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Abstract

Misfolding and aggregation of alpha-synuclein (a-syn) are associated with a
range of neurological disorders, including Parkinson’s disease (PD). Fibrillar,
insoluble aggregates of a-syn, known as Lewy bodies (LBs) are deposited in the
Substantia nigra and are a pathological hallmark of PD. a-syn is a natively
unstructured protein, co-populating extended and more compact conformational
forms under equilibrium. The fine balance of this equilibrium can be shifted due
to changes in its environment such as alterations in metal content, ionic
strength, free dopamine or others, promoting the assembly of a-syn into toxic
conformations. Small, soluble oligomers preceding LB formation are thought to
be causative. In vitro, different a-syn oligomers have been produced with
alternate biochemical properties. Here the primary objective was to uncover the
link between conformation and toxic gain of function by the use of functional
assays in combination with ESI-IMS-MS. Epitope mapping procedures indicated
that different a-syn oligomers have unique epitope features. Dye binding assays
such as Tthand ANS fluorescence inferred that the various oligomer types
differ in their amyloidogenicity and hydrophobicity. Furthermore, intracellular
aggregation assays, MTT cell proliferation and Ca(ll) influx analysis in SH-SY5Y
neuroblastoma cells showed that cellular effects correlated with structural
features. ESI-IMS-MS spectra of the different oligomers have been acquired
and allowed the conformations of the oligomer subsets to be determined. The
oligomers assembled up to a hexameric form with a closed ring-like

conformation. These results demonstrated that unique structural features are

required for toxicity and that a subset of oligomers with characteristic structuresy,/

may be pivotal in PD.
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Amyloidogenic
protein

Type of structure

Disease

Immunoglobulin light
chain (kappa or
lambda)

Serum amyloid A

a-syn

Amyloid B and its
fragments

Tau protein

ABri& ADan

Prion protein and its
fragments

Huntingtin

Ataxin-1

Androgen receptor
protein

DRPLA protein
(atropin-1)

Nuclear poly(A)
binding protein

Calcitonin
Gelsolin

2 microglobulin

Folded

Folded

Natively unfolded

Natively unfolded

Natively unfolded

Natively unfolded
N-terminal fragement (23-121) is
natively unfolded, C-terminal
domain (121-230) is predominantly
a-helical

Exon 1 is unfolded

Unknown (natively unfolded)

Ligand binding (LBD) and DNA
binding domains (DBD) are all a-
helical, amino terminal domain
(NTD) is natively unfolded

Unknown (probably natively
unfolded)

Natively unfolded

Natively unfolded

Amyloidogenic fragment 173-243
is natively unfolded

B-sheet

Primary amyloidosis (AL); Associated with plasma cell
dyscrasia and multiple myeloma

Secondary systematic amyloidosis; Associated with
chronic infections and inflammatory diseases such as
rheumatoid arthritis, familial Mediterrenean fever,
osteomyelitis and granulomatous ileitis, inflammatory
bowel disease

Parkinson’s disease (PD), Diffuse Lewy bodies disease
(DLB), Lewy body variant of Alzheimer’s disease
(LBVAD), Dementia with Lewy bodies (DLB), Multiple
system atrophy (MSA), Hallervoden-Spatz disease

Alzheimer disease (AD), Dutch hereditary cerebral
hemorrhage with amyloidosis (HCHWA) also known as
cardiovascular amyloidosis, Congophilic angiopathy

Alzheimer's disease (AD), Pick’s disease, Progressive
supranuclear palsly (PSP)

Familial British Dementia& Familial Danish Dementia
Creutzfeld-Jacob disease (CJD), Gertsmann-Straussler-
Scheineker Syndrome (GSS), Fatal familial insomnia
(FF1), Kuru, Bovine spongiform encelopathy (BSE) and

scrapie .
Huntington disease

Spinocerebellar ataxia (SCA), Neuronal intracellular
inclusion disease (NIID)

Spinal and bulbar muscular atrophy (SMBA)

