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Abstract 1 

 2 

The prediction of highly ordered three-dimensional structures of amyloid protein fibrils from 3 

the amino acid sequences of their monomeric self-assembly precursors constitutes a 4 

challenging and unresolved aspect of the classical protein folding problem. Because of the 5 

polymorphic nature of amyloid assembly whereby polypeptide chains of identical amino acid 6 

sequences under identical conditions are capable of self-assembly into a spectrum of different 7 

fibril structures, the prediction of amyloid structures from an amino acid sequence requires a 8 

detailed and holistic understanding of its assembly free energy landscape. The full extent of 9 

the structure space accessible to the cross-β molecular architecture of amyloid must also be 10 

resolved. Here, we review the current understanding of the diversity and the individuality of 11 

amyloid structures, and how the polymorphic landscape of amyloid links to biology and disease 12 

phenotypes. We present a comprehensive review of structural models of amyloid fibrils derived 13 

by cryo-EM, ssNMR and AFM to date, and discuss the challenges ahead for resolving the 14 

structural basis and the biological consequences of polymorphic amyloid assemblies. 15 

 16 

 17 
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Research Highlights 1 

 2 

• Amyloid structures are highly polymorphic in that the folding/misfolding-assembly of 3 

a single polypeptide sequence into the amyloid state may result in many different fibril 4 

structures. 5 

• Prediction of amyloid structures from a primary amino acid sequence is a ‘one sequence 6 

to many structures’ problem due to polymorphism, and this challenge is far from being 7 

resolved. 8 

• Structural data of amyloid in the PDB and the EMDB released to date (up to March 9 

2021) show considerable presence of polymorphism, and are summarised in this review. 10 

• Cryo-EM and ssNMR have revealed extensive diversity of amyloid structures that all 11 

share the defining cross-β fibril core architecture of amyloid. 12 

• AFM has revealed the individuality displayed by each fibril structure in heterogeneous 13 

amyloid populations. 14 
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Introduction 1 

 2 

Amyloid structures represent a class of filamentous protein self-assemblies that are defined by 3 

their characteristic core structures containing β-strands arranged perpendicularly to the fibril 4 

axis [1,2]. This highly ordered three-dimensional (3D) structural arrangement, called the cross-5 

β architecture, confers amyloid fibrils with high chemical, mechanical and biological stability, 6 

in part due to the network of hydrogen bonds running between the β-sheets present throughout 7 

the fibrils, parallel to the fibril axis. Deposits of amyloid are associated with pathology in more 8 

than 50 human disorders, including neurodegenerative diseases as well as type 2 diabetes, prion 9 

diseases and systemic amyloidoses [3]. Some amyloid proteins, however, form fibrils required 10 

for physiological functionalities [4]. In humans, more than 20 proteins have been shown to 11 

form amyloid, despite having vastly different amino acid sequences [5]. The assembly into the 12 

amyloid state proceeds through a nucleated polymerisation mechanism in which natively 13 

folded or intrinsically disordered protein monomers unfold or misfold, and aggregate into 14 

dynamic and transient oligomers [6]. Some of these species go through primary nucleation 15 

events to form nuclei, which are the smallest units from which growth of aggregates by 16 

energetically favourable elongation into fibrils can proceed by monomer addition to fibril ends 17 

[7,8]. The resulting amyloid state self-propagates by catalysis of new nucleation events by 18 

existing fibril surfaces, and through fibril fragmentation, which produces seeds by division of 19 

the fibrils without undergoing an additional nucleation phase [9,10].  20 

 21 

Compared to the folding reaction of globular proteins, amyloid formation stands out because 22 

it possesses unique properties. Firstly, the coupled folding-assembly reaction of monomeric 23 

peptide chains into the amyloid state occurs as a result of intermolecular interactions between 24 

a large but variable number of monomers. Secondly, the resulting protein conformations of 25 
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amyloid fibrils are capable of self-propagation. This property allows the information encoded 1 

in the individual 3D structures of amyloid and prions, which represent a class of infectious 2 

amyloid that can spread between individual organisms [11], to be transmitted to monomers not 3 

yet in the amyloid state. Thirdly, although the end-products of a single type of amyloid 4 

assembly reaction are fibrils sharing the defining cross-β core architecture, there may be a wide 5 

degree of variation between their specific structures, even when the assembly reactions start 6 

with identical monomeric polypeptide chains under identical conditions. This property, called 7 

structural polymorphism, is biologically important because it affects the physicochemical 8 

properties of the fibrils, which subsequently may reflect the variation in the biological response 9 

to amyloid in vivo. For example, specific amyloid polymorphs formed from the same tau 10 

protein are found in different tauopathies [12], and within each disease-specific amyloid 11 

population there can exist several types of polymorphic fibrils [13–15]. However, structural 12 

polymorphism complicates any attempt of predicting a protein’s 3D shape from its amino acid 13 

sequence, because in the case of amyloid, one single amino acid sequence may fold/misfold 14 

and assemble into a spectrum of different 3D structures.  15 

 16 

Experimental techniques that have been applied to study the polymorphous amyloid structures 17 

include cryo-electron microscopy (cryo-EM), solid-state nuclear magnetic resonance (ssNMR) 18 

spectroscopy, and atomic force microscopy (AFM) (Table 1). Methodological advances in 19 

Cryo-EM has, in recent years, led to the elucidation of numerous structural models of amyloid 20 

fibrils [16]. These cryo-EM derived models are made with 3D Coulomb potential maps, 21 

reconstructed nowadays routinely to sub-4 Å resolutions, using 2D projection images of 22 

fibrillar samples collected on modern cryo-EM microscopes. For ssNMR, spectroscopic data 23 

of nuclear resonance frequencies are collected on fibril samples formed from isotopically 24 

labelled protein monomers. The interpretation of the resulting chemical shifts and atomic 25 
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distance constraints are used to reconstruct an ensemble of possible conformations of each 1 

single structural model  [17]. AFM allows the morphologies of individual fibrils to be directly 2 

visualised on 2D topology images to a low-nanometre resolution, from which 3D envelope 3 

models of each individually observed fibril can then be reconstructed [18]. Combining AFM 4 

with infrared spectroscopy (AFM-IR) [19] or Raman spectroscopy (AFM-Raman) [20], allows 5 

the secondary structure content of individual fibrils or aggregates to also be assessed. The 3D 6 

structural models obtained by these techniques, and the subsequently observed structural 7 

polymorphism, are discussed in this review. 8 

 9 

Recently, advance in the prediction of protein structures from their primary sequences by 10 

AlphaFold 2, a machine learning-based method developed by Google’s DeepMind AI research 11 

group, showed that its structural predictions can now nearly match experimental results [21]. 12 

This was demonstrated by participation in the 14th Community Wide Experiment on the 13 

Critical Assessment of Techniques for Protein Structure Prediction (CASP14), a biennial 14 

community experiment in which international research teams participate to evaluate the 15 

accuracy of their protein structure prediction methods (e.g. [22,23]). Despite this important 16 

advance, AlphaFold 2 has not yet been applied to multimeric protein structure prediction [21], 17 

even though accurate prediction of multi-protein complex structures such as amyloid fibrils 18 

could revolutionise aspects of key applications, including drug design. This highlights the 19 

magnitude of unresolved challenges in structural prediction of large protein assemblies, and 20 

the need to establish a fundamental understanding between amino acid sequence, amyloid 21 

structure, function, and pathogenicity. Thus, predicting the 3D structures of polymorphic 22 

amyloid fibrils from primary amino acid sequences is exceptionally challenging, but also offers 23 

important opportunities for contributing to our fundamental understanding of coupled protein 24 

folding and assembly free energy landscapes, as well as for potentially important applications 25 
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in the development of anti-amyloid drugs for neurodegenerative diseases. This challenge can 1 

only begin to be addressed through the characterisation of the extent of amyloid polymorphism 2 

as well as the individual 3D structures of polymorphs formed. Here, we review recent advances 3 

in our understanding of amyloid polymorphism through recent structural data that reveal the 4 

diversity of amyloid fibril structures that can be formed, and the individuality of filament 5 

structures that exists within heterogeneous amyloid populations. We discuss the resulting 6 

physicochemical and biological consequences of amyloid polymorphism, the challenges of 7 

amyloid structure prediction, and opportunities where such contributions could provide new 8 

