Accepted Manuscript

Amyloidogenicity at a distance: How distal protein regions modulate aggre-
gation in disease

Christina M. Lucato, Christopher C. Lupton, Michelle L. Halls, Andrew
M. Ellisdon

PIl: S0022-2836(17)30125-0

DOI: doi:10.1016/].jmb.2017.03.021
Reference: YJIMBI 65369

To appear in: Journal of Molecular Biology

Received date: 12 January 2017
Revised date: 12 March 2017
Accepted date: 14 March 2017

Please cite this article as: Lucato, C.M., Lupton, C.C., Halls, M.L. & Ellisdon, A.M.,
Amyloidogenicity at a distance: How distal protein regions modulate aggregation in
disease, Journal of Molecular Biology (2017), doi:10.1016/j.jmb.2017.03.021

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.


http://dx.doi.org/10.1016/j.jmb.2017.03.021
http://dx.doi.org/10.1016/j.jmb.2017.03.021

Amyloidogenicity at a distance: how distal protein regions modulate aggregation in disease

Christina M. Lucato'~, Christopher C. Lupton'?, Michelle L. Halls® and Andrew M. Ellisdon"*"

'Biomedicine Discovery Institute and Department of Biochemistry and Molecular Biology, Monash
University, Clayton, VIC, Australia, 3800.

?Australian Research Council Centre of Excellence in Advanced Molecular Imaging, Monash
University, Clayton, VIC, Australia, 3800.

*Drug Discovery Biology Theme, Monash Institute of Pharmaceutical Sciences, Monash University,

Parkville, VIC, Australia, 3052.

“Correspondence to Andrew M Ellisdon: andrew.ellisdon@monash.edu



Abstract

The misfolding of proteins to form amyloid is a key pathological feature of several progressive, and
currently incurable, diseases. A mechanistic understanding of the pathway from soluble, native
protein to insoluble amyloid is crucial for therapeutic design and recent efforts have helped to
elucidate the key molecular events that trigger protein misfolding. Generally, either global or local
structural perturbations occur early in amyloidogenesis to expose aggregation-prone regions of the
protein that can then self-associate to form toxic oligomers. Surprisingly, these initiating structural
changes are often caused or influenced by protein regions distal to the classically amyloidogenic
sequences. Understanding the importance of these distal regions in the pathogenic process has
highlighted many remaining knowledge gaps regarding the precise molecular events that occur in
classic aggregation pathways. In this review, we discuss how these distal regions can influence
aggregation in disease and the recent technical and conceptual advances that have allowed this

insight.



Introduction

Aggregation to amyloid is the process by which proteins misfold from their native and functional
state to one that is amenable to self-association. This self-association generally occurs
concomitantly with a global rearrangement to a B-sheet-rich structure, held tightly together through
extensive hydrogen bonding, to form the repeating units of long polymeric fibres known as
‘amyloid’. The common structural features of amyloid represent a stable state for a range of proteins
of widely varying primary sequences. The presence and accumulation of amyloid fibrils is a classic
hallmark of a range of amyloidoses that include the neurodegenerative diseases, Alzheimer’s disease
(AD) and Parkinson’s disease (PD). This seminal observation led to an early focus of structural
studies on end-stage amyloid fibrils, however, extensive research throughout the field has since
implicated intermediate oligomers as a potential pathogenic species in these conditions. As such, the
research emphasis has now shifted towards a structural characterisation of these pathogenic

intermediates and how they arise from the native proteins.

Until recently, classic structural techniques had limited application to the study of the earliest events
in protein misfolding, as these early events occur over rapid time scales, and involve small and
highly dynamic conformational changes. This therefore limited any insight to low resolution
structures of the early stage aggregation intermediates. As such, a structural understanding of the
key molecular events that trigger aggregate nucleation has, for the most part, remained elusive.
However, recent technological advances have facilitated more detailed examination of these
phenomena. In particular, solid state NMR (ssNMR) and cryo electron microscopy (cryoEM) have
been useful for determining the structural composition of fibrils, and theoretical techniques
including molecular docking and dynamics simulations have allowed modelling of protein dynamics
and interactions on very rapid time scales. In addition to the application of higher resolution
experimental approaches, our understanding of the molecular basis of misfolding has been advanced

by the recognition of the importance of regions distal to the classic amyloidogenic sequences in



defining the aggregation potential of a protein. Although often not involved in the core amyloid

fibril B-structures, these regions have proven influential in triggering aggregation.