Hereditary dentatorubral-pallidoluysian atrophy (DRPLA)

Oculopharyngeal muscular dystrophy
Medullary carcinoma of the thyroid (MCT)
Finnish-Type Familal Amyloidosis

Hemodialyis related amyloidosis

Table 1.1. Some amyloid diseases and their associated proteins. Protein

misfolding and aggregation are a common theme in amyloidogenic disorders of

structurally distinct amyloid proteins (Adapted from Uversky 2008).
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replacement” ~1960’s, alleviating the symptoms of PD (Hornykiewicz 2010).
Meanwhile, Friedrich Henry Lewy first described the Lewy bodies containing
abrnormal intracellular protein inclusions in 1912 (Holdorff 2002). Thereafter,
Spillantini found that these filamentous protein inclusions contain predominantly
a-syn and that this brain pathology is shared between PD, Dementia with Lewy
bodies (DLB) and Multiple System Atrophy (MSA), commonly termed as

'synucleopathies (Spillantini et al. 1997; Spillantini 1999).

a-syn is associated with number of diseas i.e. PD, DLB, MSA and Lewy body
variant of AD. Early differential diagnosis and identification of
neurodegenerative synucleopathies would be particularly useful involving_
reliable diagnostic biomarkers (Eller et al. 2009). Markers of CSF and plasma
hold the greatest promise (Foulds et al. 2012) or as another avenue skin
fibroblasts could perhaps be explored (Hoepken et al. 2008). To date, clinical
diagnosis is made based on development of special symptoms as listed below

in Table 1.2. (Eller et al. 2011).



Idiopathic Parkinson’s disease (IPD)

=  Essential inclusion criteria: bradykinesia plus muscular rigidity, resting tremor and/or postural
instability

=  Exclusion criteria: sustained remission, supranuclear palsy, upper motor neuron signs

=  Supportive criteria (three required): excellent response to levodopa, progressive disorder,
unilateral onset

Multiple System Atrophy (MSA)
MSA-parkinsonism

=  Parkinsonism (bradykinesia, rigidity and tremor)

= Early, severe autonomic disturbance (postural hypotension, sweating abnormalities, severe

constipation, urinary disturbance, male impotence, Raynaud phenomena), upper motor neuron
signs, sometimes cerebellar signs

MSA-cerebellar
Idiopathic late onset cerebellar syndrome
Early, severe autonomic disturbance, varying degrees of upper motor neuron signs, parkinsonism
Dementia with Lewy bodies (DLB)
1. Central feature (essential diagnosis for possible or probable DLB)
Dementia defined as progressive cognitive decline of sufficient magnitude to interfere with normal social or
occupational function. Prominent or persistent memory impairment may not necessarily occur in the early
stages but is usually evident with progression. Deficits on test of attention, executive function, and
visuospatial ability may be especially prominent.
2. Core features (two core features are sufficient for diagnosis of probable DLB, one for possible DLB)
Fluctuating cognition with pronounced variations in attention and alertness
Recurrent visual hallucinations that are well formed and detailed
Spontaneous features of Parkinsonism
3. Suggestive features (if one or more of these present in the presence of one or more core features, a
diagnosis of probably DLB can be made. In the absence of any core features, one or more suggestive
feature is sufficient for possible DLB. Probable should not be diagnosed on the basis of suggestive
features alone.)
REM sleep behaviour disorder

