demonstrated for amyloid structures formed from tau protein in various tauopathies. A single
representative cartoon model is shown of amyloid fibril cross-sections from samples originating from the brain tissue
of patients with four different neurodegenerative diseases, with the thicker sections denoting the cross- segments,
where such segments are determined and labelled in the PDB entry. PDB accession codes for the models shown are
6VHA, 6NWP, 503L and 6GX5,'®'539" for chronic corticobasal degeneration, traumatic encephalopathy,
Alzheimer’s disease, and Pick’s disease, respectively. c) Individual patients with the same diagnosis may have
distinct structures of the same protein, for example in the case of AL amyloidosis. Cartoon models of the cross-
sections of ex vivo amyloid fibrils extracted from the cardiac tissue of two patients with AL amyloidosis are shown, with

PDB accession codes 6HUD and 61C3,°%°° respectively. Molecular models were generated using UCSF Chimera.

connectivity and individual cell-type vulnerability.®*

For example, tau lesions originate in different
regions of the brain in patients with Alzheimer’s dis-
ease and chronic traumatic encephalopathy (CTE),
despite being composed of the same protein iso-
forms.”® The structural diversity of the amyloid
aggregates involved can be affected by the local
in vivo environment which could, in turn, elicit differ-
ent biological effects based on the precise physico-
chemical properties of the individual fibrils formed.
These complex relationships may result in biologi-
cal feedback loops that subsequently contribute to
the molecular and phenotypical differences
between amyloid-associated diseases, even when
the primary sequence of the original protein
involved is identical. For example, in recent years,
ex vivo amyloid fibrils of the tau protein have been
well-characterised, and their structures have been
resolved to high-resolution detail from the brain tis-
sue of patients with various different diseases,
including Alzheimer’s disease, Pick’s disease, corti-
cobasal degeneration (CBD) and chronic traumatic
encephalopathy.’®'>?"  Although tau isoforms
forming the amyloid fibrils differ between some dis-
eases, and thus have slightly different primary
sequences, the structures of fibrils from Alzheimer’s
and CTE disease tissues, which both contain the 3R
and 4R isoforms, are nevertheless different (Fig-
ure 6 panel b). Notably there is also polymorphism
present within the fibril population of each
disease-specific sample, e.g., paired helical fila-
ments (see Figure 2 and Table 2 entries 99, 108,
112 and 113) and straight filaments (see Figure 2
and Table 2 entries 109, 114 and 115) in
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Alzheimer's disease brain tissue.'®% Other rare
but potentially also biologically important poly-
morphs of amyloid in the same disease-
associated amyloid populations may also be
present,56 but their 3D structures are currently inac-
cessible to characterisation by cryo-EM because
they are present in low numbers; and therefore can-
not satisfy the extensive particle-averaging required
by cryo-EM methodologies.

In addition to disease-specific amyloid
polymorphism, considerable structural variation
may exist for AB amyloid from patients with
different Alzheimer's disease clinical subtypes.
Fibrii samples formed through seeding with
ex vivo fibrils extracted from the brain cortex of
patients with Alzheimer's disease have been
investigated by ssNMR.?®> While the structures of
fibrils formed from seeding do not necessarily
reflect that of the seeds,*’ it has been found that
seed samples originating from patients with
prolonged-duration AD resulted in fibrils of a single
predominant AB4o polymorph, whereas samples
originating from patients with rapidly progressive
AD resulted in a wider degree of structural diver-
sity, suggesting that the seeds’ structures were
different. AR amyloid fibrils from patient brain tis-
sue with slowly and rapidly progressing AD have
also been shown to have different biochemical
characteristics, including different stability upon
chemical and thermal denaturation, and higher
levels of oligomeric AP4o in the rapidly progressive
form,?* further evidencing the possible presence
of complex, clinical subtype-dependent amyloid
polymorphism.
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Cryo-EM structures from four patients with
Alzheimer’s disease have demonstrated common
paired helical and straight filament structures of
tau amyloid,’* demonstrating that for some amyloid
assemblies, the structures are specific to the dis-
ease, and not to the individual patients or disease
subtypes. In addition, images of immunogold
labelled tau amyloid fibril samples from 19 AD
patients, as well as from different brain regions of
the same patients, also show similar patterns. Sub-
sequently, disease-specific fibril structures have
been reported for various tauopathies, giving rise
to a structure-based classification approach for
these neurodegenerative diseases.’® However, it
is not yet known whether structures prevalent dur-
ing earlier stages, which may drive disease progres-
sion, are also identical to those extracted from the
tissues of individuals with end-stage disease and
determined by cryo-EM.

Light chain (AL) amyloidosis is an example of
patient-specific amyloid polymorphism. In AL
amyloidosis, expansion of a B cell clone leads to
overproduction of a free monoclonal
immunoglobulin light chain protein, aggregation of
which results in amyloid fibrils that accumulate in
organs, such as the heart or the kidneys, leading
to tissue damage. The specific sequence of the
accumulating immunoglobulin light chain protein in
each patient can affect the propensity of amyloid
formation and thus, potentially also the disease
aetiology through impact on the thermodynamic
stability of the specific polypeptide sequence,®®
the tissues where amyloid deposits, and the clinical
outcome.’® However; it has been recently shown
that extrinsic factors, especially susceptibility to pro-
teolytic cleavage and presence of proteases that
fragment the immunoglobulin light chain proteins
under physiological conditions, could instead be a
strong determinant of amyloid formation in vivo.®’
Amyloid structures have been resolved from the
explanted cardiac tissue of three patients; demon-
strating patient-specific structural differences in
detail.””?%°° Contrary to the previous examples of
tau and AB amyloid, the primary sequence of the
monoclonal immunoglobulin light chain protein var-
ies between patients as it depends on the selection
of the germline gene and somatic mutations.'®
Thus, patient-specific amyloid polymorphism stems
from the ‘top-level’ patient-specific variations in the
primary polypeptide sequence (Figure 1 top row).
It is, however, not yet known whether patient-
specific amyloid polymorphism can arise for amy-
loid structures formed from the same monomeric
polypeptide sequence. There remain currently
many unanswered questions on the in vivo role of
amyloid in disease-states, both related to how the
environmental factors affect fibril growth and their
structures, as well as how amyloid formation and
structures affect the surrounding cells and tissue
environments, including any cell-type specific vul-
nerabilities. Further insights into the relationship
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between fibril polymorphism and their biological
consequences can be achieved from continued
efforts in resolving ex vivo fibril structures from tis-
sues of patients with different diagnoses or disease
progression, from different regions of the brain or
diseased tissues, and from multiple individual
patients with the same diagnosis. Likewise, in vitro
approaches in which the polymorphic landscape is
modified in a controlled manner by systematically
varying sequence or environmental factors to form
specific structures will provide molecular and mech-
anistic evidence of pathological pathways. Both
approaches will equally require the structural char-
acterisation of amyloid fibrils to molecular and indi-
vidual detail.