In this review, we will focus on recent advances that have been made in characterising the structural
changes that occur during the earliest events in the misfolding pathway. In this context, we will
revisit some classic examples of amyloid formation (including that of a-synuclein, B;-
microglobulin, apolipoprotein A-I, polyglutamine proteins, amyloid B and tau), to emphasise how
the ability of each protein to aggregate can be initiated or enhanced by distal protein regions. These
prototypical cases are redefining our view of the early molecular events in aggregation, whereby
both global and local perturbations in structure beyond the amyloidogenic region itself appear to

define pathological progression.

a-synuclein: aggregation triggered by global deprotection of amyloidogenic regions

a-synuclein (a-syn) is a 140 residue protein that is localised to presynaptic nerve terminals and is
proposed to play a key role in neurotransmitter release, dopamine synthesis, vesicle trafficking and
exocytosis [1]. a-syn amyloid was initially detected in Lewy Bodies, the pathologic hallmark of PD.
Subsequently, a-syn aggregates were detected in a number of other neurodegenerative diseases,
collectively known as synucleinopathies, which are characterised by a-syn aggregation and
inclusion formation [1]. a-syn is an intrinsically disordered protein (IDP) comprised of three distinct
regions: an N-terminus (residues 1-60) which contains four imperfect repeats of the conserved
KTKEGV hexamer motif; the NAC domain (residues 61-95) which contains the highly
amyloidogenic NAC region as well as three imperfect KTKEGV repeats; and the C-terminus
(residues 96-140) which is highly acidic and proline-rich (Fig. 1A). The NAC domain is central to
the ability of a-syn to form amyloid [2], however the N- and C- termini are critical modulators of

nucleation, oligomer formation and end-stage fibril structure.



Two recent technical feats, harnessing micro electron diffraction (microED) and ssNMR, have
provided high-resolution insights into the end-stage a-syn fibril structure [3,4]. MicroED revealed
that short peptides, including part of the NAC domain, form similar steric-zipper protofilaments
whereby the peptides pack in pairs to form in-register extended parallel B-sheets [3]. More recently,
ssNMR studies provided a more complex model of the full-length a-syn fibril structure, whereby the
NAC region forms the core of a complex B-serpentine arrangement [4]. Importantly, regions
flanking the NAC domain are also incorporated into the amyloid core, which is comprised of the N-

terminal domain residues 46-54 in addition to the NAC domain residues 63-96 (Fig. 1C) [4].

Given this important structural role of the N-terminus in the a-syn amyloid core, it is unsurprising
that this region also plays a key role in modulating early steps of the aggregation pathway. The N-
terminus can interact with cell membranes and, while this is likely critical for its physiological
function, it also promotes a conformational change in the protein allowing it to sample a number of
a-helical conformations (for example, an extended a-helix or broken a-helical states) (Fig. 1B) [5-
9]. These membrane binding induced conformational changes appear to be both protective and
detrimental during fibril formation. While it has been proposed that the membrane-bound a-helical
states may inhibit fibril formation through stabilisation of non-amyloidogenic conformations [10], in
in vitro studies membrane binding by the N-terminus was recently proposed to initiate aggregation
by releasing the NAC domain [11]. This aggregation following N-terminal-membrane binding could
however be explained by the correspondingly high local protein concentrations at the membrane
[12]. Nevertheless, although the exact molecular contributions of the N-terminus towards
aggregation are still undefined, the aggregation pathway for a-syn is clearly affected by the
equilibrium between its free and membrane-bound state, the perturbation of which can trigger

amyloid formation.



The C-terminal domain of a-syn has also been implicated in early events during the misfolding
pathway. C-terminal truncation accelerates aggregation [13] by removing important long-range
interactions between the C-terminus and the NAC domain that usually act to inhibit aggregation
[14]. Changes in pH can also decrease these long-range interactions through charge neutralisation of
the C-terminus upon protonation of its multiple aspartate and glutamate residues [15-18]. As such,
under acidic conditions the aggregation-prone NAC domain is more highly exposed and a-syn can
rapidly form fibrils [19]. Interestingly, immunotherapeutic strategies have uncovered an epitope in
the C-terminus that is arguably a more efficacious target than the NAC domain [20] such that one C-
terminus targeting antibody (PRX002, AFFiRiS AG) is currently undergoing testing in phase I
clinical trials [21]. This strategy could become common amongst a number of proteins, with
protective nanobodies discovered that bind non-amyloidogenic regions of both huntingtin [22,23]
and lysozyme [24], highlighting these generally unexplored domains as important potential

therapeutic targets.

The strength of the NAC-C-terminus intramolecular interaction is likely also decreased by disease-
associated point mutations. The PD-linked A53T and H50Q a-syn mutations have similar native and
intermediate structures to the wild-type protein, but display significantly increased aggregation
kinetics [25,26]. Biophysical studies demonstrated that these mutants, along with an E46K mutant,
are more rigid and solvent-inaccessible at their N- and C-termini [27], suggesting that they possess a
higher propensity to form aggregation-prone intermediate structures. Of note, the misfolding of PD-
linked mutants can occur concomitant with wild-type o-syn aggregation to form mixed species

fibrils [28]. This is pertinent considering that the mutation-associated forms of PD are heterozygous.

Further, NMR and molecular dynamics (MD) simulations have suggested that residues 38-53 within
the N-terminus have a high propensity to form a B-hairpin that is critical in initiating o-syn

aggregation [29]. The formation of this hairpin is accelerated by the disease-associated A30P and



AS53T mutations, whereas prevention of -hairpin formation inhibits a-syn aggregation and toxicity
[29,30] implicating it as a possible first step in the pathogenesis of PD. Binding of the N-terminus of
a-syn to membranes can also reduce long-range intramolecular interactions within the protein, to
free the C-terminus [31-33]. This process has been suggested to play a role in fibrilisation initiation
[34]. However, it is unclear what effect the multimeric state of a-syn has on membrane binding and

how this contributes to its further oligomerisation [35].

