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Abstract
α-Synuclein is an intrinsically disordered protein that is commonly expressed in
neuronal cells where it is thought to play a role in neurotransmitter recycling.
Aggregation of α-synuclein into amyloid fibrils has been linked to the development of
a number of neurodegenerative diseases including Parkinson’s disease and dementia
with Lewy bodies. Transmission of α-synuclein fibrils between neurons has been linked
to the progression of α-synuclein associated diseases. Moreover, exposure of cells
to α-synuclein fibrils has been shown to induce cellular dysfunction and ultimately
cell death following internalisation. Therefore, in order to better understand the
mechanisms by which α-synuclein fibrils disrupt cellular function, the identity of
the protein interactors of α-synuclein fibrils, following cellular internalisation, is of
considerable interest.

Herein, a system was developed by which α-synuclein fibrils can be assembled from
recombinant monomer, internalised by a neuronal-like cell line, and isolated – both
following internalisation and from cell lysate – using a magnetic biotin-streptavidin
isolation system. Proteins that co-isolated with α-synuclein fibrils were then identified
and separated from background binding proteins by quantitative mass spectrometry,
to define the α-synuclein fibril interactome. Cellular pathways as well as protein
complexes that were overrepresented in the α-synuclein fibril interactome were then
characterised by a variety of bioinformatic techniques.

By this method a number of pathways were identified that may link α-synuclein
fibril internalisation to cellular dysfunction. These included interference with the
nucleo-cytoplasmic transport machinery, sequestration of translational proteins in-
cluding entire ribosomal complexes, disruption of the cellular trafficking – particularly
of the endoplasmic reticulum to the Golgi – and potentially inducing mitochondrial
dysfunction. This work demonstrates the application of unbiased proteomic study to
the characterisation of an α-synuclein fibril interactome, and highlights a number of
avenues for future research.
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1
Introduction

1.1 Amyloid: A Historical Perspective

Amyloid is a term classically used to refer to abnormal fibrous, extracellular structures
formed of proteins or peptides. It was coined in the mid 19th century by Rudolph
Virchow to describe a tissue abnormality in the cerebral corpora amylacea, that
exhibited positive iodine staining [1]. The macroscopic description of the cerebral
abnormality was similar to an abnormality previously described in the liver and spleen.
Due to the blue staining upon the addition of iodine and subsequent violet staining
when treated with sulfuric acid, Virchow concluded that the deposit consisted of
starch, and derived the term amyloid from the latin term for the same [1].

However, shortly thereafter it was shown by Friedreich and Kekulé [2] that amyloid
deposits in the liver predominantly contained protein. Furthermore the study showed
limited presence of detectable carbohydrate associated with the deposits [2], switching
the focus of future studies of amyloid deposits from carbohydrate to protein. Later
investigations into the tinctorial properties of these deposits further revealed specific
binding to the birefringent dye Congo Red, producing an "apple green" birefringence
under a polarising light microscope [3], a finding that indicated the presence of a
highly ordered subunit structure [4, 5]. Later transmission electron micrographs
demonstrated that the inclusions contained fibril like protein structures [6] while
studies using X-Ray fibre diffraction technology revealed a 4.7Å cross-β repeating
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feature down the fibril axis [5, 7, 8](Fig. 1.1), establishing a structural footprint
for amyloid. At the same time, the identification of an amyloid prone protein in
several disease related plaques including amyloid A [9], antibody light-chains [10] and
transthyretin [11], demonstrated that amyloid fibrils could be formed by a number
of protein precursors.

Figure 1.1: Arrangement of cross β fibril structure. A) representation of parallel
cross-β sheet structure, in which the N and C terminals of strands within a β sheet
are aligned. In each sheet cross-β strands are aligned perpendicular to the fibril axis,
stabilised by hydrogen bonds with a spacing of 4.7Å. Cross-β sheets associate with an
inter-sheet distance of 10-11Å. B) Hydrogen bonds that stabilise the cross-β structure
of the β-sheet, in a parallel cross-β structure.

Since the identification of the cross-β structure of amyloid fibres a cornucopia
of techniques have been leveraged to investigate the amyloid fold [5] including: (i)
X-ray fibre diffraction, often used as an orthoginal validation technique in which
simulated diffraction patterns are compared with experimental data [12]; (ii) X-ray
crystallography and micro-electron diffraction of microcrystals, especially useful for
determining the structure of small amyloidogenic peptides [13–15]; (iii) solid state
nuclear magnetic resonance (NMR), capable of determining the dihedral angles and
inter-atomic distances between the fibril subunits, facilitating the building of atomic
models based on these constraints [16–19]; and (iv) cryo-electron microscopy (EM),
a technology that has been in use for decades but has only recently become able to
resolve fibrils at atomic detail [20, 21], an advancement that represents a step change
in the field of structural biology. Utilising these techniques it has been possible to
identify how individual protein subunits can form the stereotypical cross-β structure.
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1.2 Formation of Amyloid

The formation of the amyloid fibril from the diverse protein subunits is an ongoing field
of discovery, and there is keen interest in understanding the molecular mechanisms
by which this can occur, since discoveries in made here may shine a light on a
potential treatment for one or more amyloid related diseases [5, 22]. In order to
understand how a wide variety of protein subunits with highly divergent amino acid
sequences can self assemble into the highly-ordered cross-β structure stereotypical of
amyloid fibres, it is important to understand the manner by which these proteins
can adopt different structures as well as what can induce them to undergo structural
changes [22, 23]. Furthermore, it is important to understand how unwanted amyloid
formation is prevented in a physiological system thereby preventing the development
of an amyloid related disease.

1.2.1 Assembly of Amyloid Fibrils

Protein function depends upon its three dimensional structure which in turn depends
upon protein folding. An early hypothesis for protein folding suggested that all the
information required for a protein to reach its native fold was encoded in its amino
acid sequence [24] and involved a systematic search of all possible conformations.
However, it was soon realised that this could not occur in a physiologically relevant
time scale [25, 26] a problem that became known as the Levinthal paradox [25, 26].

Further studies have, however, provided a resolution for this paradox. It has
demonstrated that in vitro protein folding occurs by a stochastic search of the
conformations available to the polypeptide chain, eventually arriving at a ther-
modynamically stable conformer [27]. The protein then begins a search of the
conformations available to this conformer. Since it is unfavorable for a protein to
move away from a stable state to an unfolded state, folding progresses in a fashion
that can be described conceptually as a folding tunnel Fig. 1.2. It can be envisioned
as the protein "falling" down the energy landscape, moving from one stable conformer
to another conformer with greater stability [25].

Amyloid proteins are proteins that can fold to adopt β-sheet rich, oligomeric
and fibrillar conformers [27]. Many biologically active proteins such as curli (a
major extra-cellular matrix protein produced by many Enterobacteriaceae [28]) adopt
these conformations physiologically. However for other proteins this conformation
represents the occurrence of a misfolding event. In such proteins, the native state
of a protein is not the most thermodynamically stable conformer, rather it remains
in this state due to an energy barrier preventing it from adopting the more stable
conformation. Misfolding events can allow the protein to overcome this barrier to
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Figure 1.2: Energy landscape scheme of protein folding and aggregation showing
the movement of the unfolded protein at the high energy state through lower energy
states to the native conformation and the energy barrier that separates the native
conformation from the lower energy oligomeric and fibrillar conformations.

adopt oligomeric and fibrillar structures [27]. Many in vivo proteins require the
assistance of molecular chaperones to reach their native conformation and the failure
of this process can lead to a number of amyloid related diseases. Other amyloidogenic
proteins such as β2-microglobulin (β2M), can become unfolded and aggregation prone
following dissociation from a folded protein complex.

Amyloid consists of straight, unbranching peptide fibrils. Aggregation of proteins
to an amyloid fibril occurs broadly in two stages, the first is nucleation where misfolded
protein monomers reversibly bind to one and other to form β-sheet rich oligomeric
species [29]. In a simplified kinetic model, this oligomeric core eventually reaches a
critical mass at which time monomers begin to bind irreversibly [30], leading to the
formation of amyloid fibrils (Fig. 1.3). Each amyloid related disease predominantly
involves the aggregation of a specific protein, although many other components can
be found incorporated into the in vivo deposits. Although the soluble species of the
many amyloidogenic proteins can be very disparate in structure, amyloid fibrils have
many common characteristics regardless of their protein backbone [31]. Through
the use of X-ray diffraction it was demonstrated that amyloid fibrils are composed
of polypeptide chains stacked in cross- β conformation, running perpendicular to
the fibril axis. The core structure of the fibril is stabilised primarily by interactions
of the peptide main chain, explaining the similarity of fibril structures arising from
proteins with very different amino acid sequences.
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Figure 1.3: Fibril growth curve illustrating kinetics of amyloid formation. Mono-
meric subunits first misfold to form an oligomeric conformation that then undergoes
a conformational shift to an elongation competent prefibrillar nucleus. The time
taken to reach this nucleus is known as the lag phase. Elongation of the nucleus
then occurs by monomer addition onto the fibril. Finally the proto-fibrillar amyloid
associates with another proto-fibril during a process known as fibril maturation.
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1.3 Functional Amyloid

Although amyloid formation is typically associated with misfolding and disease,
there is a growing body of evidence identifying several cases of beneficial amyloid
or amyloid-like proteins. In 2000 the term "functional amyloid" was coined to
describe such proteins and distinguish them from their pathogenic cousins [32].
These functional amyloids utilise the intrinsic properties of a key structural element
of amyloid proteins, the cross-β fold, to facilitate important cellular tasks [33–36].
The thermodynamically stable structure of the amyloid fibril facilitates their use as
cellular scaffolds while their compact size lends them to use as protein storage systems
[37–41]. Indeed, the diversity of uses of this structure, shown to have functions in
both eukaryotic and prokaryotic organisms [34, 41], suggests that the functional
amyloid may represent an essential protein folding state.

The presence of functional amyloid in bacteria is widespread, and was the initial
focus of functional amyloid studies [36]. Since then, functional amyloids have been
identified in both Gram negative and Gram positive bacteria with roles ranging from
survival to increased pathogenicity [42]. An early example of a bacterial functional
amyloid was the discovery of their importance to the structural congruency of a
bacterial biofilm [36]; a form of bacterial community in which bacteria are contained
within an extracellular matrix of proteins, saccharides and other organic molecules
[43].

These structural amyloids of the bacterial biofilm include the curli family of
proteins [36, 44], known to be essential for the formation of the effective formation
of biofilms in a large number of bacteria [28]. Curli proteins act as a scaffold within
the extracellular matrix, for which the stability conferred by the β-sheet nature
of amyloid fibrils is of significant benefit. It was shown that curli proteins form
amyloid fibrils within this matrix via a highly regulated process, in order to avoid
toxic, off-pathway effects [36]. The formation of curli occurs through the regulated
aggregation of the protein CsgA into β-sheet rich fibrils, based on the nucleation
capabilities of the protein CsgB, which remains anchored to the bacterial outer
membrane and serves as a seed for CsgA aggregation [45]. In addition to curli, many
other amyloid proteins have been shown to form important structural components
of various bacterial biofilms including: functional amyloid in pseudomonas (FAP)
[46], enabling the adhesion of Pseudomonas colonies to surfaces; TasA from Bacillus
[47], involved in cell-to-cell adhesion as well as spore dispersal and motility [48]; and
biofilm associated protein (BAP)s from Staphylococcus [49], crucial in Staphylococcal
infectivity.

Other functions performed by functional bacterial amyloids include protein storage
and anti-toxic functions [50], pathogenic activity [51, 52], and cell defence through
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host-cell lysis [53, 54]. For example, the bacterial toxin microcin E492, produced by
the Klebsiella pneumoniae bacteria, is reversibly sequestered into non-toxic amyloid
fibrils [50]. This fibre can then dissociate under certain environmental conditions,
including changes in pH [55], releasing a pore-forming oligomeric conformer of the
protein capable of killing other competing Enterobacteria [55]. Conversely, the
phenol-soluble modulins of Staphylococcus aureus, rely on an amyloid-like structure
to induce toxicity in human T-cells [54].

The first evidence of functional amyloid in humans came in 2006 [34] with the
discovery of amyloid-like, thioflavin T (ThT) positive, fibrils of the Pmel17 protein
forming within melanin synthesis and storage organelles, known as melanosomes
[34]. It was shown that the purpose of these structures was the sequestration of
toxic biosynthetic intermediates, produced during the synthesis of melanin [34].
This discovery was soon followed by evidence of a heteromeric amyloid signalling
complex comprised of receptor serine/threonine protein kinase (RIPK)-1 and RIPK-
3, identified as a key component of a inflammation-driven programmed cell-death
pathway, necroptosis [56, 57]. This occurs through the amyloidogenic co-assembly of
RIPK subunits into necrosome signalling complex [58], the necrosome then recruits
and phosphorylates mixed-lineage kinase domain-like (MLKL) a downstream effector
in necroptosis [58].

Another method by which functional amyloids modulate human cell function can
be seen in amyloid-bodies, which, in cells subject to external stressors, act as storage
units for proteins [37]. Stressors capable of inducing the formation of amyloid bodies
in the nucleus include heat shock and acidosis [37] which can induce multiple proteins
(>180), including those involved cell cycle progression and deoxyribonucleic acid
(DNA) synthesis, to assemble into amyloid-bodies, resulting in the cell entering a
"dormant" state [37]. Within these amyloid bodies proteins can be found sequestered
as fibrils that exhibit a cross-β X-ray fibre diffraction pattern characteristic of amyloid
fibrils [37]. In a similar manner to that seen in bacterial examples of sequestration
via amyloid fibril formation [50], this aggregation is reversible and monomeric protein
is released following the removal of the stressor [37].

Similarly, several peptide hormones have been shown to be stored intracellularly
as amyloid fibrils, within the acidic environment of endocrine secretory granules [38].
However, this aggregation is pH dependent, with the amyloid fibre dissociating into
monomeric peptides upon the release of the secretory granule into the pH neutral
environment of the extracellular matrix [38].

Furthermore, functional amyloids have potentially been identified in the innate
immune response to infection. Antimicrobial peptides (AMP)s are key effector
proteins in the innate immune response to microbial infection, functioning to induce
cell death in invading microorganisms through channel forming mechanisms [59, 60].
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It has been demonstrated that AMP peptides exhibit a cross-β structure similar
to that seen in amyloid fibrils [61]. Furthermore, generic amyloidogenic peptides
containing β-sheet rich regions will form channels in lipid bilayers [62, 63] while
the AMPs LL-37 and protegrin-1 have been shown to be capable of assembly into
amyloid-like fibrils [64, 65], data that together is suggestive of a functional amyloid.

In cases of functional amyloids, there must be stringent controls on fibril assembly
and localisation in order to prevent amyloid formation from becoming toxic. Indeed
several functional amyloids have been shown to display toxic side effects when
mislocalised or fibril assembly is perturbed [38, 66–68]. Interestingly, the archetypal
amyloid protein, amyloid-β (Aβ) (linked to the development of the neurodegenerative
disease Alzheimer’s disease), may be a functional amyloid itself, functioning as an
AMP to target pathogenic bacteria and fungi [69, 70] with amyloid aggregation of
Aβ central to its anti-microbial function [69–71].

Cells utilising functional amyloids may prevent off target toxicity through a variety
of mechanisms including: regulating the level of amyloidogenic proteins in the cell [72,
73]; minimising the levels of potentially toxic [74–76] pre-fibrillar oligomers [34, 72];
sequestering amyloid assembly reactions within membrane bounded compartments
[34, 38, 72]; only inducing amyloid formation as required, via molecules that induce
the formation of amyloid fibrils by otherwise stable proteins/peptides [37, 38, 72]. In
cases where unwanted amyloid formation occurs the deleterious side effects seen in
classical amyloid diseases can be found.
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1.4 Disease Related Amyloid

From the first discovery of what came to be termed amyloid there was a close
association with disease, with Virchow’s discovery being made in a patient autopsy
sample [1]. One of the early diseases to be associated with the presence of amyloid
plaques, and the disease perhaps the disease most commonly associated with amyloid
pathology was Alzheimer’s disease. This disease was first documented by Alois
Alzheimer in 1906 [77], where it was demonstrated that the post-mortem plaques of
the afflicted patient exhibited iodine staining, classically associated with amyloid
fibres. Since that time over 50 proteins or peptides all with dissimilar primary amino
acid sequences, have been shown to assemble into amyloid fibrils that are associated
with one or more human diseases [5, 78].

These diseases straddle many medical fields, from neurodegenerative disorders,
such as the aforementioned Alzheimer’s disease involving the amyloid proteins Aβ
[79] and tau [80], Parkinson’s disease linked to the amyloid protein α-synuclein [81]
and Huntington’s Disease (amyloid protein huntingtin [82]), to disorders affecting the
pancreas such as the Type-II diabetes typified by islet amyloid polypeptide (IAPP)
aggregation in the Islets of Langerhans [83]; and disorders of the kidney and heart
resulting from antibody light chain deposition [84], to name but a few. Amyloid
proteins also play a role in treatment related illnesses such as with dialysis related
amyloidosis, caused by the accumulation of aggregated β2M in osteo-articular tissues
[85].

Moreover, it has been noted that there exists a degree of cross-talk between
amyloid fibrils and their associated diseases, a good example being the presence of
amyloid protein α-synuclein found in Alzheimer’s disease patients [86]. In Parkinson’s
disease and other related conditions such as dementia with Lewy bodies (DLB),
α-synuclein and tau inclusions have been identified in the same cell and even co-locate
to the same inclusion body [87]. Similarly in familial Danish dementia, co-localisation
of Aβ and another amyloidogenic peptide Dan-amyloid has been described [88]. These
data have been further substantiated with in vitro evidence demonstrating the ability
of Aβ and IAPP to interact with one and other, co-aggregating into hybrid amyloid
fibrils [89]. This extends to the diseases themselves with patients suffering from IAPP
associated type-II diabetes are at significantly higher risk of developing Alzheimer’s
disease [90].

Although it is not altogether clear what drives the onset of amyloid disease, it
has been noted that in many cases age is a factor, and many of the most common
amyloid diseases involve the aggregation of physiological proteins [91]. In rarer
cases a mutation in the wild-type protein can increase the aggregation propensity
of the precursor [92–94] thereby increasing the likelihood of amyloid deposition.
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In other cases an increase in concentration of the wild-type amyloidogenic protein
through gene multiplication is sufficient cause the onset of an amyloidogenic disease
[95, 96]. In these rarer genetic cases the age of disease onset is often significantly
lower, and the progression of the disease faster, than in cases involving the wild-type
protein. However, in some cases of sporadic amyloid disease, the causative factor
may be similar to the widespread increase in concentration seen in cases of gene
multiplication. Spatially limited increases in concentration, driven by liquid phase
separation [97], are capable of inducing aggregation in the amyloidogenic tau protein
[98].

In some instances of amyloidogenic disease, the development of the amyloid-
associated disease is reliant on the expansion of an amino acid sequence in the
amyloid precursor protein [82]. This sequence, often one prone to aggregation,
increases the aggregation propensity of the amyloid protein, such as is the case in
tri-nucleotide repeat diseases [99]. These diseases include poly-glutamine (poly-Q)
associated diseases such as Huntington’s disease, in which a poly-Q repeat sequence
is expanded within the huntingtin protein [82, 100], as well as poly-alanine (polyA)
expansions in polyadenylate-binding protein 2 (PABPN1) [101] associated with
oculopharyngeal muscular dystrophy [102].

In other cases, the onset of amyloid aggregation and progression into a disease
state may be the result of an increased level of amyloidogenic sequences through
a disruption to post translational processing. In Alzheimer’s disease, for example,
two paths exist for the cleavage of amyloid precursor protein (APP) : under normal
conditions most APP is cleaved by α secretase, releasing non-amyloidogenic peptides,
under disease conditions however, cleavage by γ secretase is elevated, releasing the
amyloidogenic peptide Aβ[103]. Increases in the amyloidogenic protein Aβ have been
proposed as a possible mechanism for disease development [103]. Furthermore, there
is evidence that even minor modifications in a protein’s primary sequence, such as
truncation, can dramatically alter amyloidogenicity: for example, an increased ratio
of Aβ40 to Aβ42 is associated with a greatly reduced the risk of Alzheimer’s disease
[104], while shortening of the amyloidogenic apolipoprotein A1 greatly increases the
risk of systemic amyloidosis [105].

1.4.1 Maintaining Protein Homeostasis

Under normal conditions cells have a multiplicity of mechanisms at their disposal to
prevent the unwanted aggregation of endogenous proteins, and deposition of fibrils in
amyloid plaques or inclusions [106]. This cellular quality control system responsible
for maintaining cellular protein homeostasis involves coordinating several pathways,
including protein biogenesis, folding, trafficking and degradation. Failure of any one
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of these processes can lead to runaway accumulation and misfolding of endogenous
protein [106].

1.4.2 Molecular Chaperones

One mechanism used to manage the risk of protein misfolding is the molecular
chaperone; a protein that stabilises or assists in the proper folding of another protein
in a catalytic manner [107]. One key group of molecular chaperones is the family
of heat shock protein (HSP)s, named as such for their upregulation during cellular
stress [107, 108]. These proteins are responsible for folding newly synthesised and
misfolded proteins [109] as well as the trans-membrane transport of proteins [110]
and performing protein degradation functions, targeting non-repairable proteins to
the ubiquitin proteasomal pathway [108, 111]. Classically molecular chaperones
prevent self-association and aggregation by binding exposed hydrophobic regions of
the target protein [112].

Molecular chaperones are closely entwined with amyloid diseases, with several
members of the HSP family of chaperones capable of suppressing the aggregation
[113] and reducing the cellular toxicity of poly-glutamine amyloid [114]. Likewise
HSP-70 can prevent α-synuclein induced toxicity in a model system of disease by
binding aggregation intermediates [115–118]. Molecular chaperones have also been
shown to play a role in preventing the development of Alzheimer’s disease, where
activation of the HSP chaperone system significantly reduced the levels of soluble
Aβ while multiple HSPs [119] alleviate tau toxicity when overexpressed in cells [120].

In transgenic mice it has been demonstrated that the upregulation of HSP70,
a major protein in the HSP chaperone network, reduces the aggregation load and
significantly improves survival [116, 121]. HSP70 achieves this by co-operating with
a co-chaperone that transfers misfolding proteins to HSP70 [122]. When incubated
in vitro with amyloidogenic peptides, HSP70 can prevent the formation of oligomeric
intermediates [123]. As such chaperones appear to be most effective when introduced
during the lag phase of amyloid fibril aggregation [124] and are thus focused on
preventing aggregation before it occurs.

However, in addition to this primary function, molecular chaperones have also
been shown to possess a degree of disaggregase activity, and have been shown to
be capable of disassembling a number of amyloid aggregates. Several HSP proteins
including HSP-110, HSP-40 and HSP-70 have been shown to cooperate in metazoan
cells, to rapidly and effectively disassemble amorphous misfolded protein aggregates
and return them to an active state [125–127], while the same system can exploit slow
monomer exchange dynamics of amyloid fibrils to gradually depolymerise ordered
amyloid aggregates [125, 126, 128]. Furthermore, a trimeric chaperone complex of
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HSP-110, HSP-70 and J-protein, another class of molecular chaperones, has been
shown capable of complete depolymerisation of huntingtin fibrils [129] and α-synuclein
fibrils in an adenosine triphosphate (ATP) dependent manner.

Indeed, though there is no direct ortholog in metazoan cells, yeast cells can
leverage the HSP104 protein that has been shown to effectively disassemble a number
of amyloid fibrils [130–133]. To disaggregate amyloid fibrils, the hexameric subunits
of HSP104 cooperatively engage the substrate, and in an ATP dependent manner
disaggregate the amyloid fibril by threading through a central pore [134, 135]

It is therefore clear that chaperones play an important role in preventing amyloid
deposition both by attenuating initial aggregation, and potentially by aiding in the
depolymerisation of mature aggregates.

1.4.3 Unfolded Protein Response

The unfolded protein response (UPR) is a system that operates in the endoplasmic
reticulum (ER) that is induced during periods of cellular and ER stress. By reducing
repressing translation, the UPR attempts to reduce the unfolded protein load on the
cell [136, 137]. Stressors that can induce the activation of the UPR include, among
others, amino acid deprivation, viral replication, and the presence of unfolded proteins.
In order to rectify these stressors the UPR upregulates molecular chaperones [138],
transcription and translation is down-regulated [139] and ER-associated degradation
(ERAD) increased [140] to accelerate clearance of slowly folding or misfolded proteins.
Should the cell be unable to resolve the protein-folding defect, the UPR is capable of
triggering the cell-death signalling pathways [136, 137].

The UPR can be activated from three major kinases acting as sensors for the
UPR. These kinases are: protein kinase ribonucleic acid (RNA) (PKR)-like ER kinase
(PERK), inositol-requireing enzyme 1 (IRE1) and activating transcription factor 6
(ATF6) [141]. In cases of amyloid related diseases activation of many of these UPR
sensors has been demonstrated [142]. In tissue samples of Alzheimer’s disease patients
an increase in phosphorylated PERK which associated with hyperphosphorylated
tau protein, indicative of fibrillar tau tangles [142, 143]. Likewise phosphorylated
PERK has been identified in Parkinson’s disease and multiple system atrophy tissue
samples where it associates with α-synuclein [144], while in Huntington’s disease
increased levels of phosphorylated IRE1 were detected [145]. These data suggest
that the UPR plays a role in attempting to prevent amyloid aggregation.

1.4.4 Compartmentalisation

Another mechanism by which the cell can prevent the unwanted aggregation of
amyloidogenic proteins is the sequestration of misfolded proteins into distinct control
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compartments. Such compartments can act as storage facilities until such time as
the protein can be refolded or degraded as appropriate. Several such compartmental-
isation mechanisms exist: insoluble proteins may be sequestered near the periphery
of the cell in structures known as insoluble protein deposit (IPOD)s [146], whereas
misfolded but soluble proteins accumulate in a juxtanuclear quality control (JUNQ)
compartment [146] for degradation, or into an ER-anchored Q-body [147]. Insoluble
proteins may also be sequestered into compartments known as aggresomes should
the proteasome be impaired [148].

The JUNQ and Q-bodies contain chaperones and clearance factors, facilitating a
more efficient processing of misfolded proteins [146], while the IPOD and aggresomes
contain disaggregases and autophagy related proteins to protect the cell from toxic
misfolded species [146]. It is noteworthy that poly-Q expanded huntingtin and
prion protein intermediaries and aggregates are directed to and accumulate within
IPODs [146, 149] where they await further degradation by downstream pathways.
Furthermore, when poly-Q expanded huntingtin is expressed in tissues, aggresome
formation can be observed [150]. These aggresomes appear to be protective to the
cells they appear in with such cells still capable of undergoing mitosis [150].

1.4.5 Protein Degradation

Finally, should it not be possible to recover the misfolded protein to an active state
the cell has several protein degradation pathways available [151]. The first is the
ubiquitin proteasome system which is called on for the removal of soluble misfolded
proteins. The system is dependent on a cascade of three enzyme ligases that conjugate
the protein ubiquitin to the misfolded protein. The ubiquitinated protein can then
be identified by chaperones and transported to the proteolytic system, where it is
unfolded and cleaved into shorter peptides [152].

The second pathway available to the cell for protein degradation is chaperone
mediated autophagy (CMA). CMA target and degrade proteins expressing a KFERQ-
like motif recognised by the chaperone heat shock cognate (HSC) 70, a constitutively
expressed variant of HSP70. HSC70 delivers matching proteins to the lysosome for
degradation by lysosomal hydrolases [153, 154].

Should misfolded or aggregated proteins avoid degradation by the first two
pathways they are subject to macroautophagy. Here proteins targeted for removal are
segregated into autophagosomes which then fuse with lysosomes where degradation
proceeds as with CMA [155]

There is evidence that CMA and ubiquitin proteasome are activated in the brains
of Parkinson’s disease patients [156, 157]. Furthermore CMA has been shown to
target APP, tau and α-synuclein via one or more KFERQ-like motifs [156, 158,
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159]. Deletion of this motif in APP resulted in the failure of APP transport to the
lysosome and an accumulation of C-terminal fragments and phosphorylated tau [158].
Similarly inhibition of the ubiquitin proteasome system has been reported to induce
pathology in a mouse model of Parkinson’s disease [160, 161].

1.4.6 Amyloid Diseases and Ageing

A noteworthy risk factor of sporadic amyloid-related diseases, as mentioned previously,
is aging [91]. It has been proposed that during aging or under an environment of
continuous cellular stress, the cell becomes unable to maintain cellular protein
homeostasis [106]. This failure increases levels of misfolded proteins in the cell
thereby further straining the quality control system, compounding the failure and
eventually leading to the deposition of protein aggregates [106, 162]. The number of
reasons age may reduce the protein quality control system of a cell are myriad and
complex however some key events have been elucidated.

In aged cells there appears to be an impairment of the upregulation of molecular
chaperones [155]. This includes HSP70 which, when measured in cells taken from
aged rats, is no longer induced to the same extent following heat shock as when
measured in cells taken from younger rats [163–165]. Such a reduction in activity
may result from accumulation of oxidative damage [166, 167]. This is accompanied
by a reduction in the absolute levels of these chaperones with age [168], further
reducing protein folding capacity of the cell.

Furthermore, since many molecular chaperones require ATP for proper function,
it may be that age dependent depletion of ATP levels may contribute to the reduction
in their activity [169–171]. This may result from an age dependent reduction in
mitochondrial function [169, 170]. This is reflected by induction of ATP independent
chaperones in the aging brain [172]. The loss of these chaperones will not only impact
the ability of the cell to maintain proper protein folding, but also attenuate the CMA
pathway, thereby additionally reducing the cell’s degradation capacity.

An increase in misfolding proteins as a result of reduced chaperone capacity
should be managed by the activation of the UPR. However, elements of the UPR
have also been shown to decline with age including PERK levels [173] and IRE1
activation [174]. Thus age appears to play an important role in priming cells for
misfolding and amyloid aggregation.
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1.5 The Synucleinopathies: Parkinson’s Disease
and Dementia With Lewy Bodies

Parkinson’s disease and DLB are among the most common neurological disorders
associated with aging [175]. Parkinson’s disease was first described in 1817 by James
Parkinson, [176] a description of the disease that was later revised and refined by
Jean-Martin Charcot in the mid-1800s [177]. The symptoms of Parkinsonism are
now well defined and include bradykinesia (slowness of movement), tremor when
at rest, and muscular rigidity [178]. Several non-motor symptoms of the disease
have also been described including olfactory dysfunction and sleep disorders [179]
some of which are present before the onset of typical motor symptoms [180]. DLB is
characterised by a progressive and disabling cognitive impairment that progresses
rapidly to dementia. Attention deficit and problem solving difficulties often mark
the onset of the disease [181]. However, presentation between the diseases is not
clear cut and many symptoms are shared between DLB and Parkinson’s disease.

A feature of Parkinson’s disease, thought to be the major cause of disease related
symptoms, is the loss of dopaminergic neurons within the substantia nigra. Loss
of neurons specifically in the ventrolateral tier of the substantia nigra where the
loss is most severe (91% neuronal loss per decade) [182] has been demonstrated to
have a strong negative correlation with the appearance of motor related features of
the disease, bradykinesia and rigidity in particular [183]. The loss of dopaminergic
neurons is a feature present in early stages of the disease with a 50-90% loss of
dopamine neurons in the substantia nigra at the time when symptoms emerge [184],
with little change occurring thereafter. DLB symptoms however, are related to the
loss of cholinergic neurons in the basal forebrain [185]. The feature that links both
diseases is the presence of intracellular inclusion bodies known as Lewy bodies.

1.5.1 Lewy Bodies and α-Synuclein

First identified in 1912 by Dr Fritz Heinrich Lewy, Lewy bodies appear as a semi-
spherical mass displacing cellular contents. The presence of Lewy bodies has often
been used for the identification of Parkinson’s disease and DLB post mortem, with
its presence of Lewy bodies in the substantia nigra defining Parkinson’s disease. In
Parkinson’s disease Lewy pathology is hypothesised to progress through the brain in
a defined manner; put forward by Braak et al (2003) the model describes six stages
in which the lesions first appear in the peripheral nervous system and then progress
into the central nervous system (Fig. 1.4).

The model of Lewy progression [187] corresponds well to the clinical course of
Parkinson’s disease, beginning with the onset of pre-motor symptoms progressing
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Figure 1.4: Braak stages of Parkinson’s disease progression showing the spread of
Parkinson’s disease pathology through the brain. Adapted from [186].

into loss of motor function with a loss of neurons in the substantia nigra. However
it is worth noting that the relevance of Lewy pathology in Parkinson’s disease is a
subject of some debate. While studies have identified strong correlations between
Lewy body (LB) pathology and dementia symptoms in Parkinson’s disease [188],
there is little correlation between LB load and dopaminergic neuronal loss in the
substantia nigra [189]. However, another study has identified LBs as toxic to cells in
the substantia nigra, with the appearance of inclusions apparently leading to nuclear
degradation [190]. It was shown that in human brain tissue of Parkinson’s disease and
DLB patients, the presence of LB pathology in a cell was strongly associated with
the presence of microtubule regression and mitochondrial and neuronal degradation
[190].

LBs were initially shown to be composed of several proteins including ubiquitin
and neurofilament protein. In 1997 it was shown that LBs taken from the brains of
idiopathic Parkinson’s disease patients also display a strong immunoreactivity for
the full length presynaptic protein, α-synuclein [191] and the number of α-synuclein
stained structures exceeded the number stained by ubiquitin, suggesting that α-
synuclein is indeed the principal component of these inclusions [192]. Furthermore,
detailed study of LBs by electron microscopy has revealed that the α-synuclein
component is present as long unbranched fibrillar structures, with lengths in the
range of 200-600nm and a width of 5-10nm [192]. These results marked α-synuclein
as a potential contributor to the development of Parkinson’s disease.
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1.6 Physiological Function of α-Synuclein

α-Synuclein is protein 140 amino acids long, that is found in high abundance in the
brain, estimated to be around 1 µM in cells [193, 194]. α-synuclein is a neuron specific
protein that is localised to nerve terminals by N-terminal dependent membrane
interaction [195–197] where it has been found at local concentrations of 50 µM [198].
The precise physiological function of α-synuclein is uncertain, however it is thought
to play a role in synaptic neurotransmitter trafficking and release [199–201]. Studies
have demonstrated that in mice lacking α-synuclein there is a significant reduction
in the number of undocked vesicles present in hippocampal synapses [200] and
that knockdown of α-synuclein reduces the synaptic vesicle reserve pool of primary
hippocampal neurons [202].

In contrast, moderate overexpression of α-synuclein, such that overt toxicity is
not apparent, impairs synaptic vesicle exocytosis and thereby reduces the release of
neurotransmitter [201]. Using a synaptic protein bound to a pH dependent florescent
tag that becomes fluorescent upon exocytosis, the effect of α-synuclein on synaptic
vesicle trafficking was directly examined. It was shown that when overexpressed
α-synuclein inhibited vesicle exocytosis with no effect on compensatory endocytosis
[201]. In cultured hippocampal slices, α-synuclein overexpression resulted in less
synaptic baseline transmission as the result of a presynaptic deficiency. This defect
in transmitter release occurs because of a reduction in the presynaptic recycling pool,
resulting from a failure of synaptic vesicles to recluster following endocytosis, rather
than a reduction in the rate of vesicle fusion [201].

The function of α-synuclein to mediate synaptic vesicle transport may be re-
lated to the ability of α-synuclein to act as chaperone for proteins of the soluble
N-ethylmaleimide–sensitive factor attachment protein receptor (SNARE) complex
[199], responsible for the membrane fusion of synaptic vesicles [203]. α-synuclein
overexpression recovers lethal neurodegeneration caused by a knockout of the chap-
erone cysteine string protein-α (CSPα) [204]. α-Synuclein directly binds component
proteins of the SNARE complex, both in ex vivo samples and when co-expressed
in a human cell line, and promotes SNARE complex assembly in a concentration,
C-terminal dependent manner [199]. Furthermore it was demonstrated that in triple
synuclein knockout (α, β and γ synuclein) mice severe neurological defects and a
reduction in SNARE complex assembly developed during aging, and that reintroduc-
tion of α-synuclein produced a dose-dependent recovery in SNARE complex assembly
[199]. Further work has demonstrated that the enhancement of SNARE complex
assembly by α-synuclein required α-synuclein to bind to a membrane [205].

Overexpression of α-synuclein also significantly increased the level of apoptosis
detectable in embryonic in rat hippocampal cells and the N27 dopaminergic cell
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line [206]. Moreover, it was shown that α-synuclein abundance correlated with a
reduction in the dopamine capacity of nigral neurons [207], and α-synuclein presence
was found to increase in such neurons in an age dependent manner. When imaged
by confocal microscopy the loss of dopaminergic neurons was significantly higher in
neurons that costained with elevated levels of α-synuclein [207]. These results suggest
that α-synuclein possesses several important roles in the physiological function of
neuronal cells.
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1.7 Structure of Physiological α-Synuclein

The native conformational state of α-synuclein is somewhat debated. It has long
been thought that the protein exists as a natively unfolded protein [208, 209]. Initial
studies demonstrated by mass spectrometry, that natively purified α-synuclein had
a mass close to its predicted molecular weight of 14460Da. However, the Stokes
radius of purified α-synuclein, as observed by size exclusion chromatography, was
significantly larger than expected for a protein of that weight. Together these data
indicate that α-synuclein exists natively as a monomeric unfolded protein [208].
However, it was determined that in the presence of lipids, such as would be the
case in a physiological environment, α-synuclein adopted an alpha helical state upon
interaction [209, 210] (Fig. 1.5).

Figure 1.5: Structure of monomeric α-synuclein. A) The domain structure of
full length α-synuclein showing the major regions of the protein. NAC refers to
non amyloid component, named for its presence in Aβ plaques and the region of
α-synuclein most associated with fibril formation. B) The lipid bound structure of
monomeric α-synuclein [211]

However, questions have been raised about the methods used to purify α-synuclein;
it has been argued that the boiling step used in the purification may artificially
reduce α-synuclein to an unfolded state. It has been demonstrated that following non-
denaturing purification α-synuclein from a neuroblastoma cell line, ran as a 55-60kDa
protein on native PAGE [212, 213], corresponding to the weight of a tetrameric form
of the protein. The tetrameric conformation of α-synuclein was further corroborated
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by AUC, deriving a molecular mass of 57.8kDa and single particle electron microscopy,
showing four ‘v’ shaped structures arranged in a symmetric configuration [212, 213].
Furthermore, the native conformer was determined to have an alpha helical secondary
structure irrespective of lipid interaction [212, 213].