Severe neuroleptic sensitivity

Low dopamine transporter uptake in basal ganglia demonstrated by PET imaging

Table 1.2. The typical clinical features of IPD, MSA and DLB. Table adapted

from Eller and Williams (Eller et al. 2011).
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Locus Inheritance Gene Protein function  Clinical presentation Neuropathology  Age at
(protein) onset
PARK1 AD SNCA poorly Duplications: IPD; some LBs Mid 30-
(PARK4) (a-syn) characterised postural tremor, slow 60
synaptic function progression.
Triplications: PD; PD
with dementia: diffuse
LB disease; aggressive
course mutations: A53T,
A30P, E46K: Idiopathic
PD; H50Q and G51D;
parkinsonism and
diffuse LBs
PARK2 AR Parkin E3 ubiqutin ligase  Parkinsonism; slow Variable presence  Juvenile
progression of LBs to 40
PARKS AD UCLH-1 Ubiquitin PD unknown 30-50
hydrolase and
ligase
PARK6 AR PINK1 Mitochondrial Ser-  Parkinsonism unknown 30-50
Tyr kinase
PARK?7 AR DJ-1 Oxidative stress Parkinsonism Unknown 30-50
response
PARKS8 AD LRRK2 poorly PD Diffuse LBs; Lewy  40-60
(dardarin) characterised Neurites; +Tau

protein kinase

inclusions;

amyloid plaques

Table 1.3. Mendelian PD genes. Adapted by permission from Elsevier: Trends

in Molecular Medicine, (Wood-Kaczmar et al. 2006).

More recent genetic linkage analysis and genome-wide association studies
identified more than 11 loci and 9 genes responsible for the disease

(International Parkinson Disease Genomics Consortium et al. 2011).



The most compelling evidence for the direct role of a-syn in PD has been
provided by three known missense mutations Ala30Pro(A30P) (Kruger et al.
1998), Ala53Thr (A53T) (Polymeropoulos et al. 1997) and Glu46Lys (E46K)
(Zarranz et al. 2004) in the SNCA gene that have been linked with the
autosomal dominant éarly—onset ‘PD. a-syn containing these mutations is
thought to have higher propensity to aggregate in vitro, however evidence
regarding the ability of A30P a-syn to accelerate the rate of fibrillation is
inconclusive (Conway et al. 1998; Greenbaum et al. 2005; Fredenburg et al.
2007). Furthermore, duplications (Chartier-Harlin et al. 2004) and triplications
(Singleton et al. 2003) of the SNCA gene have also been detected in familial
forms of PD. However, most forms of PD classed as sporadic and appear to be
not strictly genetic in nature but arise from a number of factors acting in
conjunction with each other during the life time of an individual (Irwin et al.
2013). A recent two-hit animal model incorporating neuroinflammation induced
by lipopolysaccharide treatment and human AS53T mutant a-synuclein
overexpression demonstrated the synergistic effects of genetic predisposition
and environmental exposures in the development of PD (Gao et al. 2011). In
addition to the three well described familial mutations A53T, A30P and E46K
two probable pathogenic mutations, His50GIn (H50Q) and Gly51Asp (G51D)
and two possible missense mutations, Ala18Thr (A18T) and Ala29Ser (A29S)
have recently been identified (Fujioka et al. 2014). The H50Q point mutation
was identified in a single PD patient using Sanger sequencing of SNCA coding
exons, who showed responsiveness to levodopa treatment, had cognitive
impairment, apathy and dementia (Appel-Cresswell et al. 2013). Another case
of the H50Q missense mutation has been reported by Proukakis et al.

(Proukakis et al., 2013). The pathogenic G51D mutation was found both in a

8



French (Lesage et al. 2013) and in a British family (Kiely et al. 2013). The
clinical manifestation of this mutation is characterised by early onset, rapidly
progressive PD, displaying pyramidal signs and psychiatric symptoms with the
absence of cognitive impairment (Fujioka et al. 2014). The A18T and A29S
mutations were identified in Polish patients with characteristic clinical features of

PD (Hoffman-Zacharska ef al. 2013).

Indications for the role of a-syn in the disease state have been highlighted
through transgenic adenoviral, lenti-viral based animal models. In these
systems, overexpression of a-syn recapitulated signs of neurodegeneration and
Lewy-body like inclusions (Lo Bianco et al. 2002; Masliah et al. 2000; Martin et
al. 2006). In contrast, dopaminergic cells have been rescued with down-
regulation of a-syn expression in an 1-methyl-4-phenylpyridinium (MPP) (+) PD
rat model (Hayashita-Kinoh et al. 2006). Yet, the survival of neurons with
intracellular Lewy bodies indicates that these aggregates are not explicitly
causative in all cases but they might be responsive inclusions that sequester
potentially toxic constituents from other cell compartments (Tompkins et al.