Together, these data indicate that the aggregation of a-syn through its central NAC domain is
defined and modulated by contributions from its N- and C-termini. These flanking domains, and
their intramolecular interactions, must therefore play a pivotal role in the equilibrium between
native and aggregation-sensitive protein, however the nature of this equilibrium in vivo is largely
unknown. This is clearly illustrated by the dual protective and detrimental roles that have been
proposed for the binding of the N-terminus of a-syn to cell membranes. As most work to date has
been performed in vitro, this example highlights a future need to understand the contributions of a

cellular environment to the molecular mechanisms that underlie misfolding pathways.

B2-Microglobulin: aggregation triggered by deprotection of amyloidogenic regions

B>-Microglobulin (f2m) is a key component of the major histocompatibility complex class I (MHC
I) where it aids in antigen presentation [36], and its aggregation and deposition as amyloid fibrils is
the key pathological feature of dialysis-related amyloidosis [37]. The protein is 99 residues in length
and forms an immunoglobulin fold comprising a seven-stranded anti-parallel B-sandwich (Fig.
2A,B) [38]. Owing in part to this small, single-domain architecture, a number of studies have
effectively harnessed high-resolution techniques, including NMR, X-ray crystallography and
hydrogen-deuterium (HD) exchange, to elucidate the many key structural deviations from the
native-state that are critical in triggering B2m amyloid formation. B2m aggregation provides a well-

characterised example of how highly localised changes, down to the isomerisation of an individual



residue, can propagate distally throughout a single domain to trigger the formation of a near-native,

yet amyloidogenic-compatible structure.

In vitro, B2m aggregation occurs through a nucleation-dependent mechanism, and this nucleation
step is dependent on the formation of a near-native folding intermediate (termed It) [39-41]. This
folding intermediate has a trans-Pro32 backbone conformation distinct from that of the native state,
which exists as a thermodynamically unfavourable cis-isomer [39-42]. The slow rate of conversion
from the trans- to the cis-isomer results in a significant population of the Ir intermediate on the
folding pathway under native conditions [41]. Importantly, studies of #rams-locked B2m point
mutants have demonstrated that the rearrangement of this X-Pro32 bond radiates throughout the
protein to form a conformation that promotes amyloid nucleation [41,43]. While these structural
rearrangements do not affect the overall protein fold, with low overall C, r.m.s deviation between
cis-wild-type and trams-locked mutants, major side-chain repacking of the hydrophobic core is
observed in the frans-isomer [41,43]. The edge strands that protect the core hydrophobic regions
have an altered conformation in #rans-Pro32 monomers compared to the native cis-isomer.
Interestingly, in the native state it is one of these edge strands, the D-strand, which forms contacts
with the MHC I heavy chain [36]; HD exchange studies show that the D-strand is highly mobile in
the unbound f2m monomer and that this dynamic nature correlates with an increased aggregation
propensity [44,45]. Correspondingly, decreasing the mobility of this region through point mutations
results in lower overall hydrophobic exposure and a subsequent decrease in aggregation kinetics
[46]. In contrast, X-Pro32 isomerisation increases the dynamics of this strand causing exposure of

the aggregation-prone hydrophobic core [45].

Although a critical determinant of aggregation initiation, isomerisation of the X-Pro32 bond alone is
insufficient for f2m nucleation under neutral pH [41]. Under these conditions, N-terminal residues

alleviate the effects of Pro32 isomerisation to stabilise the f2m native state, with side chains of the



first six residues stabilising the BC-loop and backbone atoms interacting with the B-strand to lock
the X-Pro32 in its cis conformation [42]. Without the stabilising N-terminus, the kinetic stability of
the protein following Pro32 isomerisation decreases such that f2m can rapidly sample multiple
amyloidogenic competent conformations, leading to an increased rate of aggregation [42]. As such,
a f2m AN6 mutant found in dialysis-related amyloid deposits [47] has a significantly repacked
hydrophobic core and a pH-dependent increase in backbone dynamics [42] (Fig. 2C). Further, it has
been suggested that both AN6 and trans-locked mutants can interact with the wild-type monomer
and induce its conformational change to a more aggregation-prone state in a prion-like fashion
[42,48]. However, a recent report suggested that only fibrils, rather than monomers, can seed wild-
type aggregation [49]. These results suggest that a nucleation mechanism rather than conformational
conversion allows mutant f2m to trigger oligomerisation of the wild-type; the exact details of this

mechanism still remain to be conclusively resolved.