Further study utilising in vivo crosslinking techniques showed that purified
crosslinked α-synuclein ran as a single 60kDa band on native PAGE and four
bands on denaturing PAGE, bands that were subsequently shown to have masses
of monomeric to tetrameric α-synuclein [212–214]. Furthermore cleavage of cross
linkers in the crosslinked tetramer resulted in the release of monomeric α-synuclein.
Importantly, crosslinking occurred under conditions that crosslinked known dimers
but did not affect known monomeric proteins [214]. This finding was further confirmed
by fluorescence complementation in which a functional yellow fluorescent protein
(YFP) fluorophore is split between two proteins and only becomes fluorescent upon
interaction [214, 215]. These data suggest a functional oligomeric conformation
of α-synuclein that was dependent on the pseudo repeat region in the N terminal
domain of the protein [212, 216].

However, other studies have demonstrated findings contradictory to that of
Bartels, Choi and Selkoe [212], and Wang et al. [216]. Fauvet et al. [217] found
that the method of purification of α-synuclein from neuronal cells did not affect the
mass of the purified protein, which was consistently shown to be around 14kDa,
the weight of monomeric α-synuclein. Likewise, the multiple techniques used by
the study failed to detect any ordered secondary structure in the purified protein
[217]. Furthermore, in-cell nuclear magnetic resonance (NMR) imaging showed the
presence of natively disordered monomeric α-synuclein in neuronal cell lines [218].
However it is worth noting that the α-synuclein examined by this study was not
endogenous α-synuclein but rather recombinant purified monomer that was delivered
into the cells by electroporation. The conformation may therefore differ in endogenous
proteins which have been exposed to chaperone mediated folding from the moment
of translation.

It is thought that the pathological effects of α-synuclein are the result of mono-
meric misfolding and aggregation into cross-β amyloid fibrils. Interestingly, tetrameric
α-synuclein was strongly resistant to fibrillization [212], while disease associated,
familial mutants of α-synuclein showed limited tetramer formation were linked to
increased aggregation and a high propensity for inclusions and neurotoxicity [219].
These results demonstrated that the disease associated α-synuclein mutation signific-
antly decreased the ratio of tetrameric to monomeric protein [219].

Together these data suggest that under physiological conditions α-synuclein exists
as an alpha helical tetramer that must undergo unfolding to a disordered monomer
before aggregation can occur. In the case of disease linked mutants α-synuclein
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fails to form the ordered tetramer, existing physiologically as a disordered monomer.
Therefore, such mutant proteins are predisposed to fibril formation and the resultant
toxicity.
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1.8 The Aggregation of α-Synuclein Into
Amyloid Fibrils

The pathological aggregation of α-synuclein in Parkinson’s disease is hypothesised to
be due, in part, to an intracellular accumulation of the protein. Many diseases featur-
ing widespread aggregation, including a number of other neurodegenerative diseases
have been found to be associated with supersaturated proteins [220]. Furthermore,
in some familial forms of Parkinson’s disease, multiplication of the SNCA gene –
the gene encoding α-synuclein – results in increased expression and concomitant
aggregation of α-synuclein [81]. Indeed, certain conditions are thought to accelerate
α-synuclein aggregation by providing a high local concentration of the protein [221].

Increased protein concentrations can occur as a result of a breakdown in protein
homeostasis. Under normal conditions α-synuclein is degraded by CMA within
cellular lysosomes. Inhibition of lysosomal function or the blockade of specific
lysosomal receptors inhibited the degradation of α-synuclein [222]. Inhibition of
CMA dependent α-synuclein degradation, by deletion of the CMA targeting sequence
on α-synuclein, strongly correlated with the loss of intact nuclei, suggestive of
enhanced toxicity [223]. Interestingly, the disease linked α-synuclein mutants A53T
and A30P were both found on the surface of, but were poorly internalised into,
lysosomes [222]. This interaction with the lysosomal receptor lysosomal-associated
membrane protein 2 (LAMP2), functioned as a blockade, impairing the degradation
of all proteins using lysosomal autophagy via CMA. These data suggest a mechanism
by which disease linked mutants may further bias their propensity for aggregation
by increasing their intracellular concentrations.

In vitro, during fibrillization, synthetic α-synuclein undergoes a conformational
change from a largely disordered monomeric structure to a cross β-polymeric structure,
typical of other amyloid fibrils [224]. Such fibrillization requires a hydrophobic stretch
of amino acids in the middle of α-synuclein, known as the non-amyloid component
(NAC) region [225] (Fig. 1.5), so named following its identification in Aβ plaques
of Alzheimer’s disease patients. α-synuclein, a protein with high homology to α-
synuclein but lacking the NAC region, or an α-synuclein mutant lacking the region,
fails to assemble into amyloid fibrils under the same conditions [225]. Furthermore
the region taken alone is capable of assembling into structures resembling the classical
amyloid fibril and possessing the cross-β secondary structure.

The formation of many amyloid fibrils first involves the formation of a loosely
ordered oligomeric nucleus that undergoes a shift to a cross-β structure, after which
the fibril grows by monomer addition [226, 227]. α-Synuclein is no different in this
respect; the formation of α-synuclein fibrils is dependent upon the initial formation
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of an oligomeric nucleus [228, 229]. Initial disperse oligomer formation is followed
by a conversion to a compact cross-β structure that rapidly lengthens by monomer
addition [230]. The effect of nucleation dependence is apparent in the lag phase
of fibril formation. In the presence of monomer alone there is an initial period
during which there is no apparent fibril formation followed by a period of sudden,
exponential growth. In the presence of existing fibrils however, fibril growth begins
immediately due to monomer addition to existing fibril ends. The rate limiting effect
of nucleation on fibrillization is thought to be due to the time taken for oligomers to
switch to the compact cross-β structure [230].

Several conditions can affect the formation of a fibrillar nucleus. A common
property of disease linked α-synuclein mutants, for example, is the acceleration of
nucleation as opposed to the acceleration of fibrillization [231]. Another condition
shown to accelerate the rate of nucleation is the presence of lipid vesicles. [221]. This
occurs at a lipid to monomer ratio lower than that required for the formation of
an α-helical structure in α-synuclein, and is thought to be due to the lipid vesicles
providing a high local concentration of α-synuclein.

The structure of the mature α-synuclein fibril has been studied on many occasions.
On a number of structural aspects there is good agreement between studies. All
structural studies have shown monomeric subunits running perpendicular to the fibril
axis in a parallel, cross-β structure. Most studies have further shown that within the
fibril core monomeric subunits adopt a configuration resembling a ‘Greek key’, in
which residues 30-95 form the fibril core, while the N and C terminal residues remain
largely unstructured [18] Fig. 1.6. Early NMR studies were unable to accurately
identify the inter-protofibril interface [18]. However, recent advancements with
cryo-EM have permitted high resolution structures of this interface to be obtained
[232–234]. By this method it was shown that α-synuclein can aggregate into a number
of fibril polymorphs with distinct fibrillar structures (Fig. 1.6).

In one such α-synuclein fibril structure obtained by cryo-EM, the interface
between cross-β sheets was found to encompass residues 50 to 57 [233], a stretch
encompassing the mutation sites associated with three forms of familial Parkinson’s
disease. However, this interaction site is not conserved in other fibril polymorphs
[232, 234]. These polymorphs can be seen to differ in the location of protofilament
interaction site though maintain the same structural kernel [232]. This is consistent
with evidence from Parkinson’s disease patient brains, where a number of polymorphic
α-synuclein fibrils have been identified [235]. Moreover, there is some evidence to
suggest that the polymorphs identified in the diseased brain are different in structure
to any produced in vitro [236].
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Figure 1.6: The structures of full length α-synuclein in a fibrillar structure. Each
panel depicts a structure of α-synuclein fibril identified either by solid-state NMR
(green) or cryo-EM (blue). The Protein Data Bank ID of each structure is shown
below the image. For each structure the NAC region (residues 60-95) is highlighted
(orange).
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1.9 Mechanisms of the Toxicity of α-Synuclein
Aggregates

The precise mechanism by which α-synuclein misfolding and aggregation causes
toxicity and cell loss is still unclear, although it is thought that aggregates may
disrupt several cellular processes, all of which contribute to the final disease state. It
has been demonstrated that in a GFP-tagged α-synuclein over-expressing cell line,
synaptic release was significantly impaired [237]. The study also demonstrated a clear
reduction in the ability of overexpressing cells to internalise, by endocytosis, a dye
specifically taken up into vesicle recycling pools, in cells overexpressing α-synuclein.
This result suggests that a failure or endocytosis occurs following the accumulation
α-synuclein [237]. It was noted that these results were reminiscent of the phenotypes
observed following the knockout of SNARE complex components. Indeed, when cells
were stained for the presence of such components, it was found that in overexpressing
cells they were significantly reduced, with some ‘ghost’ cells lacking their presence
altogether [237].

Another study, looking to investigate the early stages of toxicity identified an
impairment to the ER associated degradation pathway [238]. Researchers demon-
strated that four hours after induction of α-synuclein overexpression in a yeast
model of α-synuclein aggregation, a significant reduction in the degradation of select
proteins by this pathway as well as a generalised decrease in ER to Golgi traffic [238].
Furthermore, using a genome wide screen for toxicity inhibitors, proteins involved
in membrane traffic were identified as the largest, most potent group of inhibitors.
Specifically, overexpression of ypt1, a protein involved in the docking of the transport
vesicle to the Golgi, both recovered ER to Golgi traffic and reduced dopaminergic
neuronal loss. Interestingly, it has since been shown that toxic α-synuclein species
are formed within the ER in overexpressing cells [239]. Together, these data suggest
disruption to membrane trafficking may represent an early event in α-synuclein
induced toxicity.

Another mechanism, suggested to be responsible for the toxicity of α-synuclein,
is membrane permeabilization by oligomeric species. Under physiological conditions
molecular traffic through the cell membrane is tightly controlled; loss of this control
by membrane permeabilization has the potential to markedly affect cell viability,
ultimately threatening cell survival [240]. Several studies have identified a ring
like structure of oligomeric species [241] that could potentially have pore forming
properties. Indeed, oligomers bind to synthetic lipid vesicles with high affinity and
induce dye release, though the vesicle itself is not lysed [242]. This pore formation
appears to be dependent on the C-terminal region of α-synuclein and can be inhibited
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by reducing the flexibility of this region [239].
Indeed, there is a body of evidence to suggest that cellular toxicity is the result of

soluble oligomeric species of α-synuclein which form on pathway to fibril formation
rather than the fibrils themselves [243]. Using mutants of α-synuclein that even
following one year of agitated incubation failed to form fibrillar material, but did
successfully form ring-like oligomeric species, one study identified oligomers of α-
synuclein as a highly toxic species of aggregate. In contrast, a truncation mutant
of α-synuclein, in which amino acids 30-110 were retained, rapidly formed fibrils
failed to produce any toxicity in cells [243]. Furthermore, when wild type (WT) and
disease associated mutants of α-synuclein were investigated it was found that the
speed at which they formed fibrils was inversely correlated with their toxicity [243].
It is also of note that dopamine adducts can inhibit the formation of α-synuclein
fibrils by stabilising the pre-fibrillar oligomer, suggestive of a mechanism by which
α-synuclein toxicity can selectively target dopaminergic neurons [244].

Though much evidence appears to suggest that oligomeric α-synuclein represents
the toxic species with some studies going as far as to suggest that fibrils may represent
an inert end product [243], a number of studies have equally demonstrated toxic
properties of fibrillar α-synuclein. Treatment of neuronal-like cells with pre-formed
α-synuclein fibrils has been shown to be far more toxic, via permeabilization of
lipid vesicles and altered calcium homeostasis, than pre-fibrillar oligomeric species
[245]. This is supported by evidence from studies into β2M fibril toxicity, wherein
it was demonstrated that internalisation of the β2M amyloid fibril resulted in the
cell displaying evidence of cytotoxicity [246]. Moreover, there is evidence to suggest
that α-synuclein fibril toxicity is highly dependent on the fibril structure, with some
polymorphs of α-synuclein fibrils displaying far greater cytotoxicity than others when
applied to neuronal cell cultures [247]. Indeed, this variation in toxicity may explain
the lack of fibrillar toxicity seen by Winner et al. [243].

Furthermore, there is some evidence to suggest that the conversion event, between
oligomeric to fibrillar conformations, plays a role in the development of cytotoxicity.
α-synuclein mutants that are unable to form fibrils in vivo either due to fibrillization
disrupting phosphorylation mimicry [243] or by proline disruption of the β-sheet
core [248, 249], but nevertheless form oligomeric species, fail to show the prolonged
neurodegeneration of fibrillization competent α-synuclein. These data suggest that
fibrillization is required for prolonged α-synuclein toxicity. This is consistent with
data from the Aβ field that demonstrated that purified oligomers that failed to form
fibrils displayed much lower toxicity than crude preparations capable of forming
fibrils [250]. The requirement for fibril formation in prolonged degeneration may be
related to the ability of fibrillar material to seed aggregation and to spread from cell
to cell in a prion like manner.
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1.10 Cellular Transmission of α-Synuclein Fibrils

The concept of α-synuclein transmissibility was first evident in the disease progression
seen by Braak et al. (2003) (Fig. 1.4) in which the ascending Lewy body pathology in
synucleinopathies can be interpreted as a spreading aggregation from a single point of
origin. Further evidence is to be found in the spread of Lewy body pathology into the
disease free striatum grafts into patients with Parkinson’s disease [251, 252], highly
suggestive of host to graft transmission. Equally, in a mouse model of Parkinson’s
disease, α-synuclein positive inclusions spread into stem cell grafts [253]. When the
brain homogenates from diseased mice were injected into the cerebellum of young,
healthy mice, neurological symptoms and Lewy body pathology were accelerated in
that area and pathology propagated to regions far beyond the site of injection [254].

Although α-synuclein is an intracellular protein forming intracellular inclusion
bodies, toxic species of α-synuclein can be expelled from cells under pathological
conditions including mitochondrial and lysosomal stress [255, 256]. In cells overex-
pressing α-synuclein, the aggregated protein is found in the lumen of intracellular
vesicles and is released by exocytosis into culture medium [257, 258]. The released
aggregates are found associated with exosomes in the culture media and were toxic
to neuroblastomas [257].

Released fibrils can be internalised by a number of methods including endocytosis
following membrane receptor binding, internalisation of fibril containing exosomes and
via cell-to-cell tunnelling nanotubes (TNT)s. α-synuclein fibrils have been shown to
be taken up directly from the culture media, via receptor mediated endocytosis [259,
260]. One such receptor, known to mediate the internalisation of α-synuclein fibrils
by endocytosis is the transmembrane receptor protein, lymphocyte activation gene 3
(LAG3) [260]. Inhibition of this receptor significantly attenuated the internalisation
of α-synuclein fibril and prevented the associated pathology [260]. Another method
by which fibrils may enter cells is via the internalisation of fibril containing exosomes
released by cells showing evidence of α-synuclein aggregation [256]. Finally the
transfer of α-synuclein fibrils between donor and acceptor cells has also been shown
to occur through cell-to-cell TNTs, that facilitate traffic between neurons [261].

Following endocytosis, aggregative pathology spreads through the neuron from
the point of entry [262]. Internalised fibrils have been shown to pass through the
endolysosomal pathway of acceptor cells following internalisation [256] before escaping
(the method by which this occurs is as yet unknown) into the cytoplasm. Upon
entry into the cytoplasm, internalised α-synuclein fibrils seed further aggregation
of endogenous α-synuclein [259]. Fibrils labelled with a fluorescent dye added
to the media of a neuronal like cell culture formed punctate structures within
the cells over a period of 24-48hrs [259]. The majority of the aggregated protein
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following this incubation period is present in the insoluble fraction, suggesting
the formation of mature fibrils. The formation of such punctate structures was
blocked by low temperature or expression of a dominant negative form of dynamin,
both well characterised inhibitors of endocytosis [259]. The resultant intracellular
inclusions display properties of Lewy body disease including hyper-phosphorylation
and ubiquitination, and included endogenous α-synuclein surrounding a core of
internalised fibrils [263].

In addition to the seeding properties of α-synuclein fibrils, fibrils of other amyloid
proteins have been shown to disrupt lysosomal function, the endpoint of the endolyso-
somal pathway by which α-synuclein fibrils are internalised, following endocytosis
[264]. Amyloid fibrils co-localise with lysosomes and disrupt their ability to degrade
cellular proteins that commonly enter the lysosomal pathway. The disruption to
lysosomal function may in turn feedback to increase the exocytosis of α-synuclein,
known to exacerbate such release [255]. Despite what is known about the endocytosis
of α-synuclein, little is known about the proteins that interact with the fibrils follow-
ing endocytosis that may lead to cellular dysfunction. The aim of this study is to
investigate such interactions, following endocytosis, using proteomic based techniques
to enable unbiased identification of protein binders, followed by characterisation of
the pathways affected by these interactions.
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1.11 Proteomics and its Use in the Study of
Amyloid Disease

The proteome is a term coined in 1995 by Dr. Marc Wilkins to describe the entire
complement of proteins expressed by the genome of an organism [265]. The term
proteomics refers to the study of the proteome. Proteomics represents a useful
approach for the study of amyloid disease as it has enabled large scale, unbiased
study of proteome changes in as well as the identification of protein interactors
(so called interactomes) of amyloid proteins, allowing for unbiased study of disease
mechanisms.

Though there are many techniques used in the study of proteins, the most com-
monly used proteomic tool in the detection of proteins is mass spectrometry (MS).
Identification of proteins through MS is possible via a technique known as tandem MS
(also known as MS/MS). Early proteomic investigations were primarily qualitative,
being used to identify proteins and potential post-translational modifications; how-
ever, advancements in methodologies have enabled the introduction of quantitative
proteomics, where the levels of a protein can be compared between multiple sample
conditions.

Such techniques have enabled large scale investigation into many aspects of
amyloid diseases, from the expression and modification of amyloid in vivo [266] to
the protein interactors of amyloid fibrils in vitro [267, 268]. The major techniques
used by studies of this nature include stable isotope labelling by amino acids in cell
culture (SILAC), isobaric tag for relative and absolute quantification (iTRAQ) and
the related technique of tandem mass tagging (TMT), along with label free methods.
Such methods enable the quantification, both relative and absolute, of protein levels
in a sample [269].

1.11.1 Peptide Identification Via Tandem MS

The term shotgun proteomics refers to a bottom up, unbiased identification of all
proteins within a sample [270] and forms the basis of many proteomic studies of
amyloid disease. For identification of these proteins from a tissue or cell derived
sample, proteins are first digested into peptides via proteases such as trypsin [271].
Peptides are then separated using liquid chromatography (LC) and directly enter
the mass spectrometer.

Within the MS, a voltage between the LC elution capillary and the MS itself
leads to a process of electrospray ionisation (ESI); positively charged peptides
concentrate within eluting droplets as they undergo evaporation [272]. This occurs
until coulombic repulsion between peptides exceeds surface tension and the droplet
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releases the peptides into the gas phase [272]. Different peptides ionize with radically
different efficiencies [273] and therefore the number of ions detectable by the MS
cannot be used as a readout of protein concentrations within the sample [269]. MS
is therefore inherently non-quantitative.

The ionised peptides can now be separated based on their mass to charge (m/z)
ratio. With the resolving power of current mass analysers the mass of a peptide alone
is not sufficient to perform identification [269]. The mass separated peptides are
therefore subject to fragmentation via collision with inert gases in a process known
as collision-induced dissociation (CID). This collision causes the fragmentation of
the peptide at the weakest bonds, typically a peptide bond [269, 274]. Usually there
is only a single fragmentation event for any given peptide passing through the CID,
resulting in pairs of complementary fragments termed b and y ions. b ions refer
to ions containing the peptides N terminus and y ions to fragments containing the
peptides c terminus [269, 275](Fig. 1.7 bottom center panel). The mass to charge
ratio of these fragment ions are then recorded by a second mass analyser MS-2.
The resulting spectrum can then be used to identify the peptide as well as any
post-translational modifications [269, 274] (Fig. 1.7).

The method by which a peptide can be identified from the spectrum of its
fragment ions is as follows. Where all possible b or y ions are present for a given
peptide then the peptide sequence can be calculated based on the mass differences
between ion peaks, each difference representing the mass of a single amino acid. In
other words the mass of the b1 peak represents the N-terminal amino acid (Fig. 1.7
bottom right panel, leftmost peak), b2 the N-terminal amino acid plus the next
amino acid, and so on. As might be expected however, it is rarely the case that
all ions can be identified, especially in complex samples such as those from whole
cell lysate. Instead peptides are typically identified by their "fingerprint", their
experimentally derived spectra, that is compared to theoretical spectra of all possible
peptides resulting from the organism under study [276] to identify the most likely
peptide. Multiple search algorithms have been developed to automate this search
[277–280] greatly simplifying the process.

Identification of peptides is a core tool of proteomic study. However, identification
alone is often not enough. It is often desired to quantify the level peptide in a sample
in order to compare the effects of different conditions on the cellular proteome. Over
the years several techniques have been developed to enable MS, a technique that is
inherently unreliable for quantification, to deliver accurate quantitative results.

30



SECTION 1.11. Proteomics and its Use in the Study of Amyloid Disease

Figure 1.7: Schematic showing the process of tandem MS. Proteins are first digested
by protease to form peptides which are ionized and their mass to charge calculated by
the first mass analyser, MS-1. Each of these ions are then selected and fragmented
via collision with an inert gas in a process known as CID. Typically this process
breaks a peptide once at an amine bond, resulting in complementary b and y ions. By
measuring the mass to charge values of these b and y ions via a second mass analyser,
MS-2, it is possible to reconstruct the peptide by calculating the mass change between
the peaks. In an ideal case all peptide fragments would be represented (ie. P, PE,
PEP, PEPT, etc.) enabling straightforward calculation. Here, for simplicity, only a
subset of possible b and y ions are shown.
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1.11.2 Quantitative Proteomics

Within the field of quantitative proteomics there are two methods of quantification,
relative quantification (determining protein concentration relative to another sample)
and absolute quantification (determining the absolute concentration of the protein
in the sample). However, as mentioned previously, there is an intrinsic limitation on
using MS for protein quantification, that is the variation on peptide ESI efficiencies
[269]. Although ESI has been shown to produce signals that scale linearly with
peptide concentration [281, 282], nonlinearity and ion suppression effects are a
legitimate concern in complex biological samples [283, 284]. Absolute quantification
is therefore often an extension of relative quantification, where proteins are quantified
relative to a spiked standard with a known absolute concentration [285]. Forms of
absolute quantification exist that leverage a relation of a protein’s total ion count to
the absolute protein concentration [286] however, the error with this technique is
often too high to be practicable [287].

Relative quantification involves the comparison of protein abundance between two
samples. In order to do this the relative abundance of their peptides are individually
quantified, the individual abundances being calculated from the peak area of the
peptide, and the data of multiple peptides integrated to calculate the relative
abundance for the protein [288]. For accurate quantification, peptide abundances
from distinct samples are typically measured from a mixed sample population.
Therefore, in order to compare peptides from different samples, it must be possible
to distinguish the sample origin of the peptide being quantified.

There are a number of ways to achieve this, one common approach is based on the
theory of stable isotope dilution which states that a stable isotope-labelled peptide
is chemically identical to its unmodified counterpart and will behave in a identical
manner during LC and ESI [288]. The MS is then able to distinguish between the
labelled and unlabelled form of the peptide based on its m/z ratio. Thus the same
peptide originating in separate samples can be isotopically labelled in a sample
dependent manner, and the relative abundance of that peptide directly compared
[288]. The relative abundance of a protein can then be calculated from the relative
abundances of all peptides identified for that protein.

Another approach relies only on quantifying the MS1 signal of a peptide obtained
from tryptic digestion, before fragmentation, and involves no isotopic labels. In this
label free approach samples are not combined prior to analysis. In order to prevent
some differences in ESI between samples affecting the calculated concentration,
some form of correction is then applied to the peptide abundance before relative
quantification [283, 289].

Some of the most common techniques for quantitative proteomics are explored in
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more detail below.

1.11.3 Label-Free Quantification

A method of relative quantification that avoids some of the shortcomings of label
based methods, including cost and increased complexity of the experimental workflow,
is label-free quantification. In label-free proteomic quantification all samples are
analysed in separate MS/MS experiments and the peptide abundances compared
between samples. Protein quantification is then conducted by one of two methods,
peptide peak area quantification, or spectral counting.

Abundance calculation by peptide peak area quantification relies on the correlation
of the sum of peptide peak areas with the concentration of the protein in the sample
[281, 282]. This method of quantification is further improved by normalising the
calculated peak areas to a constant reference protein or spiked internal control
[282, 289]. Although theoretically sound, this approach was initially complicated
by a number of practical factors resulting in poor chromatographic peak alignment,
leading to large variability and inaccurate quantification. However, advances in
computational algorithms have somewhat mitigated these issues [290, 291].

Spectral counting, conversely, calculates relative protein quantification by com-
paring the number of MS/MS spectra from the same protein in each sample dataset.
This relies on the fact that protein abundance typically correlates to the number
of proteolytic peptides generated by tryptic digestion [292]. This in turn correlates
with the number of identified MS/MS spectra (spectral count) a protein produces
[292, 293]. This correlation of spectral count to protein concentration is linear with
a dynamic range of 102 [293]. Normalisation to total spectral counts can then be
applied to account for inter-run variance [294, 295]. An advantage of this method lies
in its simplicity. Whereas chromatographic peak intensity based quantification relies
on complex and delicate algorithms to prevent an misalignment of chromatographic
peaks between samples, spectral counting requires no such complexity.

Label-free techniques are among the most popular in the proteomic field [296].
This is largely because of the many advantages offered by the technique including;
low experimental cost, as the experiment requires no reagents other than the samples
themselves; largely automated data analysis; shorter experimental process as no
peptide labelling is required; and the feasibility of running hundreds or even thousands
of samples, there are several important limitations [296–299]. Although label-free
techniques appear to be more sensitive, detecting a far greater proportion of the
proteome than label based techniques, the label free approach suffers from larger
technical variability and lower quantitative accuracy than label based techniques [296–
299]. Furthermore, quantitative reproducibility was lower in label-free quantification-
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based techniques [298, 299].

1.11.4 SILAC Based Proteomics

Several label-based approaches to quantitative proteomics exist. As discussed above,
all rely on the combination of samples prior to MS analysis. The first major label-
based quantitative proteomics approach, known as SILAC, involves protein labelling
with heavy non-radioactive isotopes Fig. 1.8. Proteins are labelled though the culture
of cells or tissue in media containing only heavy isotopes of one or more essential
amino acids [300]. Most commonly this amino acid is Leucine or Arginine due to
their relatively high abundance in proteins, therefore enabling good coverage of the
cell or tissue proteome [300]. Since these heavy isotopes have identical chemical
characteristics to their light counterparts, proteins produced by these tissues will
gradually be replaced by higher molecular weight versions. MS can then be used to
separate proteins originating from heavy and light samples [300]. By using no (light),
1 (medium) or 2 (heavy) heavy amino acid isotopes, it is possible to compare three
samples simultaneously.

Proteins can then be quantified based on the integrated signal intensity of the
peptide peaks identified at MS1, prior to peptide fragmentation [300]. Using this
approach peptides from different samples are co-analysed in the MS, thereby reducing
the potential for experimental variation between MS runs to affect quantitative
accuracy, and inherently leads to much higher reproducibility [300]. Similar strategies
include the labelling of peptides following digestion with isotope-coded affinity tags
[301, 302]. This post-digestion strategy requires the cross-linking of peptides to
affinity beads and subsequent affinity purification prior to MS/MS analysis.

A major limitation of techniques that utilise MS1 peptide intensity to quantify
protein abundance however, is the increase in MS1 spectrum complexity with sample
number [298]. Therefore, though theoretically possible to simultaneously compare a
large number of samples, such techniques are practically limited to at most three
simultaneous comparisons [298]. There has been innovation attempting to bypass
this limit by incorporating heavy amino acids differing by only a few daltons [303].
This advancement has shown remarkable promise, offering the quantitative accuracy
offered by SILAC with the multiplexing capabilities of MS2 quantification based
techniques such as TMT and iTRAQ [303]. However such multiplexing leverages high-
resolution MS, and is therefore not yet widely available [269]. A further limitation
of MS1-based quantification is that should low-abundance peptides co-elute with a
high abundance peptide on the LC, precision of quantification of the low-abundance
peptide can be dramatically reduced. This is due to a limitation on the number of
ions that can be collected by the MS high-resolution analyser (the Orbitrap); ions of
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low-abundance peptides can be masked in the above scenario, resulting in poor ion
statistics [269].

A further limitation of this technique is the need to culture cells in labelled
media for multiple passages in order to incorporate sufficient heavy isotopes into
the proteome of the cell Fig. 1.8. Not only is this expensive it also increases the
complexity of experiments involving tissue samples.

Figure 1.8: Diagrammatic representation of the quantitative proteomics by SILAC.
Heavy or light isotopes of the amino acid Arginine (Arg) are added to the cell culture
medium. Proteins incorporating the amino acid isotopes are then digested to form
peptides, peptides from different samples are mixed and the mixed samples undergo
tandem-MS to perform identification and quantification. Quantification by this method
is performed at MS-1. Peptide peaks originating from the sample containing the
heavy isotope will appear to have a higher mass than those originating from the light
isotope sample. Quantification can then be made by comparing the abundances of
these peaks.

1.11.5 Quantitative Proteomics with Isobaric Labelling

The use of isobaric labelling in quantitative proteomics overcomes the several of
the major issues faced by label-free and SILAC based techniques. Namely the low
accuracy and repeatability of label-free proteomics and the low sample number of
SILAC and related techniques. Furthermore, as with SILAC, samples are combined
prior to analysis by MS meaning that although the sample preparation time is
increased the instrument time is dramatically shorter, especially for large sample
sets [304].

The principle of quantitative proteomics by isobaric labelling is to label digested
sample peptides such that peptide quantification can be made alongside peptide
identification in MS2, following peptide fragmentation in the MS1 Fig. 1.9. This
alleviates the problem faced by SILAC and other MS1-based quantification techniques
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of complex MS1 spectra at high sample numbers, as quantification can be performed
on m/z separated peptides [304, 305]. In order for this to be possible the mass of
peptides originating from separate samples must be identical at MS1 but their origin
be identifiable at MS2. Were the label to affect MS1 m/z the problem of MS1 spectra
complexity would once again arise. This problem is solved through the use of isobaric
tags.

Similarly to other isotopic labelling techniques such as SILAC isobaric tags
utilise heavy isotopes to maintain chemical similarity. This ensures that peptides
from different samples elute at the same time from the LC. However, unlike other
isotopic-based labelling, isobaric labels have identical total weights. The difference
between tags is rather in the distribution of heavy isotopes within the label Fig. 1.9.
Finally, to enable separation in MS2 the tags contain a region designed to fragment
under CID, generating reporter ions with different masses depending on the sample
origin of the peptide. Such reporter ions are low molecular weight ions, enabling
straightforward separation of ions for quantification and the b and y ions required
for peptide identification. Identical peptides from different samples labelled in this
manner will appear as a single peak in MS1, thus ensuring spectrum complexity is
minimised. Quantification can instead be made from the reporter ion intensity in
MS2. As a result the number of conditions that can be compared by this technique is
much higher than that of SILAC, the current limit being 11 concurrent comparisons.
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Figure 1.9: Diagrammatic representation of peptide quantitation by TMT proteom-
ics. Peptides are generated by digesting proteins originating from 2 or more samples
(2 shown here). Peptides are then labelled with isobaric tags (labels) of equivalent
molecular weight. A different label is used for each sample. labelled peptides are then
mixed and identified/quantified by tandem-MS. During detection in the first mass
analyser MS-1 (bottom left panel) both samples appear at the same mass to charge
due to the identical weight of the isobaric labels. During CID (center panel) reporter
ions are fragmented from the isobaric labels. These reporter ions appear at different
mass to charge ratios in the second mass analyser, enabling relative quantification to
be performed based on the abundance of each reporter ion.
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1.12 Proteomics Based Study of Parkinson’s
Disease

Proteomics has been used in a number of ways to study the events and proteins
related to the development of Parkinson’s disease. One such example is the iden-
tification of key post-translational modifications of α-synuclein, associated with
pathogenic inclusions in cells. There are many reports that indicate α-synuclein
can undergo a variety of post-translational modifications, including phosphorylation
[266], truncation [306] and nitration [307], in the brain tissue of Parkinson’s disease
patients. Several of these modifications have been linked to accelerated α-synuclein
aggregation and enhanced neurotoxicity [308, 309]. One seminal study in the field
of α-synuclein research identified Ser129 phosphorylation in Lewy bodies through
proteomic based methods.

Fujiwara et al. (2002) employed matrix-assisted laser desorption ionization
(MALDI) MS to identify such post-translational modifications in amyloid lesions
extracted from the cortices of Parkinson’s disease patients. MALDI is an MS
technique that permits the analysis of biomolecules such as peptides which tend
to fragment when ionised by conventional MS techniques. One species, identified
by MALDI MS as corresponding to residues 128-140, differed between monomeric
and Parkinson’s disease associated α-synuclein, by the weight of one phosphate
group, indicating the presence of a post-translational phosphorylation associated
with synucleinopathic lesions [266].

Further analysis identified the phosphopeptide as Ser129. Antibodies raised
specifically against phosphorylated Ser129 revealed that roughly 90% of the LB
associated α-synuclein recovered from cortices of Parkinson’s disease patients is
phosphorylated at Ser129. Staining of brain tissue revealed specific identification
LBs, in contrast to staining with a phosphorylation independent antibody that
also displayed labelling of presynaptic termini [266]. This specificity has enabled
researchers to better describe LB formation in early disease states [310]. The increased
specificity and sensitivity of anti-phosphorylated Ser129 enabled the identification
of pathology linked to DLB in apparently pre-symptomatic cases [310] Ser129 as a
particularly good biomarker of disease, and importantly, may enable pre-symptomatic
identification of the disease.

Another more recent study demonstrated a method for quantitative analysis of
intact α-synuclein proteoforms in Parkinson’s disease brain tissue by ESI MS. ESI-MS
enables the analysis of macromolecules such as intact proteins by mass spectrometry,
earlier mass spectrometry techniques, including the previously described MALDI,
relied on digestion of the protein into peptides. This technique enables intact protein
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mass determination, and when coupled with tandem mass spectrometry represents a
robust top down approach to proteomics. This technique enabled the identification
and quantification of several, previously unreported, α-synuclein proteoforms [311].
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1.13 Proteomic Analysis of Amyloid Fibril
Interactomes

The interaction of amyloid aggregates with cellular proteins is important, as it
is thought that many of the pathogenic effects of amyloidogenic proteins are the
result of a toxic gain of function and or disruption of normal cellular function [312,
313]. Proteomics has enabled the large scale, unbiased, identification of protein
interactors with several amyloid proteins including artificial amyloid proteins and
the amyloidogenic poly-Q expanded huntingtin protein.

1.13.1 Investigating the Interactions of Artificial Amyloid

In order to investigate the gain-of-function toxicity of amyloidogenic proteins a study
utilised artificial amyloid-like proteins, designed with a β-sheet structure and shown
to self-assemble into amyloid fibrils [312]. By expressing the artificial protein in cells,
the aberrant interactions of such amyloid-like proteins with cellular components
was investigated. The advantage of using several artificial amyloid-like peptides
over a known pathogenic amyloid is that the interactions observed would likely
represent those made specifically by the aggregate rather than amplified physiological
interactions made by the pathogenic protein. By this method researchers hoped to
identify proteins binding to the fibrillar conformation of amyloid proteins.

The artificial amyloid-like proteins were shown to have a cytotoxicity profile and
aggregation properties similar to those of known amyloidogenic proteins, suggesting
that the artificial proteins functioned in a similar fashion to their non-artificial
counterparts [312]. By utilising SILAC the interactomes of the three artificial
proteins, relative to a fourth protein known to remain as a monomer, were identified.
Olzscha et al. (2011) identified many proteins throughout the nucleus, cytoplasm
and mitochondria as interactors of the artificial amyloid proteins, including proteins
involved in RNA processing, transcription, translation and protein quality control.
It was found that common features of the amyloid protein interactors included a
high molecular weight and reduced hydrophobicity. Furthermore, amyloid protein
interactomes are preferentially rich in intrinsically disordered regions, many of
which contain low complexity region (LCR)s [312]. LCRs are regions of the protein
consisting of repetitive sequences of 1-4 amino acids and are proposed to mediate
protein-protein interactions [314]. The length of the LCRs are also increased in
the interactomes of amyloid proteins relative to the cellular proteome, indicating
that amyloid protein aggregates preferentially sequester proteins containing such
sequences.

Following the identification of artificial amyloid protein interactors, further studies
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were undertaken to investigate the implications of these interactions. Proteins
involved in nuclear transport were one of the protein groups found to be enriched in the
interactomes of the artificial amyloid proteins [315]. Additional study demonstrated
that cytoplasmic aggregates of artificial amyloid prevented the nuclear transport of
several key proteins and the export of mRNA. Indeed proteins involved in mRNA
export were found to mislocalise to the cytoplasm in the presence of cytoplasmic
amyloid proteins, where they formed punctate structures [315]. These findings provide
an insight into the mechanisms which may contribute to the toxicity of amyloid
aggregates; by causing aggregation of nuclear transport machinery, containing low
complexity regions, amyloid aggregates prevent nuclear export of mRNA and thereby
protein synthesis [315].

1.13.2 Investigating the Interactions of Poly-Q Expanded
Huntingtin

Huntington’s disease is a dominantly inherited condition, associated with the aggreg-
ation of the protein huntingtin, and neuronal death and is thought to be caused by
the expansion of a poly-Q repeat sequence found in exon 1 [316]. The propensity of
the protein to form aggregates increases dramatically with extension of the poly-Q
repeat beyond 36 residues [317]. Furthermore, extension of the repeat correlates with
the severity of the disease and negatively with the age of disease onset, indicating
that increased aggregation propensity leads to a faster depletion of the cell’s quality
control machinery [318].

A recent study [267] investigated the aberrant interactions of a poly-Q expanded
huntingtin fragment. Three huntingtin mutants were used in the study with varying
sizes of poly-Q repeats; Q18 was monomeric when expressed in cells while Q64 and
Q150 both produced soluble and insoluble aggregates. Using SILAC the interactomes
of the huntingtin variants were identified and quantified; proteins enriched in the
interactomes of the aggregation prone peptides, relative to the monomeric protein,
were proposed to be involved in mediating the toxic effects of the poly-Q expanded
aggregates. The study identified proteins involved in RNA binding, ribosome bio-
genesis and intracellular transport as highly enriched in the interactomes of soluble
aggregates.