Challenges in predicting the
polymorphic landscape of amyloid
assembly

For globular proteins, AlphaFold 2 did
exceptionally well in predicting 3D structures from
primary amino-acid sequences.”’ The achieve-
ments of 3D structure prediction through deep
learning methods, e.g., the trained neural network
architecture of AlphaFold 2, to date on monomeric
proteins in CASP14, is a result of both extensive
computational resources for model training and
inference of new structures, as well as the availabil-
ity of approximately 170,000 publicly available pro-
tein structure entries in the RCSB Protein Data
Bank, and many more protein sequences used for
multiple sequence alignments, which inform struc-
ture prediction. Future developments to AlphaFold
2 will potentially include prediction of protein com-
plexes. Although amyloid structures were not
included as targets in CASP14, further develop-
ments in structure prediction of large protein com-
plexes, including amyloid, could lead to
fundamental understandings of how some of the
biggest biological protein structures form. Consider-
able developments to the current prediction meth-
ods will, however, need to be incorporated to
allow the prediction of many structures from a single
primary sequence due to the extensive polymor-
phism displayed by amyloid fibrils, which form
diverse structures even under identical environ-
mental conditions and from identical amino acid
sequences. This type of challenge can only be
met if a sufficiently holistic understanding of the
assembly landscape, in terms of both structures
and energetics, is reached. However, with only
around a hundred amyloid fibril structures currently
available in the PDB for full-length or fragments of
amyloidogenic proteins (Table 2, Figure 2, not
including cases where the same data has been
reanalysed), the limited training data available for
structural prediction tool development, especially
ones that rely on ‘big-data’ approaches, pose a sev-
ere limitation to such a holistic undertaking. A
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further 108 PDB structures are available for amyloid
fibrils formed from microcrystals of amyloid forming
peptide sequences ranging from 4 to 11 amino
acids in length, determined by X-ray and electron
diffraction techniques, which could be useful for
the prediction of local structural arrangements of
the various steric-zipper motifs. Nevertheless, to
predict the structures of large, multi-polypeptide
chain, and highly polymorphic protein assemblies
like amyloid, significant effort must first be spent
on matching the quantity of high-quality structural
data, such as currently seen for globular proteins.

Another key challenge for amyloid structure
prediction is the high potential sensitivity of the
amyloid conformation to a multitude of
environmental factors, such as pH, ionic strength
and interactions with other biomolecules and
surfaces. As the precise local in vivo
environments experienced by the various amyloid
forming systems are unknown for disease-
associated and functional amyloid, the
characterisation of ex vivo amyloid fibrils needs to
be carried out as indirect reporters on the relevant
in vivo environments. These in vivo conditions are
likely to differ from conditions used in vitro, since
ex vivo amyloid structures have been found to
differ compared to in vitro formed amyloid
originating from monomers of the same amino
acid sequence.'®*%°" Direct structural characteri-
sation for ex vivo amyloid without the need for fur-
ther seeded amplification is currently only possible
using cryo-EM. There are further challenges for
resolving ex vivo amyloid structures, including lim-
ited access to patient-derived tissues, experimental
challenges with extracting fibrils from these tissues,
and the ability to only study the most prevalent fibril
species despite the diversity of species present. As
a result, currently, structural data of only fewer than
thirty of such unseeded ex vivo amyloid have been
deposited to the EMDB and the PDB. Although an
increasing number of ex vivo amyloid fibrils are
being studied every year, it remains a labour-
intensive and costly endeavour. Thus, for predicting
the 3D structures of amyloid under physiologically
relevant environmental conditions, it may be neces-
sary to first resolve how the assembly landscape is
precisely modulated by environmental conditions
through combined ex vivo and in vitro approaches,
and then train a neural network using 3D structures
formed under widely varying conditions.

The prediction of 3D protein structures gives rise
to applications such as the ability to infer function
associated with the predicted structure, as well as
structure-based drug design. These applications
rely on specific folds and motifs being predicted
from amino acid sequences. For amyloid, there
are likely to be unique challenges compared to
other, well-studied classes of proteins such as
enzymes, where a specific catalytic pocket could,
for example, indicate a specific functional role. As
more structural data of amyloid from different
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biological contexts, both disease-associated and
functional, become available, it may be possible to
predict whether an amyloid forming sequence may
be associated with the formation of assemblies
with toxic or infective potential. More structural
data will facilitate this type of analysis and may
potentially reveal the mediating physicochemical
factors involved in the link between amyloid
structure, function, and pathogenicity. Only once
this relationship has been firmly established based
on both structural data and biological context,
could a predicted 3D structure be used to explore
the potential biological consequences and aid
structure-based therapeutic interventions. A
significant  amyloid-specific ~ opportunity  for
structure prediction lies in cases where structures
are disease subtype- or patient-specific. For
example, in AL amyloidosis, each patient has a
slightly different immunoglobulin light chain amino
acid sequence that can be noninvasively
determined from urine.'% If the fibril structures
could then be predicted from the primary amino-
acid sequence, it could be helpful in determining a
specific clinical subtype or indicate specific path-
ways of pathology. Furthermore, structure-based
inhibitors of amyloid aggregation have been demon-
strated for some proteins such as A in cell-culture
models.'% If a structure-based approach would be
demonstrated to be clinically effective, for example,
for AL amyloidosis patients, prediction of structure
from sequence could determine patient-specific epi-
topes that could be targeted in a personalised med-
icine approach.