1997).

Alternatively, it has been proposed that small soluble oligomers, or protofibrils
populated prior to fibril formation are responsible for neurotoxicity (Quist et al.
2005; Winner et al. 2011; Giehm et al. 2011). One of the explanations for the
toxic effect of amyloid oligomers suggests that some oligomeric species are
capable of forming pores or channel-like structures (Lashuel et al. 2002) that
can cause defects in the control of membrane permeability, may activate pre-
existing ion channels or the oligomers may enhance the ability of ions to move

through the phospholipid bilayer without the formation of pores (Kim et al. 2009;

9
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Binolfi et al. have investigated the interactions of a-syn with a range of divalent
metal ions, namely Fe(ll), Mn(ll), Co(ll), and Ni(ll) in comparison to Cu(ll) and
their influence on its aggregation at the atomic level. The study showed that
divalent metal ions bind predominantly to the C-terminal of a-syn. The preferred
binding site site is the DPDNEA motif (119-124 aa), where Asp121 serves as an
anchoring residue to which they bind with low selectivity and affinity (Kd ~1
mM). The interactions are not only dependent on electrostatic forces but are
determined by the residual structure of the C-terminus as well (Binolfi et al.
2006). The specificity and high binding affinity of Cu(ll) for a-syn in the
submicromolar range was highlighted in a further study undertaken by Binolfi et
al., where binding of this metal ion was demonstrated using nuclear magnetic
resonance (NMR), electron paramagnetic resonance (EPR), circular dichroism
(CD) and matrix assisted laser desorption ionisation mass spectrometry (MALDI
MS) measurements. Both in the case of a-syn and B-syn, two distinct binding
sites of Cu(ll) have been identified in the presence of competitive chelators, one
in the N-terminus encompassing Met1 and another lower affinity binding site
located at the imidazole ring of the unique His residue (Binolfi et al. 2008).
Further Cu(ll) specifics of the His50 residue were reported by Valensin et al.
who estimated a dissociation constants of 1.5 yM at pH 7.5 for a-syn 44-55
peptide containing either E46K or A53T substitutions, in the pH range of 6.5-
7.0, revealing information about co-ordination geometry of Cu(ll) and its binding
constraints (Valensin et al. 2011). In a cellular model, oligomer and aggregate
formation was reduced upon lower levels of cellular Cu(ll) (~ 10 yM), and a-syn
was shown to become more closely associated with the plasma membrane
where these changes appeared to be reversible. Deletions of the C or N-

terminal residue conferred an inability of the protein to aggregate, and mere C-

12



+0

- + 2 3 5 +
+ 2 3 5 3@
, = + - -+ 0
-+
: 3¢ 4 K"
1+ . - - +

- - +
1 +3 4 5 # . +0
, = [/ 4 7+
- = + -
( 4 1
- 1 = + - - +
- L=+ %
, 7+ , 6
, =40 -
: - 3" 4 5
- +
3 50 ! 3
4 5 , + +

+ (



+0

% +

% +

3E



were inhibited (Desplats et al. 2009). Postmortem examination of two subjects
with PD who had long-term survival of transplanted foetal mesencephalic
dopaminergic neurons showed that the transplanted cells had developed
immunopositive LBs raising a possibility of a host-to-graft disease propagation
(Li et al. 2008). Since these early reports, an increasing body of evidence for
the cell-to-cell propagation of a-syn has been now gathered (Angot et al. 2012)
which suggests common links between misfolded a-syn and other prion

diseases as argued by Prusiner (Prusiner 2012).

a-syn inclusions apprear in numerous taupathies (Mukaetova-Ladinska ef al.
2006). Equally, a group of PD patients present with strong dementia, clinically
classified as Parkinson's disease dementia group (PDD). Symptoms often
coincide with the spread of a-syn from the brainstem to limbic and neocortical
regions (Braak et al. 2003). Of note, 50 % of the affected cells also show
amyloid-B plaques and neurofibrillary tangles consisting of Tau that are critical
hallmarks of AD. These distinct but converging pathologies and their
relationships will require a better understanding in order to develop successful

therapies (Irwin et al. 2013).