These findings are in agreement with another study, which utilised tandem
affinity purification (TAP) and iTRAQ to identify aberrant interactions [268]. TAP
allows for purification under mild native conditions to preserve interactions [319];
furthermore, interactomes were identified in a striatal cell line, a cell line that more
closely models HD. Ratovitski et al. [268] demonstrated that expanded huntingtin
aberrantly interacts with proteins involved in gene expression, protein synthesis
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and molecular transport. In addition, this study identified proteins involved in
DNA replication, RNA transport and modification, energy production and cell
death, to bind monomeric huntingtin, but to be enriched in the interactome of
expanded huntingtin. Such findings indicate that expanded huntingtin interferes
with physiological interaction pathways of huntingtin, (indicated by the enrichment of
proteins found to bind non-expanded, monomeric, huntingtin) in addition to aberrant
interactions with proteins not found in the interactomes of non-expanded huntingtin.
Interestingly, both Ratovitski et al. [268] and Kim et al. [320] are in agreement with
the findings of artificial amyloid protein, found that proteins containing large LCRs
were highly enriched in the interactomes of soluble huntingtin aggregates. These data
would appear to suggest that enrichment of LCRs is a common feature of amyloid
aggregates. As with artificial amyloid, confocal imaging study of cells expressing
poly-Q mutants, demonstrated that proteins involved in ribosome biogenesis and
RNA transport mislocalised in the presence of soluble aggregates [267]. RNA binding
proteins were another group common of proteins found in the interactome of expanded
huntingtin [267, 268].

1.13.3 Investigating the Interactions of α-Synuclein

There have been a number of studies seeking to identify the interactome of α-synuclein
in the past. Notable studies include several that have utilised the yeast two-hybrid
approach to investigate protein-protein interactions of the amyloid protein. This
method is based on the principle that in many eukaryotic transcription factors the
activating and binding domains can function in proximity without direct binding,
meaning the expression of a reporter gene can be used to infer the interaction of
a bait and prey protein [321]. Technically, this method involves the hybridisation
of the protein of interest (the prey protein) with the DNA binding domain of the
reporter gene. High throughput bait protein screening can then be conducted by
hybridising the bait proteins to the activation domain of the reporter gene [322].

This method has been used previously to identify a number of peptides that exhibit
aggregation inhibiting behavior when exposed to α-synuclein [323], providing possible
therapeutic avenues of study. Moreover, this method has been used to elucidate the
protein-protein interactions of 500 neurodegenerative-associated proteins, including
α-synuclein and huntingtin [324]. This study identified, among other findings, a role
for the protein ARF in preventing a number of amyloid proteins from misfolding,
including α-synuclein [324]. The protein ARF has previously been shown to play a
role in phagocytosis, again pointing to the possibility of immune system involvement
in the development of Parkinson’s disease.
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1.14 Project Aims

The aim of this work was to identify the intracellular interactome of α-synuclein
fibrils. Since the exogenous α-synuclein fibrils are internalized by cells, as part of
their transmission between cells, the work was proposed to identify proteins that
interact with α-synuclein fibrils following internalisation. Proteomics was used to
enable an unbiased identification of interacting proteins and potentially identify novel
pathways by which α-synuclein fibrils can disrupt normal cellular function.

In Chapter 3 an experimental system whereby α-synuclein fibrils, once internalised
by cells, could be isolated and interactors identified needed was developed. For this
purpose recombinantly expressed α-synuclein was used to synthesise α-synuclein
fibrils in vitro. These fibrils were then labelled with biotin to enable isolation with
streptavidin coated magnetic beads. Secondly it was necessary to ensure that the
labelled fibrils were internalised by cultured cells. The cells that were chosen for this
study were SH-SY5Y cells, a neuronal-like neuroblastoma cell line commonly used in
the study of neurodegenerative diseases. The steps involved in the development of
this system are covered in the first results chapter.

In Chapter 4, proteins that interacted with α-synuclein fibrils from SH-SY5Y
cell lysate were identified. This provided both a proof of concept for the method
of proteomic identification of a fibril interactome. Furthermore, by comparing the
interactome of fibrillar α-synuclein to that of monomeric α-synuclein, it enabled
fibril specific interactions to be elucidated. Due to the rapid clearance of monomeric
α-synuclein by cells this comparison could only be made in the cell lysate. A
quantitative proteomic method was chosen to conduct this identification, both to
enable comparison between monomeric and fibrillar α-synuclein and to identify
proteins that bound non-specifically to the beads used to isolate the fibrils. The
quantitative proteomic method chosen was TMT as it offers the advantage of high
sensitivity, lacking in label free techniques without the cost and time required
to conduct a SILAC experiment. Chapter 4 describes the proteins identified as
interactors of fibrillar and monomeric α-synuclein when exposed to cell lysate.
Furthermore it displays the result of bioinformatic analyses performed on these
interactomes and identifies key pathways and cellular processes potentially affected
by fibrillar α-synuclein.

In Chapter 5 proteins that interacted with α-synuclein fibrils following incubation
and internalisation by SH-SY5Y cells, were identified. α-synuclein fibrils were
incubated with SH-SY5Y cells for 24hrs to enable internalisation. Cells were then
lysed and the α-synuclein fibrils isolated by the methodology developed in Chapter 3.
Proteins interacting with α-synuclein fibrils following incubation with SH-SY5Y
cells, were then identified by TMT proteomics. By utilising similar bioinformatic
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techniques as those used in Chapter 4, Chapter 5 characterises the interactomes of
cells exposed to α-synuclein fibrils and identifies a number of cellular pathways, shown
to interact with internalised α-synuclein fibrils, that warrant further investigation.

44



2
Materials and Methods

2.1 Technical Equipment

Centrifuges

Avanti J-26 XP
Centrifuge

(Beckman Coulter, Brea, CA, USA)

Eppendorf 5810R
Centrifuge

(Fisher Scientific, Loughborough, UK)

Eppendorf 5804R
Refrigerated Benchtop
Centrifuge

(Fisher Scientific, Loughborough, UK)

Incubators, Shakers and Mixers

Innova 43 Shaker
Incubator

(New Brunswick Scientific, USA)

Innova 44 Shaker
Incubator

(New Brunswick Scientific, USA)
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SI500 orbital incubator (Stuart, Staffordshire, UK)

SI600 orbital incubator (Stuart, Staffordshire, UK)

Spectrophotometers

UltroSpex 2100 Pro
UV/Visible
Spectrophotometer

GE Healthcare, Little Chalfont, UK

NanoDrop 2000
Spectrophotometer

Thermo Scientific, Surrey, UK

Protein Purification

Büchi Vac V-500
Vacuum Pump

(Sigma Life Sciences, St. Louis, MO, USA)

ÄKTAprime (GE Healthcare, Little Chalfont, UK)

ÄKTApure (GE Healthcare, Little Chalfont, UK)

Superdex™ 75 Hiload
26/60 gel filtration
column

(GE Healthcare, Little Chalfont, UK)

Superloop 50 mL ÄKTA (GE Healthcare, Little Chalfont, UK)

Gel Electrophoresis Equipment

Slab Gel Electrophoresis
Chamber AE-6200

(ATTO, Tokyo, Japan)

Powerpac Basic (Bio-Rad Lab., Hercules, CA, USA)

Alliance Q9
chemiluminescence and
spectral fluorescence
imager

(Uvitec Cambridge, Cambridge, UK)

ChemiDoc XRS+ (Bio-Rad, CA, USA)

Electron Microscope
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SECTION 2.1. Technical Equipment

JEOL JEM-1400
transmission electron
microscope

(JEOL USA Inc., Peabody, USA)

Microplates and Readers

FLUOstar Omega (BMG Labtech, Ortenburg, Germany)

FLUOstar Optima (BMG Labtech, Ortenburg, Germany)

Other Equipment

Grant JB1 Unstirred
Waterbath

(Grant Instruments, Shepreth, UK)

T 18 digital
ULTRA-TURRAX
homogenizer

(IKA Dispersers, Staufen, Germany)

Jenway 3020 Bench pH
Meter

(Bibby Scientific, Stone, UK)
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2.2 Protein Expression, Purification Labelling
and Fibril Formation

2.2.1 Escherichia coli transformation and starter culture

Escherichia coli (E.coli) BL21 (DE3) cells (Agilent technologies, Berkshire, UK) were
freshly transformed with the pET23a vector encoding α-synuclein and spread onto
an ampicillin selection plate and grown at 37 °C, 16 hours. The pET23a plasmid
encoding α-synuclein (expression under control of T7 promoter) was provided by Prof
Jean Baum (Department of Chemistry and Chemical Biology, Rutgers University, NJ,
USA). The pET23a plasmid encoding A18C α-synuclein (expression under control of
T7 promoter) was provided by Dr Ciaran Docherty (Faculty of Biological Science,
University of Leeds, UK). The Starter culture was created by inoculating 200 mL
of sterile LB medium containing 100 µg/mL ampicillin with a single colony. The
inoculated medium was incubated at 37 °C, 200 rpm, 16 hours.

2.2.2 Preparation and purification of monomeric
α-Synuclein

10 X 1L LB medium cultures containing 100 µg/mL carbenicillin were each inoculated
with 10 mL starter culture. The cells were grown at 37 °C to an OD600 of 0.6.
Expression of α-synuclein was induced with final concentration 1 mM isopropyl
β-D-1-thiogalactopyranoside (IPTG) for 4 h post-induction, before harvesting by
centrifugation at 4 °C, 6000 x g, 30min. Supernatant was discarded and pellets were
resuspended in lysis buffer (20 mM Tris-HCl, 1 mM EDTA, 5 mM DTT, 1 mM
PMSF, 2 mM benzamidine, 100 µg/ml lysozyme, 20 µg/ml DNase, pH 8.0). The
pellet was homogenised and then heated to 80 °C for 10min. The homogenate was
then centrifuged at 4 °C, 35,000 x g, 30min. The soluble fraction containing soluble
α-synuclein was precipitated by incubation with 50 % (w/v) ammonium sulphate
at 4 °C, 30min. The suspension was centrifuged at 4 °C, 35,000 x g, 30min, and
the pellet resuspended and precipitated again in 50% (w/v) ammonium sulphate,
4 °C, 30min. After a second centrifugation (4 °C, 35,000 x g, 30min) the pellet
was resuspended in 20 mM Tris-HCl, pH 8.0 for anion exchange. The partially
purified α-synuclein was loaded onto a Q-Sepharose anion exchange column with a
20 mM Tris-HCl, pH 8.0 mobile phase. Elution was triggered with a linear gradient
of 0-500 mM NaCl and protein elution was monitored by absorbance at 280 nm.
Fractions containing α-synuclein were analysed by SDS-PAGE, dialysed against 50
mM ammonium bicarbonate and lyophilised by snap freezing in liquid N2 and drying
on a lyophilizer.

48



SECTION 2.2. Protein Expression, Purification Labelling and Fibril Formation

Protein was resuspended in 20 mM sodium phosphate, pH 7.5, and loaded onto a
HiLoad 26/60 Superdex 75 gel filtration column. α-synuclein was eluted from the
column with 20 mM sodium phosphate, pH 7.5 at a flow rate of 3 mL/min. The
protein was dialysed against 50 mM ammonium bicarbonate and lyophilised. Purified
protein was stored at – 20 °C. The purity of α-synuclein was confirmed by intact
mass measurement (processed through the Mass Spectrometry facility, University of
Leeds).

2.2.3 Preparation of α-Synuclein Fibrils

De novo fibrils, henceforth termed fibril seeds, were produced from α-synuclein
monomer in phosphate buffered saline (PBS). The following method is based on
that described by Buell et al. [227]. Monomeric α-synuclein was first filtered under
sterile conditions by syringe-driven 0.22µm filter (Merck Millipore and Jet Biofil). α-
synuclein fibril seeds were then generated by incubation of 600µM (600µl) monomeric
α-synuclein for 3 days, at 42°C, under constant agitation by magnetic stirrer bar
(1500rpm) to promote fibril fracture. Following aggregation fibrils were pelleted by
centrifugation at 16000×g for 40min in a benchtop microfuge, resuspended at 100µM,
flash frozen in liquid N2 and stored at -80°C until use. PBS was used as a buffer
for all steps. Elongated fibrils were produced by incubation of 100µM α-synuclein
monomer with α-synuclein fibril seeds (10% v/v unless otherwise stated) for 5 days
at 37°C. 1 30 second period of shaking (300rpm) was applied every 10min to ensure
fibrils remained in suspension.

2.2.4 Labelling of α-Synuclein

N-hydroxysuccinimide (NHS) labelling of α-Synuclein monomer

Lyophilised α-synuclein monomer was resuspended in PBS at a concentration of
100µM. Monomeric α-synuclein was incubated in 10× NHS-Biotin (Sigma-Aldrich,
Germany) or NHS-5-carboxytetramethylrhodamine (TAMRA) at 4°C for 16hrs.
Unbound label was then removed by Zeba™ spin desalting column 7kDa molecular
weight (MW) cutoff (Thermo Fisher Scientific, USA).

Maleimide Labelling of A18C α-Synuclein Monomer

Lyophilised α-synuclein monomer was resuspended in PBS at a concentration of
100µM. Dithiothreitol (DTT) was added to a final concentration of 5mM and
incubated for 30min to reduce the disulphide bonds. DTT was removed by Zeba spin
desalting column <7kDa MW cutoff. Monomeric α-synuclein was then immediately
incubated in 10× Biotin Maleimide (Sigma-Aldrich, Germany) at 4°C for 16hrs.
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Unbound label was then removed by Zeba™ spin desalting column 7kDa MW cutoff
(Thermo Fisher Scientific, USA).

Maleimide Labelling of A18C α-Synuclein Fibril Seeds

Fibril seeds were generated from A18C α-synuclein monomer as described in Sec-
tion 2.2.3. Fibril seeds were diluted to a concentration of 100µM (monomer equivalent)
and DTT was added to a final concentration of 5mM. α-synuclein Fibril seeds were
incubated in DTT for 30min to reduce the disulphide bonds. α-synuclein Fibril seeds
were then pelleted by centrifugation at 16000×g for 40min. The soluble fraction
was aspirated and replaced with PBS. Pelleting was repeated three times to remove
DTT. α-synuclein fibrils were then incubated with 10× Biotin Maleimide (Sigma-
Aldrich, Germany) or Alexa Flour® 594 Maleimide (Invitrogen USA), at 4°C for
16hrs. Unbound label was then removed by repeated pelleting of α-synuclein fibrils
as for removal of DTT.

2.2.5 Negative Staining TEM

Imaging by negative staining TEM was done to validate fibril formation. Imaging
was done in a JEOL 1400 electron microscope operating at 100 kV. Micrographs
were taken at 5000 X - 15000 X magnification and captured with an AMT 2k CCD
camera (AMT Corp., MA) in the Astbury BioStructure laboratory at the University
of Leeds. For fibril TEM, 10 uL aliquots of α-synuclein fibril were adsorbed for 40
seconds on to carbon coated glow discharged copper grids. They were then washed
twice with water and subsequently stained with 2% uranyl acetate for 40 seconds.
Grids were left to dry at room temperature and stored until used.

2.2.6 Fibril Pelleting Assay

Fibrils were pelleted by centrifugation in a bench-top microfuge at 16000 × g for
40min. The soluble fraction (Supernatant) was carefully removed so as not to
disturb the pellet. The pellet was resuspended in an equal volume of buffer. To
determine fibril yields, sample buffer was then added to both fractions and the
relative presence of α-synuclein in each sample assessed by sodium dodecyl sulfate
(SDS) - polyacrylamide gel electrophoresis (PAGE) (SDS-PAGE) (Section 2.3.1).
Densitometry analysis on experiments conducted in triplicate was conducted in the
Fiji image analysis software. The normalised data in this thesis is a product of
processing using the plate reader software and normalised (after buffer subtraction)
between 0 and 100.
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SECTION 2.2. Protein Expression, Purification Labelling and Fibril Formation

2.2.7 ThT Aggregation Assay

α-synuclein fibril reaction was prepared as per elongated fibrils (Section 2.2.3) and
ThT added to a final concentration of 20 µM and and dispensed into Corning 96-well
flat bottom assay plates. The plate was incubated at 37 °C. The samples were
excited at 444 nm and the fluorescence emission was monitored at 480 nm on a BMG
Labtech FLUOstar optima plate reader. The gain was set at 350.

2.2.8 Streptavidin Magnetic Bead Pull-Down

Streptavidin coated magnetic DynaBeads™ C1 (Thermo Scientific, USA), were
washed of storage solution by applying a magnet to the side of a 1.5ml eppendorf
to pellet the beads, removing the storage buffer and applying an equal volume of
pull-down wash buffer (PBS + 0.1% Tween 20). Beads were resuspended by gentle
pipetting. This washing step was repeated 3 times. The washed magnetic beads were
then added to the samples in 1.5ml eppendorfs at the concentrations described below.
Pull-down suspensions were incubated for 1hr at RT (or 4 °C if cell lysate present)
with constant agitation on rotator disk to ensure beads remain in suspension. A
magnet was then applied to the edge of the eppendorf to pellet the DynaBeads™
and the solution (termed Flow Through) was removed. The beads were then washed
in 3 times by gently resuspending beads in pull-down wash buffer pull-down wash
buffer. Wash buffer was then removed by applying a magnet to the side of eppendorf
to pellet the beads and the wash buffer was aspirated. The DynaBead™ bead pellet
was then transferred to a new eppendorf and termed the Pull-Down fraction.
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2.3 Biochemistry Techniques

Buffers

SDS-PAGE resolving gel
buffer

1 M Tris-HCl pH 8.45, 0.1 % (w/v) SDS, 15 % (v/v)
acrylamide, 13 % (v/v) glycerol, 0.7 % (w/v) TEMED,
0.07 % (v/v) TEMED

SDS-PAGE stacking gel
buffer

750 mM Tris-HCl pH 8.45, 0.07 % (w/v) SDS, 4 % (v/v)
acrylamide, 0.32 % (w/v) APS, 0.16 % (v/v) TEMED

SDS-PAGE loading
buffer (×2 concentrated
stock)

2 % (w/v) SDS, 10 % (v/v) glycerol, 0.1 % bromophenol
blue, 100 mM DTT

SDS-PAGE cathode
buffer (×10
concentrated stock)

1 M Tris, 1 M Tricine, 1 % (w/v) SDS (pH 8.25)

SDS-PAGE anode buffer
(×10 concentrated stock)

2 M Tris-HCl (pH 8.8)

Tris Buffered Saline +
Tween 20 (TBST)

0.1% (v/v) tween (TBS-T), 20 mM Tris-HCl, 150 mM
NaCl, pH 7.2

Antibodies

Anti-Biotin
(Streptavidin-HRP)

(Termo Fisher Scientific, NY, USA)

Anti-Alpha-synuclein
antibody [syn211]
(ab80627)

Abcam, Cambridge, UK

Rabbit Anti-Mouse IgG
H&L (HRP) (ab6728)

Abcam, Cambridge, UK
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SECTION 2.3. Biochemistry Techniques

2.3.1 SDS-PAGE

Tris-tricine buffered SDS-PAGE was used for confirming the purification of α-
synuclein and to separate according to molecular weight. Two glass plates were
assembled to set a gel of 1.5 mm thickness. Resolving and stacking gel solutions were
freshly prepared and APS and TEMED added immediately before casting. 12-well
combs were inserted into the stacking gel at the point of pouring to create sample
loading wells and gels were set for 1 hr. Electrophoresis 1x cathode and 1x anode
buffers were added to the inner and outer reservoirs of the gel tanks respectively.
Sample was diluted in SDS-PAGE loading buffer to a final concentration of 1x, and
boiled for 5min prior to loading 15 µL per lane.

5µl of Precision Plus Protein Dual Xtra Prestained protein standard (Bio-Rad
Laboratories) was loaded into one lane of the gel for molecular weight determination.
Gels were electrophoresed at a constant current of 30 mA until samples entered the
resolving gel, and then the current was increased to 60 mA until the dye front left
the gel.

2.3.2 Staining of SDS-PAGE gels

Gels were removed from the glass casts and stained with Instant Blue (Abcam,
Cambridge, UK) or Silver Stain (Thermo Fisher, USA). For Instant Blue staining,
the stain was added to the protein gel for a minimum of 1hr on a rocking table until
bands developed. Silver staining was conducted per the manufacturer’s instructions.

2.3.3 Western Blot

Samples were run by SDS-PAGE (Section 2.3.1) and unstained gels transferred to an
methanol-activated PVDF membrane (0.45 µm pore size, Amersham, GE Healthcare)
using a BioRad semi-dry transfer blotter for 1hr, 12 V. The protein was fixed onto
the membrane with 4% formaldehyde, and then blocked with 5% (w/v) bovine serum
albumin (BSA), in TBST for 1hr, RT. Following blocking, membranes were incubated
overnight, 4 °C, in desired primary antibody stocks, both stocks in 5% (w/v) BSA
TBS-T solution). The membrane was subsequently washed twice in TBS-T and
then left incubating 1 h, RT, in desired secondary antibody stocks (anti-mouse HRP
or anti-rabbit HRP secondary antibodies in TBS-T (1:2000)). For detection, the
membrane was washed twice in TBS-T and twice in TBS and chemiluminescence
was detected using the SupersSignal West Pico PLUS substrate (Thermo Fisher)
following the manufacturer’s instructions.
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2.4 Cell Culture and Imaging

Antibodies and Cell Dyes

Anti-LAMP1 H4A3 mouse monoclonal (Abcam, UK)

Lysotracker™ Green Lysosomal dye (ThermoFisher Scientific, USA)

CellMask™ Cell membrane dye (ThermoFisher Scientific, USA)

Anti-Mouse Alexa
Flour® 488

(Invitrogen, CA, USA)

NeutrAvidin™ Texas
Red™

(Invitrogen, CA, USA)

HRP Conjugated
Streptavidin

(Thermo Scientific, USA)

Hoechst 33342 Nuclear stain (Invitrogen, CA, USA)

Cells

SH-SY5Y Cells (American Type Culture Collection (ATTC), Virginia,
USA)

Media

Full Media (Gibco Dulbecco’s Modified Eagle Medium (DMEM)
(Thermo Scientific, UK) 5% supplemented with 10%
FBS (Sigma-Aldrich), 1% (v/v) GlutaMAX (Gibco), 20
units/ml penicillin, 20 mg/ml streptomycin (Penn-Strep,
Gibco))

2.4.1 Recovery of cells from frozen stocks and cell
maintenance

Frozen SH-SY5Y cells were removed from liquid N2 storage and quick-thawed by
briefly placing cryovials in a water bath, 37°C. Cells were then resuspended in Full
Media and grown in 75 cm2 culture flasks. Cells were incubated at 37°C, 5% CO2.
After 24 h, medium was replaced with fresh full media. To maintain, cells were
passaged using a 0.25% Trypsin-EDTA solution (Sigma-Aldrich) to lift the cells when
they reached 80% confluency.
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SECTION 2.4. Cell Culture and Imaging

2.4.2 Confocal Microscopy

Confocal images were acquired on an LSM700 confocal microscope at 40x magni-
fication using an oil immersion lens unless otherwise stated. The individual laser
gain was adjusted such that the image was as bright as possible without introducing
noise in the negative control. Acquired images were processed using the Fiji image
editing software to apply false color and a scale bar.

2.4.3 Cellular Internalisation of α-Synuclein

SH-SY5Y cells were plated into individual FluoroDishes 35mm (World Precision
Instruments) at 300 000 cells per well and cultured as above for 24hrs to allow cells
to adhere to the base of the dish. Fibrillar α-synuclein was then added to the culture
media to a final concentration of 1µM (monomer equivalent concentration). Prior
to addition fibrils were sonicated in a bath sonicator for 10min to reduce clumping
and increase fibril length homogeneity. Fibrils were then incubated with the cells for
24hrs. Culture media was removed and cells were washed 3 times in PBS.

For live cell imaging cells were at this point incubated with Lysotracker™ Green
(ThermoFisher Scientific) for lysosome visualisation and CellMask™ for visualisation
of the cell membrane, per manufacturer’s instructions. For fixed cell imaging cells
were then fixed in fixative buffer (PBS, 4% formaldehyde, 1% sucrose) for 15minutes.
Cells were then permeabilised with permeabilization buffer (PBS, 3% BSA, 0.1%
Saponin) for 1hr at RT. Cells were then probed with anti-LAMP1 antibody in
permeabilization buffer for 1hr at RT. Fixed cells were then washed 3 times in PBS
for 5min each. Cells were then probed with anti-mouse conjugated Alexa-Flour™
488 and, when probing biotin, Neutravidin conjugated Texas Red for 1hr at RT.
Finally cells were washed 3 times in PBS and 5mM Hoechst 33342 added to visualise
the nuclei 5min prior to imaging by confocal microscopy Section 2.4.2.

2.4.4 Intracellular α-Synuclein Seeding with exogenous
α-Synuclein Fibrils

SH-SY5Y cells overexpressing a green flourescent protein (GFP)-α-synuclein construct
cells (kindly gifted by Dr. Eric Hewitt) were plated into individual FluoroDishes
35mm (World Precision Instruments) at 100 000 cells per well and cultured as
described in Section 2.4.1 for 24hrs to allow cells to adhere to the base of the dish.
Fibrillar α-synuclein was then added to the culture media to a final concentration of
1µM. Prior to addition fibrils were sonicated in a bath sonicator for 10min to reduce
clumping and increase fibril length homogeneity. Fibrils were then incubated with
the cells for 5 days. Culture media was removed and cells were washed 3 times in
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PBS. Cells were gently permeabilised in permeabilization buffer for 15min and then
washed in PBS, to remove soluble α-synuclein-GFP. Great care was taken not to
detach the cells from the plate. Cells were then incubated with fixative buffer for
15min and finally 5mM Hoechst 33342 added to visualise the nuclei 5min prior to
imaging by confocal microscopy Section 2.4.2.
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2.5 Proteomic Experiments

2.5.1 Pull-Down of Biotinylated A18C α-Synuclein Fibril
Seeds From SH-SY5Y Cell Lysate

SH-SY5Y cells were plated into 35mm 6 well plates (Corning, NY, USA) at a
concentration of 300k cells per well and maintained in cell culture media for 24hrs.
1× 6 well plate was used per experimental repeat for a total of 1800k cells per
experimental repeat. Cells were detached from plates using plastic cell scrapers
(Nunc, NY, USA) . For each experimental repeat, detached cells were pelleted at
300× g for 5min, the cell media was aspirated and the pellet resuspended in PBS.
Pelleting and resuspension was repeated three times to remove cell media.

Pelleted Cells were resuspended in lysis buffer (PBS + Triton X 100 + mixed
protease inhibitors (Pierce)) and incubated at 4°C for 1hr. Lysate then underwent
centrifugation (2000× g, 5min) to remove cellular debris. The concentration of lysate
was then determined by bicinchoninic acid (BCA) assay (Pierce) using provided BSA
standards per manufacturer’s instructions.

For fibril added condition, 1mg of lysate (by protein concentration) was incubated
with 1× 10−9µ mols of biotinylated A18C α-synuclein fibril seeds for 1hr at 4°C.
For the control (no fibrils added) condition lysate was incubated at 4°C for 1hr.
Pull down by streptavidin coated magnetic DynaBeads™ was performed on both
fibril added and control samples. For pull-down experiments 100µg of streptavidin
coated magnetic DynaBeads were added to each sample and processed as described
in Section 2.2.8.

2.5.2 Pull-Down of Biotinylated A18C α-Synuclein Fibril
Seeds and Biotinylated A18C α-Synuclein Monomer
From SH-SY5Y Cell Lysate

SH-SY5Y cells were plated into 35mm 6 well plates (Corning, NY, USA) at a
concentration of 300k cells per well and maintained in cell culture media for 24hrs.
1× 6 well plate was used per experimental repeat for a total of 1800k cells per
experimental repeat. Cells were detached from plates using plastic cell scrapers
(Nunc, NY, USA). For each experimental repeat, detached cells were pelleted at
300× g for 5min, the cell media was aspirated and the pellet resuspended in PBS.
Pelleting and resuspension was repeated three times to remove cell media.

Pelleted Cells were resuspended in lysis buffer (PBS + Triton X 100 + mixed
protease inhibitors (Pierce)) and incubated at 4°C for 1hr. Lysate then underwent
centrifugation (2000 × g, 5min) to remove cellular debris. The concentration of
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lysate was then determined by BCA assay (Pierce) using provided BSA standards
per manufacturer’s instructions.

For fibril and monomer added conditions, 1mg of lysate (by protein concentration)
was incubated with 1× 10−9µmols (monomer equivalent) of biotinylated A18C α-
synuclein fibril seeds or biotinylated A18C α-synuclein monomer respectively, for
1hr at 4°C. For the control (no α-synuclein fibrils or monomer added) condition,
lysate was incubated at 4°C for 1hr. Pull down by streptavidin coated magnetic
DynaBeads™ was performed on both fibril added and control samples. For pull-down
experiments 2.5mg of streptavidin coated magnetic DynaBeads were added to each
sample and processed as described in Section 2.2.8.

2.5.3 Pull-Down of Biotinylated A18C α-Synuclein Fibril
Seeds Following Incubation With SH-SY5Y Cells

SH-SY5Y cells were plated into 35mm 6 well plates (Corning, NY, USA) at a
concentration of 300k cells per well and maintained in cell culture media for 24hrs.
1× 6 well plate was used per experimental repeat for a total of 1800k cells per
experimental repeat. For the fibril added condition, biotinylated A18C fibril seeds
were added to each of the six wells to a final concentration of 1µM. For the control
condition, an equivalent volume of PBS was added. The cells were then incubated
for 24hrs under standard cell culture conditions. Following incubation the cells were
detached from plates using plastic cell scrapers (Nunc, NY, USA).Detached cells
were then pelleted at 300× g for 5min, the cell media was aspirated and the pellet
resuspended in PBS. Pelleting and resuspension was repeated three times to remove
cell media.

Pelleted Cells were resuspended in lysis buffer (PBS + Triton X 100 + mixed
protease inhibitors (Pierce)) and incubated at 4°C for 1hr. Lysate then underwent
centrifugation (2000 × g, 5min) to remove cellular debris. The concentration of
lysate was then determined by BCA assay (Pierce) using provided BSA standards
per manufacturer’s instructions.

Protein concentrations were then normalised between the samples. Pull down by
streptavidin coated magnetic DynaBeads™ was performed on both fibril added and
control samples. For pull-down experiments 100µg of streptavidin coated magnetic
DynaBeads were added to each sample and processed as described in Section 2.2.8.

2.5.4 Proteomics

Following isolation by streptavidin coated magnetic DynaBeads, samples were shipped
to the proteomics facility at Bristol University, where TMT analysis of the samples
was conducted.
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2.5.5 Bioinformatic Analysis

For analysis of TMT proteomic data, the data was first filtered by removing any fibrils
that were identified in the database of contaminants during peptide identification.
Next proteins with fewer than 3 peptide identifications were eliminated as were
proteins with an false discovery rate (FDR) (the probability that the identification
could be made by chance) < 0.01. The FDR was calculated using the method
described by Benjamini and Hochberg [325]. The abundance of each protein in
an experimental sample was then compared with its abundance in its matched
control sample. The mean fold change in abundance between the control sample
and the experimental samples was then calculated for each experimental condition
(e.g. α-synuclein Fibril added vs no fibril added), and the p-value of that fold change
calculated. Proteins with a fold change of > 1.5 and a p-value of < 0.01 were
considered specific to the experimental condition (i.e. belonged to the α-synuclein
fibrillar or monomeric interactome).

Gene ontology (GO) term overrepresentation

GO term overrepresentation analysis (identification of protein associated GO terms
that appear more frequently in the interactome than would be predicted by chance
given a background proteome) of α-synuclein monomeric and fibrillar interactomes
was conducted using the BiNGO [326] and ClueGO [327] plugins for Cytoscape.
GO terms were mapped from the protein accession numbers (Uniprot) identified by
proteomic analysis. The proteomic background for the analysis was set to that of
SH-SY5Y cells and the FDR required for a GO term to be considered overrepresented
was to be less than 0.01.

StringDB network analysis of proteins present in an interactome was conducted via
the StringApp Cytoscape plugin. StringDB IDs were mapped from the interactome
protein accession numbers (Uniprot) identified by proteomic analysis. Protein protein
interactions (edges in the network) were considered if their score, calculated by
StringDB based on the evidence for the interaction, was greater than 0.6. Clustering
analysis of the network was performed in Cytoscape via the Markov clustering (MCL)
algorithm. The inflation parameter for MCL clustering was set to 2.0 and the edges
were weighted by the protein-protein interaction score calculated by StringDB.

Comparison with other proteomic studies

Interactomes identified by other studies were drawn from the supplementary data of
the papers indicated. The gene names for each protein in both external interactomes
and the interactomes identified herein were mapped via the Uniprot ID mapping
service or from the file describing the interactome, if available. The Jaccard Coefficient
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(a measure of set similarity) is defined as:

J(A,B) = |A ∩B|
|A ∪B|

Where A is the set representing proteins identified in one interactome and B is a set
representing proteins identified in another. The calculated value, a number between
1 and 0, is a measure of the similarity of the sets with 1 representing two identical
sets and 0 representing two unique sets.

Solubility and LCR analysis

The solubility and LCR analysis of each protein in the given interactome was
conducted by CamSol [328] and fLPS [329] software respectively. The protein
sequences required for this analysis were mapped from the interactome protein
accession numbers (Uniprot) using the Uniprot service.
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3
Developing the Methodology for

Synthesising and Isolating
α-synuclein Fibrils

3.1 Aims

The overall aim of the project was to identify interaction of α-synuclein following
internalisation by neuronal like cells. Therefore, in this chapter, a method was
developed by which α-synuclein fibrils can be synthesised and labelled in such a way
that it is possible to extract them from a buffer or protein mixture. It was then
demonstrated that these fibrils are internalised by SH-SY5Y cells, a neuronal like
cell line commonly used in the study of α-synuclein and other neurodegenerative
amyloid conditions.
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3.2 Introduction

3.2.1 Production of α-Synuclein in vitro

Recombinant α-Synuclein

The use of recombinant α-synuclein in the study of synucleinopathies has enabled the
study of both in vivo and in vitro properties of α-synuclein monomeric, oligomeric
and fibrillar conformations [330, 331]. For example, recombinant α-synuclein has
been used extensively to study the fibril morphology, giving rise to multiple fibril
structures by a number of methodologies [18, 232, 233]. Moreover, investigation
into the kinetics of α-synuclein fibril formation has relied exclusively on recombinant
protein to provide the required purity of sample for study [230, 330]. Meanwhile,
recombinant protein has likewise been used to study the cellular effects and toxicity
of fibrillar and oligomeric species [262, 332, 333]. The extracellular application of
pre-characterised conformations of α-synuclein, has not only enabled such studies
to elucidate several methods by which α-synuclein may be responsible for synaptic
deficiency and neuronal loss, but further to attribute the cause of this damage to
defined species [262, 332, 333].

In vitro fibril synthesis

There are several methods for synthesis of fibrils from recombinant α-synuclein
protein many of which have been highly characterised, including the generation of
high resolution structures of fibril morphology, and the characterisation of fibril
growth kinetics [18, 232–234]. The aggregation propensity of α-synuclein is lower
than that of other amyloid proteins such as Aβ, though under the right conditions
α-synuclein can be driven to aggregate [331]. De novo (i.e. unseeded aggregation of
monomeric α-synuclein) aggregation of α-synuclein typically requires high monomer
concentrations and constant agitation [224]. A number of other solution conditions
may also affect the rate of aggregation [227]. As different fibril morphologies produced
under different conditions may exert differing biological effects [247, 332], ensuring a
consistent fibril morphology is important for understanding how α-synuclein fibril
structure relates to function.

Monomer concentration The concentration of α-synuclein monomer used in
the assembly reaction is a key factor in determining the kinetics of fibril formation
[334]. The minimum concentration of α-synuclein required for fibril formation is
estimated to be approximately 0.2 mg ml−1 [335]. Above this concentration, fibril
length has been found to directly correlate with initial monomer concentration [335],

62



SECTION 3.2. Introduction

though this concentration dependance disappears in the presence of high monomeric
concentrations [335, 336]. Typically, concentrations in the range of 0.5 to 7 mg ml−1

are used [334]. Herein a concentration of 500 µm was used to synthesise de novo
α-synuclein fibrils (henceforth termed α-synuclein fibril seeds), while 100 µm was
used for elongation reactions, consistent with those used elsewhere [227, 337].

Agitation Another major condition that can dramatically effect the kinetics and
morphology of in vitro fibrils is the presence of agitation [227, 334]. Under quiescent
conditions the lag phase of α-synuclein fibril formation lasts for several weeks,
however, agitation of the monomeric solution can shorten this to hours [338]. This
increase in aggregation rate may be the result of an increase in the air-water interface,
thereby inducing a partial folding of α-synuclein and promoting the formation of an
aggregation intermediate [339]. Furthermore, agitation of can induce fibril breakage
[340] leading to an increase in elongation ends and an acceleration of fibril formation
[341].

Furthermore, fragmentation of fibrils by agitation during fibrillation produces
fibrils of relatively homogeneous length and height [337, 340, 342]. Several common
methods of agitation exist including agitation by mini stir bar, resulting in greater
fragmentation [337, 340, 342], or in microplates on an orbital shaker [334]. It has
been shown that a reduction in the lag time of fibril formation greatly improves
reproducibility of fibril synthesis [343]. Therefore, this combined with the reduction
in fibril length variability, marks agitation as an effective way of reducing variability
between fibrils. In order to generate α-synuclein fibril seeds that demonstrated repro-
ducible elongation kinetics, monomeric α-synuclein was aggregated under constant
agitation by magnetic stir bar [227].

Solution conditions Several other conditions are highly important to the kinetics
of α-synuclein fibril formation including: temperature, pH and ionic strength. Several
studies have reported that decreasing the pH at which the fibrillation reaction occurs,
substantially increases the rate of fibril formation [227, 344]. Furthermore, although
α-synuclein fibrils can form under a wide variety of pH conditions, rapid growth
only occurs under acidic pHs approximating those found in endosomes and other
organelles [227]. In addition to the speed at which fibrillation occurs, changes in pH
also affect the rate of secondary nucleation [227]. At neutral pH fibril elongation
dominates the fibril growth reaction however, at pH values below pH 7 dramatically
increasing the rate of secondary nucleation [227].

Increasing the temperature at which the fibrillation reaction occurs is likewise
capable of increasing the rate of fibril formation [344]. The increase in temperat-
ure induces structural changes in α-synuclein monomer, as measured by far-UV
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circular dichroism (CD) and Fourier transform infra-red (FTIR). This contributes
to a reversible transformation of the α-synuclein monomer into a partially folded
conformation, which predisposes the monomer to fibril formation [344]. The assembly
of α-synuclein fibrils herein, was conducted in PBS (pH 7.4) and 42°C in order to
generate reproducible fibril morphologies [227].