Conclusions

Amyloid assembly presents unique challenges to
protein 3D structure elucidation, prediction, and
understanding of the relationship between
structure and biological consequences.
Unresolved challenges arise from the highly
polymorphic nature of amyloid assembly, the
subsequent individuality of each fibril formed
within the heterogeneous amyloid populations,
and the resulting differences in the fibrils’
physicochemical properties arising even from
monomers with identical amino acid sequences.
This structural diversity is reflected in amyloid-
associated Dbiological roles which range from
functionality to pathogenic effects in
neurodegenerative  diseases and  systemic
amyloidoses, with a potentially wide variation in
disease subtypes and clinical outcomes.
Successful amyloid structure prediction from the
primary amino acid sequence of its monomeric
polypeptide components will need to contain
robust predictions of whether an amino acid
sequence is likely to form the cross-3 amyloid fold
in the first place, followed by precise structural
predictions that holistically takes into account the
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assembly landscape and its sensitivity to the
environmental conditions it experiences. Finally,
the path towards solving the ‘one sequence to
many structures’ problem amyloid assemblies
represent, and the successful prediction of the full
range of diverse amyloid structures, will inevitably
push our fundamental understanding of the
coupled protein folding-assembly  processes
commonly found in biology.
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Abstract: Atomic force microscopy, AFM, is a powerful
tool that can produce detailed topographical images of
individual nano-structures with a high signal-to-noise
ratio without the need for ensemble averaging. However,
the application of AFM in structural biology has been
hampered by the tip-sample convolution effect, which
distorts images of nano-structures, particularly those that
are of similar dimensions to the cantilever probe tips used
in AFM. Here we show that the tip-sample convolution
results in a feature-dependent and non-uniform
distribution of image resolution on AFM topographs. We
show how this effect can be utilised in structural studies
of nano-sized upward convex objects such as spherical
or filamentous molecular assemblies deposited on a flat
surface, because it causes ‘magnification’ of such objects
in AFM topographs. Subsequently, this enhancement effect
is harnessed through contact-point based deconvolution of
AFM topographs. Here, the application of this approach is
demonstrated through the 3D reconstruction of the surface
envelope of individual helical amyloid filaments without
the need of cross-particle averaging using the contact-
deconvoluted AFM topographs. Resolving the structural
variations of individual macromolecular assemblies within
inherently heterogeneous populations is paramount for
mechanistic understanding of many biological phenomena
such as amyloid toxicity and prion strains. The approach
presented here will also facilitate the use of AFM for high-
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resolution structural studies and integrative structural
biology analysis of single molecular assemblies.

Keywords: atomic force microscopy; tip-sample
convolution; amyloid fibril structure; image analysis.

Introduction

Atomic force microscopy (AFM) is a scanning probe
microscopy method that enables the collection of three-
dimensional topographic image data, and has been widely
applied tocharacterisation of biologicaland non-biological
macromolecules. AFM encompasses a range of techniques
for structural studies of biological molecules, including
the study of inter- and intramolecular interactions [1],
molecular dynamics [2], molecular remodelling under
force [3] and imaging of molecules in air [4] or in liquid
[5,6]. AFM operating in non-contact mode is capable of
reaching atomic resolution on samples of small molecules
[7], whereas AFM imaging of biomolecules routinely
reaches nanometre resolutions in single high signal-
to-noise images, and is able to characterise biological
populations at a true single molecule level. This technique
has been applied to a range of different bio-molecules,
including membrane proteins [8], viral capsids [9] and
filamentous biomolecules, such as amyloid fibrils [10],
nucleic acids [11,12], and various filaments involved in the
cytoskeleton [13].

Amyloid fibrils represent a class of filamentous
supramolecular assemblies frequently studied using AFM
imaging. They can be self-assembled from a wide range
of different proteins and peptides. Fibrils formed from
some amyloidogenic sequences, including amyloid-p,
and tau, have been identified to be involved in human
neurodegenerative pathologies, such as Alzheimer’s disease,
whereas other amyloid forming sequences are known to
be non-toxic and even required for normal physiological
processes [14]. Although the amino acid sequences of the

3 Open Access. © 2020 Liisa Lutter et al, published by De Gruyter. This work is licensed under the Creative Commons
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many amyloid forming proteins are typically unrelated, the
fibrils they form share a well-defined common core structural
architecture, namely the cross-p arrangement made up of
j-strands that stack perpendicular to the fibril axis stabilised
by intermolecular hydrogen bonds between f-strands that
run parallel to the fibril axis [15,16]. Despite the fact that all
amyloid fibrils share these core structural features, variations
in filament packing arrangements, including fibrils
assembled from the same precursors, result in a multitude of
different fibril structures called polymorphs, which may be
related to the varying types of biological response they elicit.
Furthermore, specific structural polymorphs assembled
from the same amyloid forming protein could be patient- or
disease-specific and may correlate with neurodegenerative
disease aetiology [14]. Due to the unresolved nature of the
amyloid assembly structure-function relationship, fibrillar
amyloid specimens are widely studied using AFM imaging
to resolve the mechanistic roles of amyloid assembly and
polymorphism [17].

AFMimaging of a sample, e.g. amyloid fibrils deposited
on a flat surface, with typical intermittent contact imaging
mode such as the tapping mode is achieved by scanning
a sample on a flat surface using a sharp tip attached to a
cantilever. As the cantilever oscillates up and down, the
tip and sample are moved relative to each other along the
horizontal x and y axes in a raster pattern. When the tip
interacts with the sample, vertical displacement of the
cantilever relative to sample determines the surface height
on the z-axis, measured at discrete pixel locations in the
xy-plane. The lateral (x- and y-dimension) sampling is
determined by the user in terms of the number of pixels
collected per image and the pixel size, which tends to have
edge length in the order of Angstroms to nanometres. The
output of AFM scans is a 3-dimensional topography map,
usually represented by a 2-dimensional coloured image
where pixel values contain information on sample surface
height, typically represented by the intensity of colour.
Resolution in the vertical and lateral dimensions of AFM
topographs are distinct. Topographs have a high vertical
signal-to-noise ratio, limited by noise in the order of sub-
Angstrtims, due to electrical noise in the detector and
thermal noise causing fluctuations in the cantilever [18,19],
whereas lateral resolution is defined by the pixel size and
the tip dimensions. Both vertical and lateral resolution
can be affected by distortions or artefacts caused by drift,
ambient noise or deformation of the sample or tip through
their interactions. However, a significant limitation to
the application of AFM to structural characterisation
of biomolecules has been the tip-sample convolution
effect, which causes lateral broadening, or dilation, of
upwards convex structural features on AFM topographs.
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Convolution arises from the finite size and geometry of the
AFM probe tip and is especially pronounced when sample
features are of similar size to the tip radius, usually between
1-10 nm, as is the case for many biological macromolecules.
The tip convolution effect has been studied in detail since
the development of the AFM technique in the 1980s
[20]. In order to minimise the convolution effect, both
experimental and computational approaches have been
developed. For example, various tip modifications have
been used in order to minimise the effect of tip-sample
convolution some of which have led to atomic resolution
topographs [7]. However, this application is limited to
small flat molecules and is not currently suitable for
imaging biological macromolecules. The advantage of
a computational approach to deconvolution is that an
algorithm can be applied to a topograph of any specimen,
after data collection. Many deconvolution methods have
been reported to date. However common to these methods,
they rely on the same concept based on the ‘erosion’
algorithm with various mathematical approaches [21-23].
Although erosion corrects for the dilation of the sample
width, it leads to a significant loss of lateral structural
information present in the AFM topology images because
it does not recognise or recover the structural information
that is present at subpixel locations, as we will show below.
In this report, we show that the AFM tip-sample
convolution effect results in a feature-dependent and
non-uniform distribution of image resolution on AFM
topographs, and is in fact an advantage in terms of image
resolution, as it causes the ‘magnification’ of the sample
surface. Upon correction, wereveal that subpixel resolution
information of the sample surface can be recovered using
a contact-point based deconvolution algorithm, thus
revealing the enhanced lateral resolution encoded in the
AFM topographs while minimising the dilation image
distortion. Furthermore, while AFM imaging provides
only information on the top of 3-dimensional molecular
surfaces of the sample structures, we show that helically
symmetrical structures can be reconstructed as 3D
surface envelopes from AFM topographs. This approach
is demonstrated on imaging analysis of twisted amyloid
fibrils formed from short peptide sequences which have
been previously characterised using X-ray fibre diffraction
[24]. The deconvolution and 3D modelling approach
facilitates the structural analysis of individual twisted
filamentous assemblies at an individual particle level. It is
therefore capable of resolving the structural variations of
individual macromolecular assemblies within inherently
heterogeneous populations such as amyloid fibrils, which
is key for mechanistic understanding of many biological
phenomenon such as amyloid toxicity and prion strains.
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Results