fundamental insights or applications. 9 

 10 

 11 

The paradox of amyloid polymorphism: from one amino-acid 12 

sequence to many three-dimensional structures 13 

 14 

Recent studies of the 3D structures of amyloid fibrils have revealed extensive presence of 15 

structural polymorphism in high-resolution detail. Different, but ordered and stable amyloid 16 

structures have been shown to assemble from polypeptide chains of the same primary amino 17 

acid sequence. This contradicts the uniqueness condition of Anfinsen’s dogma stating that a 18 

uniquely dominating energy minimum in the free energy landscape of a polypeptide chain is 19 

required for it to fold into a unique native 3D structure [24]. Instead, it appears that the free 20 

energy landscape for amyloid protein folding/misfolding and assembly consists of many local 21 

minima of similar levels of free energy, and the extent of such local minima groups are affected 22 

by factors that include the primary amino acid sequence of the monomeric building blocks of 23 

the fibrils [25]. This structural polymorphism creates a considerable challenge for 3D structure 24 

prediction from primary sequence as one sequence can result in many different stably 25 
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observable structures. Importantly, the structural polymorphs observed to date do not only 1 

result from different contacts between residues in the fibril cores that then lead to different 2 

overall folds, but instead involves a number of possible variations which interplay in a 3 

hierarchical manner [26,27] (Fig. 1). Firstly, different amyloid structures may result from ‘top-4 

level’ modifications in the primary amino acid sequence such as point-mutations, 5 

truncations/deletions and/or post-translational modifications (top row of Fig. 1). However, 6 

these ‘top-level’ modifications involve changes in the covalent bonding pattern and can be 7 

classified as sequence polymorphism rather than structural polymorphism, and thus do not 8 

wholly reflect the complexities of amyloid sequence-structure relationships. Secondly, further 9 

complexities arise from the conformational arrangements of protofilaments, which are 10 

filamentous building blocks that make up the fibril structures. In the protofilament core, the 11 

extent and the packing of β-sheet- and random coil-forming regions, as well as disordered 12 

regions, often vary even for monomeric polypeptide chains of identical sequences. Co-factors 13 

in the fibril core may also be necessary for stabilising specific folds, further contributing to 14 

structural polymorphism. There are also known instances where protofilaments are formed by 15 

multiple different polypeptide sequences, thus resulting in heteroamyloid fibrils (second row 16 

of Fig. 1). Thirdly, although conformational differences in the protofilament core formed from 17 

a single amyloid protein or peptide sequence can display remarkable structural diversity, it is 18 

also common for amyloid fibrils to assemble and form structures involving multiple 19 

protofilaments (third row of Fig. 1). In this case, each monomeric layer of the fibril consists of 20 

multiple copies of the same peptide chain, which can be arranged in a number of different ways. 21 

Notably, the protofilament building blocks of amyloid fibrils can have identical or different 22 

folds, and their lateral arrangement can vary. Finally, structural polymorphism can also arise 23 

from variations in the fibrils’ mesoscopic (nm to μm length-scale) arrangements like twist 24 

handedness, twist pitch, the position of the fibril screw-axis, and fibril length. These long-range 25 
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properties contribute to the molecular individuality of amyloid fibrils, which may subsequently 1 

also impact the biological response the fibrils elicit. 2 

 3 

Due to polymorphic folding and assembly landscapes, the prediction of amyloid structures 4 

from their constituent monomeric amino acid sequences is challenging. The hierarchical nature 5 

of structural polymorphism, which has been experimentally observed to give rise to many 6 

diverse structures from identical protein sequences, may lead to a continuous cloud of 7 

polymorphs within a population of amyloid fibrils, with individual fibrils populating the 8 

structure space defined by local energy minima with differing probabilities. Thus, the 9 

possibility of diverse and individualistic amyloid structures resulting from the 10 

folding/misfolding-assembly of identical polypeptide chains presents a conundrum in terms of 11 

whether the cloud of structures formed also translates into equally diverse biological or 12 

phenotypical responses, and whether it is possible to predict amyloid structures and subsequent 13 

function with some degree of certainty. It is currently not possible to assess how well structural 14 

prediction tools would predict amyloid structures as none have yet been included as CASP 15 

targets. However, structural prediction of multimeric CASP targets is a greater challenge 16 

compared to monomeric targets due to the necessity of predicting how multiple monomeric 17 

subunits interface with each other [28]. Therefore, prediction of amyloid fibril structures, 18 

which have multiple interfacing monomeric subunits and, in addition, exhibit a wide degree of 19 

polymorphism (see Fig. 1), will require significant additional advances to current methods. 20 

Current prediction tools specifically designed for amyloid sequences are focused on predicting 21 

the amyloid forming propensity of sequence regions, with some offering additional predictions 22 

of intrinsic disorder and secondary structure (e.g. [29–31]). Nevertheless, predicting the 23 

amyloidogenic regions and aggregation propensity has been challenging even for short 24 

peptides [32,33].  25 
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 1 

 2 

The structural diversity of filamentous amyloid assemblies 3 

 4 

Amyloid fibrils are defined by a characteristic cross-β structure formed by β-strands with 4.7 5 

Å spacing, stabilised by a hydrogen bonding network parallel to the fibril axis, and tight side-6 

chain packing between two β-sheets with 10 Å spacing. This cross-β architecture can be 7 

experimentally readily observed in X-ray fibre diffraction patterns [34]. Importantly, the 3D 8 

structures of a growing number of amyloid fibrils have been experimentally resolved in the last 9 

five years, revealing extensive presence of structural polymorphism (see Table 2 and Fig. 2 10 

for a summary of structural data in the EMDB and the PDB released up until March 2021).  11 

 12 

The elucidation of amyloid 3D structures in atomic detail was pioneered by X-ray diffraction 13 

experiments of amyloid peptide microcrystals, allowing the variation in the β-sheet 14 

arrangements to be experimentally characterised and the features that stabilise the cross-β fold 15 

to be studied [35]. This revealed, for example, the tight inter-digitating side chains that make 16 

up the dry interface between β-sheets, termed steric zippers, and the hydrogen-bonding ladders 17 

formed by stacking of specific side-chains along the length of the long fibril axis. Eight 18 

different possible classes of steric zippers have been described, with differences arising from 19 

the parallel or antiparallel direction of the β-sheets, and the relative orientations of the two 20 

connecting β-sheets [35]. More recently, microcrystal electron diffraction (microED) has been 21 

employed to elucidate the structures of amyloid peptide crystals, with the advantage that even 22 

nano-sized crystals too small for conventional X-ray crystallography experiments can be 23 

amenable for analysis [36]. Formation of crystals for structural studies is, however, limited by 24 

the length of the amyloid forming peptide. Therefore, amyloid structures formed from larger 25 
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polypeptide fragments or full-length proteins have been mainly resolved using solid state 1 

nuclear magnetic resonance spectroscopy and cryo-electron microscopy. Although ssNMR has 2 

been used to generate structural models of amyloid fibrils for nearly two decades, it was the 3 

‘resolution revolution’ of cryo-EM that led to the increased rate in the number of data entries 4 

of amyloid fibrils deposited to the EMDB and PDB databases in recent years. The average 5 

resolution of cryo-EM maps has also markedly improved in the last five years (Fig. 3). 6 

Advances in cryo-EM hardware and increased accessibility to equipment have driven the 7 

collection of evermore number of high-quality datasets of amyloid fibril samples, whereas 8 

improved software for helical reconstruction and refinement have facilitated 3D reconstruction 9 

with resolutions that regularly allow de novo building of molecular models [37]. These recent 10 

advances have made possible the wide-ranging characterisation of amyloid fibril structures and 11 

the types of polymorphic features they exhibit in detail, revealing the diversity in the 12 

conformation of the fibril cores, the possible presence of post-translational modifications 13 

(PTMs) and co-factors, the span of cross-β forming regions, and the extent of ordered and 14 

dynamic regions within amyloid fibrils. Here, structural models of amyloid fibrils determined 15 

by cryo-EM and ssNMR available in the EMDB and PDB databases up to March 2021 are 16 

listed in Table 2 and correspondingly visualised in Figure 2 to both illustrate the diversity of 17 

cross-β structures as well as provide an organised resource that facilitates comparison. 18 

 19 

The evermore detailed information on amyloid fibril core structures has revealed a large degree 20 

of polymorphism, which can be classified in a hierarchical manner as illustrated in Figure 1. 21 