3.2.2 Cellular Models of Amyloid Disease

SH-SY5Y cells as a disease model in synucleinopathies

The SH-SY5Y cell line is a human derived neuroblastoma cell line isolated from
a bone marrow biopsy [345, 346]. The cell line is commonly used in the study of
neurodegenerative diseases as a model system including in the study of α-synuclein
pathogenicity and Parkinson’s disease [347]. This cell line displays many character-
istics of a dopaminergic neuron. Characterisation of the cell line has shown it has
tyrosine hydroxylase activity [348], the rate-limiting enzyme of the catecholamine
synthesis pathway responsible for the conversion of tyrosine to L-dopa the precursor
to dopamine and dopamine-β-hydroxylase [346], responsible for converting dopamine
to noradrenaline. Although the SH-SY5Y cell line cannot be considered purely
dopaminergic, its capability to sythesise the neurotransmitter is important as Parkin-
son’s disease is classically considered a disease of dopaminergic neuron. Furthermore,
although the cancer derived cell line has a number of genetic abnormalities, most
of the pathways found to be dysregulated in Parkinson’s disease are unaffected in
SH-SY5Y cells [349].

Cellular internalisation of α-Synuclein fibrils

There is evidence to suggest that the spread within the brain occurs due to the
transmission of α-synuclein aggregates between cells [187, 251–253, 259]. There is
clinical evidence of spread of LB pathology from diseased regions of the brain into
healthy transplanted mesencephalic dopaminergic neurons, suggesting propagation of
α-synuclein aggregates into the grafted cells [251, 252]. Secondly, in vitro evidence has
demonstrated transmission of α-synuclein fibrils between cultured cells overexpressing
α-synuclein: these fibrils are capable of seeding new inclusions in healthy cells in a
prion-like manner [253].

Furthermore, cells were shown to internalise recombinant pre-formed fibrillar
α-synuclein from the cell media [262, 263], thus providing a model for cell to cell
transmission of LB pathology. This internalisation was seen as early as 24hrs after
incubation with the exogenous α-synuclein fibril seeds [259]. Cellular internalisation
of fibrils is commonly demonstrated through the use of antibodies against α-synuclein,
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or through fluorescent labelling of α-synuclein fibrils prior to addition [253, 259, 262,
263].

Seeding of intracellular inclusions

It has been demonstrated that in addition to internalisation by SH-SY5Y cells, α-
synuclein fibrils can induce LB like pathology in cells. It was shown that the addition
of pre-formed fibrils to the media of cultured neurons was capable of inducing the
formation of insoluble α-synuclein aggregates within cells, an event that occurred at
around 5-10 days [262]. Soluble or oligomeric species of α-synuclein however, were
incapable of inducing inclusion formation [262]

The intracellular inclusions, formed as the result of exogenous fibril application,
display similar properties to those of disease related LB [263], being both reactive
to antibodies against misfolded α-synuclein, and to antibodies against ubiquitin-
ated α-synuclein and α-synuclein phosphorylated at S129 [263], post-translational
modifications strongly linked with pathological LB inclusions [266]. Furthermore,
it has been demonstrated that endogenous α-synuclein protein is recruited into the
inclusion bodies, following internalisation indicating that this is true "seeding" of
intracellular aggregation [262, 263].

Detection of these inclusion bodies has been shown by a number of methods.
One method is via the use of antibodies against pathological forms of α-synuclein
[263]. This includes the use of antibodies against phosphorylated, ubiquitinated
and aggregated α-synuclein [253, 263]. Alternatively the use of a transfected GFP-
tagged variant of α-synuclein, reproduces many of the same findings [350]. Therein,
intracellular seeding was demonstrated by the formation of GFP puncta within the
cell following prolonged incubation with α-synuclein [350].

3.2.3 Isolation of fibrils for proteomics analysis

The aim of this project was to identify the cellular, protein-protein, interactions
of α-synuclein with the goal of potentially identifying pathways or intracellular
complexes that are disrupted during amyloid aggregation. Several studies have
previously investigated the intracellular interactions of a number of amyloid proteins
including poly-Q expanded huntingtin [267], the Aβ precursor APP [351], as well
as ’artificial’ amyloid proteins, designed proteins that mimic pathogenic amyloid
proteins with a capacity for forming cross-β fibrillar structures in vitro. In order to
facilitate the identification of intracellular proteins interacting with amyloid fibrils
these studies similarly required a method of isolation, and likewise chose to leverage
magnetic pull-downs for this purpose.

Several methods for isolating a protein of interest from a cell extract exist.
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These methods can be broadly divided into antibody based isolation methods and
tag based isolation methods. The aforementioned studies investigating proteome
interactions, looked to investigate the interactions of fibrils within mammalian
systems, overexpressing a tagged form of the amyloid protein under investigation.
In the case of elucidating the poly-Q expanded Huntingtin interactome, the protein
was expressed as a GFP conjugate to enable visualisation, with the added benefit of
antibody based isolation of the GFP tag [267]. By this method, cells overexpressing
a variety of huntingtin poly-Q expansions, mapping to monomeric, oligomeric and
fibrillar conformers of protein, could be analysed to identify the cellular interactomes
of these conformations. Futhermore the addition of the GFP tag enabled intracellular
tracking and puncta identification, facilitating classification of the expressed protein
into monomeric, oligomeric and fibrillar subtypes [267].

Though this technique proved effective, identifying several key pathways affected
by the aggregation of poly-Q expanded huntingtin, there are a number of caveats to
using GFP tagged proteins for this purpose. Firstly, the size of GFP is significant,
increasing the number of intracellular proteins that will interact with the GFP
tag rather than the protein of interest. Though this is mitigated when comparing
conditions via quantitative proteomics [267], it nonetheless increases the background
interactions which can lead to false positive identification of protein interactions.
Secondly, this method of tagging limits the investigation of the interactome to that
of the cell overexpressing the construct. Identification of the interactions that occur
during fibrillar internalisation by a cell, could not be achieved. Finally, in vivo
expression of amyloid proteins, though capable of forming fibril like structures, does
not permit the fine-grain control over amyloid conformations that is available to
fibrils synthesised in vitro. Therefore, the interactomes of amyloid proteins expressed
intracellularly is likely to represent the interactomes of multiple conformations [267].

Another methodology available for the isolation of fibrils is the conjugation of
fibrils with a small molecule such as biotin. Biotin interacts with the homotetramer
streptavidin, and is commonly used in applications requiring protein isolation due to
the strength and specificity of this interaction [352]. Indeed, the use of biotinylated
fibrils has been used to identify potential cell surface interactors of α-synuclein fibrils
that may be responsible for cellular internalisation [260]. Importantly, it was shown
that the addition of biotin did not significantly alter α-synuclein fibril morphology
[260].

For the study described in this chapter, biotinylation was chosen as the method
for enabling fibril isolation as it is straightforward to perform, and was likely to be
minimally disruptive to α-synuclein fibril formation.
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3.2.4 Overview

Using recombinantly expressed α-synuclein monomer, α-synuclein fibrils were gen-
erated in vitro. These fibrils were then labelled with biotin and it was shown that
fibrils could be isolated from storage buffer by use of streptavidin coated magnetic
beads. Moreover, α-synuclein fibrils generated herein were shown to be internalised
by the neuronal-like SH-SY5Y cell line.
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3.3.1 Purification of α-Synuclein

The investigation of cellular interactions by fibrillar α-synuclein following endocytic
internalisation, required the generation of α-synuclein fibrils. The decision was
made to synthesise fibrils from recombinant α-synuclein in a similar manner to other
studies investigating the internalisation of α-synuclein [253, 259, 262]. Spiking of
biotinylated monomeric α-synuclein into elongated α-synuclein fibrils via the fibril
growth reaction, would in theory enable internalised fibril to be isolated, by means of
streptavidin coated Dynabeads, enabling analysis of protein-protein interactions in a
cellular context. Furthermore, this approach would enable the use of fluorescently
labelled monomer to be spiked into the fibrillation reaction, enabling monitoring of
fibril location by fluorescence microscopy as previously described [253, 259, 262, 263].

Therefore, for this purpose, recombinant α-synuclein monomer was produced
and purified from E.coli (as described in Section 2.2.2). Briefly this involved the
transfection of E.coli BL21 DE3 with a plasmid containing the gene encoding
full length human α-synuclein, under the T7 promoter. α-synuclein expression
was induced by addition of IPTG and the cells harvested and lysed to release
intracellular protein. α-synuclein monomer was then purified first by ammonium
sulphate precipitation then by anion exchange chromatography. Finally, the protein
was subjected to size exclusion chromatography (SEC) dialysed into ammonium
bicarbonate and lyophilized for storage at -20°C. The purity of the purified monomer
was determined by analysis of the SEC purification trace and by subsequent MS
analysis of the lyophilized protein.

The SEC purification trace confirmed that the sample eluted largely as a mono-
meric protein, showing only a small secondary peak, eluting at a lower volume
(Fig. 3.1A). SDS-PAGE analysis of protein eluting in this peak showed a single band
at 14.5 kDa (Fig. 3.1B). The presence of α-synuclein in the sample was further con-
firmed by MS analysis of the purified protein, demonstrating a single high intensity
peak at 14 460.40 Da (Fig. 3.1C), within 1 Da of the theoretical mass of α-synuclein
(14460.16). This discrepancy is within the margin of error for the instrument in use.
It was therefore determined that the purified protein was of the correct molecular
weight for monomeric α-synuclein, and showed minimal oligomeric impurities.
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Figure 3.1: Recombinant WT α-synuclein is purified as monomeric protein. A)
SEC trace of WT α-synuclein purification showing largely monomeric conformation.
Only the protein from the large peak at 150ml was collected and lyophilized. Arrow
denotes collected peak. B) Coomassie stained, SDS-PAGE gel of the collected SEC
peak showing a protein with the predicted MW of α-synuclein. C) Deconvoluted MS
spectrum showing the molecular weight of the purified protein. This closely matches
the theoretical weight of monomeric α-synuclein (14460.16 Da)

.

3.3.2 Synthesis of Fibrils from α-Synuclein Monomer

Having purified α-synuclein monomer the next step was to generate the fibrils
that could be used to identify cellular proteins that interact with fibrils. There
are many methods in common use for generating de novo α-synuclein fibrils from
recombinant α-synuclein monomer. Due to the polymorphic nature of α-synuclein
fibrils when generated under different conditions [247, 353], and the demonstration
that different fibril structures display divergent cellular effects [247], a reliable and
well defined method of fibril formation was required. Here the decision was made to
follow a protocol set out in Buell et al. [227]. This method was chosen as, at the
time of developing this system, the fibrils produced were well characterised both
structurally and functionally. Fibrils produced by this protocol have been used both
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to demonstrate cellular internalisation of fibrils [337] and to characterise fibril growth
kinetics [342].

Briefly, the protocol first involves generation of short de novo synthesised fibrils,
henceforth termed fibril seeds, by incubating α-synuclein in a heated glass vial under
constant agitation by magnetic stir bar [337] (Fig. 3.2). It was demonstrated that
the fibril seeds generated by this method were found in the insoluble fraction of the
pelleting assay (>95% by densitometry) (Fig. 3.2 A and B) and appeared to have
fibrillar morphology when observed under EM (Fig. 3.2C). Fibril seeds generated in
this manner have an average length of 75nm as calculated from EM micrographs
(Fig. 3.2D).

Elongation of fibrils, by the addition of α-synuclein fibril seeds to monomeric
α-synuclein (10% Seed w/w), appeared to progress in a similar manner to that show
elsewhere [227]. Fibril growth curves obtained by monitoring the elongation reaction
by ThT fluorescence appeared similar to those previously described [227] (Fig. 3.3).
Furthermore seeds elongated in this manner were found to be largely insoluble (>95%
by densitometry) (Fig. 3.4).

Moreover, elongated fibrils possessed physical and morphological properties match-
ing those previously described for α-synuclein fibrils (Fig. 3.5) [227]. Atomic force
microscopy (AFM) analysis of elongated fibrils showed that the fibrils were un-
branching with a median height of 8nm (Fig. 3.5A and B). EM micrographs further
confirmed the fibrillar morphology of the elongated α-synuclein fibrils (Fig. 3.5 C).
Taken together these data indicate that elongated α-synuclein amyloid fibrils can
be generated by extending α-synuclein fibril seeds with recombinant α-synuclein
monomer and the resultant fibrils have properties close to those previously described
[227, 337, 342].
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Figure 3.2: Characterisation of α-synuclein fibril seeds. Fibril seeds were produced
from 500µM α-synuclein monomer incubated for 3 days at 42°C under constant
agitation by magnetic stir bar. A) Pelleting assay (centrifugation at 16400×g for
40 min) of α-synuclein fibril seeds indicating presence of insoluble aggregates. Input
denotes the lanes prior to centrifugation. α-synuclein denotes monomeric protein.
Experiment was performed in triplicate to enable densitometry analysis. B) Bar chart
showing the densitometry analysis of A. Error bars denote standard error of the mean
(SEM) C) negative stain EM image obtained from α-synuclein fibril seeds showing
fibrillar morphology. D) Lengths of fibril seeds calculated from EM micrographs.
Lengths were measured manually via an ImageJ plugin. Red line denotes median
median length. n=259.
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Figure 3.3: Elongation kinetics of α-synuclein fibril seeds. α-synuclein fibril seeds
were elongated by addition of fibril seeds (10% w/w) to 100µM monomeric α-synuclein
under quiescent conditions. 20µM ThT was added and fibril growth monitored by
reading the fluorescence every 10 seconds. Plot showing the ThT fluorescence over
time for triplicates of elongating fibrils (Fibril), seed alone (Seed), and monomer
alone (Monomer).

Figure 3.4: Characterisation of elongated α-synuclein fibrils. Fibrils were produced
by elongation of α-synuclein fibril seeds (10% w/w) with monomeric α-synuclein
under quiescent conditions. A) Pelleting assay (centrifugation at 16400×g for 40 min)
of α-synuclein fibril seeds indicating presence of insoluble aggregates. Input denotes
the lanes prior to centrifugation. α-synuclein denotes monomeric protein. Experiment
was performed in triplicate to enable densitometry analysis. B) Bar chart showing
the densitometry analysis of A. Error Bars denote SEM
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Figure 3.5: Elongated fibrils display fibrillar morphology by EM and AFM. Elong-
ated fibrils were produced by incubation of 10% fibril seed with monomeric protein for
5 days under quiescent conditions. Elongated fibrils were then analysed by AFM (A)
and the height distribution of fibrils calculated (B). Calculated heights are shown as a
box and whisker diagram (median 8.3 nm) n=75. C) EM negative stain micrograph
of elongated fibrils.
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3.3.3 Labelling of Monomeric α-Synuclein with Biotin

In order to identify the cellular protein interactors of α-synuclein fibrils following
internalisation into cells and from cell lysates, a method for affinity isolation was
required. It was determined that the use of a Biotin-Streptavidin affinity isolation
system would be an effective method for capturing fibrils and their cellular interactions
due, to the high specificity and sensitivity of biotin to Streptavidin [352]. Therefore,
in order to make use of this biotin based isolation system it was necessary to label the
fibrils with biotin. It was determined that this could be done through the labelling
of monomeric α-synuclein with biotin and then spiking a small percentage of the
labelled α-synuclein monomer into the fibril growth reaction. This method has
been used previously to introduce a fluorescent label for the purpose of monitoring
α-synuclein internalisation by cells [253, 262, 337].

Labelling of monomeric α-synuclein could, in this instance, be performed via
biotin linked to an NHS ester (Fig. 3.6). The NHS ester is an amine reactive
compound and will covalently conjugate the biotin molecule with the protein via
exposed lysine residues and the N-terminus of the protein. At these locations NHS
reacts with the primary amine group (-NH2) leading to the covalent modification with
biotin of the protein. Due to the distribution of lysines present in α-synuclein this
would result in the conjugation of biotin at a variety of points along the polypeptide
chain. It was hypothesised that this would reduce the possibility of the label being
inaccessible when monomers were incorporated into fibrils.

Using this method monomeric α-synuclein was labelled with biotin and successful
labelling was demonstrated by MS. MS spectra showed several distinct peaks differing
by the weight of a conjugated biotin molecule. When analysed it showed that that
every α-synuclein monomer was labelled between five and nine times (median of 7)
(Fig. 3.7). Incomplete labelling of all lysine residues on the monomer (of which there
are 15) is important as it has previously been demonstrated that occlusion of all
lysine residues can inhibit the formation of α-synuclein fibrils [354].
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Figure 3.6: Lysine labelling of α-synuclein with NHS-biotin. A) The chemical
reaction by which an NHS ester attaches a label to a lysine side chain. B and
C) A monomeric [211] (PDB 1XQ8) and fibrillar [18] (PDB 2N0A) structure of
α-synuclein with the locations of the lysine residues shown in red. The monomeric
structure (B) was obtained for lipid bound α-synuclein.

.
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Figure 3.7: Monomeric α-synuclein labelled on lysine residues via NHS-biotin.
Monomeric α-synuclein was labelled with biotin-NHS ester, desalted and lyophilized.
The resultant protein was analysed by MS revealing 5 major peaks separated by
the weight of an additional biotin. The the number above each peak denotes the
calculated number of biotins conjugated to monomeric α-synuclein to arrive at the
given molecular weight.

.
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3.3.4 Production of Elongated Biotinylated α-Synuclein
Fibrils

Having produced labelled α-synuclein monomer it was then necessary to demonstrate
that the synthesis of fibrils and their mature morphology was unaffected by the
addition of labelled monomer. When labelled α-synuclein was spiked into the fibril
growth reaction at a ratio > 1:20 (labelled : unlabelled monomer), biotin labelled
fibrils appeared to retain the morphology of unlabelled fibrils (Fig. 3.9). Furthermore,
the fibril growth kinetics of labelled fibrils remained similar to that of unlabelled fibrils.
However, when spiked in at a concentration of 10% or greater, fibril growth kinetics
showed notable changes including a reduction in the slope of the curve, and reduced
maximum fluorescence (Fig. 3.8). Elongated fibrils (5% labelled monomer) appear
in the insoluble fraction of a pelleting assay and appear fibrillar by EM (Fig. 3.9).
These data suggest that biotin-labelled α-synuclein monomer is incorporated into
fibrils produced by elongation and that the morphology of these fibrils, characterised
in detail elsewhere [227, 337, 342] are unaffected by the addition of the biotin label.
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Figure 3.8: Elongating fibrils with low concentrations of biotinylated monomer does
not affect rate of elongation. A and B) ThT fibril seed elongation curves. α-synuclein
fibril seeds (10% w/w) were incubated with unlabelled α-synuclein monomer spiked
with biotinylated monomer at the percentages of A) 6% to 100% and B) 0.6% to
10%. Under conditions where the percentage of spiked labelled monomer is less than
5% the growth curve overlays that of α-synuclein fibril seed + unlabelled α-synuclein
monomer. Seed refers to α-synuclein seed alone. Monomer refers to unlabelled
monomeric α-synuclein alone.
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Figure 3.9: Characterising elongated biotinylated fibrils. Biotinylated fibrils were
synthesised by elongation of fibril seeds with biotinylated α-synuclein monomers (10%
Seed 5% Biotinylated Monomer w/w 85% Unlabelled Monomer). A) Pelleting assay
(centrifugation at 16400×g for 40 min) of biotinylated α-synuclein fibril indicating
presence of insoluble aggregates. Input denotes the lanes prior to centrifugation.
α-synuclein denotes monomeric protein. Experiment was performed in triplicate to
enable densitometry analysis. B) Bar chart showing the densitometry analysis of
A. Error bars denote SEM C) EM negative stain micrograph of pelleted fibrils (A)
showing fibrillar morphology of elongated labelled fibrils
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3.3.5 Elongated Biotinylated α-Synuclein Fibrils can be
Isolated by Streptavidin Coated Magnetic Beads

Prior to studying cellular uptake and capacity to seed intracellular inclusions it was
important to demonstrate that the labelled fibrils could be pulled down from buffer.
Several methods of isolation exist including centrifugal isolation using agarose beads,
and magnetic isolation using ferrous beads. The decision was made to use magnetic
isolation as it was thought that centrifugal isolation, in the context of an system
capable of inducing aggregation within cells, may result in non-specific isolation.
Therefore for this experiment streptavidin-coated Dynabeads were chosen to isolate
biotinylated α-synuclein fibrils. It was shown that such beads were able to isolate
elongated biotinylated fibril (Fig. 3.10). Furthermore, there was no evidence that
streptavidin beads isolated unlabelled fibrils.

Figure 3.10: Biotinylated fibrils are pulled down from buffer using streptavidin
magnetic beads. Elongated biotinylated fibrils were incubated with Streptavidin coated
Dynabeads™ for 30min at 4°C in PBS. Magnetic beads were then isolated and the
unbound fraction retained (Flow-Through). The beads were washed three times in PBS
+ 0.1% Tween 20, to give the binding fraction (Pull-Down). SDS-PAGE (Coomassie
stain) of A) biotinylated fibril and B) WT unlabelled fibril pull-down. Location of
streptavidin and α-synuclein indicated. * denotes a band 30kDa predicted to be an
α-synuclein dimer.
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3.3.6 Elongated Fibrils are not Internalised by SH-SY5Y
Cells

Having demonstrated that it was possible to produce biotinylated α-synuclein fibrils
and that those fibrils could be extracted from the buffer using a magnetic isolation
system, it was then necessary to demonstrate the functionality of the other major
component of the system: cellular internalisation of fibrils. Numerous studies have
demonstrated that fibrils incubated in the cell culture medium are internalised by
cells through endocytosis [253, 259, 262, 337]. Therefore biotinylated fibrils were
incubated with cells and their uptake analysed.

Previous studies have used fibrils labelled with fluorescent tags to track their
internalisation by SH-SY5Y cells [253, 259, 262, 337]. Therefore, to demonstrate
internalisation, fibrils labelled with one or more of the fluorescent marker TAMRA,
were produced in a similar manner to the method for producing biotinylated fibrils.
Namely monomeric α-synuclein was labelled with NHS-conjugated TAMRA and
spiked into a fibril growth reaction. The labelling of monomeric α-synuclein was
shown to have a lower efficiency to biotin labelling when analysed by MS (Fig. 3.11)
but nonetheless, the majority of α-synuclein monomer was labelled with TAMRA.

Figure 3.11: Monomeric α-synuclein labelled on lysine residues with NHS-TAMRA.
A) Deconvoluted MS spectra of monomeric α-synuclein labelled with TAMRA-NHS
conjugate. Major mass peaks are separated by the mass of a conjugated TAMRA label.
Numbers above the peaks indicate the calculated number of TAMRA labels conjugated
to α-synuclein necessary to appear at that molecular weight.

When spiked into the elongation reaction at 1% of the total monomer concen-
tration, the fibril growth curve appeared to overlap that of the unlabelled monomer
(Fig. 3.12). At monomer concentrations higher than 1% however the fibril elongation
reaction quickly deviated from that of the unlabelled monomer (Fig. 3.12). When the
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endpoint of the fibril elongation reaction was analysed be EM for fibrils elongated
in monomer containing 1% TAMRA labelled monomer, the fibril morphology ap-
peared unaffected (Fig. 3.13). These data demonstrate TAMRA labelled, elongated
α-synuclein fibrils can be generated and these fibrils closely resemble unlabelled
fibrils.

Figure 3.12: Characterising elongated TAMRA labelled fibrils. α-synuclein fib-
ril seeds elongated with monomeric α-synuclein containing 1% TAMRA labelled
monomer. No biotinylated α-synuclein monomer was added to this fibril assembly
reaction. ThT elongation curve of α-synuclein fibril seed elongation (10% fibril seed)
in monomeric α-synuclein containing a increasing proportions (given as % values
in the legend) of TAMRA labelled monomer. Seed refers to α-synuclein seed alone.
Monomer refers to unlabelled monomeric α-synuclein alone.

Having successfully synthesised fluorescent fibrils it was then possible to demon-
strate internalisation by SH-SY5Y cells. SH-SY5Y cells were chosen as they are a
neuronal like cell type commonly used as a model in the study of neurodegenerative
amyloid diseases, including the study of α-synuclein related cellular dysfunction [347].
Fibrils were added to the culture media of these cells at a concentration of 1 µm
(monomer equivalent) consistent with that used by other internalisation studies [253,
259, 262]. However, unlike previous studies [259, 262], there was little to no evidence
of internalisation by cells when treated cells were observed by confocal-microscopy,
as shown by a lack of co-localisation with Lysotracker™ staining (Fig. 3.14). Instead
labelled α-synuclein localised to the plasma membrane of treated cells suggesting
that elongated α-synuclein fibrils were not endocytosed by the cells.
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Figure 3.13: Characterising elongated TAMRA labelled fibrils. EM micrograph of
α-synuclein fibril seeds (10% w/w) elongated with monomeric α-synuclein containing
1% TAMRA labelled monomer. No biotinylated α-synuclein monomer was added to
this fibril assembly reaction.

Figure 3.14: Elongated TAMRA labelled α-synuclein fibrils were not internalised by
SH-SY5Y cells. SH-SY5Y cells were incubated with TAMRA-labelled fibrils for 24 h,
and stained with Lysotracker™ to visualise the lysosomes. Shown is a representative
image acquired by confocal microscopy of the internalisation by SH-SY5Y cells. Image
taken on LSM770 confocal microscope at 40×magnification
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3.3.7 Biotin Labelled Monomeric α-Synuclein Fails to
Assemble Into α-Synuclein Fibril Seeds

Due to the failure to demonstrate internalisation of labelled α-synuclein fibrils
generated by elongated seeds with TAMRA labelled monomers, another approach
was necessary. It has been shown that in the case of β2M fibrils fibril length is a key
determinant for internalisation, with shorter fibrils being internalised while longer
fibrils remain on the cell surface [340]. Therefore, it was hypothesised that the shorter
fibril seeds may be internalised by the fibrils more readily than the elongated fibrils.

In order to test this hypothesis, an attempt was made to synthesise fibril seeds
from monomeric α-synuclein spiked with labelled α-synuclein monomer. However,
the addition of biotinylated monomer (even as low as 1:1000 biotinylated:unlabelled
monomer) to the fibril synthesis reaction negatively affected the morphology of the
fibrils, as observed by EM. The morphology appeared to more closely resemble
amorphous aggregates the higher the concentration of labelled monomer (Fig. 3.15
B). Furthermore, given a calculated fibril length of 50 nm for fibril seeds and knowing
the mass per unit length of a α-synuclein fibril [355] to equate to 5 subunits/nm the
average number of monomers within a fibril seed is 250. Therefore, at a ratio of
1:1000, on average only one in four fibrils would contain a labelled monomer. This is
unsuitable for pull-downs as most fibrils generated by this method do not contain
biotin.

84



SECTION 3.3. Results

Figure 3.15: Biotinylated monomeric α-synuclein is unable to assemble into amyl-
oid fibrils. α-synuclein monomer spiked with 1% biotinylated monomer was incubated
for 3 days under conditions for the synthesis of α-synuclein fibril seeds. A) Pelleting
assay showing resulting aggregate appearing largely in the soluble fraction. B) EM
negative stain micrograph of reaction end product showing a number of amorphous
aggregates.

3.3.8 A18C α-Synuclein Monomer Assembles Into Fibril
Seeds

One possible explanation for the failure to synthesise morphologically fibrillar ag-
gregates from lysine labelled α-synuclein monomer, is that the presence of the label
disrupts the ability of the protein to form a cross-β structure. This possibility is
supported out by several high resolution structures of α-synuclein fibrils that clearly
identify several lysine residues within the region of the protein responsible for forming
the β-sheet structure [232, 233, 356]. Indeed, a number of lysine residues were present
in the β-sheet region of all identified structural variants. Furthermore, at least one
lysine residue (K80) has been shown to play an important role in the protofilament
interface, forming a salt bridge with E46 [233]. Therefore, selective labelling of a site
distant from the fibril core and uninvolved with subunit stacking, β-sheet formation,
or protofilament interactions, may enable synthesis of a labelled, morphologically
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fibrillar, α-synuclein aggregates.
To enable site specific labelling the decision was made to leverage cysteine reactive

maleimide chemistry. Since α-synuclein has no natural cysteines, introduction of a
cysteine by site specific mutation enables precise control of the location of the biotin
label. Several sites present themselves as viable targets: A90C has been used in
several previous studies to label fibrils with a fluorescent tag [253, 259]. However
this residue is within the fibril core in several structural studies [232], and there has
been little research as to the structural effects of labelling in this location. Another
possible location is A140C, as it is far removed from the fibril core and has no known
involvement with α-synuclein fibril formation. However, there is some evidence to
suggest that the C-terminus of α-synuclein is cleaved intracellularly in LBs [357].
Therefore, there is the possibility that a biotin label in this location may be lost
following internalisation.

Rather, another location, α-synuclein A18C presented as the most promising
location for the site specific labelling of α-synuclein. As with A140, this site is distant
from the fibril core and does not appear to participate in protofilament interactions. α-
synuclein A18C mutant, α-synuclein monomer was therefore recombinantly expressed
and purified from E.coli in the same manner as WT monomeric α-synuclein. MS
analysis of the purified protein demonstrate the presence of a peak matching the
predicted MW of a dimeric α-synuclein cysteine mutant. The SEC trace of α-
synuclein A18C monomer purification demonstrates that the protein is monomeric
in the presence of the redox reagent DTT (Fig. 3.16A). MS analysis of the purified
protein identified a single, denoting a mass within 1kDa of the predicted mass of
dimeric A18C α-synuclein.

Figure 3.16: Recombinant A18C α-synuclein purified as a monomer. A) SEC trace
of A18C α-synuclein purification showing largely monomeric conformation. Only the
protein from the large peak at 150ml was collected and lyophilized. Arrow denotes
collected peak. B) Deconvoluted MS spectra showing the molecular weight of the
purified protein. This closely matches the theoretical weight of dimeric α-synuclein
of 28983.14 Da.
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Having expressed and purified monomeric α-synuclein A18C, fibril seeds of α-
synuclein A18C were synthesised from 100% cysteine mutant α-synuclein, to ensure
that the mutation had no detrimental effect on the morphology. Indeed, when
examined by EM the fibrils appeared to have no visible difference to those formed
from WT α-synuclein monomer (Fig. 3.17). This suggests that fibrillar morphology
of α-synuclein is unaffected by the presence of the α-synuclein A18C mutation.

Figure 3.17: Characterisation of fibril seeds generated from α-synuclein A18C
monomer. α-synuclein A18C fibril seeds were generated by incubation of α-synuclein
A18C (500µM) at 42°C for three days under constant agitation by magnetic stir bar.
EM micrograph of fibril seeds showing the morphologically fibrillar structure.

3.3.9 α-Synuclein A18C Fibril Seeds are Effectively
Labelled with Biotin-Maleimide

Using the the successfully synthesised α-synuclein A18C (100% α-synuclein A18C
monomer) fibril seeds, it was then possible to label the fibrils in a site specific manner
with biotin-maleimide. Fibril seeds were used in instead of elongated fibrils as they
were predicted to be more likely internalised by SH-SY5Y cells. In contrast to the
earlier methodology of labelling monomeric α-synuclein prior to fibrillation fibril
seeds were instead labelled post fibrillation which has been shown to be successful in
previous studies [253]. This method has several advantages: first there is a lower
chance of the label affecting fibrillation as the cross-β core of the fibril has already
formed, secondly it will be possible to compare morphology by EM both before and
after biotin labelling to confirm there are no gross structural changes.

In order to demonstrate efficient labelling by biotin maleimide, fibrils were
depolymerised by incubation with hexafluoro-2-propanol (HFIP) and the resultant
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monomeric α-synuclein analysed by MS. The MS spectra of the depolymerised,
α-synuclein A18C fibril, clearly indicates the presence of modification. The MW
of this modification matches that calculated for a biotin conjugation. By this
measure it is possible to estimate that 45% of the monomeric subunits are labelled
(Fig. 3.18A). Moreover, the morphology of fibrils labelled with biotin maleimide were
observed to be unchanged when compared to unlabelled fibrils when examined by
EM (Fig. 3.18 B). These data indicate that fibril seeds produced from α-synuclein
A18C monomeric α-synuclein can be labelled effectively with biotin-maleimide, and
that this modification does not affect the resultant fibril morphology.

Figure 3.18: Characterisation of biotinylated α-synuclein A18C fibril seeds. α-
synuclein A18C fibril seeds generated by fibrillation of α-synuclein A18C monomer,
were labelled with biotin maleimide and desalted by repeated pelleting of the fibrils. A)
Deconvoluted MS spectrum of α-synuclein A18C fibrils labelled with biotin-maleimide
and depolymerised via HFIP incubation. The two major peaks can be identified.
The first denotes monomeric A18C α-synuclein at 14 491 Da and the second denotes
monomeric protein with the additional conjugation of biotin (predicted 15 016.40 Da,
acquired 15 017.00 Da). B) negative stained EM micrograph of α-synuclein A18C
fibril seeds labelled with biotin maleimide showing fibrillar morphology.

3.3.10 Biotin Labelled α-Synuclein A18C Fibrils can be
Isolated From Buffer by Streptavidin Magnetic
Bead Pull-Down

It was then confirmed that labelled α-synuclein A18C fibrils could be isolated
by streptavidin magnetic bead pull-down. Biotinylated α-synuclein fibril seeds,
generated from labelling of fibril seeds synthesised (Fig. 3.18) from recombinant
α-synuclein A18C monomer with biotin maleimide, were incubated with Streptavidin
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coated Dynabeads. When the isolated fraction of the pull-down was compared to
the unbound (flow-through) fraction it was evident that this method of isolation is
capable of recovering all biotinylated fibril seed. To confirm this is not the result of
non-specific binding of fibril seeds to the magnetic beads, pull-downs of unlabelled
WT α-synuclein fibril seeds were performed. In contrast to biotinylated α-synuclein
A18C fibril seed, no pull-down of unlabeled WT α-synuclein fibril seed was observed.

Figure 3.19: Biotinylated α-synuclein A18C fibril seeds can be isolated from buffer
using magnetic streptavidin beads. SDS-PAGE (Coomassie stain) of pull-down
experiment. Unlabelled fibril seeds (Unlabelled) and biotinylated α-synuclein A18C
fibril seeds (Biotinylated) were incubated with streptavidin magnetic beads for 1hr.
The unbound fraction was removed and termed Flow Through. The bound fraction was
washed three times in PBS + 0.1% Tween 20. This washed pellet was termed Pull-
Down. The lower band seen in the pull-down lanes with a MW 12 kDa corresponds
to that of streptavidin, while the higher band 15 kDa corresponds to the MW of
monomeric α-synuclein

3.3.11 Biotin Labelled α-Synuclein A18C Fibrils are
Internalised by SH-SY5Y Cells

As shown above, elongated WT α-synuclein fibrils were not internalised by cells,
possibly as a result of the fibril length. Previous studies have demonstrated that
shortening fibrils via fragmentation can increase the degree of internalisation of
amyloid aggregates [340]. With a system in place for generating α-synuclein fibril
seeds that can be conjugated to biotin, the next step was to ensure that the fibril
seeds can be internalised by cells. α-synuclein A18C fibril seeds were therefore
labelled with an AlexaFlour-594 maleimide conjugate in the same manner as the
labelling with biotin maleimide. For this purpose fibril seeds were dual labelled with
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biotin and AlexaFlour-594. This was done by adding both biotin maleimide and
AlexaFlour-594 maleimide to unlabelled α-synuclein A18C fibril seeds. As was the
case with α-synuclein A18C fibril seeds labelled with biotin there appeared to be no
observable change in morphology when examined by negative stain EM (Fig. 3.20).

Figure 3.20: Characterisation of biotinylated and AlexaFlour-594 labelled α-
synuclein A18C fibril seeds. α-synuclein A18C fibril seeds generated by fibrillation of
α-synuclein A18C monomer, were labelled with biotin maleimide and AlexaFlour-594
maleimide and desalted by repeated pelleting of the A18C α-synuclein fibril seeds.
Negative stain EM micrograph of α-synuclein A18C fibril seeds labelled with biotin
maleimide and AlexaFlour-594 showing fibrillar morphology.

Having established that A18C α-synuclein fibril seeds are morphologically unaf-
fected by the addition of a fluorescent tag, dual labelled (biotin, AlexaFlour-594)
α-synuclein A18C fibrils were then applied to SH-SY5Y cells to observe internal-
isation by confocal microscopy. Previous studies have observed co-localisation of
α-synuclein fibrils with components of the endolysosomal pathway [256].

Following 24 h incubation with α-synuclein fibril seeds it was shown that, in
contrast to the longer elongated fibrils, dual labelled α-synuclein A18C fibril seeds
were more readily internalised by SH-SY5Y cells. Confocal images showed the
presence of distinct puncta within the cell (Fig. 3.21A), not seen in the images of
elongated fibrils (Fig. 3.14), some of which co-localised with puncta visualised with
Lysotracker™. These data demonstrate that the A18C fibril seeds are internalised to
some extent, thus are suitable or identifying intracellular interactions of α-synuclein
fibrils, a key tenet of this work.

Futhermore, in order to demonstrate that biotinylated fibril seeds are also intern-
alised by SH-SY5Y cells, and do not behave differently due to the change in the label,
an equivalent imaging experiment using biotinylated fibrils was conducted (Fig. 3.22).
As before SH-SY5Y cells were incubated with fibril seeds for 24 h and then fixed
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Figure 3.21: α-Synuclein A18C fibril seeds are internalised by SH-SY5Y cells.
SH-SY5Y cells were incubated with dual labelled (biotin, AlexaFlour-594) α-synuclein
A18C fibrils seeds for 24hrs. Cells were then stained with Lysotracker™ to visualise
endolysosomal structures. Representative image acquired on an LSM700 confocal
microscope at 40×magnification. Red denotes AlexaFlour-594 labelled α-synuclein
A18C fibrils. Green denotes Lysotracker positive puncta. White arrows denotes
example of co-localisation of fibrils and endolysosomal compartments.

and permeabilised. The fixed cells were then probed with Streptavidin conjugated
to Texas Red. Cells were probed with an anti-LAMP1 antibody for endolysosomal
identification. These data revealed that there was evidence of internalisation of
biotinylated α-synuclein fibril seeds as seen by the presence of red punctate staining
within the cells (Fig. 3.22), which co-localised, in part, with LAMP1.