Structural information is lost through
erosion deconvolution of AFM topographs

The tip-sample convolution artefact arises from the finite
shape and geometry of the cantilever tip. When the tip
interacts with the sample, the surface height at the bottom
ofthetipisrecorded, whereasthe true surface of the sample
may lie at a different location, probed at the tip-sample
contact points (Figure 1a). This leads to convolution, or
dilation in the case of upward convex surface features
on AFM topographs. Image deconvolution by the
erosion method corrects for the dilation of the sample by
translating a model of the tip to the coordinates at which
surface heights were recorded on the image and finding
the tip’s deepest penetration of the convoluted surface
to reconstruct a deconvoluted image while conserving
pixel coordinates and sampling in the xy-plane (Figure 1b
and 1c) [23,25]. Thus, erosion resolves apparent clashes
between the tip and convoluted sample surface image by
lowering sample surface heights according to the known
surface values of the tip translates. AFM tip geometry can
be typically approximated as conical with varying apical
radii, and side angles that can be modelled from the values
provided by the manufacturer. Erosion deconvolution is
efficient in minimising the dilating effect of convolution.
However, it causes a significant loss of structural
information (demonstrated on a twisted amyloid fibril in
Figure 1c), because it replaces the existing vertical surface
height values with the surface of deepest tip penetration
without finer resampling of surface heights at tip-sample
contact points, which contain structural information in
the images. These contact points lie off the pixel grid at
subpixel locations and contain structural information on
the true sample surface. As shown on the twisted amyloid
fibril example (Figure 1), deconvolution by erosion causes
loss of information on the fibril helical periodicity and
molecular surface features.

Tip-sample convolution results in enhanced
lateral sampling

Although the tip-sample convolution effect causes upward
convex surface features to appear dilated on topographs,
this effect can in fact be used to advantage as it causes the
‘magnification’ of structural features present at tip-sample
contact points located at subpixel coordinates, and results
in higher lateral resolution topographic information being
captured than what is recorded at pixel grid coordinates.
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Figure 1: AFM image deconvolution by the erosion algorithm corrects
for dilation but causes significant loss of structural information of
the sample surface. (@) Schematic cross-sectional illustration of AFM
tip-sample interactions that lead to lateral convolution and dilation
of sample features. This imaging artefact is especially pronounced
for sample objects on the same size range as the tip radius. (b)
Schematic cross-sectional diagram of tip-sample deconvolution

by erosion. The sample cross-section is illustrated as a blue circle.
Red dots show original coordinates of the data, orange dots show
erosion deconvoluted height coordinates at each pixel location and
blue dots show the coordinates at tip-sample contact points for
each pixel location. (c) Example of deconvolution by the erosion
algorithm demonstrated on an example image of a twisted amyloid
fibril. Left is an AFM topology image showing twisted amyloid fibrils.
Right image shows the erosion-deconvoluted image of the same
data, demonstrating substantial loss of structural information due
to the erosion algorithm. A symmetric conical tip with a side angle
of 18° (estimated from the tip geometry information provided by the
manufacturer) and tip radius of 11.2 nm (estimated using the image
features as described in the Results) was used as a model of the tip.
The scale bars represent 200 nm.
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This information can be recovered by a deconvolution
method in which the tip, with a known geometry, radius
and angle, is modelled on the recorded surface scan at
translations that correspond to original lateral sampling
(x and y coordinates) and recorded surface heights (z
coordinates), similarly to the erosion deconvolution
method. However, instead of finding the surface of deepest
penetration, geometric modelling of tip and simulation
of tip translates is used to find tip-sample contact points.
These tip-sample contact points contain information on
the true surface of the sample, which is otherwise recorded
in magnified, or dilated, form. Thus, the total number of
data points remains the same but the pixel coordinates
in both xy-plane and surface heights on the z-axis, are
shifted, revealing the enhanced local sampling of the
upward convex surface features encoded in the image
data. This contact point deconvolution approach can be
applied to any AFM topograph and is demonstrated on a
sphere, a cylinder, and a randomly generated rough surface
(Figure 2). Contact points are found by iterative rounds of
tip-sample simulations, in which the sample surface is
initially assumed to be circular, until convergence of the
deconvoluted surface coordinates. The corrected images
can then be interpolated onto a finely spaced even grid for
visualisation of the deconvoluted image. In figure 2, lateral
sampling of the tops of the example objects and peaks
of the randomly generated rough surface can be seen to
increase in density and shift significantly from the original
position of xy-gridlines (Figure 2, 3rd column), especially
for features with size similar to the radius of the tip.

The effect of locating the contact points off the
pixel grid on the images of upward concave features is,
however, less favourable as the depth of a trough can only
be accessed if the sides of the tip do not come into contact
with the sample. This can be seen in the Fig 2 bottom row
example as a decrease in contact point density at this
type of areas. In the case of biological filaments such as
DNA, cytoskeletal and amyloid filaments, major upward
concave surface features include grooves, which can
vary ~1-50 nm in width. They may be resolvable by AFM,
depending on the geometric parameters of the tip, as well
as depth of the features.