Two crystal structures of dimeric f2m AN6 have helped to characterise the early events in 2m
aggregation [50,51]. Interestingly, both structures show symmetrical domain-swapping between the
monomers involving amyloidogenic regions within the central B-sheet [50,51]. Although the two
structures disagree on which residues contribute to the switched ‘hinge’ region, both cases argue for
an increased exposure of the amyloidogenic hinge such that it can interact between dimers [50,51].
This domain-swapping event may provide the structural basis for oligomer formation before
structural rearrangement to fB-rich amyloid (Fig. 2E, F) [51,52]. Interestingly, isomerisation of the
X-Pro32 bond occurs concomitantly with a rotation of Phe30 towards the solvent face during these
domain-swapping events [51,53]. Therefore, while multiple factors can contribute to the aggregation
propensity of B2m, it appears that isomerisation of the X-Pro32 bond is a key and influential step

that dramatically affects the propensity of the protein to aggregate.



The previous two examples demonstrate how small and large-scale conformational changes in
flanking protein areas can lead to the exposure and self-association of aggregation-prone regions,
allowing amyloid nuclei to form. Remarkably, small perturbations in regions located much more
distal to the amyloidogenic ‘hot spots’ within a protein can also dramatically influence the structure

and interactions of amyloid forming areas; one such case is that of apolipoprotein A-I (apoA-I).

ApoA-I: propagating structural perturbations initiate aggregation

Apolipoprotein A-I (apoA-I) plays a role in the sequestration and metabolism of lipids and is the
major protein component of high-density lipoprotein (HDL) [54]. It is part of a family of
apolipoproteins that have a high propensity to aggregate, largely due to the intrinsic hydrophobicity
and structural flexibility that is required to sequester lipids [55-58]. In order to bind lipids, apoA-I
must undergo a global conformational change involving an unfurling of the C-terminus through the
central ‘hinge region’ (residues 121-142, Fig. 3A). Although highly ordered while sequestered in
HDL, in its lipid-free form both the N- and C-termini of apoA-I have a high propensity for disorder
[59]. Any shift in the equilibrium between the aggregation-prone monomer and the ordered lipid-

bound dimer appears to have a great impact on the propensity of the protein to aggregate [60].

Aggregation occurs through rearrangement of N-terminal amyloidogenic regions to B-structures. In
particular, within the N-terminus there are three key aggregation-prone regions (residues 14-22, 53-
58 and 69-72) that are usually sterically protected by central packing within the overall a-helical
structure (Fig. 3A) [61]. The aggregation of apoA-I depends on the inherent potential of these N-
terminal regions to form of B-sheets and occurs primarily through their self-association [62]. As
such, the majority of isolated ex vivo amyloid fibrils identified have been comprised of only the first
N-terminal 80-100 residues [60]; a number of studies have suggested that cleavage of the C-
terminus is necessary to release the aggregation-prone N-terminus, which subsequently aggregates

to fibrils [63-66]. Recent biophysical analyses however have suggested that structural perturbations

10



through point mutations can promote full-length aggregation, first through the N-terminal
aggregation hot spots, followed by alignment of the C-terminus within the fibril structure (Fig. 3B)

[61].

Interestingly, mutations outside the fibrilogenic N-terminal domain have been implicated in the
pathogenesis of familial apoA-I amyloidosis [54,67]. A recent study demonstrated that single
residue mutations distant from the N-terminus can decrease the global thermodynamic stability of
apoA-I and convert the a-helical arrangement of the amyloidogenic region to an overall B-zipper
structure [68]. These distal mutations also enhanced the HD exchange rates of the structured N-
terminal helical bundle such that the aggregation-prone ‘hot spots’ are deprotected [68]. Despite
these long-ranging effects and the increased amyloidogenecity of the mutants, the overall change in
global protein structural stability and molecular dynamics was mild compared to wild-type controls.
As such, global structural destabilisation alone is not sufficient for the amyloidogenicity of apoA-I.
This observation was supported by examination of a mutation that decreased the lipid-binding and
overall stability of apoA-I, but had no effect on amyloidogenicity. The L159R mutation is located
near a proteolytic cleavage site and induces local unfolding to release the C-terminus and allow the
aggregation-prone N-terminus more conformational flexibility [68]. Similar effects have been
observed for L174S and L178H mutants, which induce exposure of a proteolytic site within the

residue 14-22 aggregation hot spot [69,70].

In the case of L159R however, the increased exposure of this cleavage site, in addition to charge
contributions from the arginine, is believed to promote proteolytic cleavage in vivo and it is likely
that this drastic unfolding saves the protein from aggregation by targeting it for cellular degradation
(Fig. 3C). As such, although global perturbations in structure and stability are classically associated

with an increased propensity for a protein to form amyloid, mere changes in global stability are
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insufficient to induce aggregation. Instead, highly specific local changes in non-amyloidogenic

regions of apoA-I dictate aggregate nucleation.