Figure 3.22: Biotinylated α-synuclein A18C fibril seeds are internalised by SH-
SY5Y cells. SH-SY5Y cells were incubated with biotinylated α-synuclein A18C fibrils
seeds for 24hrs. Cells were then formaldehyde fixed and probed for LAMP1 (anti-
LAMP1 mouse monoclonal) to visualise lysosomal structures, and biotin (Streptavidin
Texas Red) to visualise biotinylated α-synuclein A18C fibrils. Representative image
acquired on an LSM700 confocal microscope at 40×magnification. Red denotes
biotinylated α-synuclein A18C fibrils. Green denotes LAMP1 positive puncta. White
arrows denotes example of co-localisation of fibrils and LAMP1 positive puncta.

Finally, to ensure the biotinylated α-synuclein A18C fibrils produced here replicate
the functionality of those demonstrated elsewhere [263], the ability of these fibrils to
seed intracellular inclusions of α-synuclein was assessed. For this purpose SH-SY5Y
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cells overexpressing a GFP-tagged variant of α-synuclein were used. The presence of
intracellular inclusions could then be determined through the identification of distinct
intracellular puncta formation by GFP-α-synuclein. Following a 5 day incubation
with AlexaFlour-594 (Fig. 3.23) labelled and biotin labelled fibril seeds there was
indeed evidence of intracellular puncta formation. Together, these data suggest that
biotinylated α-synuclein fibril seeds are internalised by cells and are capable of seeding
intracellular inclusion formation as others have described [263]. Furthermore, the the
seeding of GFP-α-synuclein puncta is indicative of fibrils accessing the cytoplasm of
the cell and seeding cytoplasmic α-synuclein aggregation.

Figure 3.23: Biotinylated α-synuclein A18C fibril seeds induce inclusion body
formation in cells overexpressing GFP tagged α-synuclein. Top: SH-SY5Y cells
overexpressing GFP-α-synuclein were incubated with biotinylated α-synuclein A18C
fibril seeds for 5 days. Cells were then fixed and washed to remove soluble GFP
α-synuclein and GFP-α-synuclein puncta visualised by confocal microscopy. Bottom:
Control GFP-α-synuclein expressing SH-SY5Y cells not exposed to α-synuclein A18C
fibrils permeabilised and fixed in the same manner. Green denotes GFP, Blue denotes
Hoechst nuclear stain. The white arrow denotes example of intracellular puncta.
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The aim of this work is to identify the intracellular interactors of extracellularly added
α-synuclein fibrils, following their internalisation by SH-SY5Y cells. Herein a system
was developed to allow the isolation of fibrils that were successfully internalised by
SH-SY5Y cells. Firstly in vitro synthesis of performed fibrils from recombinant α-
synuclein monomer produced fibrils that were functionally and morphologically similar
to those previously described [227, 259, 342]. Synthesised fibril seeds can subsequently
be labelled with biotin and thereby isolated through the use of streptavidin-coated
magnetic beads. Furthermore, it was shown that incubation of biotinylated fibril
seeds, with SH-SY5Y cells, resulted in the formation of puncta indicative of the
internalisation of α-synuclein fibril seeds. Additionally, following internalisation, there
was evidence of co-localisation with endolysosomal compartments and intracellular
seeding of endogenous α-synuclein aggregation, in line with the findings of previous
studies [256, 259].

During the development of this system a number of issues were encountered that
were overcome to develop this system. These problems included a failure of SH-SY5Y
cells to internalise elongated fibrils and the inability to form morphologically fibrillar
aggregates when synthesising fibril seeds from lysine biotinylated monomeric protein.

3.4.1 Internalisation of fibrils by neuronal-like SH-SY5Y
cells

There is an abundance of evidence from previous study to indicate that neuronal-like
cells, such as SH-SY5Y cells, can internalise preformed α-synuclein fibrils from
cell culture media [253, 259, 262]. Herein it was found that while α-synuclein
fibril seeds are internalised by SH-SY5Y cells elongated α-synuclein fibrils were
not. This finding is perhaps accounted for by the length of the fibrils. It has
previously been demonstrated that in the case of β2M amyloid fibrils, short fragmented
fibrils are readily internalised while longer fibrils are not [340]. Indeed, the data
presented here likewise suggests much greater internalisation of short fragmented
α-synuclein fibril seeds ( 75nm in length) than elongated α-synuclein fibrils (>500nm
in length). Furthermore, this finding is in line with other studies of α-synuclein fibril
internalisation, in which α-synuclein fibrils with a length of 50-100nm were used to
demonstrate internalisation [260].

Internalisation of α-synuclein fibrils could also be affected by the lack of cell
surface receptors on SH-SY5Y cells that are present on the surface of primary
neuronal cells. This hypothesis may be supported by a previous failure to replicate
internalisation seen in other studies in HEK-293 cells [263]. This cell line is an
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embryonic kidney cell line and as such lacks a neuronal phenotype including several
receptors found to be important in α-synuclein fibril uptake [260, 358, 359]. Indeed
the SH-SY5Y cell used herein lacks the receptor leukocyte activation gene 3 (LAG3),
shown elsewhere to be highly important for internalisation of α-synuclein fibrils
[260]. Another study, investigating the mechanism by which α-synuclein fibrils are
endocytosed, found evidence that SH-SY5Y cell surface receptors were capable of
binding only 8% the number of α-synuclein fibrils bound by primary neuronal cells
[260]. Together with evidence of greater α-synuclein fibril internalisation by primary
neuronal cells than by SH-SY5Y cells in many studies [259, 262], this may suggest
that SH-SY5Y cells lack one or more receptors to enable efficient internalisation of
α-synuclein fibrils.

Short fibril seeds were shown to be internalised by SH-SY5Y cells where they
co-localised, at least in part, with lysosomal puncta. This is in line with previous
findings that have demonstrated the presence of α-synuclein fibrils in lysosomal
compartments following internalisation by neuronal like cells [256, 360]. Futhermore,
it was shown here that exogenous α-synuclein fibril seeds were capable of inducing
the aggregation of endogenous α-synuclein protein, and the formation of intracellular
inclusion bodies, in a manner similar to that shown elsewhere [253]

3.4.2 Difficulties Generating Lysine Labelled Fibril Seeds

Due to the failure of SH-SY5Y cells to internalise elongated α-synuclein fibrils,
an effort was made to produce the shorter fibril seeds from biotinylated monomer.
However, the addition of monomeric α-synuclein, lysine labelled with biotin, to the
fibril synthesis reaction aggregates that appeared amorphous by EM. One possible
explanation for this finding is the position of the lysine residues in the fibril structure
of α-synuclein. A number of studies have been conducted to elucidate the structure
of α-synuclein fibrils. Though the structure of the fibril varies between these studies,
a common kernel, responsible for the inter-subunit and inter-sheet interactions of
the fibril, has been identified [18, 233, 234] which encompasses residues 35-95.

This stretch (residues 35-95) includes 5 of the 15 lysine residues present in α-
synuclein. Combined with the number of biotin labels present on the monomeric
α-synuclein (an average of 7), there is a high probability that at least one of the
lysines within this core region of the fibril are labelled. The presence of such a label
within this region may disrupt the β-sheet stacking of the α-synuclein monomeric
subunits via steric hindrance of interaction, thereby preventing the formation of
protofibrils. Indeed, steric hindrance has previously been shown impair the formation
of α-synuclein fibrils [361]. Furthermore, study of the structure of α-synuclein fibrils
identified the presence of a salt bridge between E46 and K80 [233], an interaction
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that would be perturbed by the presence of a biotin molecule conjugated to this
residue.

Another possibility is that the biotinylation of one or more key lysine residues
interferes with the inter-protofibril interface, preventing the formation of the mature
fibril. Cryo-EM studies that have successfully elucidated the structure of this interface,
have shown a number of lysines facing into this interface. One such study identified
K43, K45 and K58 as forming a cluster withing the interface via binding of an ion
[233]. The presence of a biotin molecule on any one of these side chains may therefore
disrupt the formation of a inter-protofilament interface.

However, this does not explain the finding that the same biotinylated monomer
was capable of elongating fibril seeds. It was shown that when lysine biotinylated
α-synuclein monomer was present at less than 5% of the monomeric protein, α-
synuclein fibril seeds elongated at the same rate as those added to unlabelled
monomer. Furthermore the elongated fibrils contained biotinylated subunits and
these biotinylated elongated fibrils appeared morphologically similar to that of
unlabeled elongated fibrils. Were biotinylated monomers of α-synuclein interfering
with the de novo synthesis of α-synuclein fibrils, it may be expected that they would
likewise disrupt the elongation of α-synuclein fibrils. Therefore, it may be the case
that one or more lysines play a role in the formation of the protofibrillar oligomer,
required for de novo synthesis but not for elongation. Were this the case, biotinylation
of a key lysine may prevent nucleation, thereby preventing the formation of a mature
α-synuclein fibril.

3.4.3 Conclusions and Future Directions

In this chapter a system by which α-synuclein fibril seeds, henceforth simply termed
α-synuclein fibrils, can be synthesised, labelled and internalised by SH-SY5Y cells
and isolated by means of streptavidin coated magnetic beads, has been demonstrated.
The following chapters will explore the use of this system in identifying cellular
proteins that interact with biotinylated α-synuclein fibrils both in the context of
interaction occurring in cell lysate and interaction following cellular internalisation.

One goal of this study is to investigate the intracellular interactions of a defined
fibrillar species of α-synuclein. It has been demonstrated that a large number of fibril-
lar conformations of α-synuclein exist, some of which have been characterised at near
atomic resolution. By synthesising fibrils in vitro under defined conditions, it enables
future study to potentially identify differences in the interactomes of α-synuclein
fibrils displaying divergent morphologies, thereby elucidating the mechanisms by
which fibril strains can differ in their cellular toxicity [247, 362].

The α-synuclein fibril strain generated here has been characterised previously
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[227, 337, 342]. At the time of developing this system, few high resolution structures
of α-synuclein fibrils existed. Since then a number of structures of α-synuclein fibrils
produced under a variety of conditions, have been elucidated [232–234]. Had these
structures been available at the time when this system was under development one
may have been chosen so as to enable further investigation of conformation specific
interactions. Nonetheless, many of the methods used here may be applied in the
future to various fibril polymorphs with existing high resolution structures, thereby
permitting identification of structurally dependant interactions.
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4
Identification of Protein

Interactors of α-synuclein Fibrils
in Cell Lysate

4.1 Aims

The aim of this chapter was to identify proteins from cell lysate that interact with
α-synuclein amyloid fibrils and monomeric α-synuclein, and to identify biological pro-
cesses and cellular components that were overrepresented within these interactomes.
A further aim of this chapter was to compare these interactomes to identify those
α-synuclein interacting proteins, along with overrepresented biological functions or
cellular components, that were specific to either fibrillar or monomeric α-synuclein,
as well as those shared by both monomeric and fibrillar α-synuclein interactomes.

97



4.2 Introduction

This study aims to identify proteins that interact with α-synuclein fibrils, in order
to better understand the mechanisms of pathogenesis in the synucleinopathies.
Traditionally studies investigating the pathogenesis of amyloid diseases have used
targeted, hypothesis-driven approaches that focus on pre-selected proteins of interest.
Indeed, it was by this method that Aβ, the major protein present in the amyloid
plaques found in patients with Alzheimer’s disease [363], was identified. Furthermore,
this technique was used to further strengthen the link between α-synuclein and
LBs in Parkinson’s disease [191]. However, the use of this approach may limit the
discovery of novel proteins involved in the α-synuclein amyloid driven pathogenesis,
since only proteins already suspected of having a role in Parkinson’s disease will be
studied.

One alternative to this hypothesis-driven method is hypothesis-free, omics based
methodologies. These methodologies include genomic, transcriptomic, epigenetic and
proteomic techniques, all of which offer a high-throughput, unbiased approach for
the discovery of novel pathways for human pathogenesis. Indeed, genomic studies
enabled the identification of α-synuclein as a key protein involved in the pathogenesis
of Parkinson’s disease, demonstrating a link between a mutations in the SNCA gene
and familial Parkinson’s disease cases [364–366]. Likewise, these techniques have
been used to identify novel risk factors in other amyloid diseases such as Alzheimer’s
disease, where they provide the basis for new hypothesis-driven studies [367, 368].

4.2.1 Proteomics

The term proteomics refers to the study of the proteins and the proteome. Tandem
MS is a commonly used technique in the field to identify proteins within a sample
[369]. This technique can be further enhanced via several methodologies that permit
relative quantification of the identified proteins between samples. Several of these
quantitative techniques rely on the use of isobaric tags, covalently attached to
digested peptides prior to analysis by tandem-MS. By analysing the tandem-MS
spectra of these peptides it is then possible to quantify their presence, and therefore
that of their associated protein, between samples. The quantitative approach taken
herein utilised an isobaric tagging approach known as TMT. The use of an isobaric
tagging based approach to quantitative proteomics provides several benefits over
other quantitative methods such as SILAC: it enables a large number of samples to
be compared simultaneously (up to 11) and does not require cells to be grown in
labelled media as SILAC does. The use of this techniques enables the quantification
of proteins interacting with isolated α-synuclein relative to the interactors of the
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beads alone. Using this method protein interactors of α-synuclein can be defined.
Proteomics based study is especially helpful in the study of amyloid-related

diseases, due to complexity and multifaceted nature of these disorders. Furthermore,
there is evidence to suggest that there is limited correlation between RNA expression
and protein levels, particularly in amyloid affected tissues [370]. Therefore, the
findings of genomic studies can serve to highlight the genes involved, while proteomics
and related methods can validated and dissect these findings with regards to proteome.
There are two primary areas of research into amyloid related disease that have been
investigated by previous proteomics-based studies. These are: research into the
metabolic events leading to the disease, and the identification of biomarkers for the
diagnosis and monitoring of the disease. Investigations into the metabolic events can
be further subdivided into those that examine the global proteomic changes of the
cells or tissues and those that examine interactomes through the use of pull-downs
or other isolation techniques.

Several previous studies have leveraged quantitative proteomics to investigate
the wide ranging interactions of amyloidogenic proteins including poly-Q expanded
Huntingtin protein [267], synthetic amyloidogenic peptides [312], and α-synuclein.
Using a pull-down methodology poly-Q expanded huntingtin aggregates were isolated
from cells overexpressing the protein [267]. It was found that many of the proteins
shown to be interacting with the amyloid protein were found to be ribonucleic
acid (RNA) binding proteins as well as proteins involved in ribosome biogenesis,
translation, transcription and vesicle transport [267]. A similar methodology of
protein overexpression within the cell, followed by isolation of amyloid aggregates
was conducted on artificial amyloid proteins [312]. This study identified a number of
the amyloid interactors played a role in the nuclear import export machinery [312].
The interactome of α-synuclein has also been investigated through the identification
of proteins found in LB-like inclusions that form following incubation of neuronal
cells with pre-formed amyloid fibrils [371]. Of note was the discovery of a number
of mitochondrial proteins within the interactome, combined with a finding that
mitochondrial function was disrupted in inclusion forming cells [371].

4.2.2 Bioinformatic Tools

The use of proteomics in identifying changing or interacting proteomes of amyloido-
genic proteins would be of limited usefulness however, were it necessary for each
identified protein to be individually investigated. The study of poly-Q huntingtin
interactions, for example, identified nearly one thousand individual proteins [267],
while studies of whole cells or tissue samples can easily identify ten times that
number [372, 373]. Many bioinformatic tools have been developed [326, 327, 374–380]
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to enable meaningful conclusions to be drawn from large proteomic data sets. A
key family of bioinformatic tools, used widely to analyse proteomic data tools is
term enrichment analysis software, that aims to identify commonalities between the
function and or location of identified proteins that is overrepresented compared to
the whole population.

The implementation of such tools requires that there is information on the function
and cellular location of every protein under investigation. Equally important is that
this data be in a standardised and easily searchable format. The Gene Ontology is
a major bioinformatic initiative that began over a decade ago to develop a central
repository for structured annotations of genes and gene products [381]. The Gene
Ontology provides an ontology of annotation terms, representing gene properties.
These annotations are organised as a directional acyclic graph, with each child
annotation being more specific than its parent.

The primary relation of a child annotation to a parent is a straightforward increase
in specificity of the term (ie. mitochondria and membrane bounded organelle) and is
referred to as an ‘is a’ relation (eg. ribosome is a cytoplasmic part). Every annotation
in the graph can be traced via ‘is a’ relations to one and only one, of three primary
domains: cellular component, the parts of a cell or its extracellular environment;
molecular function, the activity of a gene product at the molecular level such as
binding or catalysis; and biological process, operations or sets of molecular events that
form a definable process in living tissue. In addition to ‘is a’ relationships between
annotations in the Gene Ontology there exist other optional relationships such as
‘part of’, denoting that the child is physically ‘part of’ the parent (eg mitochondrial
membrane ‘part of’ mitochondrial envelope). These additional relationships enable a
complex hierarchy of annotation terms to be traversed in a logical, and biologically
meaningful manner.

Bioinformatic tools make use of this ontological system of annotation alongside the
central repository managed by EMBL-EBI, in order to identify common annotations.
Common enrichment analysis tools such as Panther [377], DAVID [378, 379], ClueGO
[327], and BiNGO [326] to name but a few, calculate the enrichment of every GO
term associated with the sample under analysis against a given background. GO
term enrichment is calculated as follows. First the number of proteins in the sample,
annotated with the GO term are computed. Next is calculated the probability of
finding that number of proteins, annotated with the GO term, in a random sample
of the same size, drawn from the background. This probability (p-value) is often
then adjusted to account for the multiple tests (i.e. the number of GO terms being
evaluated) increasing the false positive (or false discovery) rate. This adjusted p-value
is known as the FDR. If this FDR falls below a certain threshold (generally 0.05)
the GO term is considered significantly enriched in the sample. Using this method it
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is possible to identify biological pathways, and subcellular structures most affected
in the proteomic study. This method is especially useful in studies in which a subset
of proteins is isolated from a background of cellular proteins, as is the case with
pull-down studies.

When such analysis was conducted on the proteomic data of artificial poly-Q
expanded huntingtin proteins, over expressed within cells it was shown that proteins
involved in binding RNA were highly enriched, as were proteins involved in ribosome
biogenesis [267]. By making use of this method the focus of the study could be
directed onto specific questions; further study demonstrated that the expression of
the poly-Q expanded huntingtin protein caused significant mislocalisation of the
ribosomal biogenesis factor fibrillarin highly suggestive of disruption to ribosome
biogenesis [267]. Each GO term enrichment tool-set offers its own advantages for
simplifying the process of identifying meaningful terms that have been enriched.
For example tools like DAVID [379] enable clustering of GO terms by semantic
similarity, collecting related terms into groups. The tool used herein, BiNGO,
enables visualisation of enriched GO terms in the context of the GO term network.
This permits the researcher to quickly identify likely terms of interest without being
overwhelmed by terms that are either too narrow or too broad to be of biological
value [326].

The kyoto encyclopedia of genes and genomes (KEGG) pathway database is
another method by which key functions of an interactome can be identified. It is a
collection of pathway maps linking many entities including genes, proteins, RNAs
and chemical reactions, as well as disease genes and drug targets [382–385]. By
assessing the cellular pathways linked to the proteins within the interactome and
comparing the rate of pathway occurrence with its occurrence in the background
proteome it is possible to identify those pathways that are overrepresented within
the interactome.

Other bioinformatic tools include the protein protein interaction tool STRING
[376]. This tool was developed with the intention of identifying and cataloging the
multitude of known interactions between gene products. Using multiple methods
including curated interaction annotations, including both functional and physical
interactions, the tool provides a vast web of protein-protein interactions. Protein-
protein interactions are identified by a number of methods including derived from
experimental results, to automated annotation based on the known interaction of
gene orthologs, to automated text-mining of research articles containing reference to
both proteins in the abstract By providing a set of proteins the service will provide a
visual representation, in the form of a vertex-edge graph, of the interactions between
the provided set [386].

By examining clusters of proteins that are closely interacting with one another,
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it is possible to extrapolate potential cellular aspects that may be affected by the
experimental condition under investigation. This has been used alongside other
bioinformatic techniques to acquire a clear picture of the changes that occur in the
hippocampal proteome of Alzheimer’s disease mouse models with neurofibrillary
tangles [320]. Analysis revealed age dependent changes in inflammatory and synaptic
signalling proteins, and represents a significant utility as a novel resource for the
research into the Aβ tau protein crossover, and the pathophysiological changes that
occur in vivo.

4.2.3 Overview

To identify cell lysate protiens interacting with α-synuclein fibrils and monomer,
biotinylated A18C fibrillar and monomeric α-synuclein was incubated with lysate from
SH-SY5Y cells. α-synuclein fibrils/monomer were then isolated using the streptavidin
coated magnetic bead isolation strategy developed in the Chapter 3. Interacting
proteins from the lysate were then identified by TMT-based quantitative proteomics,
using quantification to eliminate proteins only interacting with the streptavidin
coated magnetic beads. Following identification of the proteins associating with α-
synuclein fibrils, bioinformatic analysis was performed to identify enriched annotation
terms, and protein-protein interaction clusters in order to identify pathways and
subcellular locations which may be affected by the presence of α-synuclein fibrils.
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4.3 Results

4.3.1 Isolation of α-Synuclein Fibrils From SH-SY5Y Cell
Lysate

To identify the fibrillar interactome of α-synuclein cells, the methodology of fibril
isolation developed in the previous chapter was applied to lysate derived from the
SH-SY5Y neuroblastoma cell line. The experiment was conducted in triplicate with
two experimental conditions. In the first condition (termed Control) streptavidin
coated magnetic beads were added directly to the lysate and the pull-down was
performed as previously described in Section 3.3.10. This would allow the proteins
that interact with the magnetic beads, in the absence of fibrils to be identified. In the
second condition (termed Fibril), biotinylated A18C α-synuclein amyloid fibril seeds
(Hereafter termed α-synuclein fibrils (described previously in Section 3.3.9) were
incubated with the lysate for 30 min prior to the addition of the streptavidin coated
magnetic beads. The results of the fibril pull-down were analysed by SDS-PAGE
stained with Silver-Stain (Fig. 4.1). These data showed that α-synuclein fibrils
were isolated from cell lysates and that proteins derived from the cell lysate were
pulled down with the α-synuclein fibrils to a greater extent than in the control in
absence of α-synuclein fibrils. These samples were then analysed by TMT proteomics.
By quantifying the peptides in the fibril sample relative to its matched control
sample it would then be possible to identify proteins that specifically interacted with
α-synuclein fibrils.
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Figure 4.1: Fibrillar α-synuclein was isolated from cell lysate along with a number
of cellular proteins. Cell lysate derived from SH-SY5Y cells was incubated in the
presence (Fibril) or in the absence of fibrils (Control) for 30 min. Magnetic strep-
tavidin beads were then added and the pull-down performed. The experiment was
performed in triplicate to enable statistical analysis of the quantitative proteomics
results, and samples of each pull-down fraction analysed by SDS-PAGE and stained
with silver stain. The bands representing α-synuclein fibrils and streptavidin are
marked. * denotes potential cellular interactors.

4.3.2 Strategy for Defining Proteins That Interact With
α-Synuclein Amyloid Fibrils

Proteomics analysis identified a total of 2249 proteins between all pull-down experi-
ments. A number of these proteins were known contaminants, or were identified by
only 1 peptide, thereby lowering the confidence of the identification. As a consequence
such proteins were excluded, leaving a pool of 1382 proteins. In order to define a
protein as an interactor of fibrillar α-synuclein a strategy was required to differentiate
them from the non-specific interactions, ie. interactions that occurred due to an
interaction between the protein and the streptavidin coated magnetic beads used
for isolation. A distinction was made between these two types of interactions by
examining two properties of the protein in question: the mean fold change in protein
abundance between the α-synuclein fibril negative sample and the α-synuclein fibril
positive sample, and the p-value of this change.

For a protein to be considered a specific interactor of α-synuclein fibrils, opposed
to an interactor of streptavidin coated magnetic beads, it must meet the following
thresholds: a mean fold change in abundance of > 1.5, and a p-value of <0.05. This
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method of analysis was chosen as it accounts for not only the absolute fold change
but also the variation between samples, weighting those with tighter spread above
those with wide variation. A graphical representation of this gating strategy is shown
in Figure 4.2. Using this strategy proteins in the top right sextant were defined as
interactors of α-synuclein fibrils. This comprised a total of 991 proteins identified as
α-synuclein fibril interactors.

Figure 4.2: Proteins identified as specifically interacting with α-synuclein fibrils.
Volcano plot showing the ratio of abundance of each protein pulled down with α-
synuclein fibrils from cell lysate, compared to the control sample pulldown to which
no fibril was added. The ratio is plotted against the p-value of this ratio (n=3). The
red lines denote the cutoff for a protein to be considered an fibril interactor (ratio
> 1.5, p-value < 0.01). Each point on this scatter plot represents a single protein
identified by TMT proteomics.

4.3.3 Interactome of α-Synuclein Fibrils Contains Many
Nuclear and RNA Binding Proteins

Having identified the proteins that were interacting with α-synuclein fibrils it was of
interest to identify cellular locations and biological functions that were overrepresented
in the interacting protein set when compared to their representation in the human
proteome. This was performed by utilising GO term annotations collated and
managed by the Gene Ontology project [374, 375]. By comparing the number of
proteins annotated with a given term in a sample set against the number of proteins
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annotated with the same term in a background set it is possible to identify terms
that are over-represented or enriched in the sample set.

GO term enrichment analysis was conducted on the full α-synuclein fibril inter-
actome (Fig. 4.2) using the proteome of the SH-SY5Y cell as a background [387].
For this purpose the identified interactome was further filtered by the presence of
the protein in the SH-SY5Y cell proteome (812 proteins in total). All following
bioinformatic analysis was conducted on this filtered dataset. From the results of
this GO term enrichment analysis it is clear that many of the proteins identified as
α-synuclein fibril interactors were present in the cell nucleus as well as components
of the cellular cytoskeleton (Fig. 4.3). The ribosome was also identified as a major
location of α-synuclein fibril interactors. Furthermore the biological function of the
interacting proteins was heavily focused around RNA interactions and RNA proteins
(Fig. 4.4). Other notable biological functions identified by this enrichment analysis
were proteins involved in gene translation and chromosomal organisation.
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Figure 4.3: Proteins interacting with fibrils are enriched in proteins located in the
nucleus, cytoskeleton and ribosomes. GO term (Cellular Component) enrichment
analysis performed on fibril interactors of α-synuclein. Hierarchical graph showing
the GO terms enriched in α-synuclein fibril interactors and their relationships to
one and other. Node colour saturation denotes significance with, white nodes not
significantly enriched (FDR > 0.05). Node size denotes the number of α-synuclein
fibril interacting proteins possessing this annotation.
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Figure 4.4: proteins interacting with fibrils are enriched in proteins involved in
translation. GO term (Biological Process) enrichment analysis performed on fibril
interactors of α-synuclein. Hierarchical graph showing the GO terms enriched in
α-synuclein fibril interactors and their relationships to one and other. Node colour
saturation denotes significance with, white nodes not significantly enriched (FDR
> 0.05). Node size denotes the number of α-synuclein fibril interacting proteins
possessing this annotation.
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4.3.4 Protein Interaction Network of α-Synuclein
Interactors Identified Several Clusters of RNA
Interacting Proteins

In order to further investigate the role of proteins found to interact with α-synuclein
fibrils, with the aim of identifying potential pathogenic or protective pathways, a
protein-protein interaction network of proteins that interact with fibrillar α-synuclein
was constructed using protein interaction data from StringDB [376]. StringDB is
a useful tool for assessing protein-protein interactions and visualising clusters of
closely interacting proteins within larger sets, providing data on many protein-protein
interactions derived from several sources including: experimental evidence, gene
expression analysis and text mining [376]. α-synuclein fibril interacting proteins were
analysed by this tool to identify highly interacting protein clusters. The identification
of such clusters may suggest the isolation of protein complexes, which would both
strengthen the case for individual proteins being true interactors of α-synuclein fibrils
and potentially point to new avenues for future research.

The full network of α-synuclein fibril interacting proteins was too large to mean-
ingfully visualise. Therefore the network was clustered using the MCL algorithm for
clustering [388]. Unlike some other clustering algorithms that require the user to
input the number of clusters as a parameter, this algorithm automatically identifies
the number of clusters by looking at the interconnection between the proteins. In
this way highly interconnected groups of proteins will be assigned to independent
clusters. The largest five clusters identified by MCL clustering analysis were visual-
ised (Fig. 4.5). Furthermore, interaction clusters that contain several proteins each
highly enriched (i.e. the protein has a low p-value and fibril:ratio Fig. 4.2), may be
of significant interest. Therefore, in order to visualise the enrichment the size of each
protein node in the interaction network was set as proportional to the fold change of
the protein abundance (ie. the protein position in the X axis of Fig. 4.2), while the
transparency of the protein node was set proportional to the p-value of this change
(i.e. the protein position in the Y axis of Fig. 4.2). The result is that the closer the
protein is to the top right of the volcano plot (Fig. 4.2) the larger and more opaque
it appears in the network (Fig. 4.5).

Two major clusters readily identified in this network can been seen coloured in
red and blue. Both contain a number of closely interacting proteins, that are highly
enriched in the α-synuclein fibril interactome (Fig. 4.5). In order to gain a better
understanding for the proteins that these clusters represent, GO terms associated
with each cluster were identified and visualised (Fig. 4.6). From this it can be seen
that the largest cluster (Fig. 4.6 Blue) represents ribosomal associated proteins,
including a large number of structural ribosomal components. The second major
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cluster (Fig. 4.5 Red), is dominated by spliceosomal protein components.

Figure 4.5: Protein-protein interaction network of α-synuclein fibril interactors.
Network of protein-protein interactors compiled by the StringDB service. The network
was clustered using the MCL algorithm, and nodes coloured based on the cluster in
which they appear. Node size denotes the ratio of the protein abundance vs control
(Fig. 4.2 X axis). Node transparency denotes the p-value of the abundance ratio
(Fig. 4.2 Y axis)

Another major protein interaction cluster that can be identified in the interactome
of α-synuclein fibrils, can be seen (Fig. 4.5 purple). The proteins contained by
this cluster appear to represent proteins of the Golgi, endoplasmic reticulum and
microtubular proteins. Due to the diverse nature of these proteins and the apparent
presence of two identifiable clusters within this cluster, MCL clustering was performed
on this cluster to generate a number of sub-clusters that could be investigated with
greater accuracy. From this analysis it was possible to identify two major clusters
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Figure 4.6: GO terms associated with the protein-protein interaction clusters
(Fig. 4.5). GO term clouds generated from GO terms associated with proteins in
each StringDB network cluster.
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(Fig. 4.7).
The largest of these sub-clusters contained several proteins found in the Golgi

and ER and as well as exosomes (Fig. 4.7 B Right panel). Further investigation of
the KEGG pathways [382–384] associated with this sub-cluster identified several
pathways including endocytosis and phagocytosis. Furthermore, several synaptic
pathways were also found to be associated with the cluster. Interestingly, in addition
to other pathways, several amyloid disease pathways were found to be strongly
associated with this cluster including Huntington’s disease, Alzheimer’s disease and
Parkinson’s disease among others (Fig. 4.7 C Right Panel).

The second major sub-cluster (Fig. 4.7 Purple), identified in interactors of α-
synuclein fibrils, contained a number of proteins involved in DNA repair, replication
and maintenance (Fig. 4.7 B Left Panel) including the DNA mismatch repair protein
Msh6 that was highly enriched in the interactome of α-synuclein fibrils (Fig. 4.7 A).
Further KEGG pathway analysis of this sub-cluster revealed similar pathways were
associated. These pathways included DNA mismatch repair DNA replication and
non-homologous end-joining (Fig. 4.7 C Left Panel). These data clearly indicate that
the interactome of α-synuclein fibrils is heavily populated by proteins involved in
DNA and RNA functions as well as a number of proteins involved in the endosomal
pathway.
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Figure 4.7: Sub-cluster of protein-protein interaction network of α-synuclein fibril
interactors. A) Network of protein-protein interactors in the purple cluster identified
in Fig. 4.5. The network was sub-clustered using the MCL algorithm, and nodes
coloured based on the cluster in which they appear. Node size denotes the ratio of
the protein abundance vs control (Fig. 4.2 X axis). Node transparency denotes the
p-value of the abundance ratio (Fig. 4.2 Y axis). B) GO terms associated with the
individual sub-clusters identified by colour. C) KEGG pathways associated with the
individual sub-clusters identified by colour
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4.3.5 Proteins Interacting with α-Synuclein Fibrils Have
Limited Representation in the Interactomes of Other
Amyloid Aggregates

In order to further investigate the identified interactome of α-synuclein fibrils, the
proteins shown to interact with α-synuclein fibrils were compared with studies
that have previously leveraged proteomics to identify protein interactomes of other
amyloidogenic proteins and to study the proteome of cortical LBs. One such study
investigated the proteins present in cortical LBs (Fig. 4.8 LB Genes [389]). Another
study identified the interactome of various poly-Q expansions of the amyloid protein
Huntingin (Fig. 4.8 Q64 and Q150 Interactors [320]). Q150 expansion huntingtin was
shown to be primarily fibrillar while the Q64 expansion was largely oligomeric [320].
Further, a study investigating the interactome of an ’artificial’ amyloid, a protein
designed to form the cross-β structure typical of amyloid fibres (Fig. 4.8 Artificial
Amyloid Interactors [312]).

The current interactome was compared to proteins that were enriched in LB like
inclusions after 14 or 21 days in murine neuronal cells following treatment with α-
synuclein pre-formed fibrils generated from murine α-synuclein (Fig. 4.8 Upregulated
Pff 14 Day and Upregulated Pff 21 Day [371]). Due to the murine origin of these
proteins, comparison to the current data set involved first identifying the human
orthologs of the protein. For this purpose the latest version (2021) of PylomeDB was
leveraged, to map each murine protein to its highest ranked human ortholog [390].

For each external dataset the proteins were compared to the current dataset and
the intersection of proteins identified. The similarity of the two datasets was then
computed by means of the Jaccard similarity coefficient in which the size of the
intersection of the two datasets is divided by the size of the union of the datasets.
The resultant value is a number between 0 and 1 where 1 indicates that all proteins
found in one data set are found in the other and vice versa (i.e. the datasets are
identical) and 0 indicates that there is not intersection between the data sets. The
resultant plots for each external data set indicates that there is only limited similarity
between the current data set and that of the Q64 and Q150 huntingtin interactors
( 0.1) and less similarity with the other datasets(Fig. 4.8 A).

Furthermore, mapping the proteins of the other datasets onto the volcano plot
(Fig. 4.2) demonstrates that the proteins identified in other studies are not only found
in the specific interactors of α-synuclein fibrils but rather distributed throughout the
proteins identified by this study, including both bead background binding proteins
and fibril specific interactors (Fig. 4.8 B). Together these data suggest that there
are some similarities between this and other amyloid protein interactomes as well
as proteins of the LB. However, the limited number of similarities as well as their
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distribution throughout the interactome suggests this similarity is minimal.
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Figure 4.8: Similarity between α-synuclein fibril interactors and interactors and
proteins identified in other proteomic studies of amyloid proteins. For each external
dataset the proteins were compared to the current dataset and the intersection of
proteins identified. The similarity of the two datasets was then computed by means
of the Jaccard similarity coefficient. A) Bar chart of the calculated Jaccard Similarity
Index between the proteins identified in this study as α-synuclein fibril interactors and
the proteins identified as interactors of other fibrils or α-synuclein proteoforms. (Lewy
Body Genes: [389], Q150 Interactors [320], Q64 Interactors [320],Upregulated Pff 14
Day [371], Upregulated Pff 21 Day [371], Artificial Amyloid Interactors [312]). For
interactomes derived from mouse proteomes [371] were mapped to human orthologs
using the PylomeDB mapping [390]. B) Volcano plot shown in Fig. 4.2 with the
matching interactors of from the indicated study shown in red.
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4.3.6 Identification of Proteins Interacting with
Monomeric α-Synuclein

The investigation of the interactions of fibrillar α-synuclein raised the question
of whether these interactions were specific for α-synuclein fibrils or whether the
interacting proteins also bound to the monomeric form of α-synuclein. Therefore
another experiment was undertaken in which monomeric α-synuclein was added to
SH-SY5Y cell lysate in place of fibrillar α-synuclein and isolated under the same
conditions. This was done in parallel to the isolation of fibrillar α-synuclein to enable
direct comparison of protein abundances between fibrillar α-synuclein and monomeric
α-synuclein. As previously samples were analysed by SDS-PAGE (Fig. 4.9). These
data show the presence of isolated monomeric α-synuclein in addition to a number
of cellular proteins.

Figure 4.9: Monomeric α-synuclein was isolated from cell lysate along with a
number of cellular proteins. Cell lysate derived from SH-SY5Y cells was incubated
in the presence monomeric α-synuclein (Monomer) fibrillar α-synuclein (Fibrils)
or in their absence (Control) for 30 min. Magnetic streptavidin beads were then
added and the pull-down performed. The experiment was performed in triplicate to
enable statistical analysis of the quantitative proteomics results, and samples of each
pull-down fraction analysed by SDS-PAGE and stained with silver stain. The bands
representing α-synuclein and streptavidin are marked.

This experiment was modified in one important aspect: in order to isolate the
same monomer equivalent concentration of monomeric α-synuclein as fibrillar α-
synuclein a significantly larger quantity of beads was required. A consequence of this
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was higher concentration of SH-SY5Y cellular proteins binding to the beads that can
be seen in the control lanes shown in Fig. 4.9.

Proteomic analysis of these samples by TMT proteomics identified 3421 total
proteins of which 1355 were excluded for being a contaminant or for being identified
by only 1 peptide, leaving 2066 proteins. The discrepancy seen between the number
of proteins identified by the previous experiment (Section 4.3.1) and the number
of proteins identified here, especially under control conditions, is likely due to the
higher concentration of beads required to pull-down monomeric α-synuclein.

In order to define proteins as interactors of monomeric α-synuclein an identical
strategy to that used to identify fibrillar α-synuclein interactors (4.3.2) was employed
to differentiate them from the non-specific interactions, ie. interactions that occurred
due to an interaction between the protein and the streptavidin coated magnetic
beads used for isolation. As previously this distinction was made by quantifying the
mean fold change in protein abundance between the α-synuclein negative sample and
the α-synuclein positive sample, and the p-value of this change. For a protein to be
considered a specific interactor of monomeric α-synuclein, opposed to an interactor
of it must have a mean fold change in abundance of > 1.5, and a p-value of <0.05
(Fig. 4.10).