The deconvolution and lateral sampling enhancement
of a convoluted surface depends on both the geometry
of the sample, geometry of the tip, and the lateral pixel
sampling frequency. The effect of these various factors on
the sampling enhancement is here assessed with scan-line
simulations using a circular cross-section as the sample
and a symmetric tip model constructed from typical tip
parameters (Figure 3). The sampling enhancement factor
ismeasured as aratio of deconvoluted image signal density
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to original image signal density, where signal density is
found as the number of moved pixel coordinates that result
from tip-sample contact per surface area. The sampling
enhancement factor describes the increase in lateral
sampling frequency as a result of tip-sample contact point
deconvolution. The effect of sample diameter as well as tip
radius on the enhancement factor is illustrated in Figure
3. As seen, the sampling enhancement factor of a sub-nm
circular cross-section is more than 3 with a 2 nm tip-
radius, representing more than 3 times increase in lateral
sampling compared to the convoluted image (Figure 3 left
column). The sampling enhancement then decreases as
the circle diameter increases and apparently plateaus at
~1.4 times enhancement compared to a convoluted surface.
The sampling enhancement fluctuates for non-continuous
sampling realistic to actual imaging experiments and the
stepwise large increases represent increases at which the
tip and circle first come into contact at a sampled pixel as
the radius of the circle increases, allowing a new contact
point to be found. Enhancement then slightly decreases
with the increase in circle radius as no new contact points
are added and existing contact points become spaced
further apart, therefore decreasing information density.

For a symmetric conical tip, the most important tip
parameters for determining tip-sample interactions are
the apical radius of the tip and the angle at which the
sides of the tip widen. Although AFM tips with smaller
tip radii and tip angles produce higher resolution images
by minimising the tip-sample convolution effect, with the
contact-point deconvolution method, larger tip radii and
tip angles result in higher sampling enhancement as the tip
interacts with the sample at more xy-coordinates, allowing
proportionally more contact points to be recovered (Figure
3b). Thus, with finite scanning precision, increasing
resolution of images becomes an optimisation problem
that involves finding optimum tip geometry with any given
sampling frequency and specimen geometry. Importantly,
simulations of tip-sample interactions with an estimate
of sample geometry or an already corrected sample
surface in which tip model and pixel size parameters are
varied can guide the selection of an optimal tip geometry
and sampling frequency to maximise resulting image
resolution for a specific sample.

Contact-point deconvolution of an AFM
amyloid fibril topograph

The deconvolution algorithm and resulting lateral
sampling enhancement are demonstrated on an AFM
topograph of amyloid fibrils formed from a short amyloid
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Figure 2: Contact-point deconvolution can be applied to any surface and results in increased local lateral sampling for upward convex
sample features. Simulated AFM image (2nd column from left), shifted pixel grid lines after contact point deconvolution (3rd column from
left) and a corrected image with contact points interpolated to a finer pixel grid (right most column) are shown for a sphere (a), cylinder (b),
and a randomly generated surface (c) shown in the left-most column. The sphere and the cylinder both have a radius of 2 nm. A symmetric
conical tip with a radius of 2 nm and tip side angle of 18° was used for all simulations. The scale bars represent 2 nm.

forming peptide with the amino acid sequence HYFNIF
(Materials and Methods and [17]). The fibril example is
first traced from the AFM image across the fibril central
line and subsequently straightened and interpolated to an
evenly spaced pixel grid [26], while maintaining pixel size
identical to that in raw data. In order to apply the contact
point deconvolution algorithm as shown on the examples
above, the convoluted surface, as well as a model of the tip
used to scan the specimen are needed. For experimental
image data, the variation in the tip radius from their
nominal value, which results from the tip manufacturing
process, should be considered [27]. It is also important to
consider that the tip can become blunter with scanning
and its tip radius can widen over time. Here, the tip radius

can be estimated for each individual fibril on an image
from the extent of convolution seen in data. An estimate
of the tip radius is found by assuming the twisted amyloid
fibrils have ideal corkscrew symmetry, and the average
cross-section of the fibril perpendicular to its axis of
rotation is, therefore, circular with a radius defined by half
of the maximal z-height value. Least-square regression
analysis is then performed to fit a simulated convoluted
scan-line generated from modelling interactions of the
tip with the circular cross-section model to the average
convoluted cross-section observed in data, while letting
the tip radius vary as a parameter. It is assumed that
the overall tip geometry and side angles do not change.
In the example shown in Fig 4, while the nominal tip
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Figure 3: Image sampling enhancement effect after image correction by contact-point deconvolution shown with varying sample and
sampling parameters. Schematic diagrams are shown in (a) and results from simulations in (b). Red circles on schematics represent original
convoluted coordinates at each sampled pixel and blue circles represent tip-sample contact points at each sampled pixel. The sampling
enhancement factor is defined as the ratio of pixel density of these points within the circle envelope. Left column shows the enhancement
effect seen with a circle with varying radius. A symmetric conical tip model with a radius of 2 nm and tip side-angle of 18° was used. Right
column shows the enhancement effect observed with a circle with a constant radius of 2 nm with varying tip radius and a tip side-angle of
18°. The dashed line represents the same simulation but with a tip with side-angle of 0°.
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radius provided by the manufacturer was 2 nm, using
the approach described here the tip radius estimate was
11.2 nm. The deconvolution algorithm is then applied to
the 3D topograph to find corrected grid lines and surface
heights (Figure 4c,d). The deconvoluted contact points
follow the twisting pattern of the fibril and increase lateral
sampling of the fibril surface as predicted. The ungridded
data points are then interpolated back onto a finer evenly
spaced grid for visualisation of the de-convoluted contact-
points (Figure 4c).

Assessment of AFM topograph lateral
resolution

Because AFM topographs are extraordinarily high signal-
to-noise, the lateral resolution of a single uncorrected
AFM topographs is typically determined by the spatial
frequency of sampling in the xy-plane. According to the
Nyquist sampling theorem, the minimal sampling rate
that contains the information to reconstruct a signal
is twice the maximum frequency component, thus the
Nyquist resolution limit for images is twice the pixel size.
For example, the image used in the example in Figure 4
has a pixel size of 2.93 nm and the resolution is, therefore,
limited to 5.86 nm. Deconvolution using our approach
shifts pixel coordinates to subpixel positions off the pixel
grid. Therefore, recovering structural information of the
sample by shifting the sample surface coordinates present
in magnified form results in recovering of the true higher
lateral sampling frequencies present in the image data.
Figure 5 shows the lateral resolution of deconvoluted AFM
images assessed using a feature-based lateral resolution
assessment method [28] and compared with the original
convoluted image of the same fibril shown in Figure 4. The
feature-based method applies a low-pass filter to an image
in spatial frequency domain from higher towards lower
spatial frequencies and measures the correlation between
the filtered and unfiltered images in real space. Increases
in correlation, seen as peaks in a log-log plot of the first
derivative of cross-correlation vs. spatial frequencies,
indicate presence of structural information at the specific
spatial frequency. Figure 5b shows the correlation
curves with peaks indicating the presence of structural
information. Comparison of the normalised correlation
between the convoluted and deconvoluted amyloid fibril
images shows a shift of the correlation curve towards the
right, indicating a shift of information content towards
higher spatial resolutions due to correcting of sampling
frequency during deconvolution. However, the contact
point deconvolution has a much larger effect on the x-axis
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Figure 4: Typical example of contact-point deconvolution of an