These structural insights into the aggregation propensity of apoA-I also revealed the potential
importance of ensemble-based conformational allostery [71] to the amyloid field [68]. This
paradigm suggests that proteins exist in a dynamic equilibrium of conformations, each with a
defined probability of occurring. The non-stochastic nature of this equilibrium determines the time a
protein spends sampling different conformations, and hence its activity and aggregation propensity.
Interestingly, the state of this equilibrium is not only affected by perturbations proximal to amyloid-
forming areas, but is a summation of local and global properties. This view challenges the classical
idea of defined and static structural rearrangements as predictive of aggregation potential.
Moreover, and importantly, this model suggests new possibilities for the design of therapeutics that
may stabilise protective conformations or decrease the likelihood of sampling amyloidogenic
intermediates by affecting the energetic barriers between such states. This is particularly pertinent in
the study of IDPs such as a-syn; the function of this protein necessitates a lack of defined tertiary
structure, allowing rapid sampling of multiple conformations. In such cases, intrinsic disorder has
hindered classical structural techniques (particularly X-ray crystallography) in describing the
conformational changes that occur to propagate aggregation. Instead, recent advances in sSNMR,
MD simulations and single molecule fluorescence have helped to delineate the energetic landscape
of the molecular ensemble [72-74]. Although we are only beginning to understand such ensembles
in vitro, future work will need to assess how this translates to in vivo systems in the hopes of

utilising this information for therapeutic benefit.

Polyglutamine proteins: distal protein domains nucleate aggregation
The family of polyglutamine (polyQ) proteins contains a number of examples wherein domains

distal from the typical amyloidogenic sequences initiate aggregation nucleation. These nuclei

12



influence the amyloidogenic propensity of the rest of the protein and can act as seeds for amyloid
growth. The neurodegenerative polyQ diseases are characterised by extended glutamine tracts in
disease-associated proteins. These proteins display a polyQ-length dependent rate of amyloid-like
fibril formation in vitro, a process that ultimately manifests as intranuclear protein inclusions in the
neurons of patients [75-77]. PolyQ tracts have an inherent ability to form highly stable amyloid-like
fibrils, a propensity that has been best characterised by the study of isolated polyQ peptides [76].
However, in the context of full-length or proteolytic fragments of disease-associated proteins,
regions distal to the polyQ tract play a central role in both nucleating fibril assembly and forming

key interactions in the aggregation pathway [78-82].

Regions flanking the polyQ tract in huntingtin (htt) exon-1, the most highly studied fragment of the
348 kDa htt protein, have opposing effects on the aggregation pathway. In both the monomeric and
fibril structures, a proline-rich region downstream of the polyQ tract forms a polyproline II helical
structure and random coil further towards the C-terminus [83-85]. The polyproline region has
broadly suppressive effects on fibril formation [86,87] and these inhibitory effects are thought to
occur due to propagation of the polyproline-helix II structure to a small number of glutamine
residues within the end of the polyQ region (Fig. 4A) [88]. Interestingly, a-syn with the familial
H50Q mutation has also been observed to have an increased population of polyproline II structure
around the site of the mutation [89]. This structural motif appears to have opposing effects,
promoting aggregation in a-syn. It is therefore likely that protein context defines the ability of a

polyproline II structure to either promote or inhibit intermolecular interactions.

In contrast, the 17 N-terminal residues upstream of the polyQ tract (htt"") play a critical structural
role in promoting both the nucleation and assembly of the polyQ-polyQ B-sheet fibril structure.
Studies of synthesised polyQ peptides incorporating the htt"", as well as recombinant htt exon-1,

support a model whereby htt"" promotes fibril assembly by adopting an a-helical structure prone to

13



oligomerization [79,90]. This grouping of the htt"' into a-helical tetrameric oligomers, likely
through coil-coil interactions, drives the adoption of the highly stable end-stage polyQ fibril
structure (Fig. 4A) [91-93]. Here, it is probable that the htt"-induced increase in the local
concentration of polyQ tracts allows the protein to overcome the high-energetic barrier to the
formation of the interdigitated polyQ fibril B-sheet structure [94]. This key role of the htt"' in
amyloid initiation is further supported by a number of studies demonstrating that the direct binding
of chaperones to the htt"" is critical to their ability to decrease the overall aggregation propensity of
htt exon-1 [81,82,95]. Further, phosphorylation of Serl3 and Serl6 within the htt"' reduces
misfolding kinetics, resulting in aggregates of atypical morphologies [96] and attenuated htt toxicity
in symptomatic Huntington’s Disease mice [97,98]. It has been suggested that the phosphoserines

interact with neighboring lysines to destabilise the aggregation-initiating htt"" a-helix [96].

Ataxin-3 is another example of a polyQ protein with a complex multi-step aggregation pathway,
whereby the nucleating site of self-association is distal to the disease-instigating polyQ mutation.
However, in comparison to the short htt exon-1, the ataxin-3 aggregation pathway is significantly
more complex. This is in part due to the larger size of the protein, and the observation that
aggregation is nucleated by the misfolding of an N-terminal and globular catalytic Josephin domain
(JD), rather than a short peptide stretch such as htt"' [78,99-101]. Pastore and colleagues initially
identified the intrinsic aggregation capability of the isolated JD, which forms Thioflavin T-positive
and short curvi-linear fibrils upon heating or after prolonged incubation [99]. Somewhat surprisingly
however, it was observed that in the context of a full-length ataxin-3 variant with a pathological-
length polyQ tract, it is JD misfolding and aggregation that predominates over direct polyQ-polyQ
association [78]. Indeed, the first-stage of pathological ataxin-3 aggregation is JD-dependent, with
the formation of short curvi-linear fibrils resembling that of the isolated JD [78]. What distinguishes
pathologically-expanded ataxin-3 from non-expanded ataxin-3 and the isolated JD, is the presence

of a second polyQ-dependent stage characterised by the formation of large aggregates with the
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hallmark enhanced SDS-stability of the polyQ fibril structure [78]. Supporting observations of a
two-stage ataxin-3 aggregation mechanism have been made following chaperone-modulated
aggregation in vivo [101], lending weight to the importance of the misfolding of the distal JD to the
disease mechanism. Interestingly, a comparable two-stage mechanism occurs in vivo upon fusion of

polyglutamine tracts to the model CRABP protein [80].