Especially interesting are polymorphic structures formed from protein chains with an identical 22 

sequence, which exhibit fibril polymorphism in protofilament folds, filament assemblies, and 23 

mesoscopic properties, as these features indicate sensitivity of the assembly process to 24 

environmental conditions in determining the extent of polymorphism and the individuality of 25 
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the formed fibril structures. For example, amyloid fibrils formed from Aβ40 and Aβ42 result in 1 

considerably different structures with different protofilament folds and assemblies (see Fig. 2, 2 

entries 1 to 24, and Table 2 for accession codes), likely due to the different conditions in which 3 

the fibrils were formed. Structures of the same protein with different disease-associated 4 

mutations and post-translational modifications have also been shown to form structures with 5 

different morphologies. For example, structural data are available for α-synuclein with three 6 

different mutations related to early-onset Parkinson’s disease, E46K, A53T, and H50Q (see 7 

Fig. 2 and Table 2, entries 33, 34, 35, 41 and 42). Comparing the structures and their properties, 8 

such as stability and seeding propensity, to those of wild-type fibrils may indicate how 9 

polymorphism varies between familial and sporadic cases. Recently a combined cryo-EM and 10 

mass spectrometry approach has also revealed specific PTMs on tau fibrils from ex vivo patient 11 

brain tissue (see Fig. 2 and Table 2, entries 97-99) [38]. Identification of disease-relevant 12 

modifications is crucial for understanding how PTMs may modulate fibril polymorphism and 13 

its biological effects. Importantly, the current structural data have shown differences between 14 

fibril structures extracted from ex vivo tissues and those assembled in vitro from recombinant 15 

protein monomers (e.g. see Fig. 2 and Table 2 entries 92-95) [39]. This is indicative of the 16 

importance and the challenge of studying amyloid polymorphism in disease contexts in order 17 

to understand possible disease-relevant sequence modifications and local in vivo environmental 18 

factors. Additionally, it was recently shown that seeded formation of amyloid using fresh 19 

monomer incubated with ex vivo fibril seeds does not necessarily replicate the structure of the 20 

seed in the case of α-synuclein from multiple system atrophy patient brain tissue [40]. It is 21 

currently not known if seeding may not propagate fibril structures due to a non-matched PTM 22 

pattern of the monomer compared to that of the seeds, if co-factors that may be present in the 23 

fibril core are missing in the seeded reactions, or if the assembly conditions during seeding are 24 

too different to those during the formation of the seeds in general. It is also unclear how this 25 
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may vary for different amyloid systems that exhibit different kinetic rates for templated 1 

elongation and secondary nucleation [41]. Nevertheless, these results demonstrate that 2 

structures of fibrils formed from seeded growth using ex vivo fibril seeds should not necessarily 3 

be assumed to be identical to those of the patient derived seeds without further evidence [42,43], 4 

due to the complexities arising from the polymorphism-prone nature of amyloid. In summary, 5 

detailed structural characterisation of amyloid fibrils, enabled by methodological advances in 6 

cryo-EM and ssNMR, has demonstrated a remarkable tendency for many amyloid forming 7 

polypeptide sequences to each form a diverse range of polymorphic cross-β amyloid structures. 8 

 9 

 10 

The individuality of amyloid structures 11 

 12 

The potential of amyloid fibrils to display a diverse range of cross-β structures (Fig. 2) due to 13 

polymorphism resulting from the vast number and combinations of possible arrangements of 14 

the polypeptide chains within each fibril (Fig. 1) means that the structures of amyloid fibrils 15 

should also be considered with respect to individual fibrils. Each individual fibril in a 16 

heterogeneous amyloid population may be distinguishable from every other fibril in the same 17 

population in terms of its precise structure, stability, and biological properties, even when the 18 

primary sequence of the monomeric polypeptide chains making up the fibrils is the same. This 19 

is because many of the possible structural variations which underpin the observed amyloid 20 

polymorphism are based on differences in the pattern of the energetically weak non-covalent 21 

interactions (rows 2, 3 and 4 in Fig. 1), especially those peripheral to the cross-β protofilament 22 

core (rows 3 and 4 in Fig. 1). Experimental observations by negative-stain electron microscopy 23 

and atomic force microscopy (AFM) have shown that amyloid fibril populations can be highly 24 

heterogeneous [44–48]. Advances in AFM imaging over the last two decades have contributed 25 
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with the discovery that the differences between structural polymorphs of amyloid, such as the 1 

number of protofilaments, twist patterns, and the thickness of fibrils, which are all influenced 2 

by the structure of the amyloid core, can indeed vary from fibril to fibril within a population 3 

[25,46,48,49]. 4 

 5 

Modern AFM imaging methods can detect and characterise the structures of individual amyloid 6 

fibrils within complex and heterogeneous samples. While the imaging resolution achievable 7 

by AFM in one of the three spatial dimensions, i.e., the z- or height-axis, can now routinely 8 

reach sub-ångströms under ambient conditions, the overall 3D-resolution of AFM has not yet 9 

reached that currently achievable by cryo-EM. However, due to its underlying high signal-to-10 

noise physics, the structures of individual particles of amyloid can be characterised to ~nm 11 

resolution without the extensive cross-particle averaging that cryo-EM methodologies rely on. 12 

Recently, we have developed a method to reconstruct the 3D surface envelopes of individual 13 

helical amyloid fibrils using the 3D information encoded in AFM height topology images [18] 14 

(Fig. 4). This advance, combined with a systematic morphometric analysis and classification 15 

of individually reconstructed 3D fibril models, enables the detection and structural 16 

characterisation of individual, potentially rare, amyloid fibril species, and structural variations 17 

within individual fibrils. The heterogeneity of a polymorphic amyloid population can also be 18 

quantitatively assessed using AFM data by analysing the variations in fibril width, cross-19 

sectional area and shape, twist periodicity and twist handedness of individual fibrils within the 20 

population. We demonstrated the potential of this approach to map the assembly landscapes of 21 

amyloid by analysis of amyloid fibrils formed from three different peptide sequences (Fig. 4 22 

left column and Fig. 5). The assembly landscape of these peptides show amino acid sequence 23 

dependent continuums of structural polymorphs from each assembly population. This 24 

discovery was revealed through the analysis of hundreds of individual fibrils in the population, 25 
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with the fibril structures subsequently hierarchically classified into polymorphic classes [25]. 1 

In this study, each individual fibril observed on AFM images was used to generate a 3D model 2 

(e.g., left column in Fig. 4c), with no two fibril models being exactly the same. It is possible 3 

that the morphological differences observed between closely related but not identical fibrils are 4 

due to small variations in the helical twist and/or the packing of protofilaments with otherwise 5 

identical core conformations, but the differences can also reflect structural variations of the 6 

protofilament core. as illustrated in Fig. 1. Thus, the data demonstrates the potential of amyloid 7 

fibrils to display strong structural individuality within the heterogeneous amyloid populations. 8 

 9 

To date, AFM imaging has been used to characterise individual β-lactoglobulin amyloid fibrils 10 

by measuring their height profile and twist pattern [49], as well as to analyse and compare the 11 

morphologies of fibrils formed from wild-type α-synuclein and its disease-relevant variants 12 

[50]. AFM has also been used to structurally characterise individual Aβ40 filaments, which 13 

revealed structurally polymorphic fibrils after long incubation times [46]. In addition, AFM 14 

methods have helped to reveal that when samples containing different structural polymorphs, 15 

identified by ssNMR, were used to seed new fibril samples, the elongation rate within the new 16 

samples was specific to the structural polymorph of the seed [51], highlighting the relationship 17 

between fibril structures and physicochemical properties such as kinetics. Furthermore, 18 

developments in high-speed AFM have revealed the dynamics of individual Aβ42 fibril 19 

structures, including that elongation occurs preferentially at one end of the fibrils [52]. This is 20 

a result that may contain clues to the organisation of protofilaments within individual fibrils. 21 

AFM can also provide complementary structural information in combination with other 22 

methods. An example of this includes the use of both AFM and cryo-EM to quantify the 23 

structural variation in samples of diabetes-related IAPP fibrils, from which structures of the 24 

fibril cores were also determined [53], or the use of ssNMR, cryo-EM and AFM to determine 25 
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the core structure of transthyretin fibrils [54]. Another example includes the use of AFM in 1 

combination with fluorescence microscopy, in which evidence of structural variation within 2 

individual fibrils was observed by AFM when mouse and hamster variant prion protein fibrils 3 

were used to seed each other, resulting in individual fibrils with a conformational change [55]. 4 