AFM topograph of a helically twisted amyloid fibril. (a) Digitally
straightened AFM topography image of an amyloid fibril. (b)

Image deconvoluted using the erosion algorithm. (c) Contact-point
deconvoluted and interpolated image. (d) Corrected lateral (x/y)
grid lines after tip-sample contact-point deconvolution. A symmetric
conical tip model with a radius of 11.2 nm and side angle of 18° was
used. A short section of the total fibril is shown for detail and the
corresponding part of the same fibril is shown on each panel. The
scale bars represent 20 nm.

(across the width of the filament) than on the y-axis (along
the length of the filament), which leads to broadening
of the peaks on the 1% derivative of correlation graph.
Analysis of lateral resolution suggests that the highest
resolution at which structural information is found on the
convoluted example fibril image is ~60 A (consistent with
the Nyquist frequency of the original image data) and on
the deconvoluted image the highest resolution is ~30 A,
indicating that deconvolution results in approximately
doubling of the lateral resolution, for this amyloid fibril,
due to the recovery of the enhanced sampling in the image
data.

3D modelling of helical amyloid fibrils from
corrected AFM topographs

While AFM provides 3-dimensional topographic data,
only the top surface of the sample is accessible to the tip,
preventing the visualisation of the full sample surface
envelopes in 3D. However, for helically symmetric
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Figure 5: Resolution of original recorded and corrected AFM topographs are evaluated by the feature-based lateral resolution assessment
method [28]. The same fibril image as Figure 4 is used as example. (a) 2D Fourier spectra of the original convoluted (left) and contact-point
deconvoluted (right) images. The x-scale is expanded to accommodate peaks in the spectra for contact-point deconvoluted image as they
are shifted to higher spatial frequencies. (b) Log-log plot of the first derivative of the normalised cross-correlation curve. Arrows indicate
right-most peaks indicating the highest spatial frequency information present at 64A resolution for the original convoluted fibril image and

28A for the contact-point deconvoluted image.

structures such as amyloid fibrils, we describe below
an algorithm that can be used to reconstruct 3D surface
envelopes by taking advantage of the screw-axis symmetry
of the filaments. This approach is demonstrated on AFM
topographs of deconvoluted amyloid fibrils. The workflow
of AFM image processing for 3D surface envelope
reconstructions is summarised below (Table 1).

Following contact-point deconvolution of traced and
digitally straightened fibril image, the surface envelopes
are reconstructed using a moving window approach
in which rotation and translation is applied to each
corrected contact point coordinates within the window,
thus reconstructing fibril cross-sections as the window is
slid along the length of the fibril. The width of the moving
window is one complete rotation of the fibril cross-section
along the fibril axis (i.e. one nominal helical pitch),
determined by its periodicity and screw axis symmetry.
The rotation of each data point within the window
depends on the distance of the point from the central
cross-section of the window. Rotation angle values are
negative in one direction from the centre of the window
and positive in the other direction, with the specific
direction depending on the twist-handedness of the fibril.
The rotation angles are kept constant along the length of
the filament. After deconvolution of the amyloid fibril, the
number of lines along the length of the filament that are
to be used for the 3D reconstruction are determined. Data
points further away from the centre of the filament can be
more frequently affected by artefacts during scanning and
the uncertainty of the deconvolution algorithm tends to be
higher for surface heights that lie further away from the

central line. However, data points further away from the
centre of the filament also contain additional structural
information and information on the fibril twist and width
which is harder to determine from the lines closer to the
centre alone. Therefore, the number of pixel-lines used
is determined by visual inspection of the deconvolution
result. The deconvoluted surface coordinates that
correspond to the selected pixel-lines are then used for
the 3D modelling approach. The deconvoluted contact
points off the pixel-grid are interpolated onto an evenly
spaced grid along the screw axis, creating °‘slices’
perpendicular to the fibril axis, while the data remains
ungridded along the x-axis. In order to determine the
length of the reconstruction window for the deconvoluted
amyloid fibril image, the periodicity of the fibril is first
determined by applying a 1D Fast Fourier Transform
(FFT) to the surface height profile of the fibril central line
(Figure 6a-b). This determines the spatial frequencies of
repeating patterns in the signal. The spatial frequency
with the highest amplitude represents the periodicity of
the fibril. For an asymmetric fibril cross-sections, one
period represents a complete turn (one helical pitch)
whereas for a fibril with n-fold symmetry periodicity
represents 1/n of a complete turn. Fibril symmetry is then
estimated by constructing 3D models with systematically
varied symmetries and comparing these to the original
straightened fibril image to find the best match (Figure
6c). Symmetry determination is a critical step for
reconstructing the surface of a helical specimen. Different
screw axis symmetries result in differences in the twisting
pattern observed on the fibril top surface. In order to
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Table 1: Workflow flow chart of AFM topograph processing and 3D helical fibril surface envelope reconstruction.

Step Description Input(s) Output(s)
1 Tracing of individual fibril from AFM — AFM topology image — Fibril contour (x and y) coordinates
topograph
2 Fibril straightening — AFM topology image - Cropped topology image of the
- Fibril contour (x and y) coordinates straightened fibril
3 Determining tip parameters used to record — Cropped topology image of the - Tip geometry model
fibrilimage straightened fibril
4* Contact-point deconvolution of straightened - Cropped topology image of the - Contact point coordinates
fibril with tip model straightened fibril
— Tip geometry model
5 Selecting number of coordinate-lines to use - Contact point coordinates - Edited list of contact point
for 3D reconstruction based on deconvolution coordinates
uncertainty
6 Determining fibril twist periodicity and — Cropped topology image of the — Fibril twist periodicity
handedness straightened fibril - Fibril twist handedness
7 Reconstruction of models with various - Edited list of contact point — 2D FFT spectra of fibril symmetry
symmetry estimates coordinates models
8 Comparison of symmetry model and original - Cropped topology image of the — Fibril helical symmetry
fibrilimage Fourier spectra straightened fibril
— 2D FFT spectra of fibril symmetry
models
9 Real-space reconstruction of the final 3D - Edited list of contact point - 3D surface envelope model of the
surface envelope with selected symmetry coordinates fibril
— Fibril twist periodicity
— Fibril twist handedness
- Fibril helical symmetry
10 Simulation of a convoluted AFM image from — Cropped topology image of the - Validated 3D surface envelope model