Tsigelny et al. have examined the potenﬁal interactions of AR and a-syn both by
analysing immunoblots of brains from patients with AD/PD and amyloid
precursor protein/a-syn transgenic mice and by molecular stimulations and
other in vitro studies. Molecular modelling showed that AR binds to a-syn
monomers, homodimers and trimers, forming more stable pentamers and
hexamers with a ring-like topology. Moreover, membrane docking experiments
implied that a-syn and AB co-structures docked to a 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC) membrane have incorporated other a-syn
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localised at the presynaptic nerve terminals. The physiological functions of a-
syn include regulation of vesicle transport (Murphy et al. 2000), synaptic
plasticity and chaperone activity. It also plays a part in the assembly of SNARE
protein complex (Burre et al. 2010) that is instrumental in neurotransmitter
release, vesicle recycling and synaptic integrity (Chandra et al. 2005). Similarly,
a-syn is associated with mitogen activated protein kinases (MAPKs) (lwata ef al.
2001) and phospholipase D (Ahn et al. 2002). Moreover, it plays an important
role in the metabolism of dopamine by modulating tyrosine-hydroxylase that is a
rate-limiting enzyme in dopamine production (Lotharius et al. 2002a; Yavich et
al. 2004). a-syn is an intrinsically unstructured or natively unfolded protein with
a negative net charge. The main domains of a-syn are the N-teminal region (aa
1-37) consisting of imperfect, repetitive tandem motifs that can adopt
amphipathic helical structures upon membrane binding (Uversky et al. 2009),
the central hydrophobic domain (amino acids 61-95) referred to as non-amyloid
B-component (NAC) of Alzheimer disease amyloid (Ueda ef al. 199'3), with a
tendency to form B-structures and associated with pathological brain lesions (EIl-
Agnaf et al. 1998, Uversky et al. 2000) inducing apoptotic cell death in culture,
and finally the highly acidic, proline rich, C-terminal residue (amino acids 96-
140) (Meuvis et al. 2010) with a chaperone-like activity (Burre et al. 2010). The

domains of human a-syn are shown below (Figure 1.2.) (Bisaglia et al. 2009).
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oligomers is initiated. Upon the appearance of nuclei, the aggregates elongate
rapidly during the growth phase and transition into the steady state, where the
so-called growth equilibrium constant describes the solubility of the protein and

equates to the critical concentration (Andreu ef al. 1986).

The critical concentrations do not deviate greatly for the familial mutants of a-
syn and the WT protein, implying‘ that accelerated aggregation of the mutants is
not a matter of increased solubility of the mutant types but perhaps a result of
different nucleation rates. This nucleation-dependent fibrillogenesis of a-syn is
similar to that of B-amyloid (AB) (Takahashi et al. 2008). A common cross [
structure is shared between a-syn fibrils and paired helical filaments of AR fibrils
(Friedhoff et al. 1998) that are observed in AD (Wood et al. 1999). The
nucleation dependent polymerisation is dependent on protein concentration and
time, and amyloid fibril formation can be seeded by the addition of preformed

fibrils that abolish the lag phase (Harper et al. 1997; Jarrett et al. 1993).