Structural variations within individual fibrils have recently also been observed in ex vivo 5 

samples of immunoglobulin light chain fibrils from patients with systemic AL amyloidosis and 6 

in Aβ fibrils from patients with Alzheimer’s disease (AD), both demonstrated using cryo-EM 7 

[56,57]. Using AFM, we have observed strong individuality and structural variations within 8 

Aβ42 fibrils formed in vitro (Fig. 4, middle column), demonstrating the extensive polymorphism 9 

exhibited by Aβ sequences. Interestingly, AFM images of amyloid fibrils formed from tau297-391 10 

(also termed dGAE), with a morphology that mimics the core of paired helical filaments 11 

extracted from Alzheimer’s patient tissue [58], show little structural variations between 12 

individual fibrils within its fibril population (Fig. 4, right column), suggesting that the extent 13 

of structural polymorphism and fibril individuality is not the same for different amyloid 14 

forming sequences. 15 

 16 

 17 

Physicochemical consequences of amyloid polymorphism 18 

 19 

Structural variations within and between individual fibrils in typically heterogeneous amyloid 20 

populations can exist on multiple length scales (Fig. 1). These structural variations that define 21 

amyloid polymorphism can range from atomic scale differences in the order of ångströms, 22 

arising from packing variations of the polypeptide chains, to nanometre-scale variations in 23 

fibril width, or even reach the scale of hundreds of nanometres in variations of twist periodicity 24 

and handedness of amyloid fibrils [25]. At these different length scales, as a consequence of 25 
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the diversity and individuality of polymorphic amyloid structures, the physicochemical 1 

properties of individual fibrils, such as the overall accessible surface area [45], surface 2 

hydrophobicity and charge [59], growth and disassembly kinetics and thermodynamics [51], 3 

and mechanical properties that include persistence length and the second moment of inertia 4 

[60], can also vary within a population. Therefore, in contrast to globular proteins which 5 

typically have a single native fold, the structural variation between individual fibrils within a 6 

population may impact the functional properties of the amyloid population in vivo, mediated 7 

by variation in their specific physicochemical properties. For example, different amyloid 8 

structures have different cross-sectional dimensions and shapes. Thicker fibrils with rounded 9 

cross-sections are likely to have a higher second moment of inertia than thin fibrils with 10 

elliptical cross-sections, making them more resistant to breakage. Fibrils with higher 11 

fragmentation rates are more likely to generate a larger number of small active amyloid 12 

particles and subsequently may be more effective in propagating their amyloid state [61], 13 

compared to fibrils that are more stable and less susceptible to breakage. This is demonstrated 14 

through the size-dependent transfection efficiency relationship of Sup35NM amyloid particles 15 

that confer the [PSI+] phenotype when transfected into yeast cells [62]. In studies of 16 

transmissible amyloid known as prions, specific strains are found to selectively propagate from 17 

cell to cell [63–66], suggesting a possible relationship between the strain phenomenon, the 18 

structural polymorphism of amyloid fibrils, and the individual fibrils’ stability towards 19 

fragmentation. Thus, the differences in the stability of individual fibrils, as a consequence of 20 

structural polymorphism, may lead to variations in the fitness of individual fibrils in an amyloid 21 

population, and subsequent ‘selection’ of specific amyloid conformation due to a polymorphic 22 

bias under certain conditions as well as adaptive ‘evolution’ processes of the dominant amyloid 23 

conformation due to changes in the environment. The structural constraints provided by the 24 

cross-β architecture coupled with a strong structural individuality in some amyloid populations, 25 
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and the ability of some amyloid to efficiently propagate the information encoded in their 1 

conformational state, may suggest that some amyloid could behave in a manner similar to that 2 

of viral quasispecies. In addition to fibril fragmentation, secondary nucleation is another 3 

property that is affected by the fibril structural arrangement and could mediate the biological 4 

effects of amyloid. Fibrils with a higher surface-area-to-volume ratio might provide better 5 

access to active fibril surfaces that can catalyse secondary nucleation, compared to larger 6 

amyloid structures with proportionally less available surface area. Secondary nucleation is a 7 

process in which new amyloid are formed through catalysis by existing amyloid fibril surfaces. 8 

The importance of secondary nucleation, in particular with respect to the biological impact of 9 

Aβ42 amyloid fibrils, has become increasingly evident. For example, by combining kinetic 10 

analysis of Aβ42 aggregation with impaired secondary nucleation using the molecular chaperone 11 

Brichos [67] and antibodies that bind to the fibril surface [68], it has been shown that secondary 12 

nucleation events may be the source of cytotoxic oligomeric species during Aβ42 aggregation. 13 

It is further possible, that secondary nucleation on the surface of amyloid fibrils is site-specific, 14 

potentially occurring at sites of defects or at locations where structural breaks occur. Individual 15 

fibril polymorphs with higher propensity to contain defects, have structural breaks, or those 16 

that simply have a larger accessible surface area might then provide more efficient surfaces for 17 

secondary nucleation, and, therefore, be responsible for a greater cytotoxic potential within the 18 

amyloid population.  19 

 20 

The polymorphic features of individual amyloid fibrils can both influence and be influenced 21 

by interactions with other biological structures. For example, the formation of α-synuclein 22 

amyloid fibrils in vitro is modulated by the air water interface [69]. Since α-synuclein fibrils 23 

are found in vivo in patients with various diseases, where the air-water interface is likely to be 24 

absent, it suggests that other biological interfaces may provide sites for the heterogeneous 25 



 
– 20 – 

nucleation of α-synuclein assembly. This type of surface-catalysed aggregation of 1 

amyloidogenic proteins involves adsorption of amyloid forming proteins onto surfaces, 2 

followed by a step that includes a conformational change, whether that be from a random coil 3 

to the core fold of the resultant amyloid fibril or to an oligomeric intermediate state [70]. 4 

Importantly, the precise amyloid structures that form, amongst the diverse possible structures 5 

that can be formed, may be dependent on the physicochemical characteristics of the catalysing 6 

surface. High local concentrations of self-assembling proteins adsorbed onto a surface can 7 

increase the rate of heterogeneous primary nucleation in a manner which is dependent on the 8 

mobility of the proteins once adsorbed onto the surface. Cell membranes and, in particular, 9 

their lipid bilayer components are amongst the most well-studied biological structures known 10 

to interact with amyloidogenic proteins in such a manner [71–75]. Fibril formation reactions 11 

can be catalysed by lipid bilayers [76,77], but can also be damaging to lipid bilayers [71,78,79]. 12 

In fact, it may be possible to connect the aggregation kinetics to the toxicity of the aggregation 13 

reaction through their interaction with membranes [80]. In order for lipid bilayers to catalyse 14 

primary nucleation, the monomeric subunits must first adsorb to the bilayer surface. In some 15 

cases, lipid bilayers induce a conformational change in the monomeric subunits of an 16 

amyloidogenic protein. For example, α-synuclein undergoes a change in conformation, 17 

dependent on the fluidity of the lipid bilayer [81]. Additionally  IAPP undergoes 18 

conformational changes upon insertion into a lipid bilayer, eventually forming amyloid fibrils 19 

in a lipid-mediated manner [82], and when mixed with large unilamellar vesicles it has been 20 

observed that the secondary nucleation of Aβ42 can be accelerated through lipid bilayer 21 

interactions [76]. Conformational changes upon binding to a surface imply that structural 22 

features of a resultant amyloid fibril can be dependent on the local physicochemical 23 

environment, and the precise structures of the fibrils, therefore, will vary and contribute to the 24 

individuality of each fibril in the population. Further biological structures which can impact 25 



 
– 21 – 

fibril formation include additional cell membrane constituents such as gangliosides [83], 1 

extracellular structures such as heparin [84], as well as other heterologous amyloid fibrils 2 

through cross-seeding events. If cross-seeding events proceed through surface-catalysed 3 

reactions [42], the resulting new amyloid structures could result in considerable fibril diversity 4 

and individuality, as heterogeneous nucleation events may also introduce heterogeneity in the 5 

resulting amyloid population, depending on the physicochemical conditions of local interfaces. 6 