3D envelope

straightened fibril
- 3D surface envelope model of the

of the fibril

fibril

* Contact-point deconvolution was performed on straightened and cropped fibril image rather than the full original image (as step 2) to
reduce the amount of contact-point calculations needed but assumes long-straight fibril and symmetrical tip geometries.

make the comparison of a 2D convoluted image and 3D
deconvoluted reconstructions, the tip model is used to
simulate convoluted AFM images from the symmetry
models. The straightened experimental fibril image and
various symmetry simulations are zero-padded to square
images and compared as 2D Fourier spectra to estimate
fibril screw-axis symmetry that best describes the original
image data. The 2D Fourier spectra contain information on
repeating patterns of fibril top surface and are analogous
to a diffraction pattern. Fourier-based analysis of helical
biomolecule structures dates to first diffractions patterns
that describe the structure of DNA and has been since
used to reconstruct helical biomolecules from electron
cryo-microscopy images by indexing the Bessel functions

of the diffraction pattern layer lines [29]. However, in
many cases, resolving individual layer lines and indexing
them is not possible, especially for amyloid fibrils with
long helical repeat distances and small twist angles of
individual subunits. Differences in rotational symmetry of
a fibril cross-section causes the Bessel orders to change
significantly while the layer lines on the spectrum remain
identical [30]. Here, using this property and assuming that
the screw-axis of the filament lies straight along the centre
of the fibril, the differences in layer line Bessel orders
observed for different symmetry models, which contain
information on the handedness and screw axis symmetry
of the fibril and represent the twisting pattern on top
of the fibril, were used to estimate the fibril screw-axis
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Figure 6: Estimation of the fibril twist periodicity and handedness. The same fibril image as Figure 4 is used as example. (a) Fibril central
line height profile. (b) One-dimensional FFT power spectrum of the central line is used to determine the periodicity of the fibril. (c) The
screw axis symmetry and the twist handedness of the fibril is estimated by reconstructing 3D models of the fibril with varying symmetries,
simulating convoluted AFM images from the models and comparing the 2D FFT spectra of the symmetry model images to that of the original
straightened fibril image. The crosses are drawn on the most intense peaks on the original fibril 2D FFT image and their position is then
applied onto each symmetry model 2D FFT spectra to guide finding the closest match. In this example, a left-hand twisted fibril with a
pseudo two-fold screw-axis symmetry shows the best match to the data.

symmetry. For example, if the line between most intense
off-centre spots in the 2D FFT (+ symbols in Figure 6c) has
a positive slope then the fibril is left-handed, and if the
slope is negative the fibril is right-handed. The steepness
of the slope contains information on the screw-axis
symmetry of the fibril and the closest match of a symmetry
model to the original fibril image is used to estimate the
symmetry for an individual fibril. For the amyloid fibril
example shown in this demonstration (Figure 6), the
2-fold symmetry model gives the best fit to data (Figure
6c), suggesting that the fibril cross-section has a pseudo
2-fold screw axis symmetry. These 2D Fourier spectra from
AFM images are less ambiguous compared to analogous
2D Fourier patterns of TEM images as only the top of the
fibril surface contributes to the signal, facilitating the
direct measurement of handedness and symmetry.
Having determined the periodicity, handedness and
screw-axis symmetry of the fibril, the 3D surface envelope
can be reconstructed using the moving window approach

described above (Figure 7). A cross-section of the fibril
is obtained at each y-coordinate and a cubic spline is
fitted to the cross-sections for smoothing. The number
of spline pieces is determined by manual testing, taking
into account the periodicity and symmetry of the fibril,
which affects the number of times each cross-section is
sampled. For validation of the image deconvolution and
reconstructed 3D models, the final 3D surface envelope
and tip model are used to simulate a convoluted AFM
image that can then be compared with the uncorrected
straightened fibril image (Figure 7b). Although there are
small differences, the simulated image twist, periodicity
and local surface features generally correspond well to
the original fibril image, validating the reconstruction
approach here as a useful method for reconstruction of
individual fibrils without cross-particle averaging.
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Figure 7: 3D surface envelope reconstruction of amyloid fibrils from AFM topography. (a) AFM topology image of amyloid fibrils assembled
from short peptide with the sequence HYFNIF [17,24]. The scale bars represent 1 mm. (b) 3D surface envelope models for each fibril indicated
in (a) are shown together with a comparison of the original straightened uncorrected fibril images and the simulated AFM images from the
final 3D models. Segments of 500 nm are shown for each fibril model and 1 mm for the images for detail.

Discussion

Tip-sample convolution leads to lateral dilation of upward
convex surface features on AFM topographs, which has
been seen as a significant limitation to the usefulness
of AFM images for structural biology applications.
Here we show that the convolution effect results in the
magnification of the sample top surface and non-uniform
distribution of structural information on the image. The
structural information, present in an un-gridded form
at sub-pixel tip-sample contact points, can be recovered
at its true lateral resolutions without loss of information
using a contact-point based deconvolution algorithm,
which is demonstrated here on an amyloid fibril formed
from a short peptide sequence. This approach improves
on the previous erosion-based deconvolution algorithms
and facilitates the use of AFM imaging of nanostructures
in structural studies. Furthermore, we show how the
3-dimensional coordinates encoded in the topographic
data on AFM images and the helical symmetry of the
twisted fibrils can be used to reconstruct 3D surface
envelopes, allowing analysis of structural parameters,
such as the fibril cross-sectional area, which are not
otherwise present directly on AFM images of these
samples. Thus, the reconstruction will facilitate the
integration of 3D AFM envelope models with data from
other structural biology tools for integrated global
structural analysis. The moving window approach of 3D
surface reconstruction conserves the high signal-to-noise
feature of single-molecule imaging capability of the AFM,
thus also allowing the intra-fibrillar and local structural

variation to be preserved in the 3D model. Deconvolution
and modelling facilitate the application of AFM to
characterise and quantify amyloid fibril polymorphism at
a true individual single molecule level.