Although both the JD-dependent and polyQ-dependent stages of ataxin-3 aggregation are often
studied as two separate phenomena, expansion of the polyQ tract substantially increases the rate of
ataxin-3 aggregation [78,100,102]. This mimics the polyQ length-dependence of aggregation
reported for polyQ disease onset and demonstrates an interdependence between the two stages.
Recent studies have begun to unravel how expansion of the distal polyQ tract modulates upstream
JD structure to nucleate ataxin-3 self-association. HD exchange and mass spectrometry studies
demonstrated that polyQ expansion increases the dynamics of helix-a4 within the JD without
altering the overall global stability of the protein (Fig. 4B) [102,103]. In agreement with earlier MD
simulations [104], the enhanced molecular mobility of this a-helix allows for an increase in the
solvent exposure of internal amyloidogenic regions that form the core of first stage curvi-linear
fibrils [102,103]. Further, alanine-scanning mutations in helix-04 can limit the effect of polyQ
expansion on its dynamic movement, reverting pathologically-expanded ataxin-3 to an aggregation
rate of non-expanded ataxin-3 [103]. In this manner, aggregation can also be slowed by ubiquitin
binding, which reduces the dynamics of the JD [105,106]. The mechanism by which an expanded
polyQ tract allosterically modulates the dynamics of the distal JD is still to be determined, but draws

significant parallels to the nucleation of the previously discussed mutations in apoA-I [107].

The ability of JD aggregation to override the inherent aggregation potential of the expanded polyQ
tract is remarkably similar to the a-helical oligomerisation mechanism proposed for htt nucleation.

In both cases, regions distal to the polyQ tract are required to nucleate fibril assembly, presumably
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by increasing the local concentration of polyQ tracts to trigger a stochastic assembly mechanism
[77]. This role of flanking domains in polyQ aggregation still remains somewhat surprising, but
taken together likely highlights a mechanism to overcome the high energetic barrier presented by

the interdigitated B-sheet packing of the polar glutamine side-chains observed in polyQ fibrils [94].

AP & tau: post-translational modifications as nucleation triggers

Aggregation-prone regions are often greatly affected by both proximal and distal post-translational
modifications. This is exemplified by two proteins implicated in Alzheimer’s Disease (AD): AP and
tau. AP is a ~4kDa secreted peptide containing a central hydrophobic region that can self-associate
as a steric zipper to form the core of amyloid plaques that are the key pathological feature of AD
(Fig. 5A) [108]. Due to its intrinsically disordered nature, AP can rapidly sample multiple
conformations, and its aggregation is subsequently highly sensitive to small chemical modifications.
For example, oxidation of Met35 downstream of the central amyloidogenic hot spot decreases the
rate of aggregation and has been suggested to play a role in AD-related oxidative damage [109]. MD
simulations and NMR studies have found a decrease in B-structures in the C-terminal half of the
peptide following oxidation of Met35 [110], likely influencing the intermediate structures sampled
early in the aggregation process. Although it remains unclear exactly how these intermediates self-
associate, a recent NMR study proposed that Met35 is responsible for forming a key contact
between monomers in the mature amyloid [111]. Interestingly, a similar effect is observed for a-syn
where oxidative stress-induced nitration of the C-terminus encourages a more globally extended
conformation and nitrated intermediates can accelerate the fibrilisation rate of unmodified

monomers [112,113].

AP itself is generated by multiple post-translational cleavage events in the amyloid precursor protein
(APP), which is expressed in neuronal synapses and plays a key role in synapse formation and