Thus, surface interactions may enhance the potential for amyloid forming polypeptide 7 

sequences to display structural polymorphism.   8 

 9 

 10 

Biological and pathological consequences of amyloid 11 

polymorphism 12 

 13 

Amyloid fibrils display remarkable diversity in both the structures they form, as well as the 14 

biological contexts they are found in. Some amyloid structures are found to be disease-15 

associated, while others may be essential for physiological functions. The wide range of in vivo 16 

biological functions or pathological consequences of amyloid may reflect the polymorphic 17 

diversity of amyloid fibril structures, mediated by the differing physicochemical properties of 18 

individual amyloid fibrils, as discussed above. However, specific molecular links between 19 

structural features, particular cellular pathways or processes, and biological consequences are 20 

not currently well-understood. One of such possible mediating properties could be the 21 

thermodynamic stability of the fibril core, determined by structural features like core 22 

hydrophobicity and steric zipper interactions, with lower stability leading to reversible 23 

assemblies [85,86]. Furthermore, amyloid with assembly-dependent functional roles may show 24 

less polymorphism compared to disease-associated amyloid [85,87,88], which could indicate 25 



 
– 22 – 

that the specific core fold of amyloid fibrils may convey corresponding specific biological 1 

properties that facilitate functional roles. In contrast, a wide range of polymorphs of disease-2 

associated amyloid structures have been observed, with diverse patterns of polymorphic extent 3 

that include patient-specific polymorphism, clinical-subtype specific polymorphism for the 4 

same disease, and disease-specific polymorphism (Fig. 6). Structural data obtained to date 5 

suggest that different amyloid systems behave differently in this respect, although more 6 

structural data of ex vivo amyloid assemblies is needed to resolve how the polymorphic 7 

landscape varies in different disease-states, spatial localisations within organs, or individual 8 

patients. Further structural characterisation of physiologically functional amyloid structures 9 

and comparison of these structures with those of disease-associated amyloid is also necessary 10 

to fundamentally understand the amyloid structure-function links. 11 

 12 

Different neurodegenerative diseases show distinct patterns of spatial origins of amyloid 13 

aggregation as well as progression by prion-like spreading, which is mediated by neuronal 14 

connectivity and individual cell-type vulnerability [89]. For example, tau lesions originate in 15 

different regions of the brain in patients with Alzheimer’s disease and chronic traumatic 16 

encephalopathy (CTE), despite being composed of the same protein isoforms [90]. The 17 

structural diversity of the amyloid aggregates involved can be affected by the local in vivo 18 

environment which could, in turn, elicit different biological effects based on the precise 19 

physicochemical properties of the individual fibrils formed. These complex relationships may 20 

result in biological feedback loops that subsequently contribute to the molecular and 21 

phenotypical differences between amyloid-associated diseases, even when the primary 22 

sequence of the original protein involved is identical. For example, in recent years, ex vivo 23 

amyloid fibrils of the tau protein have been well-characterised, and their structures have been 24 

resolved to high-resolution detail from the brain tissue of patients with various different 25 
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diseases, including Alzheimer’s disease, Pick’s disease, corticobasal degeneration (CBD) and 1 

chronic traumatic encephalopathy [13–15,91]. Although tau isoforms forming the amyloid 2 

fibrils differ between some diseases, and thus have slightly different primary sequences, the 3 

structures of fibrils from Alzheimer’s and CTE disease tissues, which both contain the 3R and 4 

4R isoforms, are nevertheless different (Fig. 6b). Notably there is also polymorphism present 5 

within the fibril population of each disease-specific sample, e.g., paired helical filaments (see 6 

Fig. 2 and Table 2 entries 99, 108, 112 and 113) and straight filaments (see Fig. 2 and Table 7 

2 entries 109, 114 and 115) in Alzheimer’s disease brain tissue [13,92]. Other rare but 8 

potentially also biologically important polymorphs of amyloid in the same disease-associated 9 

amyloid populations may also be present [56], but their 3D structures are currently inaccessible 10 

to characterisation by cryo-EM because they are present in low numbers, and therefore cannot 11 

satisfy the extensive particle-averaging required by cryo-EM methodologies. 12 

 13 

In addition to disease-specific amyloid polymorphism, considerable structural variation may 14 

exist for Aβ amyloid from patients with different Alzheimer’s disease clinical subtypes. Fibril 15 

samples formed through seeding with ex vivo fibrils extracted from the brain cortex of patients 16 

with Alzheimer’s disease have been investigated by ssNMR [93]. While the structures of fibrils 17 

formed from seeding do not necessarily reflect that of the seeds [40], it has been found that 18 

seed samples originating from patients with prolonged-duration AD resulted in fibrils of a 19 

single predominant Aβ40 polymorph, whereas samples originating from patients with rapidly 20 

progressive AD resulted in a wider degree of structural diversity, suggesting that the seeds’ 21 

structures were different. Aβ amyloid fibrils from patient brain tissue with slowly and rapidly 22 

progressing AD have also been shown to have different biochemical characteristics, including 23 

different stability upon chemical and thermal denaturation, and higher levels of oligomeric Aβ42 24 
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in the rapidly progressive form [94], further evidencing the possible presence of complex, 1 

clinical subtype-dependent amyloid polymorphism.  2 

 3 

Cryo-EM structures from four patients with Alzheimer’s disease have demonstrated common 4 

paired helical and straight filament structures of tau amyloid [92], demonstrating that for some 5 

amyloid assemblies, the structures are specific to the disease, and not to the individual patients 6 

or disease subtypes. In addition, images of immunogold labelled tau amyloid fibril samples 7 

from 19 AD patients, as well as from different brain regions of the same patients, also show 8 

similar patterns. Subsequently, disease-specific fibril structures have been reported for various 9 

tauopathies, giving rise to a structure-based classification approach for these neurodegenerative 10 

diseases [12]. However, it is not yet known whether structures prevalent during earlier stages, 11 

which may drive disease progression, are also identical to those extracted from the tissues of 12 

individuals with end-stage AD and determined by cryo-EM.  13 

 14 

Light chain (AL) amyloidosis is an example of patient-specific amyloid polymorphism. In AL 15 

amyloidosis, expansion of a B cell clone leads to overproduction of a free monoclonal 16 

immunoglobulin light chain protein, aggregation of which results in amyloid fibrils that 17 

accumulate in organs, such as the heart or the kidneys, leading to tissue damage. The specific 18 

sequence of the accumulating immunoglobulin light chain protein in each patient can affect the 19 

propensity of amyloid formation and thus, potentially also the disease aetiology through impact 20 

on the thermodynamic stability of the specific polypeptide sequence [95], the tissues where 21 

amyloid deposits, and the clinical outcome [96]. However, it has been recently shown that 22 

extrinsic factors, especially susceptibility to proteolytic cleavage and presence of proteases that 23 

fragment the immunoglobulin light chain proteins under physiological conditions, could 24 

instead be a strong determinant of amyloid formation in vivo [97]. Amyloid structures have 25 
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been resolved from the explanted cardiac tissue of three patients, demonstrating patient-1 

specific structural differences in detail [57,98,99]. Contrary to the previous examples of tau 2 

and Aβ amyloid, the primary sequence of the monoclonal immunoglobulin light chain protein 3 

varies between patients as it depends on the selection of the germline gene and somatic 4 

mutations [100]. Thus, patient-specific amyloid polymorphism stems from the ‘top-level’ 5 

patient-specific variations in the primary polypeptide sequence (Fig. 1 top row). It is, however, 6 

not yet known whether patient-specific amyloid polymorphism can arise for amyloid structures 7 

formed from the same monomeric polypeptide sequence. There remain currently many 8 

unanswered questions on the in vivo role of amyloid in disease-states, both related to how the 9 

environmental factors affect fibril growth and their structures, as well as how amyloid 10 

formation and structures affect the surrounding cells and tissue environments, including any 11 

cell-type specific vulnerabilities. Further insights into the relationship between fibril 12 

polymorphism and their biological consequences can be achieved from continued efforts in 13 

resolving ex vivo fibril structures from tissues of patients with different diagnoses or disease 14 

progression, from different regions of the brain or diseased tissues, and from multiple 15 

individual patients with the same diagnosis. Likewise, in vitro approaches in which the 16 

polymorphic landscape is modified in a controlled manner by systematically varying sequence 17 

or environmental factors to form specific structures will provide molecular and mechanistic 18 

evidence of pathological pathways. Both approaches will equally require the structural 19 

characterisation of amyloid fibrils to molecular and individual detail. 20 

 21 

 22 

Challenges in predicting the polymorphic landscape of amyloid 23 

assembly  24 

 25 
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For globular proteins, AlphaFold 2 did exceptionally well in predicting 3D structures from 1 

primary amino-acid sequences [21]. The achievements of 3D structure prediction through deep 2 

learning methods, e.g., the trained neural network architecture of AlphaFold 2, to date on 3 

monomeric proteins in CASP14, is a result of both extensive computational resources for 4 

model training and inference of new structures, as well as the availability of approximately 5 