After a nucleation event the self-assembly proceeds by formation of small
soluble oligomers that may further assemble to larger oligomers then to
protofibrils (10-50-mers depending on the type of protein) to form large,
insoluble amyloid fibrils with a characteristic cross-p structrure as illustrated in
Figure 1.3. (Takahashi et al. 2008). Modifications can stabilise oligomers, for
example conversion of the four Met residues to methionine sulfoxide (Glaser et
al. 2005), nitration of the Tyr residues (Yamin et al. 2003), interaction with
rifampicin (Li et al. 2004), other dopamine analogues (Li et al. 2005) and
polyphenols. These modifications and the inclusion of co-factors yield 'hardy
oligomers, resistant to dissociation and commonly these oligomers do not

rapidly form fibrils (Fink 2006).
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from patients with PD, DLB progressive supranuclear palsy (PSP) and multiple
system atrophy (MSA) besides 20 control samples. Out of the four forms,
phosphorylated oligomeric a-syn differed significantly in MSA when comparing
to other subgroups, indicating a potentially useful biomarker in differential

diagnosis (Foulds et al. 2012).

The detailed entities of fibril formation in vitro have been reported in equimolar
mixtures of A53T/ wild-type (WT), in equimolar mixtures of A30P/ WT and in WT
a-syn by Conway and colleagues. In this study, three alternate forms of
prefibrillar, oligomeric species with different morphology (spheres, chains and
rings) have been detected by using AFM at the early stages of fibril formation
following their separation from other fibrillar and monomeric species by
sedimentation analysis and size exclusion chromatography (Conway et al.
2000).The spheres had a 2-6 nm height, the protofibrils had a height of 4 nm,
while the rings comprised of two classes, a circular one with a diameter of 35-55
nm, and an elliptical one with widths between 35-55 nm and lengths of 65-130
nm. Fibrillation of A30P was found to be comparable to the WT a-syn, whereas
the monomers were consumed faster in case of A53 during fibril formation. The
larger a-syn fibrils similarly to other amyloidogenic species displayed a cross (3-
sheet structure when stained by Thioflavin T (ThT) and Congo red in agreement

with data derived by X-ray diffraction (Serpell et al. 2000).

Lashuel et al. have shed some light on the structure of protofibrils assembled
from A30P, AS53T as well as WT a-syn by employing complementary
approaches such as analytical gelfiltration, CD, sedimentation velocity analytical
ultracentrifugation (SVAU) and scanning transmission electron microscopy

(STEM). Electron microscopy images showed that both autosomal dominant
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mutants populated three to four classes, most commonly annular protofibrils,
although tubular protofibrils appeared only for A53T. Notably, the wild-type
protein’s ability to form annular protofibrils was less pronounced than its
mutants and needed an extended six to eight weeks incubation period (Lashuel

et al. 2002).

Morphological properties of annular oligomers formed from 10 yM a-syn in the
presence of 100 pM di- and trivalent metals at 4 °C was examined in an AFM
study as described by Lowe et al. (Lowe et al. 2004). Cu(ll), Fe(lll) and Ni(ll)
produced 0.8-4 nm spherical particles, similar to the ones in the absence of
metals, Mg(ll), Cd(ll) and Zn(ll) that produced 5-8 nm spherical oligomers.
Addition of Co(ll), Ca(ll) resulted in annular oligomers, with 70-90 nm diameter
for Ca(ll) and with 22-30 nm diameter for Co(ll). Without metal the protein
yielded 45-90 nm annular oligomers in diameter after 10 days incubation and
short, branch like structures with extended filaments occurred after 2-3 months.
In the absence of the Ca(ll) binding C-terminal domain, a-syn did not form

annular oligomers following Ca(ll) addition (Lowe et al. 2004).

Rapidly formed sphere like structures were observed to enable the assembly of
annular protofibrils composed of solely from A53T, A30P and WT a-syn or from
1:1 mixture of WT/ A53T upon longer incubation (>2 weeks) as detailed by Ding
et al. (Ding et al. 2002). Spherical structures bound to brain derived membrane
fractions better than monomeric or fibrillar a-syn and membrane associated
annular protofibrils displayed dimensions with striking similarities to bacterial
pore forming toxins. One possibility is that the protofibrils are not participants of
the direct monomer-to-fibril pathway but they are more stable and first the need

to “reopen” to be converted to fibrils (Ding et al. 2002).
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