neuronal plasticity (Fig. SA) [114]. APP is a highly conserved, integral membrane protein with a
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large extracellular domain and cleavage sites for a-, - and y- secretases. B-secretase and y-secretase
processing of APP produces a 40 or 42-amino acid IDP (APs or APs). Interestingly, AP
aggregation is highly dependent on the two-residue difference between Af4 and APs,. Although
their overall aggregation pathways are similar, ABs and AP4, have significantly different self-
association kinetics [115]. Replica-exchange molecular dynamics (REMD) simulations predict that
the C-terminal two residues in A4, increase B-structures within the core amyloidogenic region
through enhancing hydrophobic clustering, compared to AP4 which has a decreased population of
B-hairpin structures [116]. In addition, AP aggregation is also likely influenced by distal protein
regions that can nucleate fibril growth in a manner analogous to that described for the polyQ
diseases (see previous section). A range of hybrid peptides incorporating the N-terminal polyQ
region and the C-terminus of the -amyloid peptide (AB), have been studied to provide insight into
the early oligomerisation events observed in AP fibril formation [117]. In the hybrid peptides, the
AP4, C-terminus acted in a similar manner to the htt"" by forming an initial a-helical oligomeric
structure that then promotes polyQ fibril formation. In contrast, AB4 did not undergo a-helical
oligomerisation and was unable to enhance the rate of polyQ fibril formation beyond the inherent
propensity defined by the polyQ tract. This potentially reflects the decreased amyloidogenicity of
the shorter AB4o C-terminus observed in REMD simulations. Post-translational processing of APP to
produce AP therefore has a marked influence on the rate of aggregation. Interestingly, some
research suggests that both species can also inter-associate to form hybrid aggregates with
substantially higher cellular toxicity [118]. Given the debated importance of early aggregation
intermediates in amyloid disease toxicity (discussed in [119,120]), these studies reiterate the
importance of gaining a greater structural understanding of the oligomerisation events that nucleate

fibril growth.

In addition to AP plaques, another major hallmark of AD is the presence of neurofibrillary tangles

(NFTs) that consist of aggregated tau protein. Under normal physiological conditions, tau is
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responsible for neuronal microtubule assembly; tau binds tubulin via four microtubule binding
regions (MBR) that form the amyloidogenic core of tau fibrils (Fig. 5B). Disruption of the tau-
tubulin interaction appears to be key in the initiation of amyloid formation and in the pathogenesis
of a number of neurodegenerative diseases collectively known as tauopathies [121]. Critically, tau is
hyperphosphorylated in all tauopathies, and this hyperphosphorylation appears to precede amyloid
formation [122] (Fig. 5B). MD simulations were used to determine the molecular basis of the
hyperphosphorylation-induced aggregation of tau [123]. Phosphorylation enhances the formation of
salt bridges between the negatively charged pThr231/pSer234 and neighbouring positively charged
basic residues. This disrupts B-structures within tau such that it can no longer bind microtubules
[124-126], while stabilising a salt bridge between pThr231 and Arg230 that competes with key salt
bridges between tau and tubulin [127]. Interestingly, post-translational modification by acetylation
also impairs the ability of tau to bind microtubules and concurrently increases its aggregation

propensity [128].

Studies have suggested that hyperphosphorylated tau has more secondary structure than the
intrinsically unfolded native state [129], and that these folded structures may increase the
aggregation potential of the protein by favouring early intermediates in the aggregation pathway
[122]. Specifically, phosphorylation stabilises an amyloidogenic a-helix between residues 236-243
[123,130]. A more recent study corroborated this theory, finding that phosphorylation at Ser235,
Ser237 and Ser238 additionally stabilise a transient a-helix between residues 239-242, increasing
the overall rate of fibril formation [127]. Interestingly, this intramolecular interaction is regulated by
a cis-trans isomerisation of the Thr231-Pro232 bond and a cis-locked isomer is more resistant to
dephosphorylation and is subsequently more aggregation-prone, in addition to being unable to
promote microtubule assembly [131,132]. Hyperphosphorylation also promotes electrostatic
repulsion between the amyloidogenic repeat region and the C-terminus, exposing the aggregation-

prone residues and increasing rates of fibril growth [133-135]. The tau C-terminus is known to have
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a protective effect on aggregation as its cleavage increases fibrilisation kinetics [136]. This region
interacts with residues 321-375 within the microtubule-binding repeat region, potentially stabilising
it or occluding it from aggregation-inducing intermolecular interactions [136]. Interestingly, C-
terminally truncated tau, rather than the full-length protein, is released from neurons, indicating that

this proteolytic processing may be a key event in the spacial progression of tauopathies [137].

Together, these cases illustrate how primary and secondary structural elements are insufficient to
define the ability of a protein to aggregate. Contributions from chemical modifications and
proteolytic cleavage, as well as the physical effects of the cellular milieu, can be definitive in the

adoption of aggregation-prone structures.

Conclusions

Recent work discussed herein has highlighted the importance of regions distal to the classically
implicated amyloidogenic domains in protein aggregation. However, considerable work remains in
order to determine how the structural rearrangements described in this review translate to in vivo
systems. Initial studies have begun to delineate the role of particular amyloidogenic intermediates
within a cell, taking into account factors such as biomolecule interactions, the subcellular or
extracellular environment and cellular crowding and physical effects [138-142]. However this area
still requires extensive research, particularly focusing on the contributions from distal regions to
these phenomena. The application of high-resolution structural techniques, including cryoEM and
ssNMR, to examine the oligomeric species in these aggregation pathways should allow for even
greater structural insight in the future. Specifically, the role and structure of key distal domains in
these intermediate states will allow greater understanding of the extent of their role in protein
folding. Future work will also need to elucidate the role of these regions in the pathological
oligomeric intermediates and how they contribute to disease progression. Together, this knowledge

will clarify potential strategies for therapeutics targeted to these regions.
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Figures legends

Fig 1. Aggregation triggered by global deprotection of amyloidogenic regions. (A) « -syn is an IDP
comprised of an N-terminus, the amyloidogenic NAC domain and a C-terminal tail that forms
inhibitory interactions with the NAC domain (upper left). The primary sequence of « -syn is shown

(lower left), highlighting the amyloidogenic NAC domain (red), residues 46-54 that form part of the

core of pre-amyloid fibrils (light blue) and PD-associated mutations (A30P, E46K, H50Q, A53T,
dark blue). (B) « -syn acquires additional secondary structure upon interaction with the cell

membrane (PDB ID 1XQ8 [143]), and (C) the equilibrium between the unstructured and partially-

structured forms is believed to be pivotal in formation of amyloid fibrils (PDB ID 2NOA [4]) (right).