170,000 publicly available protein structure entries in the RCSB Protein Data Bank, and many 6 

more protein sequences used for multiple sequence alignments, which inform structure 7 

prediction. Future developments to AlphaFold 2 will potentially include prediction of protein 8 

complexes. Although amyloid structures were not included as targets in CASP14, further 9 

developments in structure prediction of large protein complexes, including amyloid, could lead 10 

to fundamental understandings of how some of the biggest biological protein structures form. 11 

Considerable developments to the current prediction methods will, however, need to be 12 

incorporated to allow the prediction of many structures from a single primary sequence due to 13 

the extensive polymorphism displayed by amyloid fibrils, which form diverse structures even 14 

under identical environmental conditions and from identical amino acid sequences. This type 15 

of challenge can only be met if a sufficiently holistic understanding of the assembly landscape, 16 

in terms of both structures and energetics, is reached. However, with only around a hundred 17 

amyloid fibril structures currently available in the PDB for full-length or fragments of 18 

amyloidogenic proteins (Table 2, Fig. 2, not including cases where the same data has been 19 

reanalysed), the limited training data available for structural prediction tool development, 20 

especially ones that rely on ‘big-data’ approaches, pose a severe limitation to such a holistic 21 

undertaking. A further 108 PDB structures are available for amyloid fibrils formed from 22 

microcrystals of amyloid forming peptide sequences ranging from 4 to 11 amino acids in length, 23 

determined by X-ray and electron diffraction techniques, which could be useful for the 24 

prediction of local structural arrangements of the various steric-zipper motifs. Nevertheless, to 25 
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predict the structures of large, multi-polypeptide chain, and highly polymorphic protein 1 

assemblies like amyloid, significant effort must first be spent on matching the quantity of high-2 

quality structural data, such as currently seen for globular proteins. 3 

 4 

Another key challenge for amyloid structure prediction is the high potential sensitivity of the 5 

amyloid conformation to a multitude of environmental factors, such as pH, ionic strength and 6 

interactions with other biomolecules and surfaces. As the precise local in vivo environments 7 

experienced by the various amyloid forming systems are unknown for disease-associated and 8 

functional amyloid, the characterisation of ex vivo amyloid fibrils needs to be carried out as 9 

indirect reporters on the relevant in vivo environments. These in vivo conditions are likely to 10 

differ from conditions used in vitro, since ex vivo amyloid structures have been found to differ 11 

compared to in vitro formed amyloid originating from monomers of the same amino acid 12 

sequence [13,39,101]. Direct structural characterisation for ex vivo amyloid without the need 13 

for further seeded amplification is currently only possible using cryo-EM. There are further 14 

challenges for resolving ex vivo amyloid structures, including limited access to patient-derived 15 

tissues, experimental challenges with extracting fibrils from these tissues, and the ability to 16 

only study the most prevalent fibril species despite the diversity of species present. As a result, 17 

currently, structural data of only fewer than thirty of such unseeded ex vivo amyloid have been 18 

deposited to the EMDB and the PDB. Although an increasing number of ex vivo amyloid fibrils 19 

are being studied every year, it remains a labour-intensive and costly endeavour. Thus, for 20 

predicting the 3D structures of amyloid under physiologically relevant environmental 21 

conditions, it may be necessary to first resolve how the assembly landscape is precisely 22 

modulated by environmental conditions through combined ex vivo and in vitro approaches, and 23 

then train a neural network using 3D structures formed under widely varying conditions.  24 

 25 
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The prediction of 3D protein structures gives rise to applications such as the ability to infer 1 

function associated with the predicted structure, as well as structure-based drug design. These 2 

applications rely on specific folds and motifs being predicted from amino acid sequences. For 3 

amyloid, there are likely to be unique challenges compared to other, well-studied classes of 4 

proteins such as enzymes, where a specific catalytic pocket could, for example, indicate a 5 

specific functional role. As more structural data of amyloid from different biological contexts, 6 

both disease-associated and functional, become available, it may be possible to predict whether 7 

an amyloid forming sequence may be associated with the formation of assemblies with toxic 8 

or infective potential. More structural data will facilitate this type of analysis and may 9 

potentially reveal the mediating physicochemical factors involved in the link between amyloid 10 

structure, function, and pathogenicity. Only once this relationship has been firmly established 11 

based on both structural data and biological context, could a predicted 3D structure be used to 12 

explore the potential biological consequences and aid structure-based therapeutic interventions. 13 

A significant amyloid-specific opportunity for structure prediction lies in cases where 14 

structures are disease subtype- or patient-specific. For example, in AL amyloidosis, each 15 

patient has a slightly different immunoglobulin light chain amino acid sequence that can be 16 

noninvasively determined from urine [102]. If the fibril structures could then be predicted from 17 

the primary amino-acid sequence, it could be helpful in determining a specific clinical subtype 18 

or indicate specific pathways of pathology. Furthermore, structure-based inhibitors of amyloid 19 

aggregation have been demonstrated for some proteins such as Aβ in cell-culture models [103]. 20 

If a structure-based approach would be demonstrated to be clinically effective, for example, 21 

for AL amyloidosis patients, prediction of structure from sequence could determine patient-22 

specific epitopes that could be targeted in a personalised medicine approach.  23 

 24 

 25 
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Conclusions 1 

 2 

Amyloid assembly presents unique challenges to protein 3D structure elucidation, prediction, 3 

and understanding of the relationship between structure and biological consequences. 4 

Unresolved challenges arise from the highly polymorphic nature of amyloid assembly, the 5 

subsequent individuality of each fibril formed within the heterogeneous amyloid populations, 6 

and the resulting differences in the fibrils’ physicochemical properties arising even from 7 

monomers with identical amino acid sequences. This structural diversity is reflected in 8 

amyloid-associated biological roles which range from functionality to pathogenic effects in 9 

neurodegenerative diseases and systemic amyloidoses, with a potentially wide variation in 10 

disease subtypes and clinical outcomes. Successful amyloid structure prediction from the 11 

primary amino acid sequence of its monomeric polypeptide components will need to contain 12 

robust predictions of whether an amino acid sequence is likely to form the cross-β amyloid 13 

fold in the first place, followed by precise structural predictions that holistically takes into 14 

account the assembly landscape and its sensitivity to the environmental conditions it 15 

experiences. Finally, the path towards solving the ‘one sequence to many structures’ problem 16 

amyloid assemblies represent, and the successful prediction of the full range of diverse amyloid 17 

structures, will inevitably push our fundamental understanding of the coupled protein folding-18 

assembly processes commonly found in biology. 19 
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Figure legends 1 

 2 

 3 

 4 

Figure 1. Hierarchical structural polymorphism of amyloid fibrils. Top row: Modifications 5 

of the primary amino acid sequence, including truncations, deletions, mutations, and post-6 

translational modifications, represent the first layer of complexity that leads to the diversity of 7 

amyloid structures. Second row: Polypeptide chains with identical amino acid sequences may 8 

exhibit further differences in the adopted protofilament fold upon assembly, including 9 

differences in the β-sheet forming regions (segmental polymorphism; demonstrated by Aβ40 10 

PDB IDs 2M4J and 2LMQ on the left and right, respectively), the arrangement of the core fold 11 

(packing polymorphism; demonstrated by overlay of α-synuclein PDB IDs 6XYP and 6XYQ) 12 
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and the presence of noncovalent co-factors (tau PDB ID 6NWP). Interestingly, heteroamyloid 1 

can result from alternate stacking of monomers with different sequences to form a fibril 2 

(RIPK1/3 PDB ID 5V7Z). Third row: Assembly of identical or different protofilaments by 3 

lateral associations can result in further diversity of amyloid structures. Assembly 4 

polymorphism with identical folds is illustrated by α-synuclein PDB IDs 6L1T (left) and 6L1U 5 