By this method 1408 proteins were identified as interactors of monomeric α-
synuclein and 1573 proteins were identified as fibrillar α-synuclein interactors. Of
those fibrillar interacting proteins, 565 were found in the fibrillar α-synuclein inter-
actome described above, an overlap of 57% and a probability of independence (i.e.
probability that the overlap occurred by chance) of 1.93× 10−63.
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Figure 4.10: Proteins identified as interacting with monomeric and fibrillar α-
synuclein. Volcano plot showing the ratio of the abundance of each protein identified
by TMT proteomics, in α-synuclein monomeric samples (A) or fibrillar samples
(B), to the abundance of the protein in the control sample, to which no α-synuclein
monomer had been added. The ratio is plotted against the p-value of this ratio (n=3).
The red lines denote the cutoff for a protein to be considered an monomer interactor
(ratio > 1.5, p-value < 0.01)

4.3.7 The Monomeric α-Synuclein Interactome is Enriched
in RNA Interacting Proteins

Having identified the proteins that specifically interact with monomeric α-synuclein, a
similar bioinformatic pipeline was followed to that described above for the interactome
of fibrillar α-synuclein (4.3.3). GO terms, enriched in the monomeric α-synuclein
interactome, were first identified. By this method it was shown that monomeric
proteins were enriched in proteins involved in RNA transcription (Fig. 4.11) includ-
ing ribosomal subunit components (Fig. 4.12). Futhermore the interactome was
enriched in nuclear located proteins (Fig. 4.12), specifically including those involved
in chromosomal remodeling (Fig. 4.11). These findings are closely related to those
of fibrillar α-synuclein (4.3.3), suggesting a degree of similarity between monomeric
and fibrillar α-synuclein interactors.
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Figure 4.11: Proteins interacting with monomeric α-synuclein are enriched in
proteins involved in chromatin remodeling and transcription. GO term (Biological
Process) enrichment analysis performed on monomer interactors of α-synuclein.
Hierarchical graph showing the GO terms enriched in α-synuclein monomer inter-
actors and their relationships to one and other. Node colour saturation denotes
significance with, white nodes not significantly enriched (FDR < 0.1). Node size
denotes the number of α-synuclein monomer interacting proteins possessing this
annotation.
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Figure 4.12: Proteins interacting with monomeric α-synuclein are enriched in
proteins located in the nucleus, cytoskeleton and ribosomes. GO term (Cellular
Component) enrichment analysis performed on fibril interactors of α-synuclein. Hier-
archical graph showing the GO terms enriched in α-synuclein monomer interactors
and their relationships to one and other. Node colour saturation denotes significance
with, white nodes not significantly enriched (FDR < 0.1). Node size denotes the
number of α-synuclein monomer interacting proteins possessing this annotation.
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4.3.8 RNA Binding Proteins are a Common Feature of the
Monomeric α-Synuclein Interactome

In order to further investigate the interactome of monomeric α-synuclein the StringDB
service was used to construct a protein-protein interaction network of the mono-
meric α-synuclein interactome. This was done as above (4.3.4) and the network
likewise clustered by the MCL clustering algorithm. The largest five clusters were
then inspected to identify GO terms that describe each cluster. It was shown
that monomeric α-synuclein interacts with several large clusters, including those
containing proteins involved in ribosomal translation, and RNA splicing as well as
proteins involved in import and export of proteins from the nucleus (Fig. 4.13 and
Fig. 4.14).

As was the case with the interactome of fibrillar α-synuclein, the largest cluster of
protein interactions identified represented ribosomal subunit proteins as, ribosomal
associated proteins (Fig. 4.13 and Fig. 4.14 Blue). The second largest cluster
(Fig. 4.13 and Fig. 4.14 Purple) was similarly closely related to a cluster identified in
that of fibrillar α-synuclein. The other major clusters identified involved proteins
involved in RNA protein import and export from the nucleus (Fig. 4.13 and Fig. 4.14
Yellow), proteins found in cell microtubules and extracellular exosomes and involved
in mitotic cell division (Fig. 4.13 and Fig. 4.14). From this initial investigation
into the interactome of monomeric α-synuclein it can be seen that many of the
same protein functions and cellular locations can be found in both the fibrillar and
monomeric α-synuclein interactomes.
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Figure 4.14: GO terms associated with the protein-protein interaction clusters
(Fig. 4.13). GO term clouds generated from GO terms associated with proteins in
each StringDB network cluster.
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4.3.9 There is Limited Similarity Between The Monomeric
α-Synuclein Interactome and Proteins Identified as
Amyloid Interactors by Other Studies

Finally, as with the processing pipeline of the fibrillar α-synuclein interactome, the
similarity of the monomeric α-synuclein interactome to multiple other proteomic
studies investigating amyloid interactors [312, 320, 389, 391], or proteins upregulated
following treatment with amyloid proteins [371], was computed by means of the
Jaccard similarity coefficient. The resultant similarity coefficients closely resembled
that of fibrillar α-synuclein with the highest similarity being linked to Q150 and Q64
interactors (Fig. 4.15). Similarly, as was seen in the fibrillar interactome of fibrillar
α-synuclein the proteins identified by other studies were evenly distributed among
the specific and non-specific interactors of monomeric α-synuclein, when amyloid
interactors are plotted onto the all proteins identified by this experiment (Fig. 4.10).
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Figure 4.15: Similarity between monomer interactors and interactors identified
in other proteomic studies. A) Bar chart of the calculated Jaccard Similarity Index
between the proteins identified in this study as α-synuclein Monomer interactors
and the proteins identified as interactors of other fibrils or α-synuclein proteoforms.
(Lewy Body Genes: [389], Q150 Interactors [320], Q64 Interactors [320],Upregulated
Pff 14 Day [371], Upregulated Pff 21 Day [371], Artificial Amyloid Interactors
[312], Monomer Oligomer Interactors [391]). For interactomes derived from mouse
proteomes [371] were mapped to human orthologs using the PylomeDB mapping
[390]. B) Volcano plot shown in Fig. 4.10 with the matching interactors of from the
indicated study shown in red.
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4.3.10 The Interactome Shared by Monomeric and
Fibrillar α-Synuclein is Enriched in Ribosomal
Proteins

In order to better define the interactions of α-synuclein in its fibrillar and monomeric
forms, the α-synuclein interactome was next divided into three sets: proteins only
interacting with fibrillar and not monomeric α-synuclein (411 proteins); proteins only
interacting with monomeric and not fibrillar α-synuclein (246 proteins); and protein
interacting with both monomeric and fibrillar α-synuclein (ie. the intersection of the
two sets) (1165 proteins). For this purpose the interactome defined in the second
experiment (Section 4.3.6) was used as the interactome for fibrillar α-synuclein. It was
of interest to identify the GO terms and protein clusters that were common between
the fibrillar α-synuclein interactome and the monomeric α-synuclein interactome. To
this end GO term enrichment analysis was performed on the common interactome.

The results of this analysis demonstrated that the intersection of the monomeric
and fibrillar α-synuclein interactomes was enriched in proteins involved primarily
in translation, being located in the nucleus, and the ribosome, specifically large
ribosomal subunit members. Further, proteins involved in chromatin modification
were also enriched in this data set as were proteins located in the cellular cytoskeleton
including microtubular proteins.

When the interaction network of this intersection of monomeric and fibrillar
α-synuclein is visualised and clustered as previously (4.3.4) it was possible to identify
a number of clusters that were common to both monomeric and fibrillar α-synuclein
interactomes. One of which is a major cluster, identified in blue, containing several
proteins that are highly enriched in the fibrillar sample (Fig. 4.18). By examining
the GO terms associated with proteins of this cluster it is evident that it represents
proteins associated with the ribosome (Fig. 4.19). Due to the size of this cluster, it
was isolated and further clustering performed to generate a number of subclusters.
By this method it was possible to tease apart a number of other sub-groups of protein
interactors (Fig. 4.20). The largest and most intra-connected of these subgroups
represents structural components of the ribosome as well as a number of ribosomal
associated proteins, as predicted by the parent group (Fig. 4.20 Blue). The second
largest sub-cluster represents a number of microtubular proteins (Fig. 4.20 Purple),
while the third group represents a number of nuclear proteins involved in chromatin
modification (Fig. 4.20 Red). This major group, therefore, accounts for most of the
GO terms shown to be enriched in this dataset (Fig. 4.16 and Fig. 4.17).

The other major protein interaction clusters identified for the interactome of both
fibrillar and monomeric α-synuclein, include proteins involved in mRNA splicing and
RNA transport including several members of the THO complex and a number of
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Figure 4.16: Proteins interacting with monomeric and fibrillar α-synuclein are
enriched in proteins involved in chromatin remodeling and transcription. GO term
(Biological Process) enrichment analysis performed on the interactome representing
the intersection of monomeric α-synuclein interactors and fibrillar α-synuclein inter-
actors. Hierarchical graph showing the GO terms enriched in α-synuclein interactors
and their relationships to one and other. Node colour saturation denotes significance
with, white nodes not significantly enriched (FDR < 0.1). Node size denotes the
number of α-synuclein interacting proteins possessing this annotation.
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Figure 4.17: Proteins interacting with both monomeric and fibrillar α-synuclein
are enriched in proteins located in the nucleus, cytoskeleton and ribosome. GO term
(Cellular Component) enrichment analysis performed on the interactome representing
the intersection of monomeric α-synuclein interactors and fibrillar α-synuclein inter-
actors. Hierarchical graph showing the GO terms enriched in α-synuclein interactors
and their relationships to one and other. Node colour saturation denotes significance
with, white nodes not significantly enriched (FDR < 0.1). Node size denotes the
number of α-synuclein interacting proteins possessing this annotation.
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nuclear pore proteins, such as NUP88. Furthermore, a number of apoptotic proteins
were also identified including caspase-3 (CASP3) and Anamorisin (CIAPIN1), as
were several other mitochondrial proteins involved in RNA modification (Fig. 4.18
and Fig. 4.19 Yellow). Additionally a cluster of proteins heavily involved in protein
ubiquitination was also identified (Fig. 4.18 and Fig. 4.19 Green), along with a cluster
of proteins involved in DNA maintenance and repair (Fig. 4.18 and Fig. 4.19 Red).
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Figure 4.18: Protein-protein interaction network of α-synuclein interactors of both
monomeric and fibrillar α-synuclein. Network of protein-protein interactors compiled
by the StringDB service of proteins present in both the monomeric and fibrillar
interactor sets, excluding those only present in one. The network was clustered using
the MCL algorithm, and nodes coloured based on the cluster in which they appear.
Node size denotes the ratio of the protein abundance vs control (Fig. 4.2 X axis).
Node transparency denotes the p-value of the abundance ratio (Fig. 4.2 Y axis)
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Figure 4.19: GO terms associated with the protein-protein interaction clusters of
both monomeric and fibrillar α-synuclein (Fig. 4.18). GO term clouds generated
from GO terms associated with proteins in each StringDB network cluster.
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Figure 4.20: Sub-cluster of protein-protein interaction network of α-synuclein
monomer and fibrillar interactors. Network of protein-protein interactors in the
blue cluster identified in Fig. 4.18. The network was sub-clustered using the MCL
algorithm, and nodes coloured based on the cluster in which they appear. Node
size denotes the ratio of the protein abundance vs control (Fig. 4.10 X axis). Node
transparency denotes the p-value of the abundance ratio (Fig. 4.10 Y axis)
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4.3.11 Proteins interacting specifically with monomeric
α-Synuclein are enriched in RNA transport and
processing proteins

Having identified the proteins that interact with both fibrillar and monomeric
α-synuclein, proteins that specifically interacted with either monomer or fibrillar
α-synuclein were then investigated. The interactome of monomeric α-synuclein,
having excluded proteins that also interact with fibrillar α-synuclein was enriched
in proteins involved in the processing of RNA in addition to the transport of RNA
from the nucleus to the cytoplasm (Fig. 4.21) including an overrepresentation of
proteins present in the in the nuclear pore complex (Fig. 4.22). Furthermore, there
was enrichment in proteins involved in chromatin assembly alongside an enrichment
in proteins interacting with the condensed chromosome (Fig. 4.21 and Fig. 4.22).
Additionally a significant number of proteins were found to be involved in RNA
stabilisation and ribosome biogenesis (Fig. 4.21). Overall these data suggest that
many of the proteins interacting specifically with monomeric α-synuclein are involved
in the processing or transport of RNA and DNA.

When the interactome of monomeric α-synuclein was visualised as a protein
interaction network, having excluded proteins that also interact with fibrillar α-
synuclein it was possible to identify two highly intra-connected clusters related to
the the functions and locations identified above (Fig. 4.23 Purple). The first cluster
(Fig. 4.23 Purple) contains proteins involved in RNA processing, including a number
of transferases (e.g. FBLL1 and NAT10) along with a number of proteins invloved in
ribosome biogenesis (e.g. CEBPZ and BRIX1). The second major cluster includes
proteins invloved in RNA export and splicing including a number highly enriched
nuclear pore proteins (e.g. NUP155, NUP107 and NUP160) in addition to RNA
splicing proteins such as Polypyrimidine tract-binding protein-1 (PTBP1) and a
number of heterogenous nuclear ribonucleoproteins (Fig. 4.23 Blue).
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Figure 4.22: Proteins interacting with monomer, when fibril interactors are ex-
cluded, are enriched in proteins located in the nuclear pore complex. GO term
(Cellular Component) enrichment analysis performed on monomer interactors of
α-synuclein, after excluding fibril interactors of α-synuclein. Hierarchical graph
showing the GO terms enriched in monomeric α-synuclein interactors and their
relationships to one and other. Node colour saturation denotes significance with,
white nodes not significantly enriched (FDR < 0.1). Node size denotes the number
of monomeric α-synuclein interacting proteins possessing this annotation.
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Figure 4.23: Protein-protein interaction network of α-synuclein monomer interact-
ors, having excluded α-synuclein fibril interactors. Top: Network of protein-protein
interactors compiled by the StringDB service. The network was clustered using the
MCL algorithm, and nodes coloured based on the cluster in which they appear. Node
size denotes the ratio of the protein abundance vs control (Fig. 4.10 X axis). Node
transparency denotes the p-value of the abundance ratio (Fig. 4.10 Y axis). Bottom:
GO term clouds generated from GO terms associated with proteins the two largest
StringDB network clusters.
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4.3.12 Proteins Interacting Specifically with α-Synuclein
Fibrils Contain a Large Number of Mitochondrial
Proteins

As with the interactome of monomeric proteins, it was of significant interest to
identify proteins proteins present only in the interactome of fibrillar α-synuclein,
having excluded the monomeric α-synuclein interactors. These analysis identified
mitochondrial proteins to be overrepresented in this interactome (Fig. 4.25). Specific-
ally proteins involved in oxidative phosphorylation and mitochondrial transport were
overrepresented in this dataset (Fig. 4.24). Of note was the observation that proteins
of the mitochondrial outer membrane were overrepresented (Fig. 4.25) increasing the
likelihood of this finding being physiologically relevant as it is the outer mitochondrial
membrane that is most likely to be accessible to α-synuclein fibrils. Furthermore,
based on the overrepresented terms, these mitochondrial proteins appear to be
focused around the respiratory chain (Fig. 4.25).

Other overrepresented protein catagories include ribosomal subunit proteins, pro-
teins of the endoplasmic reticulum and spliceosomal complex proteins. Interestingly
here there is some overlap in the cellular component GO terms overrepresented in
this data set (i.e. only fibril interactors) and the intersection dataset (i.e. fibril
interactors and monomeric interactors). Both datasets were enriched in GO terms
relating to small ribosomal subunit proteins (Fig. 4.17) suggesting α-synuclein fibrils
may have a higher affinity for proteins of the small ribosomal subunit. Another
finding of note is the overrepresentation of proteins of the sub-synaptic reticulum,
a potential route by which fibrillar α-synuclein may disrupt synaptic function, an
early pathogenic step in the development of Parkinson’s disease [187].

The protein interaction network of the fibrillar α-synuclein interactome, having
excluded proteins interacting with monomeric α-synuclein, resulted in a visualisation
of several protein clusters representing the overrepresented terms identified above.
The largest cluster, as with the full interaction network of fibrillar α-synuclein
(Fig. 4.5), represents ribosomal subunit proteins (Fig. 4.27 and Fig. 4.26 Blue).
Likewise the interactome of both monomeric and fibrillar α-synuclein contained a
number of ribosomal subunit proteins (Fig. 4.18. However, whereas the common
interactome contained largely proteins of the large ribosomal subunit (Fig. 4.18),
the fibril specific interactome contained primarily proteins of the small ribosomal
subunit (Fig. 4.26 and Fig. 4.18).

The second major intra-connected cluster of proteins identified in the interactome
of fibrils alone, are comprised of nuclear proteins involved in the RNA splicing. This
includes a pre-mRNA processing factors (PRPF31) essential for the formation of
the spliceosome, several splicing factors of the SF3B complex (SF3B1, 2 and 3)
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Figure 4.24: Proteins interacting with α-synuclein fibril, when monomer interactors
are excluded, are enriched in proteins involved in gene expression and mitochondrial
transport. GO term (Biological Process) enrichment analysis performed on fibril
interactors after excluding α-synuclein monomer interactors. Hierarchical graph
showing the GO terms enriched in fibrillar α-synuclein interactors and their relation-
ships to one and other. Node colour saturation denotes significance with, white nodes
not significantly enriched (FDR < 0.1). Node size denotes the number of fibrillar
α-synuclein interacting proteins possessing this annotation.
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Figure 4.25: Proteins interacting with α-synuclein fibril, when monomer interact-
ors are excluded, are enriched in proteins found in the mitochondria and ribosomes.
GO term (Cellular Component) enrichment analysis performed on monomer inter-
actors of α-synuclein, after excluding fibril interactors of α-synuclein. Hierarchical
graph showing the GO terms enriched in fibrillar α-synuclein interactors and their
relationship. Node colour denotes significance; white nodes not significantly enriched
(FDR < 0.1). Node size denotes the number of fibrillar α-synuclein interacting
proteins possessing this annotation.
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important in the recognition of branch point sequences and facilitating spliceosomal
assembly and activation. Together these data indicate a high abundance of RNA
binding proteins present in the fibril interactome. This is similar to the data on both
monomeric and combined monomeric and fibrillar α-synuclein interactomes.

Another significant cluster of proteins identified in the interaction network of
fibrillar α-synuclein, having excluded monomeric α-synuclein interactors, contains a
number of mitochondrial proteins involved specifically the ATP biosythsis and proton
transmembrane transport (Fig. 4.26 and Fig. 4.27). In order to better investigate these
mitochondrial interactors of fibrillar α-synuclein, all proteins interacting specifically
with α-synuclein fibrils, excluding monomeric interactors, were filtered by proteins
annotated with terms related to mitochondria. A protein interaction network of
these filtered proteins was then generated (Fig. 4.28 A). This network included
a number of key mitochondrial transport proteins including translocase of outer
membrane proteins (TOMM40, 70A and 22), essential for protein transport into the
mitochondria [392].

Futhermore, this mitochondrial related subset of the fibril specific interactome,
contained several reduced nicotinamide adenine dinucleotide (NAD) (NADH) de-
hydrogenase enzymes (NDUFA9, S3, A4, B10, V1, B4 and S2) (Fig. 4.28 A). These
proteins form subunits of NADH ubiquinone oxioreductase (Complex I of the electron
transport chain) responsible for transferring electrons from NADH to ubiquinone.
Further mitochondrial proteins identified as fibril specific interactors include a mem-
ber of mitochondrial Complex IV (COX4I1) and several subunits of mitochondrial
ATP synthase (ATP5L, ATP5C1 and ATP5A1). Interestingly, many of the KEGG
pathways associated with these mitochondrial proteins, relate to neurodegenerative,
amyloid related diseases (Fig. 4.28 B).
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Figure 4.26: Protein-protein interaction network of α-synuclein fibrillar α-
synuclein, when monomeric α-synuclein interactors are excluded. Network of protein-
protein interactors compiled by the StringDB service of proteins present in the fibrillar
interactor set, excluding those present in the monomeric interactor set. The network
was clustered using the MCL algorithm, and nodes coloured based on the cluster in
which they appear. Node size denotes the ratio of the protein abundance vs control
(Fig. 4.2 X axis). Node transparency denotes the p-value of the abundance ratio
(Fig. 4.2 Y axis)
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Figure 4.27: GO terms associated with the protein-protein interaction clusters of
fibrillar α-synuclein when monomeric α-synuclein interactors are excluded(Fig. 4.26).
GO term clouds generated from GO terms associated with proteins in each StringDB
network cluster.
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Figure 4.28: Mitochondrial protein-protein interaction network of α-synuclein
fibrillar α-synuclein, when monomeric α-synuclein interactors are excluded. Left:
Network of protein-protein interactors, filtered by presence in Mitochondria, of pro-
teins present in the fibrillar interactor set, excluding those present in the monomeric
interactor set. The network was clustered using the MCL algorithm, and nodes
coloured based on the cluster in which they appear. Node size denotes the ratio of the
protein abundance vs control (Fig. 4.2 X axis). Node transparency denotes the p-value
of the abundance ratio (Fig. 4.2 Y axis). Right: KEGG network terms associated
with the largest cluster in the network
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4.3.13 Proteins Found in Greater Abundance in the
α-Synuclein Fibril Interactome are Involved in
Mitochondrial and Ribosomal Functions

The data presented above has characterised the interactome of fibrillar α-synuclein,
looking at proteins that bound only fibrillar α-synuclein while excluding the mono-
meric α-synuclein interactors. This fibril specific interactome can be expanded by
examining the proteins that bind to fibrillar α-synuclein in greater abundance than
to monomeric α-synuclein. By this method it is possible to identify proteins that
though interacting with monomeric α-synuclein, have a far greater propensity for
interaction with the fibrillar form of the protein. To this end, for each protein a
ratio of its mean abundance in the fibrillar samples and its mean abundance in the
monomeric samples was calculated, and this ratio plotted against its p-value, as was
previously done to identify fibrillar α-synuclein specific interactions over binding to
the streptavidin dynabeads (Fig. 4.2). Likewise the same cut offs were used (p-value
< 0.05, fold change > 1.5) were used to identify proteins that preferentially interacted
with fibrillar α-synuclein.

The cellular locations of the proteins that by this method were identified as being
enriched in the interactome of α-synuclein fibrils were then elucidated by GO term
enrichment analysis. For this purpose the ClueGo enrichment analysis software was
leveraged [327]. By comparing the number of background proteins that are common
between GO terms, so called semantic similarity, ClueGO can generate a network of
terms and from this cluster semantically similar GO terms into groups. This method
is advantageous when the graph generated by BiNGO is too large to practically
display. By using this analysis it was possible to identify a number of locations
upregulated in the proteins enriched in the fibrillar interactome (Fig. 4.29 B). These
results indicated that proteins related to mitochondrial, ribosomal and ribosomal
initiation function were upregulated in this dataset (Fig. 4.29 B).
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Figure 4.29: Proteins enriched in the fibril interactome are associated with trans-
lation and mitochondrial function. A) Volcano plot showing the ratio of abundance
of each protein interacting with α-synuclein fibril samples in cell lysate, to their
abundance in the monomeric α-synuclein interaction samples. The ratio is plot-
ted against the p-value of this ratio (n=3). The red lines denote the cutoff for a
protein to be considered an fibril interactor (ratio > 1.5, p-value < 0.01). Red
arrow denotes sextant representing proteins enriched in the fibril interactome. B)
ClueGO enrichment analysis of the terms associated with proteins enriched in the
fibrillar interactome. The node size denotes the number of proteins associated with
the term, the node color denotes the canonical group to which the term belongs, the
term representing the group in labelled in bold.
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4.3.14 Monomeric but not Fibrillar α-Synuclein
Preferentially Interacts with Soluble, Low
Complexity Proteins.

Finally, it was of interest whether unstructured proteins were enriched in the inter-
actome of α-synuclein fibrils as has been demonstrated with other similar amyloid
aggregates [320]. Given the large number of proteins shown to interact with RNA
in each interactome examined here and the tendency for RNA binding proteins to
contain LCRs (i.e. compositionally biased regions, on average 18 residues in length,
containing one to four amino-acids), it was hypothesised that the interactomes
identified herein may be enriched in proteins containing long LCRs. The program
fLPS has been developed to identify LCRs of proteins [329]. Using this method it
was shown that there was a slight though statistically significant increase in the
average length of LCRs in α-synuclein interacting proteins when compared to the
SH-SY5Y cell proteome for both monomeric and fibrillar α-synuclein (Fig. 4.30 B).
When the proteins were further analysed by their presence exclusively in the fibrillar
interactome, the monomeric interactome, or the intersection of the two interactomes,
it was noted that the monomeric interactors and the interactors of both monomeric
and fibrillar α-synuclein, but not the interactors of exclusively fibrillar α-synuclein,
showed a small but statistically significant increase in the longest LCR (Fig. 4.31 B).

Figure 4.30: Solubility and complexity of proteins interacting with α-synuclein.
Box and whisker diagrams of solubility scores. A) Solubility scores of all proteins
interacting with Monomeric α-synuclein (Monomer), fibrillar α-synuclein (Fibril),
and the solubility scores of all proteins present in the SH-SY5Y cell proteome (Con-
trol). Protein solubility was estimated by Camsol. B) Length of LCR for the same
conditions. ** denotes p-value of condition compared to control of < 0.01
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Additionally, due to the amyloid nature of α-synuclein, it was hypothesised that
α-synuclein may preferentially bind to aggregation prone proteins. To assess this
possibility, the Camsol protein solubility predictor was used [328]. It was shown
that, as was the case with low complexity regions both monomeric and fibrillar α-
synuclein interactors were enriched in proteins of a higher solubility (lower aggregation
propensity) than the background (Fig. 4.30). Interestingly, this is the inverse of what
the hypothesis predicted. When this was separated into the component interactomes
as before, it could be seen that only the intersection of the interactomes was enriched
in Low complexity proteins (Fig. 4.31 B). Moreover both the combined interactome
and the interactome of monomeric α-synuclein when the fibril interactome was
excluded, but not the interactome of fibrillar α-synuclein when the monomeric
interactome was excluded, showed an increase in average protein solubility (Fig. 4.31
A). These data suggest that a region of monomeric α-synuclein, that remains at least
partially accessible within the fibrillar conformation, is responsible for binding highly
soluble proteins.
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Figure 4.31: Solubility and complexity of proteins interacting with α-synuclein.
Box and whisker diagrams of solubility scores A) Solubility scores of all proteins
interacting with Monomeric α-synuclein (Monomer) excluding fibrillar interactors,
fibrillar α-synuclein (Fibril), excluding monomeric interactors, the intersection of
the monomeric and fibrillar α-synuclein interactomes (Both) and the solubility scores
of all proteins present in the SH-SY5Y cell proteome (Control). Protein solubility
was estimated by Camsol. B) Length of LCR for the same conditions. ** denotes
p-value of condition compared to control of < 0.01
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Herein, quantitative proteomics was performed to study the interaction of α-synuclein
fibrils with cellular proteins from a cell lysate of SH-SY5Y cells. Furthermore, it
was effectively used to distinguish between proteins interacting with monomeric
α-synuclein and those interacting with fibrillar α-synuclein, by excluding fibrillar
α-synuclein interactors from the monomeric α-synuclein interactome and vice versa.
Moreover, the interactomes of fibrillar and monomeric α-synuclein were further
distinguished through quantitative proteomics, by comparing the abundance of each
protein within the fibrillar and monomeric α-synuclein interactomes. It was found
that a number of key cellular locations were associated with fibrillar α-synuclein
interaction and not monomeric α-synuclein, suggesting potential pathogenic pathways
for fibrillar α-synuclein. Furthermore, it was shown that a number of proteins found
to interact with both fibrillar and monomeric α-synuclein were involved in RNA
binding.

4.4.1 A large number of RNA interacting proteins were
found in the α-Synuclein interactome

It was shown that 36% of proteins (293 proteins of 812) identified as interactors of
fibrillar α-synuclein possessed the GO term RNA binding. Indeed, the GO term
"RNA binding" was significantly enriched (FDR 4.12× 10−12) in the α-synuclein
fibril binding proteins when compared to the SH-SY5Y cell proteome [387]. This is
in line with the findings of other studies that have showed RNA binding by a number
of different amyloidogenic fibrils [267, 312]. Investigation into the interactions of
artificial amyloid proteins (those designed in silico to form cross-β fibrils) showed
that proteins involved in the RNA metabolic process accounted for over 35% (54 of
153) of all proteins interacting specifically with the the fibril prone protein. Indeed
this term, RNA metabolic process, was enriched 4.5 fold over the background with
an FDR of 2.89E-18.

Furthermore, this finding was consistent with a later study investigating the
amyloidogenic protein, poly-Q expanded huntingtin [267]. Proteomic analysis of
aggregates isolated from overexpressing poly-Q expanded huntingtin showed strong
enrichment (p-value < 1E-30) of many terms associated with RNA including mRNA
metabolic processing, RNA splicing and RNA processing [267]. Also consistent with
the previous work [312] was the finding that this enrichment was specific to the
oligomeric and fibrillar states of the protein; the proteome of monomeric amyloid
proteins were not enriched in RNA binding proteins. Taken together with the data
presented here, it suggests that RNA binding proteins have an affinity to amyloid
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fibrils regardless of the sequence of the monomeric subunit.

One suggested explanation for this finding, and one supported by others [267],
is that amyloid fibrils preferentially interact with proteins containing long LCRs,
compositionally biased regions containing repetitive sequences of one to four amino
acids. A feature of many RNA binding proteins is the presence of such LCRs [314],
and can mediate the formation of reversible, higher order aggregates that under
disease conditions transition from liquid to solid phase [393, 394]. Indeed, the
data presented here supports this hypothesis, as there was a significant increase in
proteins with long LCRs over the background of the SH-SY5Y cell proteome, in the
interactome shared by both α-synuclein monomer and α-synuclein fibrils. These
data further suggest that binding to LCRs is dependent on a feature of monomeric
α-synuclein that is shared by α-synuclein fibrils.

However, an alternative explanation for these data is the direct binding of
amyloid fibrils to RNA. This is supported by the observation that strongly negatively
charged molecules including RNA and glycosaminoglycan (GAG)s such as heparin
are commonly associated with amyloid deposits [395–399]. Furthermore, GAGs bind
directly to Aβ with a much higher affinity for the fibrillar form of the protein than
for the monomeric conformation [400] and data presented here shows an enrichment
in GAGs isolated alongside α-synuclein fibrils. Both GAGs and RNA have also been
implicated in accelerating fibril formation in amylin [401], transthyretin [402], β2M
[403], tau [404] and Aβ40/42 [405]. Moreover, in vitro studies have demonstrated that
the removal of these co-factors can lead to the spontaneous shedding of monomeric
protein from amyloid fibrils [406].

Therefore, it is possible to hypothesise that RNA may interact with α-synuclein
fibrils in the context of a cell lysate, and indeed in the context of the RNA-fibril
interactions observed by others [267, 312]. RNA binding proteins may therefore
be isolated alongside α-synuclein fibrils due to interactions with RNA. Moreover,
were this the case, and were it true for multiple amyloid fibrils it may explain
other observations, such as the sequestration of ribosomes within poly-Q expanded
huntingtin inclusions, observed by EM [407], a finding that agrees with the large
number of ribosomal proteins identified in this study and the previous studies into
amyloid protein interactomes [267, 312]. Under this hypothesis ribosomes may
not interact directly with amyloid fibrils but be sequestered as a result of mRNA
interactions. Since RNA binding proteins make up a significant proportion of many
amyloid fibril interactomes, this may represent a significant finding.
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4.4.2 Ribosomal protein preferentially interact with
fibrillar α-Synuclein

Herein, it was found that a number of ribosomal and ribosomal associated proteins
were found to interact α-synuclein fibrils, including members of both the small (40S)
and the large (60S) ribosomal subunits along with a number of key translation
initiation factors. It is also worth noting that although translational proteins were
found in the interactome of monomeric α-synuclein, very few such proteins were
found to be unique to the monomeric α-synuclein interactome. Conversely a number
of ribosomal proteins, specifically of the small ribosomal subunit were found to
exclusively interact with fibrillar α-synuclein.

An explanation for this finding requires further investigation but may reflect a
higher capacity for ribosomal binding by the fibrillar conformation of α-synuclein,
thereby increasing the probability of detecting low abundance, or weakly interacting,
proteins associated with ribosomes. Indeed this hypothesis is supported by the finding
that when proteins were filtered based on their increased abundance in the fibrillar
interactome when compared to the monomeric interactome, ribosomal proteins (from
both the small and large ribosomal subunits) were heavily enriched. It is likely
however, given the presence of ribosomal proteins in the interactome of monomeric
α-synuclein, that the interaction depends a region of the protein not occluded by the
fibrillar fold, rather enhanced by its presence.

The observed interaction of α-synuclein (especially in its fibrillar form) with
ribosomal, and ribosome associated proteins, is of some interest as it may point to
a pathophysiological process leading to cellular disruption, caused by α-synuclein
aggregation. The possibility that disruption to ribosomal function and deregulation
of translation may play a role in the development of neurodegenerative diseases has
gained traction in recent years. There are a number of studies that have shown
that a disruption to proper ribosomal function can lead to cognitive deficiencies,
cellular stress and neuronal dysfunction [144, 267, 407–416]. Furthermore, it has
been demonstrated that ribosomal components can directly interact with cellular
amyloid aggregates.

Translation in eukaryotic cells proceeds via three distinct stages; translation
initiation, elongation and termination [417], in which initiation, the rate determining
step, is controlled by a number of eukaryotic initiation factor (eIF)s [418]. EIF
proteins play a number of important roles in the initiation of translation including
the activation of mRNA and the assembly of ribosomal subunits. The most common
form of translation initiation is termed cap-dependant initiation, and involves the
formation of a pre-initiation complex consisting of the 40s ribosomal subunit and a
number of eIFs [419]. This complex subsequently recruits the 60s large ribosomal
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subunit leading to the formation of the 80s, translation competent, ribosomal complex.
The formation of the 80s ribosome is accompanied by the concomitant release of
the eIF protein complex [420]. Initiation of translation is followed by elongation,
facilitated by eukaryotic elongation factor (eEF)2 [421], that functions to mediate the
positioning of the correct tRNA to the acceptor site of the ribosome, and promote
the translocation of the ribosome to the next codon [422]

Herein it is shown that several translation factors, including a number of initiation
and elongation factors, are present in the interactome of α-synuclein fibrils, and that
abundance of eIF proteins interacting with fibrillar α-synuclein is greater than their
abundance in the monomeric α-synuclein interactome. One implication of these data
is the sequestration of eIF proteins, by α-synuclein fibrils into LBs. Previous work
has demonstrated that cases of Parkinson’s disease are associated with a significant
reduction in the activity of eIF2a [144, 408], while repression of eIF2a activity
and concomitant translational repression, has been implicated in the mediation of
prion disease development [409]. Furthermore, an increase in the activity of eEF2
inhibitor eEF2 kinase (eEF2K) [410]. Furthermore, an increase in eEF2K activity
was observed in a mouse model of Parkinson’s disease, while inhibition of eEF2K
reduced cytotoxicity [410]. Though there is no evidence that eEF2K interacts with
α-synuclein, sequestration of eEF2, a protein found in the interactome of α-synuclein
fibrils, may lead to similar neuronal defects.

Interestingly, one protein that stood out among the interactors of fibrillar α-
synuclein for the magnitude of its enrichment was the the translational inhibitor eIF4E
binding protein (4E-BP1). Though it may appear that this is in contradiction to a
proposed hypothesis that reduction of translation by translation factor sequestration,
may play a role in α-synuclein induced neurodegeneration (sequestration of 4E-BP1
would likely increase translation), other studies have clearly demonstrated a link
between inhibition of 4E-BP1 activity and neurodegeneration. It has been shown
in Huntington’s disease, for example, that a reduction in 4E-BP1 is linked to a
depletion of proteins with functions relating to neuronal structure [411]. Furthermore
an increase in eIF4E activity, through upregulation of the gene, or depletion of
4E-BP1, leads to the development of an autism spectrum disorder in mice and an
increased ratio of excitatory to inhibitory synaptic signals [412].

Moreover, in relation to Parkinson’s disease, 4E-BP1 has been shown to play
an important role in protecting neurons in cases of pd-like cellular stress, including
cellular insult with α-synuclein fibrils. In this case it was observed that overexpression
of 4E-BP1 led to a marked reduction in α-synuclein aggregation and neurotoxicity
[413]. It is hypothesised that this neuroprotective effect is the result of reducing
the burden on the cells proteostasis machinery, associated with newly synthesised
proteins, at a time when the cell is under considerable stress from misfolded amyloid
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proteins [413].
In addition to translation initiation and elongation factors many ribosomal subunit

proteins were found to be part of the interactome of α-synuclein fibrils. Studies have
previously shown that sequestration or disruption of ribosomal proteins occurs in
a number of neurodegenerative diseases. LRRK2, a common site for familial and
sporadic Parkinson’s disease linked mutations, is dependent on the ribosomal protein
s15 for its cytotoxic and neurodegenerative effects [414]. Indeed, increased expression
of the gain of function G2019S LRRK2 mutation significantly suppresses translation
[415]. The mechanism by which s15 mediates LRRK2 dependent cytotoxicity is
not yet fully elucidated but it is of note that the ribosomal protein was among the
interactors of fibrillar α-synuclein. Moreover, there is evidence to suggest that a
reduction in ribosomal function, via suppression of ribosomal biogenesis, represents
a key pathway for cellular damage by poly-Q expanded huntingtin [267].

It is not unfounded to hypothesise that ribosomal proteins may be adversely
sequestered by an amyloid fibrils. Indeed, a number of amyloid proteins have been
shown to sequester ribosomal subunits into intracellular inclusions [407, 416]. It
was shown, for example, through the use of in-cell cryo-electron tomography, that
structures resembling that of intact ribosomes are sequestered within the boundary of
fibrillar inclusion bodies formed in cells overexpressing poly-Q expanded huntingtin
[407]. Furthermore, the amyloid protein tau has been shown to sequester ribosomes
in vitro [416], while in vivo incubation of tau protein with a cell line leads to the
significant reduction of translational capacity of the cell [416].

Taken together, these findings suggest that fibrillar α-synuclein has the potential to
induce translational disfunction via the sequestration of ribosomes, or by sequestration
of translation initiation or elongation factors. The resultant disruption to protein
synthesis may contribute to the loss of neuronal function seen in Parkinson’s disease
and the development of a neurodegenerative phenotype.

4.4.3 Fibrillar α-Synuclein may cause mitochondrial
disruption

Another major protein group identified as interactors of α-synuclein, were a number
proteins located in the mitochondria. Specifically, a number of protein subunits of
Complex I and IV, components of the mitochondrial respiratory chain, as well as a
number of mitochondrial import proteins, were identified as specific interactors of
fibrillar α-synuclein, being absent from the interactome of monomeric α-synuclein.
This finding may suggest a gain of function pathway to neurodegeneration by
fibrillar α-synuclein, through the disruption of mitochondrial function. Indeed,
there is a growing body of evidence to suggest that mitochondrial disfunction
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occurs in Parkinson’s disease [423]. For example, the postmortem brain tissue of
Parkinson’s disease patients shows deficits in mitochondrial activity [424, 425], while
mitochondrial toxins targeting the electron transport chain can cause Parkinson’s
disease-like symptoms in human and animal models [426, 427].