Although there are many techniques available for
studying the structures of biological macromolecules,
each with their own advantages and disadvantages, AFM
occupiesaunique positionamong thesetoolsduetoitshigh
signal-to-noise ratio capable of resolving morphological
features of individual molecules. Ensemble averaging
of structural information from many molecules is a key
concept on which techniques like X-ray crystallography
and cryo-EM rely and has led to the elucidation of
numerous atomic and near-atomic resolution structural
models of biological macromolecules. For example, recent
advances in cryo-EM equipment and data processing have
allowed the reconstruction of protein structures in various
conformations from a set of micrographs and can even
contain information on molecular dynamics [31]. However,
due to the low signal-to-noise ratio of individual particles
on cryo-EM images, only ensemble-average structures can
be reconstructed. Although the overall resolution of AFM
images of macromolecular assemblies does not yet reach
the order of Angstroms and only molecular surface features
can be probed, it is able to resolve morphological features
at the level of individual molecules. This allows AFM to
tackle biological problems in a unique way, especially in
cases where polymorphism and structural variations of
molecules is important for their biological effects. The
lateral resolution, as defined by pixel size and tip radii,
tends to be around 1-5 nm, although vertical resolution
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can reach the order of sub-Angstroms. Using the contact-
point deconvolution approach demonstrated here on AFM
images of biological nano-filaments, recovery of the true
lateral sampling resolution at tip-sample contact points
was estimated to typically result in doubling of lateral
resolution for helical nano-filaments. Experimental
improvements, such as using a tip with parameters that
maximise sampling enhancement and better scanners
could lead to a more pronounced improvement in lateral
resolution. Further improvements to the deconvolution
and envelope reconstruction algorithm approach will also
likewise help to improve the overall resolution achievable
with AFM.

The structural basis of why amyloid fibrils can have
functional roles in a wide range of organisms, associated
with pathological symptoms of neurodegeneration,
or simply exist as inert aggregates is not clear [14].
Individual filament 3D reconstruction using the approach
presented here on AFM topographs could help elucidate
the link between morphological features of the fibrils to
specific biological responses of amyloid populations.
Reconstructed 3D surface envelopes of amyloid fibrils
could also be used in an integrative way with other
structural biology techniques. For example, in recent years
numerous cryo-EM reconstructions of amyloid filaments
from ex vivo patient tissue have been resolved. These are
ensemble averages from thousands or more of individual
fibrils from the total fibril population, which in some cases
may appear homogenous, but in other cases may be made
up of a varying amount of fibril polymorphs. The number
of some of these polymorphs within the population
may also be too low for reconstruction, although these
species might have some specific biological effect. 3D
envelope reconstruction from AFM images could be used
as a complementary technique as it allows the structural
analysis and surface modelling of each individual fibril in
the population, allowing rare members of the ensemble
population as well as the population characteristics itself
to be analysed. Classifying and quantifying the fibril
structures could be used to determine the landscape of
possible fibril structures within a specific population.
Furthermore, this technique allows the intrafibrillar
variation to be analysed, which may be indicative of fibril
dynamics and stability. The 3D surface envelope could
also be used in an integrative way with other techniques,
contributing to the global information for modelling the
atomic structure of a biomolecule.

The physics of AFM imaging is unique in producing
its high signal-to-noise data at nano-scale and enables
true single molecule approaches. Thus, the contact-
point deconvolution and 3D envelope reconstruction
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approach presented here will facilitate the use of AFM
for single-molecule structural studies. Imaging of any
nano-structures with the AFM can benefit from the
contact-point deconvolution approach to correct images
while recovering structural information present at higher
lateral resolutions. This includes high-speed AFM [32],
which compromises spatial resolution for higher temporal
resolution and allows imaging of biomolecule dynamics
in the timescale down to milliseconds, and which could
benefit from the computational deconvolution of image
frames to recover the higher spatial resolution sampling
of the sample surface. Furthermore, the 3D envelope
reconstruction algorithm could also be applied to diverse
biological samples with symmetries, including DNA,
membrane proteins that form tubular arrays e.g. nicotinic
acetylcholine receptor pore [33] and the mitochondrial
outer membrane protein TspO [34], as well as helical
or spherical virus capsids and cytoskeletal filaments.
AFM imaging of various small molecules and polymers
assembled into helical supramolecular arrangements
which are widely used in chemistry, materials science and
nanotechnology could, likewise, benefit from 3D surface
reconstructions as AFM is widely used to characterise a
wide range of such structures [35], for example polymer
wrapped functionalised carbon nanotubes [36,37], Further
developments could also lead to samples exhibiting
different symmetries such as icosahedral viral capsids to
be reconstructed. In conclusion, the approach reported
here will facilitate the use of AFM for structural studies
of individual molecules in complex populations, and for
integrative structural biology analysis of single molecular
assemblies and their assembly mechanisms.

Materials and Methods

Peptide amyloid fibril synthesis

The amyloidogenic peptide HYFNIF was synthesised
by N-terminal acetylation and a C-terminal amidation.
Multistage solid phase synthesis using Fmoc protection
chemistry was used to generate a lyophilised powder with
>95% purity measured by HPLC (JPT peptide technologies,
or Biomolecular analysis facility, University of Kent). The
lyophilised powder was suspended in 100 pl of filter
sterilized milli-Q water to a final concentration of 10 mg/
ml. The solution was incubated at room temperature for 1
week prior to imaging.
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AFM sample preparation and image
acquisition

The peptide samples were diluted to 0.05 mg/ml in a
solution of HCI (pH2, using filter sterilised milli-Q water).
20 pl of sample was deposited onto freshly cleaved mica
(Agar scientific, F7013) and incubated for 10 minutes.
Following incubation, the sample was washed with 1 ml of
filter sterilised milli-Q water and then dried using a stream
of nitrogen gas. Fibrils were imaged using a Multimode
AFM with a Nanoscope V (Bruker) controller operating
under peak force tapping mode with ScanAsyst probes
(silicon nitride triangular tip with tip height = 2.5-2.8 pm,
nominal tip radius = 2 nm, nominal spring constant 0.4
N/m, Bruker). Images were collected with a scan size of
6 x 6 um with 2048 x 2048 pixel resolution. A scan rate of
0.305 Hz was used with a noise threshold of 0.5 nm and
the Z limit was reduced to 1.5 pum. The peak force set point
was set automatically, typically to ~675 pN during image
acquisition. Nanoscope analysis software (Version 1.5,
Bruker) were used to process the image data by flattening
the height topology data to remove tilt and scanner bow.

Image data analysis

Fibrils were traced and digitally straightened [26,38,39]
using an in-house application and the height profile for
each fibril was extracted from the centre contour line of
the straightened fibrils. The periodicity of the fibrils was
then determined using fast-Fourier transform of the height
profile of each fibril. For 2D FFT analysis, the fibril images
were rotated with the straightened fibril axis aligned
vertically. The images were subsequently zero-padded to
squares prior to 2D FFT. All data analyses were performed
using Matlab (MathWorks, Natick, Massachusetts)
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