(right) and for fibrils with diverse folds the accession codes are 6XYO (left) and 6XYP (right), 6 

also showing α-synuclein fibrils. Bottom row: Polymorphism can also arise in the mesoscopic 7 

length scale from differences in twist handedness, helical pitch, the position of the helical axis 8 

and the number of monomers in the fibril, which determines the length. Molecular models were 9 

generated using UCSF Chimera [104]. 10 

 11 
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 1 

Figure 2. Diversity of cross-β structures demonstrated by a graphical summary of 2 

structural data of amyloid fibrils acquired by cryo-EM or ssNMR. Average cross-section 3 

of cryo-EM density maps, ssNMR ensembles, and structural models of amyloid fibrils 4 

containing constituent polypeptide segments longer than 10 amino acids deposited in the 5 

EMDB and PDB databases up until March 2021 are shown in an orientation with the fibril axis 6 

perpendicular to the page plane. The entries are grouped by protein name and then by the 7 

release date of the data entry, with the newest data entry shown first. The numbers shown 8 

correspond to the entry numbers listed in Table 2. Structural models are displayed by a coloured 9 

ribbon representation in cases where PDB entries are available. Each polypeptide chain in the 10 

cross-section view is coloured differently, with the cross-β segments, where such segments are 11 

determined and labelled in the PDB entry, shown as a wider chains in a darker shade and their 12 

C-terminal residues shown in an even darker shade. A single layer of each fibril model along 13 

the helical axis is shown only, for clarity. For ssNMR ensembles, the first model is shown in 14 

the coloured ribbon representation and other models are shown in grey wire representation. 15 

Cryo-EM maps are shown as grey average cross-sections with a darker grey outline 16 
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representing the iso-line that defines the density boundary. The cross-sections were drawn by 1 

first untwisting the map to a single slice along the length of the fibril using published twist and 2 

rise values, and isolines were subsequently generated using the recommended isovalue 3 

provided by the authors in the EMDB entry. A key is provided in the bottom right corner of 4 

the figure, showing the cartoon labels for entries of ex vivo samples or of ex vivo seeded 5 

samples used throughout. All models and representations are scaled equally, with the scale bar 6 

representing the length of 20 Å. Molecular models were generated using UCSF Chimera [104]. 7 

 8 

 9 
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 1 

Figure 3. The number of structural data entries of amyloid fibrils deposited to the EMDB 2 

and PDB databases is rapidly growing, and the resolution of cryo-EM data is improving. 3 

a) Number of new amyloid structural models determined by ssNMR deposited to the PDB 4 

released each year since 2004. b) Number of new amyloid cryo-EM data deposited to the 5 

EMDB released each year since 2009. c) Mean and best resolutions of cryo-EM data of amyloid 6 

fibrils each year. The star symbols (*) indicate that only entries released up until March are 7 

included for 2021. 8 

 9 
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 1 

Figure 4. Structural details individual to each amyloid fibril are revealed by AFM. Gentle 2 

force-distance curve-based AFM imaging and 3D-reconstruction of fibril surface envelopes 3 

revealed the individuality of amyloid fibrils in amyloid populations, with no two fibrils being 4 

exactly the same. a) AFM height topology images of amyloid fibrils formed from a hexa-5 

peptide of the primary sequence HYFNIF [25], Aβ42, and a tau297-391 fragment (also called dGAE) 6 

[58]. The images are shown with the same length and colour scale, with the scale bar to the left 7 

indicating the length of 1µm in all three images. b) Images of digitally straightened fibrils seen 8 

in the images in a), with the coloured triangle markers indicating their position in a). A 350 nm 9 

segment of each fibril is shown. c) The 3D surface envelope models individually reconstructed 10 

for each fibril in b) are shown with surface colours ranging from blue to yellow to indicate the 11 

distance to the fibril axis from thin to wide. A 200 nm segment of each 3D model is shown. 12 

These AFM images and individual fibril models suggest that the extent of structural 13 

polymorphism is not the same for different amyloid forming sequences, with fibrils formed 14 
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from tau297-391 showing the least extent of polymorphism amongst the three examples. 1 

Polymorphic structural variation within a fibril is also seen on the image of Aβ42 fibrils. 2 

 3 

  4 
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 1 

Figure 5. Structural analysis of individual fibrils using AFM allows mapping of the 2 

polymorphic amyloid assembly landscape. a) The polymorphic amyloid assembly 3 

landscapes of three short amyloid forming peptide sequences are represented as smoothed 2D 4 

histograms and visualised as contour maps [25]. The colouring represents the density of the 5 

morphometric parameters, which include the average height and the number of repeating units 6 

per nm (directional periodic frequency, dpf) of the individual fibrils observed on AFM height 7 

images. Negative and positive dpf values correspond to fibrils with left-handed twist and right-8 

handed twist, respectively. b) Example images of digitally straightened fibrils formed from the 9 

three peptide sequences in a), with the coloured triangle markers indicating their position in 10 

the maps in a). A 500 nm segment of each fibril is shown. 11 

 12 
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 1 

Figure 6. Amyloid polymorphism shows diverse patterns in disease-states. a) Illustrations 2 

of the varying extent of structural polymorphism and the diverse types of polymorphic 3 

structures that may be present in clinical disease subtypes, for example shown for rapid and 4 

slow progressive Alzheimer’s disease [93,94]. b) Disease-specific polymorphism has been 5 

demonstrated for amyloid structures formed from tau protein in various tauopathies. A single 6 

representative cartoon model is shown of amyloid fibril cross-sections from samples 7 

originating from the brain tissue of patients with four different neurodegenerative diseases, 8 

with the thicker sections denoting the cross-β segments, where such segments are determined 9 

and labelled in the PDB entry. PDB accession codes for the models shown are 6VHA, 6NWP, 10 

5O3L and 6GX5 [13,15,38,91], for chronic corticobasal degeneration, traumatic 11 

encephalopathy, Alzheimer’s disease, and Pick’s disease, respectively. c) Individual patients 12 

with the same diagnosis may have distinct structures of the same protein, for example in the 13 

case of AL amyloidosis. Cartoon models of the cross-sections of ex vivo amyloid fibrils 14 

extracted from the cardiac tissue of two patients with AL amyloidosis are shown, with PDB 15 

accession codes 6HUD and 6IC3 [98,99], respectively. Molecular models were generated using 16 

UCSF Chimera [104]. 17 

 18 

  19 
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Table 1. Summary of experimental techniques for 3D structural characterisation of 2 

polymorphic amyloid fibrils. Data type and structural information obtainable from the three 3 

methods highlighted in this review, i.e., cryo-electron microscopy (cryo-EM), solid-state 4 

nuclear magnetic resonance spectroscopy (ssNMR), and atomic force microscopy (AFM), are 5 

described.  6 

 Cryo-EM ssNMR AFM 

Data type 
Projection 

images/transmission 
electron micrographs 

Resonance 
frequencies/chemical 
shifts of atomic nuclei 

Surface topography 
(height) images  

Structural 
information 

3D coulomb potential 
maps 

Atomic distances, bond 
angles, and local 

chemical environment 
information  

3D molecular surface 
envelopes 

Features 

Can provide high-
resolution (<4Å) 

averaged structural 
maps 

Generates an ensemble 
of possible molecular 

models 

Can provide individual 
particle information 

and allows collection 
of nano-mechanical or 
chemical information 

  7 
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Table 2. Three-dimensional structural data entries of amyloid fibrils acquired by cryo-1 

EM or ssNMR. Entries that are released in the EMDB and PDB databases running up to March 2 

2021 are shown. 3 

 Amyloid 
name * Sample origin § Experimental 

method PDB ID ‡ EMDB ID † Release 
date Reference 

1 Aβ40 AD brain, seeded ssNMR & cryo-EM 6w0o 21501 13/01/2021 [105] 

2 Aβ40  ssNMR 6ti5  22/07/2020 [106] 

3 Aβ40 AD brain cryo-EM 6shs 10204 06/11/2019 

[56] 4 Aβ40 AD brain cryo-EM  4864 06/11/2019 

5 Aβ40 AD brain cryo-EM  4866 06/11/2019 

6 Aβ40  ssNMR 6oc9  05/06/2019 [107] 

7 Aβ40  cryo-EM  6326, 6327, 6328 29/04/2015 [108] 

8 Aβ40  ssNMR 2mpz  22/04/2015 [109] 

9 Aβ40  ssNMR 2mvx  26/11/2014 [110] 

10 Aβ40 AD brain, seeded ssNMR 2m4j  25/09/2013 [111] 

11 Aβ40  ssNMR 2lnq  08/02/2012 [112] 

12 Aβ40  ssNMR 2lmq, 2lmp  28/12/2011 
[113] 

13 Aβ40  ssNMR 2lmo, 2lmn  28/12/2011 

14 Aβ40  cryo-EM  5008, 5132 08/10/2009 [114,115] 

15 Aβ40  cryo-EM  1650 24/09/2009 [116] 

16 Aβ40/Aβ42  ssNMR 6ti6, 6ti7  22/07/2020 [106] 

17 Aβ42  cryo-EM 5oqv 3851 13/09/2017 [117] 

18 Aβ42  ssNMR 2nao  27/07/2016 [118] 

19 Aβ42  ssNMR 5kk3  13/07/2016 [119] 

20 Aβ42  cryo-EM 5aef 3132 26/08/2015 [120] 

21 Aβ42  ssNMR 2mxu  06/05/2015 [121] 

22 Aβ42  cryo-EM  5052 07/07/2010 [122] 

23 Aβ42  cryo-EM  1649 24/09/2009 [116] 

24 Aβ42  ssNMR 2beg  22/11/2005 [123] 

25 α-syn MSA brain, seeded cryo-EM 7nck 12269 24/02/2021 

[40] 
 