Furthermore, the aggregation of α-synuclein, and associated development of
neuronal abnormalities, appears to be linked with mitochondrial dysfunction. α-
synuclein has been shown to accumulate in the mitochondria where it interacts with
the inner mitochondrial membrane where it impairs mitochondrial function and
increases the formation of reactive oxygen species (ROS) [428, 429]. Given the lack
of mitochondrial proteins in the interactome of monomeric α-synuclein observed
herein, it is likely that this interaction is dependent on the aggregated conformation
of the protein, though mitochondrial import appears dependant on the unstructured
N-terminal region [429].

Moreover, it has been demonstrated that the treatment of neuronal cells with
fibrillar α-synuclein leads to the the sequestration of mitochondrial structures within
LB-like intracellular inclusions when examined by correlative light EM [371]. This is
further supported by evidence that a number of mitochondrial proteins including
members of the translocase of outer mitochondrial membrane (TOMM) complex
were identified within these inclusions [371]. This is accompanied by an accumulation
of α-synuclein phosphorylated as serine 129, a hallmark of pathogenic aggregation,
at the mitochondrial membrane [371]. The possibility that externally applied α-
synuclein possesses mitotoxic properties is further supported by evidence that a
highly toxic species of α-synuclein, generated following internalisation, localises to
the mitochondrial membrane where it is associated with membrane depolarisation,
mitochondrial fragmentation, and a release of the apoptotic marker, cytochrome c
[430].

A number of pathways to mitochondrial dysfunction by α-synuclein have been
proposed. These include interference with the mitochondrial import machinery, such
as the TOMM complex, and disruption of the respiratory chain through inhibition
of Complex I activity. Both Complex I components and proteins of the TOMM
complex were found to be present in the interactome of fibrillar α-synuclein. There
is growing evidence to suggest that the the inhibition of complex I plays a role in
the development of Parkinson’s disease [423]. Specifically, it has been proposed
that α-synuclein may directly impair complex I function following mitochondrial
import [429]. Furthermore, transgenic mice that overexpress the A53T mutant in
dopaminergic neurons show a severe reduction in complex I function in addition to
an increase in mitophagy in vivo [428].

It is of note however that evidence from experiments using isolated mitochondria
suggests that the reduction of complex I function is the result of prefibrillar α-
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synuclein oligomers and not mature α-synuclein fibrils [431]. Furthermore, in vivo
studies demonstrated that it was oligomeric α-synuclein that accumulated on the
inner mitochondrial membrane prior to complex I dysfunction [428]. Therefore,
though the loss of complex I function is likely dependent on an aggregated form of
α-synuclein, there being little evidence of complex I proteins in the interactome of
monomeric α-synuclein, fibrillar α-synuclein may not play a direct role in complex I
inhibition.

Another major mitochondrial pathway that has been shown by a number of studies
to be associated with the development of Parkinson’s disease is the mitochondrial
import pathway via the TOMM complex. It has been demonstrated that there is
a significant reduction in the abundance of the the mitochondrial import protein
TOMM40 (identified herein as an interactor of fibrillar α-synuclein) in the brains
of Parkinson’s disease patients [432]. Furthermore, overexpression of TOMM40
recovered the mitochondrial deficits and oxidative burden seen in Parkinson’s disease
mouse models [432]. α-synuclein has been reported to have a mitochondrial targeting
sequence at it s N-terminus, enabling mitochondrial import via this complex [429].

Likewise, α-synuclein phosphorylated at serine 129 have been shown to bind
TOMM complex protein TOMM20, but not TOMM22 or TOMM40, preventing
interaction with its co-receptor TOMM22, thereby inhibiting mitochondrial protein
import [433]. The reduction of mitochondrial import was associated with an increase
in ROS production and impairment of mitochondrial function [433]. Interestingly, no
interaction between α-synuclein fibrils and TOMM20 was observed herein, though
TOMM22 and TOMM40 were present in the fibril interactome. An explanation for
this discrepancy requires further investigation, and may lie with interaction seen
here being the result of indirect association potentially though binding of the other
TOMM complex protein TOMM70.

Further evidence to support the role of impairment of mitochondrial import in
the development of neurodegenerative diseases comes from the investigation into
Huntington’s disease. It was shown that recombinant poly-Q expanded huntingtin, a
protein strongly associated with the development of the disease, directly inhibited
mitochondrial protein import in a cellular context [434]. Furthermore, mitochondria
extracted from the brain synaptosomes of a mouse model of Huntington’s disease,
exhibited a protein import deficits [434].

In summary, the evidence presented herein suggests that α-synuclein fibrils have
the capacity to interact with mitochondria, potentially disrupting mitochondrial
protein import leading to mitochondrial dysfunction and neuronal damage. Fur-
thermore, this study provides evidence that aggregated, not monomeric α-synuclein
is responsible for interaction with Complex I proteins resulting in impairment of
mitochondrial respiration and cellular dysfunction.
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4.4.4 Conclusions

Herein a number of proteins from the SH-SY5Y cell proteome were found to interact
with α-synuclein fibrils. Furthermore, the specificity of these interactions to the
fibrillar conformation of α-synuclein were determined by comparison to the inter-
actome of monomeric α-synuclein. Of these proteins, RNA binding proteins as well as
mitochondrial and ribosomal proteins were significantly enriched in this α-synuclein,
fibril specific, interactome. These results point to a number of potential mechanisms
by which α-synuclein can impair cellular function. These include the disruption of
ribosomal function through sequestration of the ribosome itself, or indirectly through
the disruption of translation initiation, and impairment of mitochondrial function
through disruption of mitochondrial protein import. Further investigation is required
to determine the relevance of these findings in the context of the cellular environment
as well as to untangle the effects of these interactions on the proper functioning of
the cell.

Finally the findings presented here represent the interactions of fibrillar α-
synuclein outside of the context of a physiological cellular environment and may
therefore not represent the true interactions of fibrillar α-synuclein following internal-
isation by cells. Therefore, in order for this study to have greater relevance, the next
chapter examines interactions of α-synuclein fibrils with cellular proteins following
the internalisation of α-synuclein fibrils by SH-SY5Y cells. Comparing the results
of that experiment with the data presented here will permit the identification of
pathologically relevant α-synuclein fibril interactions.
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5
Identification of the Interactome
of Cell Internalised α-Synuclein

Fibrils

5.1 Aims

The aim of this chapter is to identify the interactome of α-synuclein fibrils following
internalisation by SH-SY5Y cells. A further aim was to identify and characterise
those interacting proteins that were specific to internalised α-synuclein fibrils and
those that were only seen in the interactome of lysate exposed α-synuclein fibrils.
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5.2.1 α-Synuclein Internalisation by Neuronal and
Neuronal-Like Cells

There is a growing body of evidence to suggest that the progression of synucleino-
pathies such as Parkinson’s disease rely on the cell to cell transmission of pathogenic
α-synuclein aggregates. Braak et al. [187] was the first study to describe the pro-
gressive degeneration occurring in the brains of Parkinson’s disease patients (A
phenomenon that has become known as Braak staging, and is used to classify the
extent of Parkinson’s disease in the brain), that appears to spread outwards from
a single origin rather than develop simultaneously in multiple locations. Moreover,
it has been demonstrated that in individuals with confirmed cases of Parkinson’s
disease and LB pathology, healthy neuronal grafts within the substantia nigra will
begin to develop LB pathology in the years following the graft [251].

Indeed, as detailed in the introduction of Chapter 3, α-synuclein fibrils have
been shown to travel both between cells in culture, and from the culture media into
healthy cells, leading to the development of LB-like pathology in the recipient cell
[253, 259, 262, 263]. A number of mechanisms by which α-synuclein fibrils can enter
cells have been proposed, and the path α-synuclein fibrils take following endocytosis
partially studied.

5.2.2 Endocytic Internalisation of α-Synuclein

A number of mechanisms by which α-synuclein fibrils can enter cells have been
described including receptor mediated endocytosis, macropinocytosis and inter-
neuronal transit via nanotubes [260, 358, 359, 435]. Of most relevance to the present
study, is the pathway of endocytosis. A role for endocytosis in the internalisation
of α-synuclein fibrils has been demonstrated by both low temperature incubation,
known to inhibit endocytosis, and thorough dynamin inhibition, likewise preventing
endocytic function [259]. Moreover, α-synuclein fibril internalisation may depend on
the clathrin-mediated endocytic pathway with co-localisation at the cell membrane
occurring between exogenous α-synuclein fibrils and transferrin [360], a protein
known to be endocytosed via this pathway [436].

A number of plasma membrane receptors mediating the endocytosis of α-synuclein
fibrils have been identified. Mao et al. [260] identified the plasma membrane receptor
LAG3 as a potential target. It was demonstrated that α-synuclein fibrils bind to this
receptor in vitro and that deletion of this receptor severely reduces α-synuclein fibril
internalisation by primary neurons [260]. Another potential receptor α-synuclein
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fibril endocytosis is the prion protein PrPC [359]. The lack of this cell surface receptor,
both in vitro and in PrP knockout mice, markedly reduced the internalisation of
α-synuclein fibrils either applied to the media of cell culture or injected into the
brains of mice, respectively [359].

Finally there is evidence to suggest a role of heparan sulfate proteoglycan in the
internalisation of α-synuclein fibrils, via macropinocytosis [437]. In non-neuronal
cells α-synuclein fibrils have been shown to bind to heparan sulfate chains prior to
internalisation [437]. Moreover, it was shown that soluble heparin in the culture
media can inhibit this interaction, reducing the internalisation of α-synuclein fibrils
[438].

5.2.3 Post Internalisation Trafficking of α-Synuclein

Following the uptake of extracellular α-synuclein fibrils, the aggregates can be found
in endosomal compartments [360]. These compartments act as sorting stations that
can recycle internalised material to the extracellular environment or mature into late
endosomes which fuse with lysosomes, delivering their contents for degradation [439].
Following internalisation exogenous α-synuclein fibrils effectively co-localised with
markers of early and recycling endosomes as well as those of late endosomal and
lysosomal membranes, including LAMP1 [360]. However only a small proportion
of exogenous α-synuclein co-localises with lysosomal compartment markers after
several days of incubation [360], suggesting that exogenous α-synuclein fibrils escape
trafficking to lysosomes or are rapidly broken down once delivered to this organelle.

Seeding of intracellular inclusions by exogenous α-synuclein fibrils is thought to
require the escape of fibrils from the endolysosomal pathway into the cytosol [440].
This can occur via endolysosomal rupture, induced by the α-synuclein aggregates
either added extracellularly or through cell to cell transfer [440, 441]. It has been
observed that the inclusion bodies formed after the internalisation of exogenous
α-synuclein fibrils co-localise with components of the endolysosomal pathway [440].
Moreover, the addition of exogenous α-synuclein fibrils results in the redistribution
of Galectin-3, indicative of endolysosomal-rupture [441]. Indeed impairment of the
endolysosomal membrane by the addition of a lysomotropic detergent, rendered
cells more susceptible to the formation of intracellular inclusion bodies, showing a
significant increase in both number and size of intracellular inclusions [440].

In line with the pathogenic significance of the inclusion bodies, the formation of
such intracellular LB-like inclusions has been linked with an increase in synaptic and
neuronal loss [253, 262]. Following the addition of exogenous α-synuclein fibrils, there
is a significant reduction in a subpopulation of synaptic proteins following the addition
of exogenous α-synuclein fibrils including proteins of the synaptic vesicle associated
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SNARE complex, as well proteins associated with SNARE complex assembly [262].
This is followed, after 14 days by significant decrease in the number of neurons in
culture [262]. Moreover, it has been shown that the exposure of primary neurons to
exogenous α-synuclein induces the release of activated caspase 3 and concomitant
neuronal fragmentation, both signs of apoptosis [262].

Indeed, the capacity for a α-synuclein fibrils to seed inclusion formation appears
to be closely related to the toxic effects of fibril exposure [442]. Inhibiting the
ability of fibrils to effectively elongate through the use of a small molecule inhibitor,
significantly reduces the capacity of fibrils to induce a loss of membrane integrity in
primary neuronal [442]. Furthermore, a loss of aggregation competent monomeric α-
synuclein prevented the appearance of fibril induced toxicity, indicating intracellular
inclusion formation is the driving force behind fibril induced toxicity [442].

The formation of α-synuclein inclusions in cells is increased through than en-
hancement of endocytosis, suggesting a direct correlation between internalisation of
the exogenous α-synuclein fibril and the formation of endogenous aggregates [262].
Furthermore, in cell-to-cell transmission studies it has been shown that α-synuclein
aggregates originating in one cell can be found within the intracellular inclusions of
other cells [253, 262]. As such, intracellular inclusions can act as a marker for both
effective internalisation, with the suppression of endocytosis significantly abating
their formation [253, 262, 263], and effective induction of α-synuclein pathology in a
cellular model.

5.2.4 Overview

Herein the interactome of α-synuclein fibrils following their internalisation by SH-
SY5Y cells was determined. To this end biotin labelled A18C α-synuclein fibril
seeds (the development of which was discussed in (Chapter 3 hereafter referred to
as α-synuclein fibrils) were incubated with SH-SY5Y cells for 24hrs, at which point
fibril internalisation was evident. α-synuclein fibrils were then isolated by means of
streptavidin magnetic beads following cell lysis and the interactome identified by
means of TMT proteomics. From this data, a number of key targets of internalised α-
synuclein fibrils were identified, including a number of mitochondrial proteins, nuclear
pore proteins and proteins involved in the trafficking of endolysosomal compartments.
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5.3.1 α-Synuclein Fibrils Were Internalised by Cells and
Isolated by Streptavidin Magnetic Bead Pull-Down

Identification of proteins that interact with α-synuclein fibril following cellular inter-
nalisation was achieved by streptavidin magnetic bead pull-down of the biotinylated
α-synuclein fibrils. In Chapter 3 it was demonstrated that SH-SY5Y cells intern-
alised biotinylated fibrils following 24hr incubation. Therefore, for the purpose of
identifying intracellular α-synuclein fibril interactions post-internalisation SH-SY5Y
cells were incubated with 1µM biotinylated α-synuclein fibrils for 24hrs. Following
this period of incubation, cells were lysed and a pull-down performed as previously
described in Section 3.3.10 and Chapter 4.

Proteins interacting with α-synuclein fibrils following cellular internalisation, were
identified by TMT proteomics. In order to exclude from this interactome proteins
that interact to the same degree with the streptavidin coated magnetic beads used to
isolate the α-synuclein fibrils, a pull-down was also performed on cells that had not
been exposed to α-synuclein fibrils. To enable quantitative proteomics data to be
analysed with a sufficient degree of statistical power, triplicate experimental repeats
were performed.

In order to draw reliable and meaningful conclusions from the proteomics data
generated from this experiment it was important to ensure that the fibril pull-downs
were conducted on cells in which there was evidence of fibril internalisation. To this
end, a subset of cells in each experimental repeat, following 24hr incubation with
α-synuclein fibrils, were fixed and probed with fluorescently labelled streptavidin
to detect biotinylated α-synuclein fibrils and with antibodies specific for the en-
dolysosomal protein LAMP1, to visualise endolysosomal structures. Internalisation
was then confirmed by confocal microscopy. It was demonstrated that for each of
the three experimental repeats there was evidence of co-localisation of biotinylated
α-synuclein fibrils with SH-SY5Y LAMP1 positive puncta, following 24hr incubation
(Fig. 5.1).

Having determined internalisation of biotinylated α-synuclein fibrils in each of
three experimental repeats, streptavidin magnetic bead pull-downs were performed
on the remainder of the cells as well as on SH-SY5Y cells not exposed to biotinylated
α-synuclein fibrils. Following magnetic bead pull-down a fraction of the sample
was analysed by Coomassie stained SDS-PAGE and streptavidin probed western
blot to demonstrate isolation of cellular proteins and biotinylated α-synuclein fibrils
respectively (Fig. 5.2). SH-SY5Y cellular proteins were isolated both in the presence
and absence of biotinylated α-synuclein fibrils (Fig. 5.1A). Furthermore, it can be seen
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that in the three repeats of streptavidin magnetic bead pull-down from cells exposed
to biotinylated α-synuclein fibrils, there is evidence of biotinylated α-synuclein fibril
(Fig. 5.1B). These data suggest that biotinylated α-synuclein fibrils were pulled
down following internalisation by SH-SY5Y cells, and that cellular proteins were
co-isolated. The pull-down samples were then analysed by TMT proteomics.
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Figure 5.1: Evidence of SH-SY5Y cell internalisation of biotinylated α-synuclein
fibrils in the three pull-down experiments. Three pull-down experiments were per-
formed for proteomics. SH-SY5Y cells were incubated with biotinylated α-synuclein
fibrils for 24hrs. A subset of cells were examined for evidence of internalisation.
Cells were probed with LAMP1 to visualise endolysosomal structures and fluorophore
conjugated streptavidin to visualise biotinylated α-synuclein fibrils. Representative im-
ages of the three experiments (Top: 1, Center: 2, Bottom: 3) acquired on an LSM700
confocal microscope at 40× magnification. Red denotes biotinylated α-synuclein
fibrils. Green denotes LAMP1 positive puncta. White arrows denote examples of
co-localisation of fibrils and endolysosomal compartments.
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Figure 5.2: Biotinylated α-synuclein fibrils are isolated from from SH-SY5Y cells
following cellular internalisation. Triplicate experiments of cells incubated with
(Fibrils) or without (Control) biotinylated α-synuclein fibrils for 24hrs were lysed and
biotinylated α-synuclein fibrils isolated by streptavidin magnetic bead pull-down. A)
SDS-PAGE (Coomassie stain) of the pull-down experiment. The lower band seen in
the pull-down lanes with a MW 12 kDa corresponds to that of streptavidin, while the
higher bands correspond to SH-SY5Y cellular proteins. B) western blot of pull-down
samples probed for biotin. The single band corresponds to the MW of α-synuclein. *
denotes a band appearing at a MW of dimeric α-synuclein.
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5.3.2 Strategy for Defining Proteins That Interact With
α-Synuclein Fibrils Following Cellular Internalisation

Proteomics analysis identified a total of 2556 proteins, when combining experimental
and control samples. A number of these proteins were known contaminants, or were
identified by less than 2 peptides, thereby lowering the confidence of the identification.
As a consequence such proteins were excluded, leaving a pool of 1382 proteins. In
order to define a protein as an interactor of fibrillar α-synuclein a strategy was
required to differentiate them from the background interactions, ie. interactions that
occurred due to an interaction between the protein and the streptavidin magnetic
beads used for isolation. The same strategy as was employed for identification of
cell lysate interactors of α-synuclein fibrils (Chapter 4) was employed here (Fig. 5.3).
Two properties of the protein in question: the mean fold change in protein abundance
between the pull-down samples derived from SH-SY5Y cells incubated with (Fibril)
and without (Control) α-synuclein fibrils, and the p-value of this change.

Proteins were considered to be interactors of α-synuclein fibrils, as opposed to
an interactor of streptavidin magnetic beads, if the mean fold change in protein
abundance and the p-values of this change, met the following thresholds: a mean
fold change of > 1.5, and a p-value of <0.05. A graphical representation of this
gating strategy is shown in Fig. 5.3. Using this strategy proteins in the top right
sextant were defined as interactors of the α-synuclein fibrils. This comprised a total
of 969 proteins identified as interacting with α-synuclein fibrils, following incubation
of α-synuclein fibrils with SH-SY5Y cells. Hereafter this interactome is termed the
internalised α-synuclein fibril interactome.
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Figure 5.3: Gating strategy for identifying proteins as interactors of α-synuclein
fibrils following internalisation by SH-SY5Y cells. Volcano plot showing the ratio
of abundance of each protein in pull-down samples derived from cells incubated with
(Fibril) or without (Control) α-synuclein fibrils. The abundance ratio is plotted
against the p-value of this ratio (n=3). The red lines denote the cutoff for a protein
to be considered an fibril interactor (ratio > 1.5, p-value < 0.01). Each point on this
scatter plot represents a single protein identified by TMT proteomics.

5.3.3 Interactors of Internalised α-Synuclein Fibrils are
Enriched in Nuclear Import and Export Proteins

Having identified the proteins that were specifically interacting with α-synuclein
fibrils following internalisation by SH-SY5Y cells, it was of interest to identify cellular
locations and biological functions that were overrepresented in the interacting protein
set when compared to their representation in the human proteome. As previously
(Section 4.3.3), this was performed by utilising GO term annotations collated and
managed by the Gene Ontology project [374, 375]using BiNGO [326] or ClueGO [327]
cytoscape plugins. These tools enable visualisation of GO terms overrepresented in
the sample (i.e. α-synuclein fibril interactors), when compared with the GO term’s
representation in a background protein list. In this instance the background used
was that of the SH-SY5Y cell proteome [387].

To enable the SH-SY5Y cell proteome [387] to be utilised as the background
for the GO term overrepresentation analysis, the proteins identified as intracellular
α-synuclein fibril interactors must first be filtered by their presence in the proteome
of the SH-SY5Y cell. Having applied this filter the number of proteins identified as
intracellular α-synuclein fibril interactors was 478. All of the following bioinformatic
analysis was conducted on this this filtered dataset.

GO term enrichment analysis of this dataset using the SH-SY5Y cell proteome
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[387] as the background, revealed that α-synuclein fibrils preferentially interact with
proteins of the nuclear pore complex as well as ribosomal and spliceosomal proteins
(Fig. 5.4). Furthermore, proteins involved in localisation to the endoplasmic retic-
ulum and ribosome biogenesis were also overrepresented in the post-internalisation
interactome of α-synuclein fibrils (Fig. 5.5). As was shown in the case of lysate
interactors of α-synuclein fibrils, RNA binding proteins were also highly enriched
(FDR < 1× 10−18). Interestingly, an overrepresentation proteins involved in of viral
gene expression were also identified. These proteins were primarily ribosomal proteins
as well as a number of nuclear pore proteins.

Figure 5.4: Proteins interacting with α-synuclein fibrils, following internalisation,
are enriched in nuclear pore and ribosomal proteins. GO term enrichment analysis
(limited to the cellular component namespace), performed on post-internalisation
interactors of α-synuclein fibrils. Hierarchical graph showing the GO terms enriched in
α-synuclein interactors and their relationships to other terms. Node colour saturation
denotes significance of the enrichment (FDR). White nodes are not significantly
enriched (FDR > 0.05). Node size denotes the percentage proteins annotated with this
term in the background proteome, that were present in α-synuclein fibril interactome.
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Figure 5.5: Proteins interacting with α-synuclein fibrils, following internalisation,
are enriched in proteins involved in ribosome biogenesis and translation. GO term
enrichment analysis (limited to the biological process namespace), performed on
post-internalisation interactors of α-synuclein fibrils. ClueGO [327] GO enrichment
analysis of internalised α-synuclein fibril interactors. Highly similar terms (by shared
proteins) were grouped together and the most highly enriched term (by FDR) within
the group is depicted. Node colour denotes the significance of enrichment (FDR).
Node size denotes the percentage proteins annotated with this term in the background
proteome, that were present in α-synuclein fibril interactome. Undirected edges
denote kappa similarity of terms > 0.4. directed edges denote an "is a" relationship
between terms.
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5.3.4 Post-Internalisation Protein Interaction Network of
α-Synuclein Fibrils Contain Transport and RNA
Processing Clusters

The post-internalisation, protein interactome of α-synuclein fibrils was further invest-
igated through the visualisation of the inter-protein interactions occurring within
the interactome. By utilising the protein-protein interaction data, collated by the
StringDB [376] database, the interactome of α-synuclein fibrils following internal-
isation by SH-SY5Y cells could be visualised. Furthermore, the use of the MCL
[388] clustering algorithm, groups of closely interacting proteins, likely to be involved
in related functional pathways, could be easily identified. This algorithm identifies
clusters based on the interconnectedness of the graph, without the need for a pre-
defined number of clusters. The use of the MCL clustering algorithm additionally
enabled proteins with few partners to be discarded allowing for clearer visualisation
an otherwise crowded network.

The post-internalisation interactome of α-synuclein fibrils was graphed by these
means and the five largest clusters identified by the MCL clustering algorithm
visualised. Highly enriched proteins (i.e those proteins with a large and statistically
significant positive fold change between Control and Fibril samples) are of interest
especially if several such proteins appear in a cluster. The presence of such a cluster
may indicate high affinity of α-synuclein fibrils for a particular complex. Therefore,
in order to visualise the enrichment the size of each protein node in the interaction
network was set as proportional to the fold change of the protein abundance (ie. the
protein position in the X axis of Fig. 5.3), while the transparency of the protein node
was set proportional to the p-value of this change (i.e. the protein position in the
Y axis of Fig. 5.3). The result is that the closer the protein is to the top right of
the volcano plot (Fig. 5.3) the larger and more opaque it appears in the network
(Fig. 5.6).

In order to identify what each cluster represents, GO terms associated with each
protein in the cluster was identified. The frequency of each term associated with
the cluster was then computed and a term cloud generated in order to visualise
the functions associated with the cluster. Each term in the term cloud is roughly
proportional to the frequency of the term in the cluster, though some adjustments
are made to enable the printing of terms with greater lengths (Fig. 5.7).

The two highly identifiable clusters were readily identified by this analysis and
can be seen in Fig. 5.6 coloured blue and purple. Both contain a number of closely
interacting proteins, that are highly enriched in the α-synuclein fibril interactome
(Fig. 5.6). Analysis of the terms associated with these clusters (Fig. 5.7) revealed
proteins involved in RNA processing and translation (Fig. 5.6 and Fig. 5.7 Blue) in
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Figure 5.6: Protein-protein interaction network of α-synuclein fibril interactors
following internalisation by SH-SY5Y cells. Network of protein-protein interactors
compiled by the StringDB service. The network was clustered using the MCL algorithm
and the five largest clusters visualised, and nodes coloured based on the cluster in
which they appear. Node size denotes the ratio of the protein abundance vs pull-down
of cells not exposed to α-synuclein fibrils (Fig. 5.3 X axis). Node transparency denotes
the p-value of the abundance change (Fig. 5.3 Y axis)
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Figure 5.7: GO Terms Associated with the Protein-Protein Interaction Clusters
(Fig. 5.6). GO term clouds generated from GO terms associated with proteins in
each StringDB network cluster. The size of each term is generally proportional to the
frequency of the term within the cluster though the size of some terms are reduced to
enable printing within the figure boundary.
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addition to transport and endosomal proteins (Fig. 5.6 and Fig. 5.7 Purple).
Other notable findings of this analysis included the identification of a number

of mitochondrial proteins (Figs. 5.6 and 5.7 Yellow). Additionally many of these
proteins had large and significant fold changes, indicating a high degree of interaction
with internalised α-synuclein fibrils. These proteins included the mitochondrial
import protein TOMM40. However, it is worth noting that no mitochondrial GO
term was significantly enriched in the interactome, indicating that though individual
proteins may have a high degree of interaction with internalised α-synuclein fibrils,
mitochondrial proteins as a group were not unduly represented by the interactome.

Finally, another notable finding of this high level analysis was a large cluster of
spliceosomal proteins that were also identified among the interactors of α-synuclein
following cellular internalisation (Figs. 5.6 and 5.7 Red). One such spliceosomal
protein, SRSF10 was particularly notable for its enrichment within the interactome
of internalised α-synuclein fibrils (Fig. 5.6).

Closer visual inspection of several of the protein-protein interaction clusters shown
in Fig. 5.6 reveals that they are likely composed of two or more subgroups. This is
especially evident for the clusters identified in blue and purple (Fig. 5.6). For this
reason these clusters (Fig. 5.6 Blue and Purple) were isolated and regrouped by the
MCL algorithm with an inflation parameter of 4 resulting in a more fine grained
clustering. Re-clustering the first protein-protein network cluster (Figs. 5.6 and 5.7
Blue) representing a number of RNA processing and translation proteins revealed
two distinct subclusters (Fig. 5.8). The GO terms associated with these clusters were
also mapped to enable determination of the major roles and locations attributable
to each cluster (Fig. 5.9).

The first of these subclusters (Figs. 5.8 and 5.9 Blue) represented a densely
clustered network of RNA processing proteins while the second of these clusters
(Figs. 5.8 and 5.9 Purple) largely represented cytosolic ribosomal subunit proteins.
Relying on GO terms alone it was difficult to decipher the true nature of the sub
cluster shown in blue (Figs. 5.8 and 5.9 Blue). Therefore KEGG pathways associated
with the cluster were also identified. Only one such pathway was linked to the cluster
shown in Blue (Figs. 5.8 and 5.9) which identified the cluster as representing the
ribosomal biogenesis pathway.
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Figure 5.8: Sub clusters of protein-protein interaction network of α-synuclein fibril
interactors following internalisation by SH-SY5Y cells. Network of protein-protein
interactors compiled by the StringDB service taken from the Blue cluster identified in
Fig. 5.6. The network was clustered using the MCL algorithm (inflation factor 4) and
the two largest clusters visualised, and nodes coloured based on the cluster in which
they appear. Node size denotes the ratio of the protein abundance vs pull-down of
cells not exposed to α-synuclein fibrils (Fig. 5.3 X axis). Node transparency denotes
the p-value of the abundance change (Fig. 5.3 Y axis)
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Figure 5.9: GO terms associated with the reclustered protein-protein interaction
network (Fig. 5.8). GO term clouds generated from GO terms associated with proteins
in each StringDB network cluster. The size of each term is generally proportional to
the frequency of the term within the cluster though the size of some terms are reduced
to enable printing within the figure boundary.
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Reclustering the other primary cluster identified in Fig. 5.6 (Purple) using the
aforementioned clustering parameters (MCL algorithm, inflation parameter of 4)
revealed five sub clusters. The largest of these subclusters represent proteins involved
in nuclear import and export (Figs. 5.10 and 5.11 Blue). This sub-cluster includes
a number of nuclear pore proteins as well as Tho complex subunit (THOC)7, a
protein that is somewhat significantly enriched within the interactome of internalised
α-synuclein fibrils.

The other major cluster (Figs. 5.10 and 5.11 Purple) represents proteins involved
in vesicle mediated protein transport, and includes a number proteins present in
the endoplasmic reticulum, the Golgi apparatus and the extracellular exosome.
Interestingly many of these proteins were highly enriched in the interactome of
internalised α-synuclein fibrils including a number of Rab family proteins, GTPases
key regulators of intracellular transport. Finally, a number of regulators of mitotic
cell division and microtubule organisation (Figs. 5.10 and 5.11 Green and Red).
These proteins included MAP4, a protein involved in microtubule assembly, that was
found to be highly enriched within the interactome of internalised α-synuclein fibrils.

Together, data from these analyses, identify proteins involved in protein transport
as well as a number of proteins involved in nuclear import/ export were highly enriched
in the interactome of internalised α-synuclein fibrils. Furthermore, a number of
mitochondrial and spliceosomal proteins including TOMM40 and SRSF10 were
notable for their abundance within the interactome.
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Figure 5.10: Sub clusters of protein-protein interaction network of α-synuclein
fibril interactors following internalisation by SH-SY5Y cells. Network of protein-
protein interactors compiled by the StringDB service taken from the Purple cluster
identified in Fig. 5.6. The network was clustered using the MCL algorithm (inflation
factor 4) and the five largest clusters visualised. Nodes were coloured based on the
cluster in which they appear. Node size denotes the ratio of the protein abundance
vs pull-down of cells not exposed to α-synuclein fibrils (Fig. 5.3 X axis). Node
transparency denotes the p-value of the abundance change (Fig. 5.3 Y axis)

178



SECTION 5.3. Results

Figure 5.11: GO terms associated with the reclustered protein-protein interaction
network shown in Fig. 5.10. GO term clouds generated from GO terms associated
with proteins in each StringDB network cluster. The size of each term is generally
proportional to the frequency of the term within the cluster though the size of some
terms are reduced to enable printing within the figure boundary.
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5.3.5 Proteins Interacting With Internalised α-Synuclein
Fibrils are Represented in the Interactomes of
Huntingtin Amyloid Aggregates

Further investigation into the interactome of internalised α-synuclein fibrils was
conducted by comparing the proteins identified herein with those identified by
other studies investigating the interactions of α-synuclein fibrils or other amyloid
proteins. The studies compared in this manner likewise leveraged proteomics to
identify protein interactomes. One such study investigated the proteins present in
cortical LBs (Fig. 5.12 LB Genes [389]). Another study identified the interactome of
various poly-Q expansions of the amyloid protein Huntingtin (Fig. 5.12 Q64 and Q150
Interactors [320]). Q150 expansion huntingtin was shown to be primarily fibrillar
while the Q64 expansion was largely oligomeric [320]. Further, a study investigating
the interactome of an ‘artificial’ amyloid, a protein designed to form the cross-β
structure typical of amyloid fibres (Fig. 5.12 Artificial Amyloid Interactors [312]).

The interactome of internalised fibrillar α-synuclein identified herein was compared
to proteins that were enriched in LB like inclusions after 14 or 21 days in murine
neuronal cells following treatment with α-synuclein pre-formed fibrils (Fig. 5.12).
Due to the murine origin of these proteins, comparison to the current data set
involved first identifying the human orthologs of the protein. For this purpose the
latest version (2021) of PylomeDB was leveraged, to map each murine protein to its
highest ranked human ortholog [390].

In the case of each external dataset, proteins were compared to the interactome
of internalised α-synuclein fibrils. The proteins present in both datasets were then
identified. The similarity of the two interactomes was inferred by means of the Jaccard
similarity coefficient, a value between 0 and 1 where 1 indicates that the datasets
are identical and 0 indicates that there is no overlap between the interactomes. The
resultant plots for each external data set indicates that there is a degree of similarity
between the interactome of internalised α-synuclein fibrils and that of the Q64 and
Q150 huntingtin interactors ( 0.25). However, there is a degree of similarity between
the interactome of internalised α-synuclein fibrils and the other datasets was low
(>0.05 similarity) (Fig. 5.12).
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Figure 5.12: Similarity between internalised α-synuclein fibril interactors and
proteins identified in other proteomic studies of amyloid proteins. For each external
dataset the proteins were compared to the current dataset and the intersection of
proteins identified. The similarity of the two datasets was then computed by means
of the Jaccard similarity coefficient. Bar chart of the calculated Jaccard Similarity
Index between the proteins identified in this study as α-synuclein fibril interactors
and the proteins identified as interactors of other fibrils, α-synuclein proteoforms,
or proteins present in LBs or LB-like structures. (Lewy Body Genes: [389], Q150
Interactors [320], Q64 Interactors [320],Upregulated Pff 14 Day [371], Upregulated
Pff 21 Day [371], Artificial Amyloid Interactors [312]). For interactomes derived
from mouse proteomes [371] were mapped to human orthologs using the PylomeDB
mapping [390].

5.3.6 Characterising Internalised α-Synuclein Fibril
Interactors Present in the α-Synuclein Fibril Lysate
Interactome.

In the previous chapter the interactome of α-synuclein fibrils exposed to SH-SY5Y cell
lysate was determined. It is of interest which proteins identified in the interactome of
α-synuclein fibrils exposed to lysate were also identified as interactors of internalised
α-synuclein, as such proteins may represent proteins that readily associate with
α-synuclein fibrils intracellularly following internalisation. However, this does not
exclude the possibility that these interactions occured following cell lysis, prior to
magnetic bead pull-down.

For this purpose the intersection of the lysate interactome of α-synuclein fibrils
and the interactome of internalised α-synuclein fibrils was identified. The lysate
interactome used was that characterised in the experiment alongside the interactors
of monomeric interactors defined in Section 4.3.6. This interactome was chosen so
as to allow later comparison with the monomeric α-synuclein interactome. This
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interactome is hereafter termed the lysate interactome. The intersection of lysate
interactome and the interactome of internalised α-synuclein fibrils represented 246
proteins and is hereafter termed the cell and lysate interactome. A further 232 proteins
were identified as interacting only with α-synuclein fibrils, following internalisation by
SH-SY5Y cells (hereafter termed the cell not lysate interactome) while 567 proteins
were identified as only interacting with α-synuclein fibrils in the context of exposure
of α-synuclein fibrils to cell lysate (hereafter termed the lysate not cell interactome).
The lysate not cell interactome may represent proteins that only bind in lysates and
thus may not bind fibrils taken up into the cell by endocytosis.

The cell and lysate interactome, representing the overlap of lysate and intracellular
interactors of α-synuclein fibrils, was then analysed in a similar manner to the
complete interactome of internalised α-synuclein fibrils. GO term overrepresentation
analysis was conducted with the proteome of the SH-SY5Y cell as the background
and by these means it was shown that the cell and lysate interactome was enriched
in proteins involved in protein transport and ribosome biogenesis (Fig. 5.13).

Further analysis of the the common interactome was conducted by mapping the
protein-protein interactions using protein interaction data provided by StringDB.
The interaction network was then clustered by the MCL algorithm, to identify groups
of highly interacting proteins, and the identity of the clusters determined by assigning
cluster GO terms. Furthermore, in order to visualise proteins that that were present
in high abundance in the internalised α-synuclein fibril interactome, the enrichment
of the in the protein in the interactome was mapped to the node size as was done for
the complete interactome (Section 5.3.4).

By this method a number of protein clusters were identified in the interactome,
common to both internalised and lysate exposed α-synuclein fibrils. The largest and
most densely interconnected of these clusters was that representing ribosomal subunit
and translation initiation proteins (Figs. 5.14 and 5.15 Blue). Additionally, several
mitochondrial proteins were also found to be present in this interactome (Figs. 5.14
and 5.15 Green) though it is worth noting that once again no specific mitochondrial
term was overrepresented in this interactome. A further cluster of proteins identified
within this interactome was that representing proteins involved in cellular trafficking
and protein targeting (Figs. 5.14 and 5.15 Purple), a term that was enriched in both
this filtered interactome and the full interactome of internalised α-synuclein fibrils.