Fig. 2. Aggregation triggered by deprotection of amyloidogenic regions. (A) Bf2m binds MHC 1
(green) to aid in antigen presentation (PDB ID 3MY]J [144]). (B) Monomeric 2m (PDB ID 1LDS
[145]) is B-sheet-rich and adopts an IgG-like fold. (C) Conformational rearrangements occur upon
truncation of the N-terminal six residues (AN6, PDB ID 2XKU [42]) to increase rates of
aggregation. (D) Isomerisation of the X-Pro32 bond to a trans state to form the aggregation
intermediate, It (PDB ID 4KDT [146]) induces a global conformational change to expose the
central hydrophobic region (lower middle). Further amyloid formation has been proposed to occur
by two alternate domain-swap theories, involving: (E) exchange of the D-E loop (dark purple, PDB
ID 3LOW [50]) and oligomer growth by runaway domain swapping; or (F) exchange of the F-G
loop (light purple, PDB ID 2X89 [51]) and oligomer growth by dimer addition (right). The primary
sequence of B2m is shown (lower left), highlighting the amyloidogenic region (red), N-terminal six
residues (light blue), Pro32 (dark blue) and two loop regions proposed as the domain-swapped

regions in alternate hypotheses (light and dark purple).
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Fig. 3. Propagating structural perturbations initiate aggregation. (A) ApoA-I forms helical dimers to
bind lipids (PDB ID 2MSC [147]) (upper left). Dimerisation from lipid-free apoA-I involves
unfurling of the N-terminal helical bundle through conformational change within the hinge region
(light blue) (PDB ID 3R2P, monomer model from [148]) (upper middle). (B) Aggregation occurs
first through rearrangement of N-terminal amyloidogenic regions to B-structures, which then
propagate to downstream regions (right). This structural propagation is facilitated by disease-
associated point mutations. (C) Proteolysis downstream of Leul59 targets the protein for cellular
degradation. The primary sequence of apoA-I is shown, highlighting amyloidogenic residues 14-22,

53-58, 69-72 and 227-232 (red), the hinge region (light blue) and Leul59 (dark blue).

Fig 4. Distal protein domains nucleate aggregation. (A) Aggregation of htt exon-1 (PDB ID 3I0W
[149]) occurs firstly through self-association of the helical htt"' (upper left), followed by
aggregation of the extended polyQ region (right) to form fJ -rich aggregates. The primary sequence
of htt exon-1 is shown (lower left), highlighting the htt"" (dark blue), polyQ tract (red) and polyP
region (light blue). (B) Ataxin-3 aggregation occurs through JD self-association (PDB ID 3065
[150]), whereby helix-a4 (dark blue) movement and self-association forms the JD core (upper left).
Expansion of the polyQ tract (red) increases the dynamics of helix-a4, increasing the rate of JD-
dependent fibrilisation and allowing polyQ-dependent aggregation (upper right). The primary
sequence of ataxin-3 is shown (lower middle), highlighting helix-a4 (residues 76-89) and polyQ

tract.

Fig. 5. Post-translational modifications as nucleation triggers. (A) Proteolytic processing of APP
(PDB IDs IMWP [151], IOWT [152], 3NYL [153], 1IYT [154]) by B and vy secretases (upper left)
releases AP (centre, upper PDB ID 1BA4 [155], lower PDB ID 11YT) which has a high propensity
to aggregate to fibrils (right, PDB ID 5KK3 [111]) and amyloid, dependent on the length of its C-
terminus (light blue) and oxidation of Met35 (dark blue). The primary sequence of AP is shown
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(lower centre), highlighting the amyloidogenic region (red), Met35 and C-terminal extension for
AB42. (B) Under normal physiological conditions, tau binds tubulin through its microtubule binding
regions (MBR, green) to maintain the structure of microtubules (left). Upon phosphorylation,
aggregation-prone residues (red) within the MBRs are freed from inhibitory interactions with the C-
terminus, allowing tau aggregation (right). The rate of aggregation is further increased by N-
terminal and C-terminal proteolytic cleavage. The primary sequence of tau is shown (lower centre),

highlighting the amyloidogenic residues.
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Highlights:
Protein aggregation to amyloid forms the molecular basis of a range of diseases
Early events in protein misfolding define the aggregation pathway
Recent detailed atomic and temporal insights have explained early misfolding events
Distal regions beyond the classically amyloidogenic domains define aggregation

Therapeutic targeting of distal regions is likely to aid in disease treatment
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