26 α-syn MSA brain, seeded cryo-EM 7ncj 12268 24/02/2021 

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

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

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

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

31 α-syn  cryo-EM 6l1t 0801 12/08/2020 
[124] 

32 α-syn  cryo-EM 6l1u 0803 12/08/2020 
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33 α-syn  cryo-EM 6l4s 0833 29/04/2020 [125] 

34 α-syn  cryo-EM 6lrq 0958 08/04/2020 [126] 

35 α-syn  cryo-EM 6ufr 20759 19/02/2020 [127] 

36 α-syn MSA brain cryo-EM 6xyo 10650 12/02/2020 

[128] 37 α-syn MSA brain cryo-EM 6xyp 10651 12/02/2020 

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

39 α-syn  cryo-EM 6sst 10305 18/12/2019 
[129] 

40 α-syn  cryo-EM 6ssx 10307 18/12/2019 

41 α-syn  cryo-EM 6peo 20328 27/11/2019 
[130] 

42 α-syn  cryo-EM 6pes 20331 27/11/2019 

43 α-syn  cryo-EM 6osj 20183 25/09/2019 

[131] 44 α-syn  cryo-EM 6osm 20186 25/09/2019 

45 α-syn  cryo-EM 6osl 20185 25/09/2019 

46 α-syn  cryo-EM 6cu7 7618 12/09/2018 
[132] 

47 α-syn  cryo-EM 6cu8 7619 12/09/2018 

48 α-syn  cryo-EM 6h6b 0148 08/08/2018 [133] 

49 α-syn  cryo-EM 6a6b 0988 11/07/2018 [134] 

50 α-syn  ssNMR 2n0a  23/03/2016 [135] 

51 α-syn  cryo-EM  6482 16/12/2015 [136] 

52 β-endorphin  ssNMR 6tub  28/10/2020 [137] 

53 β2m  cryo-EM  0019 19/06/2019 

[138] 54 β2m  cryo-EM  0021 29/05/2019 

55 β2m  cryo-EM 6gk3 0014 14/11/2018 

56 β2m  ssNMR 2e8d  13/02/2007 [139] 

57 CA150  ssNMR 2nnt  14/11/2006 [140] 

58 FUS  ssNMR & cryo-EM 6xfm 21169 07/10/2020 [141] 

59 Glucagon  ssNMR 6nzn  05/06/2019 [142] 

60 HET-s  ssNMR 2mus, 2lbu  01/02/2017 [143,144] 

61 HET-s  cryo-EM  2946 15/04/2015 [145] 

62 HET-s  ssNMR 2kj3, 2rnm  02/06/2010 [146,147] 

63 hnRNPA1  cryo-EM 7bx7 30235 18/11/2020 [148] 

64 hnRNPA2  cryo-EM 6wqk 21871 26/08/2020 [85] 

65 IAPP  cryo-EM 6zrf 11380 30/09/2020 

[53] 66 IAPP  cryo-EM 6zrq 11382 30/09/2020 

67 IAPP  cryo-EM 6zrr 11383 30/09/2020 

68 IAPP  cryo-EM 6vw2 21410 10/06/2020 [149] 

69 IAPP  cryo-EM 6y1a 10669 04/03/2020 

[150] 70 IAPP  cryo-EM  10670 04/03/2020 

71 IAPP  cryo-EM  10671 04/03/2020 
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72 IG LC AL cardiac tissue cryo-EM 6z1o 11031 24/02/2021 
[57] 

73 IG LC AL cardiac tissue cryo-EM 6z1i 11030 24/02/2021 

74 IG LC AL cardiac tissue cryo-EM 6ic3 4452 03/04/2019 [98] 

75 IG LC AL cardiac tissue cryo-EM 6hud 0274 27/03/2019 [99] 

76 IG LC  cryo-EM  3986 28/02/2018 

[151] 

77 IG LC  cryo-EM  3987 28/02/2018 

78 IG LC  cryo-EM  3988 28/02/2018 

79 IG LC  cryo-EM  3989 28/02/2018 

80 IG LC  cryo-EM  3990 28/02/2018 

81 IG LC  cryo-EM  3991 28/02/2018 

82 IG LC  cryo-EM  3992 28/02/2018 

83 IG LC  cryo-EM  3993 28/02/2018 

84 IG LC  cryo-EM  3994 28/02/2018 

85 IG LC  cryo-EM  3128 18/05/2016 [152] 

86 Orb2 D. melanogaster brain cryo-EM 6vps 21316 18/03/2020 [87] 

87 PI3K  cryo-EM 6r4r 4727 28/08/2019 [153] 

88 PrP  cryo-EM 6lni 0931 10/06/2020 [154] 

89 PrP  cryo-EM 6uur 20900 15/04/2020 [155] 

90 RIPK1/RIPK3  ssNMR 5v7z  28/03/2018 [156] 

91 RIPK3  ssNMR 6jpd  28/10/2020 [157] 

92 SAA Murine liver cryo-EM 6zch 11164 17/02/2021 

[39] 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 
[158] 

96 SAA Amyloidotic kidney cryo-EM 6mst 9232 13/03/2019 

97 tau CBD brain cryo-EM 6vh7 21200 04/03/2020 

[38] 98 tau CBD brain cryo-EM 6vha 21201 04/03/2020 

99 tau AD brain cryo-EM 6vhl 21207 04/03/2020 

100 tau CBD brain cryo-EM 6tjx 10514 05/02/2020 
[14] 

101 tau CBD brain cryo-EM 6tjo 10512 05/02/2020 

102 tau CTE brain cryo-EM 6nwp 0527 27/03/2019 
[15] 

103 tau CTE brain cryo-EM 6nwq 0528 27/03/2019 

104 tau  cryo-EM 6qjh 4563 20/02/2019 

[101] 
105 tau  cryo-EM 6qjm 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 6hre 0259 10/10/2018 
[92] 

109 tau AD brain cryo-EM 6hrf 0260 10/10/2018 

110 tau Pick's disease brain cryo-EM 6gx5 0077 12/09/2018 [91] 
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111 tau Pick's disease brain cryo-EM  0078 12/09/2018 

112 tau AD brain cryo-EM 5o3l 3741 26/07/2017 

[13] 
113 tau AD brain cryo-EM 5o3o 3742 26/07/2017 

114 tau AD brain cryo-EM 5o3t 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 

[160] 
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 [161] 

122 TTR ATTR heart cryo-EM 6sdz 10150 13/11/2019 [162] 

123 TTR  ssNMR 2m5n  17/07/2013 

[54] 
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 [163] 

*. Database entries are ordered alphabetically by their protein name. Entries of amyloid formed 1 
from the same protein are ordered by release date from the newest to the oldest. Where several 2 
models have been published based on reanalysis of the same original data, the entries are 3 
grouped and all accession codes are included in the same row. 4 
§. The origin of the tissue from which ex vivo fibrils were extracted is noted. Where the species 5 
is not specified, the tissue is of human origin, with the following abbreviations for disease 6 
diagnoses: AD – Alzheimer’s Disease, MSA – multiple system atrophy, CBD – corticobasal 7 
degeneration, CTE – chronic traumatic encephalopathy, ATTR – transthyretin amyloidosis 8 
†. The Protein Data Bank (PDB) ID code associated with the structural model. 9 
‡. The Electron Microscopy Data Bank (EMDB) accession codes associated with the EM 10 
density map.  11 
 12 