These data suggest that proteins involved in cellular trafficking as well as those
involved in translation initiation and ribosomal function, readily associate with
α-synuclein fibrils irrespective of whether the fibrils are incubated with cells or with
cell lysate. Furthermore, this extends to a number of specific mitochondrial proteins
though mitochondria as a cellular structure are not unduly targeted. Though of
interest, it is worth noting that such interactions occurring when α-synuclein fibrils
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Figure 5.13: Proteins interacting with α-synuclein fibrils, both following internal-
isation and in cell lysate, are enriched in proteins involved in ribosome biogenesis
and protein transport. GO term enrichment analysis (limited to the biological pro-
cess namespace), performed on the intersection of intracellular α-synuclein fibril
interactors and α-synuclein fibril lysate interactors. Cluster graph, generated by
ClueGO [327] depicting GO terms enriched in α-synuclein fibril interactors and
their similarity to one and other, as calculated by the proteins shared between the
terms. Highly similar terms are clustered into groups denoted by shape. Node colour
saturation denotes the significance of enrichment (FDR). Node size denotes the
percentage proteins annotated with this term in the background proteome, that were
present in α-synuclein fibril interactome.
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are incubated with cells, may occur following cell lysis.

Figure 5.14: Protein-protein interaction network of the common interactome of
α-synuclein fibril interactors following internalisation by SH-SY5Y cells and lysate
interactors of α-synuclein fibrils. Network of protein-protein interactors compiled
by the StringDB database. The network was clustered using the MCL algorithm and
the five largest clusters visualised. Nodes were coloured based on the cluster in which
they appear. Node size denotes the ratio of the protein abundance vs pull-down of
cells not exposed to α-synuclein fibrils (Fig. 5.3 X axis). Node transparency denotes
the p-value of the abundance change (Fig. 5.3 Y axis)
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Figure 5.15: GO terms associated with the protein-protein interaction network
shown in Fig. 5.14. GO term clouds generated from GO terms associated with proteins
in each StringDB network cluster. The size of each term is generally proportional to
the frequency of the term within the cluster though the size of some terms are reduced
to enable printing within the figure boundary.
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5.3.7 Proteins Present Only in the Interactome of
Internalised α-Synuclein Fibrils are Enriched in
Proteins Involved in Nuclear Transport and
Ribosome Biogenesis

Having characterised the cell and lysate interactome, representing proteins shared
by the interactomes of both internalised α-synuclein fibrils and α-synuclein fibrils
exposed to lysate, it was then of interest to characterise the interactomes of proteins
unique to the interactome of internalised α-synuclein fibrils, termed the cell not
lysate interactome. This interactome may represent those proteins with a lower
affinity for α-synuclein fibrils, thereby out competed by other proteins in the context
of the cell lysate, but are nonetheless physiologically relevant interactors. Moreover,
this interactome may represent interactions that occur only in the context of an
intact cell, an environment not reproduced within the cell lysate.

To this end the the cell not lysate interactome was analysed for GO terms enriched
over the background of the SH-SY5Y cell proteome. Due to the large number of
enriched results ClueGO, grouping by term similarity was employed in which two
or more terms associated with many common genes are considered similar and thus
grouped together. The leading term, by significance level, can then be identified
and visualised. Furthermore this analysis permits straightforward visualisation of
both cellular compartment terms alongside biological process terms (Fig. 5.16). The
results of this analysis identified several terms overrepresented in this interactome.
These include proteins involved in nuclear transport, specifically proteins of the
nuclear pore complex, ribosome biogenesis and chromosomal organisation.

Further investigation of the cell not lysate interactome by analysis of the protein-
protein interaction network was conducted to identify any protein-protein clusters
that are highly abundant in the interactome. As previously, this was conducted using
protein interaction data from the StringDB database and clustered by MCL clustering
algorithm. This analysis revealed five distinct, though highly intra-connected protein-
protein interaction clusters. The largest of these clusters represents proteins involved
in ribosomal biogenesis and RNA pre-processing. (Figs. 5.17 and 5.18 Blue).

Another cluster of note, identified by this analysis, is that representing a number
of nuclear pore proteins (Figs. 5.17 and 5.18 including a number of nuclearporins).
Finally, a smaller protein cluster was identified containing proteins present in the
endoplasmic reticulum, Golgi apparatus and exosomes. It is noteworthy as many of
these proteins were highly abundant in the interactome of internalised α-synuclein
fibrils (Figs. 5.17 and 5.18 Yellow), visualised by the size and opacity of the nodes.
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Figure 5.16: Proteins interacting with α-synuclein fibrils, following internalisation
but not in cell lysate, are enriched in proteins involved in nuclear export, ribosome
biogenesis and chromosome organisation. GO term enrichment analysis (limited
to the biological process and cellular component namespaces), performed on the
interactome intracellular α-synuclein fibrils when proteins in the lysate interactors of
α-synuclein fibrils are excluded. Cluster graph, generated by ClueGO [327] depicting
GO terms enriched in this interactome, grouped by semantic similarity, with the most
significant term of each group displayed. Connections between terms denote a degree
of semantic similarity. The significance of GO term enrichment (FDR) is denoted
by node color. Node size denotes the percentage proteins, annotated with this term in
the background proteome, that were present in the interactome.
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Figure 5.17: Protein-protein interaction network of the intracellular α-synuclein
fibril interactome when lysate interactors are excluded. Network of protein-protein
interactors compiled by the StringDB database. The network was clustered using
the MCL algorithm and the five largest clusters visualised. Nodes were coloured
based on the cluster in which they appear. Node size denotes the ratio of the protein
abundance vs pull-down of cells not exposed to α-synuclein fibrils (Fig. 5.3 X axis).
Node transparency denotes the p-value of the abundance change (Fig. 5.3 Y axis)
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Figure 5.18: GO terms associated with the protein-protein interaction network
shown in Fig. 5.17. GO term clouds generated from GO terms associated with proteins
in each StringDB network cluster. The size of each term is generally proportional to
the frequency of the term within the cluster though the size of some terms are reduced
to enable printing within the figure boundary.
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5.3.8 Proteins Identified as Interactors of Internalised
α-Synuclein That are Not Interactors of Monomeric
α-Synuclein, are Enriched in Nuclear Pore Proteins

As with the lysate interacting proteins of α-synuclein fibrils (Section 4.3.6), it was
of interest to further characterise the protein interactors of internalised α-synuclein
fibrils by identifying those that specifically interact with the fibrillar form of α-
synuclein compared to those interacting with the monomeric form of α-synuclein.
To this end the interactome of internalised α-synuclein fibrils was filtered of proteins
present in the lysate derived interactome of α-synuclein monomer. The resulting
interactome represents proteins only interacting with internalised α-synuclein fibrils
and not interacting with monomeric α-synuclein in lysate. GO term analysis of
this interactome identified two primary areas that were enriched in this interactome.
These were, ribosome biogenesis and nuclear pore proteins. These findings closely
resemble that of the cell not lysate interactome (i.e. the interactome in which lysate
interactions of α-synuclein fibrils were excluded) (Fig. 5.19).

Figure 5.19: Proteins interacting with internalised α-synuclein fibrils, but not
monomeric α-synuclein in cell lysate, are enriched in nuclear pore proteins and
proteins involved in ribosome biogenesis. GO term enrichment analysis (limited
to the biological process and cellular component namespaces), performed on the
interactome intracellular α-synuclein fibrils when proteins in the lysate interactors of
α-synuclein fibrils are excluded. Cluster graph, generated by ClueGO [327] depicting
GO terms enriched in this interactome, grouped by semantic similarity, with the most
significant term of each group displayed. Connections between terms denote a degree
of semantic similarity. The significance of GO term enrichment (FDR) is denoted
by node color. Node size denotes the percentage proteins, annotated with this term in
the background proteome, that were present in the interactome.

190



SECTION 5.3. Results

5.3.9 Plasma Membrane and Endolysosomal Interactors of
Internalised α-Synuclein Fibrils Interactors

It has been shown that α-synuclein interacts with plasma membrane components,
leading to internalisation by endocytosis [260]. α-synuclein is then trafficked via
the endolysosomal pathway where α-synuclein fibrils have been shown to cause a
degree of lysosomal impairment [360]. Therefore, to investigate the proteins that
may interact with α-synuclein fibrils during internalisation, the complete interactome
of internalised α-synuclein fibrils was filtered for the presence of the protein in the
plasma membrane, in addition to endosomal and lysosomal compartments. This was
done based on the presence of related GO annotations on the protein.

By visualising these selected proteins as a protein-protein interaction network it
was possible to identify a number of clusters potentially relevant to the internalisation
of α-synuclein fibrils (Fig. 5.20). These included a number of Rab family proteins,
guanosine triphosphate (GTP)ases involved in the coordination of endocytosis [443].
Furthermore, a number of proteins involved in the G-protein receptor signalling
pathways were identified, including GNAS a key subunit of the G-protein complex,
and GNAI2 a protein that has been implicated in regulating the surface density of
dopamine receptors [444]. Finally a small number of lysosomal proteins were found
to associate with internalised α-synuclein. However, when further investigated, these
proteins appeared to be only transiently lysosomal. Indeed, the primary roles of
these proteins appears to as heparan sulfate proteoglycan (Curated Uniprot Entries
[445]).
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Figure 5.20: Protein-protein interaction network of the intracellular α-synuclein
fibril interactome filtered for plasma membrane and endolysosomal proteins. Net-
work of protein-protein interactors of α-synuclein, that were annotated with GO
terms relating to the plasma membrane, the endosome or lysosome. Protein-protein
interactions compiled by the StringDB database. The network was clustered using
the MCL algorithm (inflation parameter 1.8) and the five largest clusters visualised.
Nodes were coloured based on the cluster in which they appear. Node size denotes
the ratio of the protein abundance vs pull-down of cells not exposed to α-synuclein
fibrils (Fig. 5.3 X axis). Node transparency denotes the p-value of the abundance
change (Fig. 5.3 Y axis). Terms beside each cluster refer to GO terms with a high
annotation frequency within the cluster.
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5.3.10 Internalised α-Synuclein Preferentially Interacts
With Low-Complexity Proteins

Finally, given the propensity of α-synuclein fibrils to interact preferentially with low
complexity, soluble proteins in the cell lysate Section 4.3.14, it was of interest to
discover whether this remained true for proteins internalised by SH-SY5Y cells. This
is especially pertinent as amyloid propensity for binding low complexity proteins has
been demonstrated with intracellular aggregates of the amyloid protein huntingtin
[320]. Further, as with the lysate interactome of α-synuclein fibrils, a large number
of RNA binding proteins were identified as interacting with internalised α-synuclein
fibrils; RNA binding proteins typically contain longer LCRs (i.e. compositionally
biased regions, on average 18 residues in length, containing one to four amino-acids),
than are present in the cell proteome. Therefore, it was hypothesised that the
interactomes identified herein may be enriched in proteins containing long LCRs.
LCR identification was made via the fLPS software using [329].

Using this method it was shown that there was a statistically significant increase
in the average length of the longest LCR in the interactome of internalised α-
synuclein fibrils over that of all proteins in the SH-SY5Y cell proteome (Fig. 5.21 A).
Furthermore, this enrichment remained even when proteins interacting with lysate
exposed α-synuclein fibrils were excluded (Fig. 5.21 B, Cell Only), previously termed
the cell not lysate, interactome. There were no significant differences between the
cell not lysate interactome and either the cell and lysate interactome (Fig. 5.21 B
Both) or the lysate not cell interactome (Fig. 5.21 B Lysate Only).

Additionally, in the previous chapter it was shown that lysate exposed α-synuclein
fibrils preferentially bound soluble proteins (Section 4.3.14). Notably this finding
does not support the proposed hypothesis that α-synuclein fibrils, due to their
amyloid nature, may preferentially interact with other, amyloid prone, low solubility
proteins. It was therefore of interest to ascertain whether this finding remained true
for internalised α-synuclein fibrils. To assess this possibility, the Camsol protein
solubility predictor [328] was used to categorise proteins as soluble or insoluble. It
was shown that, as was the case for lysate exposed α-synuclein fibrils, the interactome
of internalised α-synuclein fibrils was enriched in soluble proteins when compared to
the solubility of proteins in the SH-SY5Y cell proteome (Fig. 5.22 A). It is worth
noting however that this enrichment, though statistically significant, only represents
a small increase in average solubility. However, when the analysis was conducted
on the cell and lysate interactome of α-synuclein fibrils (i.e. that representing
interactors of internalised α-synuclein fibrils after excluding interactors of lysate
exposed α-synuclein fibrils), no significance could be found.
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Figure 5.21: Complexity of proteins interacting with internalised and lysate exposed
α-synuclein fibrils. Box and whisker diagrams depicting the length of the longest LCR
by protein (a measure of protein complexity).A) Complexity of proteins interacting
with internalised fibrils (Fibril) and the complexity of proteins in the SH-SY5Y cell
proteome (Control). B) Complexity of proteins that interact with: both internalised α-
synuclein fibrils and lysate exposed α-synuclein fibrils (Both), internalised α-synuclein
fibrils when lysate exposed α-synuclein fibril interactors are excluded (Cell Only),
and lysate exposed α-synuclein fibril interactors when internalised α-synuclein fibril
interactors are excluded (Lysate Only). The symbol above each boxplot denotes p-value
of comparing medians of the interactome with that of the SH-SY5Y cell proteome
(Control). Lines between boxplots indicate p-value of comparing the medians of the
indicated interactomes. ** < 0.01, * < 0.05, ns = not significant
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Figure 5.22: Solubility proteins interacting with internalised α-synuclein. Box
and whisker diagrams depicting the solubility, as measured by Camsol [328], of all
proteins within a dataset. A) Solubility of proteins interacting with internalised fibrils
(Fibril) and the solubility of proteins in the SH-SY5Y cell proteome (Control). B)
Solubility of proteins that interact with: both internalised α-synuclein fibrils and lysate
exposed α-synuclein fibrils (Both), internalised α-synuclein fibrils when lysate exposed
α-synuclein fibril interactors are excluded (Cell Only), and lysate exposed α-synuclein
fibril interactors when internalised α-synuclein fibril interactors are excluded (Lysate
Only). The symbol above each boxplot denotes p-value of comparing medians of a
given interactome with that of the SH-SY5Y cell proteome (Control). Lines between
boxplots indicate p-value of comparing the medians of the indicated interactomes. **
< 0.01, * < 0.05, ns = not significant
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5.4 Discussion

Herein, the interactome of α-synuclein fibrils, following internalisation by SH-SY5Y
cells was characterised through the use of quantitative proteomics. Through compar-
ison of the interactome of internalised α-synuclein fibrils with that of lysate exposed
α-synuclein fibrils it was further possible to identify proteins that are likely to interact
in cells after internalisation. Moreover, it was possible, through comparison of the
interactome of internalised α-synuclein fibrils with that of lysate exposed α-synuclein
monomer, to identify a number of intracellularly interacting proteins whose inter-
action with α-synuclein may depend on the fibrillar conformation of the amyloid
protein. It was found that a number of key cellular locations were associated with
internalised α-synuclein fibrils, suggesting potential pathogenic pathways following
internalisation.

5.4.1 Rab Proteins Interact With α-Synuclein During
Internalisation

α-synuclein fibrils have been shown to be internalised by cells through endocytic
pathways [260, 358, 359, 435]. Following internalisation α-synuclein is thought to
transit through the endolysosomal pathway before escaping into the cytoplasm [360,
440, 441]. Indeed, herein it was demonstrated that internalised α-synuclein fibrils
localised with both LAMP1, and endolysosomal marker, and Lysotracker™-positive
acidic vesicles, indicative, of lysosomal compartments. Therefore, it was of interest
to identify proteins that interact with α-synuclein during internalisation, as such
proteins may provide insight into the mechanisms by which α-synuclein fibrils are
internalised, and by which they escape the endolysosomal compartments.

Herein, a number of Rab family proteins were identified as interacting with
internalised α-synuclein fibrils. Moreover, these proteins were highly abundant
in the interactome suggesting strong interactions. Rab family GTPases are key
regulators of intracellular membrane trafficking, located on the cytosolic face of the
membranes. Rab proteins are involved in the formation of transport vesicles and
their fusion with membranes [446–448]. These proteins cycle between an inactive
guanosine diphosphate (GDP)-bound form and an active GTP-bound form, capable of
recruiting downstream effectors, directly responsible for vesicle formation, movement,
tethering and fusion [446–448]. Rab proteins are closely involved in the process
of endocytosis, acting as a rate-limiting regulator of recycling internalised vesicles
back to the plasma membrane [449] as well as regulating the biogenesis of lysosomal
compartments [450].

There are at least 60 genes encoding Rab proteins in the human genome, with
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each protein responsible for one or more functions within the endolysosomal and
excretory pathways. Rab5, for example, is primarily associated with endocytosis and
the formation of the early endosome [451, 452]. Rab35 promotes endosomal recycling
[453] while Rab7 has been shown to drive early to late endosomal transition and
fusion of late endocytic structures and lysosomes [450]. Rabs 1, 2 on the other hand
are thought to participate in ER to Golgi, intra-Golgi and protein export traffic [454,
455], though both have additionally been implicated in retrograde traffic and the
formation of autophagosomes [455, 456]. Rab3 however, is primarily associated with
synaptic vesicles where it primes the neurotransmitter filled vesicles for release [457].

Defects in membrane trafficking are found in a number of neurodegenerative
diseases and as important regulators of membrane trafficking, Rab proteins may
play a role in the development of these conditions [458]. Indeed, herein, a number
of Rab proteins were found to interact with α-synuclein following incubation of
α-synuclein fibrils with SH-SY5Y cells. These interactors included Rab1, Rab3 and
Rab35. Furthermore, both Rab1 and Rab35 have previously been implicated in the
development of Parkinson’s disease and other synucleinopathies [459]. Rab35 has
been proposed as an effective biomarker of Parkinson’s disease development and
progression, showing increased levels in the serum of Parkinson’s disease patients and
the substantia nigra but not the striatum of mouse models of the disease [460]. Rab1,
on the other hand has been directly implicated in α-synuclein related cellular toxicity
[238]. It was shown that α-synuclein overexpression is liable to cause accumulation
within the ER, eventually to the collapse of ER to Golgi traffic and eventual neuronal
loss. This disruption of ER to Golgi traffic and subsequent neuronal death can be
recovered by overexpression of Rab1 [238].

Interestingly, Rab proteins Rab5 and Rab7 were found to interact with lysate
exposed α-synuclein fibrils but were not found in the interactome of internalised α-
synuclein fibrils. This finding may suggest that though α-synuclein fibrils co-localise
with Rab5 and Rab7 positive vesicles [461] they do not come into direct contact
with these GTPases due to the localisation of the Rab proteins to the cytosolic
face of the membrane. Futhermore, this finding may indicate that internalised
α-synuclein fibrils interact with Rab1, Rab2, Rab3 and Rab35 following escape into
the cytosol, where it may have direct access to these proteins. Alternatively, there
is evidence that endogenous α-synuclein binds membrane associated Rab3 — this
interaction being important for the physiological localisation of α-synuclein to the
membrane [462]. This raises the possibility that the α-synuclein fibril interaction
with Rab proteins, seen following internalisation by SH-SY5Y cells, is the result
of sequestration of endogenous α-synuclein that is in complex with Rab proteins.
In either case sequestration of Rab proteins by internalised α-synuclein fibrils may
result in further cellular stress via the perturbation of ER to Golgi traffic [238].
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5.4.2 Internalisation of α-Synuclein Fibrils by SH-SY5Y
Cells May be Mediated by Heparan Sulfate
Glycoproteins

A number of proteins have been proposed as responsible for α-synuclein fibril in-
ternalisation by neuronal and neuronal-like cells. These include LAG3 [260], PrPc

[358], and heparan sulfate proteoglycans [437, 438]. To investigate the pathway by
which α-synuclein fibrils are internalised by SH-SY5Y cells, internalised α-synuclein
fibril interacting proteins, with links to the plasma membrane or endolysosomal
compartments, were identified.

Among the limited number of endolysosomal proteins that were found within
the interactome of internalised α-synuclein fibrils, a number of heparan sulfate
proteoglycans formed a distinct cluster. Combined with the lack of LAG3 or PrPc in
the interactome, this points to the possibility that heparan sulphate proteoglycans
may be responsible for α-synuclein fibril internalisation in SH-SY5Y cells, as has
been shown in other cell types, especially in the case of non-neuronal cells [437, 438].
Given the limited expression of other known endocytic receptors of α-synuclein on
the surface of SH-SY5Y cells, such as LAG3[260], this potentially represents the
means of entry for α-synuclein fibrils in this instance. Further investigation may
include the use of heparin to competitively inhibit binding of α-synuclein to the
heparan sulfate proteoglycan, thereby confirming this as the means of entry.

5.4.3 Internalised α-Synuclein Fibrils May Disrupt the
Nuclear Pore Complex

A notable finding made herein was the identification of a number of proteins belonging
to the nuclear pore complex (responsible for the transport of proteins and RNA
to and from the nucleus), within the interactome of internalised α-synuclein fibrils.
Interestingly, these proteins were specific to the interactome of internalised α-synuclein
fibrils, being absent from that of lysate exposed α-synuclein fibrils. Moreover, the
GO terms, nuclear pore outer ring and nuclear pore, were overrepresented in the
interactome of internalised α-synuclein fibrils, suggesting selectivity of internalised
α-synuclein fibrils for proteins involved in this complex.

Nucleo-cytoplasmic transport is a highly conserved cellular mechanism that
ensures the transport of nucleic acids and proteins across the nuclear membrane
[463]. Proper functioning of this mechanism is especially important in non-dividing,
post-mitotic cells such as neurons, where proteins involved in DNA maintenance and
repair make use it to reach the nucleus [464, 465]. The cell relies on a conserved
and dynamic structure, the nuclear pore complex, to facilitate nucleo-cytoplasmic
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transport [463]. These complexes span the nuclear membrane and are constituted by
proteins referred to as nuclearporins [466]. Though some small proteins can freely
diffuse through this channel [463] the transit of most proteins through the pore is a
highly coordinated and selective process mediated by importins and exportins such
as karyopherin and THOC family proteins [467, 468].

Neurons appear particularly susceptible to disruption to the function of the
nuclear pore complex as evidenced by the exclusively neurodegenerative consequences
functional impairment of this complex [466]. This is thought to be due neurons relying
on protein transport via these complexes to repair DNA damage that otherwise
accumulates in these non-dividing cells [466]. A number of amyloidogenic proteins
have previously been shown to disrupt the function of the nuclear pore complex
including TDP-43 [469], huntingtin [470, 471] and even artificial amyloid proteins
[315]. Indeed, there is evidence to suggest that amyloid aggregates are capable of
causing mislocalisation of nuclearporins [469, 470] or exportin proteins [315].

It has been demonstrated, for example, that the interactome of intracellular
TDP-43 aggregates, a pathogenic hallmark of amyotrophic lateral sclerosis (ALS)
and frontotemporal dementia disease spectrum (FTD), is enriched in components of
the nuclear pore complex and nucleo-cytoplasmic transport machinery [469]. This
disruption lead to impairment of nuclear protein import and RNA export in neuronal
cells [469]. Moreover, aggregation of artificial β-sheet proteins likewise interfered
with nucleo-cytoplasmic transport and resulted in the sequestration of transport
proteins including members of the THOC mRNA exportin family [315]. It was
hypothesised that by sequestering THOC proteins, mRNA export from the nucleus
was compromised thereby limiting protein synthesis and impairing cellular function
[315].

The role of the nucleo-cytoplasmic machinery in the development of synucleino-
pathies such as Parkinson’s disease is not yet clear. A number of studies have
identified a link between transcription factor mislocalisation to the cytoplasm and
the development of Parkinson’s disease [472, 473], potentially implicating deregulation
of the nucleo-cytoplasmic machinery in the development of the disease. Moreover,
α-synuclein has previously been shown to be capable of translocation to the nucleus
[474]. α-synuclein translocation into the nucleus is thought to occur via the nuclear-
pore machinery in complex with a protein of the karyopherin family of importins
[475]. Taken together, these data suggest that some amyloids can cause neuronal
disruption through blockage or sequestration of the nucleo-cytoplasmic machinery.
Moreover, α-synuclein has been shown interact with a number of components of
the nucleo-cytoplasmic machinery, raising the possibility that it too is capable of
interfering with the proper functioning of this complex [475].

The data presented herein may support the possibility that α-synuclein aggregates
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disrupt the function of nucleo-cytoplasmic transport; a cluster of nucleoporins,
as well as the exportin THOC7 and the importin karyopherin subunit α-5 were
identified among interactors of internalised α-synuclein fibrils. This finding raises
the possibility of sequestration of these proteins by internalised α-synuclein fibrils.
Interestingly, nuclearporins were also identified in the interactome of monomeric
α-synuclein when exposed to cell lysate, but not α-synuclein fibrils exposed to
cell lysate. This finding may indicate that nuclearporins have lower affinity for
α-synuclein fibrils than for α-synuclein monomer and will only bind in the absence
of other competition, indicating that α-synuclein fibrils come into close proximity
to the proteins following internalisation. Alternatively, it may be the result of
endogenous monomeric α-synuclein bridging the interaction. This may indicate
sequestration of nuclearporins during elongation of internalised α-synuclein fibrils
by endogenous α-synuclein monomer. Further study is required to elucidate the
potential for internalised α-synuclein fibrils to disrupt nucleo-cytoplasmic transport,
but given the presence of nucleo-cytoplasmic deficiencies in other amyloid-related
neurodegenerative diseases [315, 469], the finding is of significant interest.

5.4.4 Mitochondrial Interactions of Internalised
α-Synuclein Fibrils

As was shown in the case of lysate exposed α-synuclein fibrils, a number of mitochon-
drial proteins were shown to interact with α-synuclein fibrils following internalisation
by SH-SY5Y cells. Furthermore many of the mitochondrial proteins identified as
interactors of internalised α-synuclein fibrils, were highly abundant within the inter-
actome (enriched 2.5 fold over the background binding to the streptavidin magnetic
beads). These enriched proteins included the mitochondrial import protein TOMM40
in addition to a number of ATP synthase proteins.

There is a weight of evidence to suggest that α-synuclein pathology may result
from disruption to mitochondrial function [423–427]. Moreover, the aggregation of
α-synuclein is thought to interfere with mitochondrial function through accumulation
within the mitochondria [428, 429], and through sequestration of mitochondrion
within intracellular inclusion bodies [371]. Indeed, impairment of the mitochondrial
import protein TOMM40 resulting from α-synuclein aggregation is thought to
play a role in neuronal dysfunction, with overexpression of TOMM40 recovering
mitochondrial deficits seen in Parkinson’s disease mouse models [432]. Herein it has
been shown that α-synuclein fibrils interact with TOMM40 both in cell lysate and
following cellular internalisation, marking interaction with this protein as a potential
pathway for α-synuclein aggregation induced, cellular dysfunction. Likewise, this
finding is in agreement with that of Yano et al. [434], wherein it was shown that the
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amyloid poly-Q expanded huntingtin inhibits mitochondrial import within cells.

Another mitochondrial protein found to interact with α-synuclein fibrils both in
the context of a cell lysate and following internalisation of the fibril by SH-SY5Y cell
is the ion channel protein voltage-dependent anion-selective channel (VDAC1)3. It
has recently been shown that monomeric α-synuclein can effectively regulate VDAC1
function, the binding of α-synuclein to the VDAC1 channel leading to an increase in
Ca2+ flux [476]. Herein, there was also evidence of VDAC13 binding to monomeric α-
synuclein. α-synuclein binding to VDAC1 induces shift to a conformationally closed
state of the channel [476], making it virtually impermeable to ATP [477]. Indeed, in
support of the hypothesis that α-synuclein toxicity may be mediated via VDAC1,
a yeast model of Parkinson’s disease depends upon VDAC1 for the development of
a pathological phenotype [478]. The data presented here suggests that interaction
with VDAC1 proteins may not be exclusive to monomeric α-synuclein. Furthermore,
aberrant interaction by pathogenic forms of α-synuclein may significantly impair
VDAC1 function leading to mitochondrial stress, and ultimately cellular dysfunction.

However, it is of note that no mitochondrial related GO terms were over represen-
ted in the interactome of internalised α-synuclein fibrils. This finding remained true
even when proteins that had been identified as interactors of monomeric α-synuclein
in cell lysate were excluded from the interactome. This finding was in contrast
to the interactome of lysate exposed α-synuclein fibrils that was highly enriched
in mitochondrial GO terms when the interactome of monomeric α-synuclein was
excluded. These findings suggest that a number of individual mitochondrial proteins
may have a high affinity for α-synuclein fibrils. However, unlike when α-synuclein
fibrils are exposed to cell lysate, only a small fraction of mitochondrial proteins
interact with internalised α-synuclein fibrils.

One explanation for this finding is the possibility that these proteins, with a
high affinity for α-synuclein fibrils, interact with α-synuclein fibrils in the post-
lysis environment and therefore do not represent true interactors of internalised
α-synuclein fibrils. This hypothesis is supported by evidence of a number of ATP
synthases in the interactome of internalised α-synuclein fibrils. These proteins, part
of the mitochondrial respiratory chain, are not thought to be accessible to fibrillar
α-synuclein due to the inability of fibrils to cross the mitochondrial outer membrane
[428, 431]. These interactions may therefore represent interactions occurring with
α-synuclein fibrils following cell lysis when the barrier of the mitochondrial membrane
is removed. Indeed this represents one of the primary caveats of this study, that is
the possibility of post-lysis interactions, and is discussed in more detail later.
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5.4.5 Conclusions

Herein a number of SH-SY5Y cell proteins were found to interact with α-synuclein
fibrils following 24hr incubation of α-synuclein fibrils with SH-SY5Y cells. This
included a large number of RNA binding proteins, as well as several mitochondrial
channel proteins such as TOMM40 and and VDAC12. Moreover, by comparing
this interactome to that of lysate exposed α-synuclein fibrils a number of protein
interactors were identified that only interact within the context of the lice cell.
These internalisation specific interactors of α-synuclein included proteins of the
nuclear pore complex and a number of Rab proteins including Rab1. These results
point to a number of potential cellular effects of internalised α-synuclein fibrils,
including mitochondrial disruption, nuclear disruption (via sequestration of nuclear
transport proteins) and ER stress resulting from impaired ER-to-Golgi transport. In
conclusion, these findings provides important and unbiased identification of a number
of potential pathways by which α-synuclein fibrils may drive the neurodegeneration
seen in a number of synucleinopathies such as Parkinson’s disease. Future study may
investigate the physiological and pathological relevance of these findings.
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6
Conclusions and Future Directions

Herein a system was developed to enable exogenous biotinylated α-synuclein fibrils
to be isolated following incubation with SH-SY5Y cell lysate or following incubation
with SH-SY5Y cells. Following isolation, the use of TMT quantitative proteomics
enabled the identification of proteins that preferentially bound the α-synuclein fibrils
over binding the streptavidin magnetic beads. By this method it was possible to
characterise the interactomes of both monomeric and fibrillar α-synuclein exposed to
SH-SY5Y cell lysate as well as that of α-synuclein fibrils following internalisation by
SH-SY5Y cells.

Bioinformatic analysis of these interactomes enabled the unbiased identification
of a number of pathways that may be affected by α-synuclein fibrils. From these
pathways a several key proteins and protein complexes were identified that warrant
further investigation. Firstly, both lysate exposed and cell exposed α-synuclein fibril
interactomes were found to be enriched in RNA binding proteins. This finding may
be linked to a propensity for α-synuclein fibrils to bind proteins with long LCR
regions, as many RNA binding proteins have been shown to possess long LCR regions
[314].

A second major finding was that of internalised α-synuclein fibrils interacting
with components of the nucleo-cytoplasmic transport machinery. A number of
nuclearporins, components of the nuclear pore complex, as well as several importin
and exportin proteins, involved in enabling RNA and protein traffic via the the nuclear
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Figure 6.1: Summary of proteins found to interact with α-synuclein fibrils following
exposure to lysate (Blue Arrows) or exposure to and internalisation by live cells cells
(Red Arrows).

pore, were found amongst the interactome of internalised α-synuclein fibrils, but not
lysate exposed α-synuclein fibrils. Interestingly, these proteins were also found among
the interactome of lysate exposed α-synuclein monomer, raising the possibility that
the interaction seen by internalised α-synuclein fibrils is the result of sequestration of
endogenous α-synuclein, in complex with the nucleo-cytoplasmic transport protein.
The resultant sequestration of nucleo-cytoplasmic transport proteins may lead to
cellular damage by reducing the transport capacity of vital DNA repair proteins into
the nucleus [466], or by reducing the translational capacity of the cell by sequestering
key RNA transport proteins such as THOC [315].

Limiting the translational capacity of the cell may be further exacerbated by
internalised α-synuclein fibrils sequestering ribosomes and ribosomal subunit proteins.
Indeed, this is in line with other studies of amyloid proteins, that have found
ribosomal structures within intracellular inclusion bodies [407, 416]. Moreover,
translational deficiencies have been linked to the development of synucleinopathies
including Parkinson’s disease [144, 408], marking this as a key pathway for further
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investigation.
Interestingly, α-synuclein fibrils were also found to interact with a number of

Rab family proteins, involved in membrane trafficking, following internalisation
by cells. Of particular interest are the Rab proteins Rab1 and Rab2 involved in
ER to Golgi transport [479]. Defects in ER to Golgi trafficking have been found
in a number of neurodegenerative diseases [458] and the observed interaction of
internalised α-synuclein fibrils with these proteins may point to this as a mechanism
by which α-synuclein fibrils effect cellular disruption.

Finally a number of mitochondrial proteins were identified in the interactomes of
both internalised α-synuclein fibrils and lysate exposed α-synuclein fibrils. These
include the outer membrane pores TOMM40 and VDAC1, and may further implicate
mitochondrial dysfunction in the progression of cellular disruption resulting from
α-synuclein aggregation. Moreover, the lysate exposed interactome was shown to
contain proteins of the mitochondrial complex V, a key component of the respiratory
chain and previously implicated in Parkinson’s disease. Further work, is required to
identify whether the interaction of α-synuclein fibrils with complex V proteins is of
pathophysiological relevance. Together these findings point to a number of potential
mechanisms by which α-synuclein fibrils may cause cellular disruption and provide
evidence for the effectiveness of the system developed herein.

It was noteworthy that this investigation into the cellular protein interactome
of α-synuclein fibrils failed to detect a number of proteins commonly associated
with Parkinson’s disease, including LRKK2 PINK1, as well as components of the
proteostasis network such as Hsp70. The reason for this finding requires further
investigation, however one possibility is that this study represents an early timepoint
in the progression of the α-synuclein pathology in a model system. Proteostastatic
proteins such as Hsp70 are primarily focussed on preventing α-synuclein monomer
misfolding and may therefore only appear as an interactor of internalised fibrillar
α-synuclein when endogenous α-synuclein monomer begins to aggregate. Data shown
herein suggest the presence of intracellular inclusions of endogenous α-synuclein
appearing at around 5 days, following incubation with α-synuclein fibrils.

The use of quantitative proteomics has enabled the characterisation of internalised
and lysate exposed α-synuclein fibril interactomes as well as the interactome of lysate
exposed α-synuclein monomer. Moreover, it has been demonstrated that it is possible
to compare the protein abundances in two or more interactomes (in this instance
monomeric and fibrillar α-synuclein when exposed to cell lysate) to acquire an
accurate picture of the conformational preferences of α-synuclein binding proteins.
An expansion to this work of potential interest would be the use of familial mutant
α-synuclein fibrils, such as E46K or A30P, to identify potential differences between
the interactomes of these fibrils and that of WT α-synuclein. These mutations
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are linked with early onset of Parkinson’s disease in patients and with a variety
of cellular effects in vitro. By utilising the system developed herein, it may be
possible to identify those pathways that are differentially affected by fibrils formed
of these α-synuclein mutants when compared to WT α-synuclein fibrils. This could
potentially uncover pathways responsible for the rapid progression and early onset of
disease that occurs in patients possessing these mutations.

Furthermore, recent advances in cryo-EM techniques has lead to a number of
polymorphic fibril structures being determined for α-synuclein [232, 234]. At least
one study has uncovered differences in the toxicity of α-synuclein fibrils, dependant
on the specific morphology of the fibril in question [247]. Therefore, future work
using the protocols for fibril synthesis, set out by these structural studies, could
identify differences in the proteins bound by the different morphologies, potentially
elucidating the mechanism by which they cause divergent cellular effects.

As mentioned previously, proteins identified as interactors as interactors of
internalised α-synuclein fibrils are not guaranteed to originate from interactions
occurring in a physiological context. Due to the need to lyse the cells prior to
isolation of the α-synuclein fibrils, there is the possibility that many of the interactions
identified in the interactome of internalised α-synuclein fibrils, occur post-lysis.
Excluding cell lysate interactors of α-synuclein fibrils from the interactome of fibrils
isolated from cells may, at least in part, help to exclude interactions that occur
post-lysis. However, the possibility remains that proteins pulled down with the fibrils
may have bound after cell lysis.

One solution to this problem that is attractive for a number of reasons is the use of
a photoactivatable crosslinker to covalently bond interactors of α-synuclein occurring
in a cellular environment. A photoactivatable crosslinker is a chemical reagent that,
upon application of a ultra violet (UV) light, becomes highly reactive. This reactivity
results in the formation of a covalent bond between the crosslinking reagent and
proteins in close proximity to the reactive moiety. Many such chemical crosslinking
reagents exist [480] including azide, benzophenone and diazirine crosslinkers. The
use of photoactivatable crosslinkers to study intracellular protein protein interaction
is an emerging field enabling the identification of weak interactions while excluding
those occurring in a post-lysis environment [480]. Moreover, the use of this technique
is unlikely to introduce artifacts of crosslinking due to the activatable nature of the
crosslinking reagent.

In particular, a crosslinking reagent currently undergoing development in the
University of Leeds Department of Chemistry by Dr. Martin Walko, combines a
diazirine photoactivatable crosslinker onto which a small molecule such as biotin can
be conjugated by click chemistry (personal communication and [481]). Moreover,
the presence of a maleimide moiety enables this crosslinker to easily replace biotin
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in the current experimental setup. Preliminary investigation of this crosslinking
reagent has demonstrated that, when configured with biotin and conjugated by
maleimide chemistry to the α-synuclein fibril characterised herein, it is possible to
isolate α-synuclein fibrils by streptavidin magnetic bead isolation. However, time
constraints prevented further work from being undertaken.

The use of this crosslinking reagent would enable the identification only of proteins
that came into close proximity of the α-synuclein fibrils within the intracellular
environment. Moreover, low affinity and transient interactions that may be lost
under wash conditions used herein for the pulldown of biotinylated α-synuclein, would
be maintained due to the covalent nature of the crosslinking interaction. Interactions
that occur with α-synuclein fibrils in a post lysis environment could then be removed
under harsh wash conditions, such as those containing sodium dodecyl sulfate (SDS),
that will remove all but the covalently bound interactors.

In summary this work demonstrates the application of proteomics and bioinform-
atics methods to understanding the role of α-synuclein fibrils in the pathological
processes that underpin the synucleopathies. The findings from this work will inform
future research by highlighting new potential mechanisms by which α-synuclein fibrils
can disrupt cellular functions.
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