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INTRODUCTION

1. INTRODUCTION
1.1 A background on Parkinson’s disease

Parkinson's disease (PD) is a progressive, neurodegenerative, aging disorder, named after
the man who first described it in 1817 in An Essay on the Shaking Palsy, Dr. James
Parkinson (Parkinson, 2002). PD is the second most common neurodegenerative disease,
after Alzheimer's disease, affecting 1% of the population over the age of 60 years (Samii et
al., 2004). While disease symptoms appear at a mean age of onset of 57 years (Koller et al.
(1987), about 5% of the individuals diagnosed with PD are younger than 40 years of age
(early-onset PD) (Gershanik and Nygaard, 1990).

Fig 1.1 Global burden of Parkinson's disease, measured in disability-adjusted life years per 100,000
inhabitants in 2004 [adapted from Death and DALY estimates for 2004 by cause for WHO Member States
(Persons, all ages) (2009-11-12), World Health Organisation, Department of Measurement and Health
Information (((WHO), 2009)].
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80-90 ] 20-100 [ 100-1000 ] more than 1000

1.1.1 Clinical symptoms of PD
The motor symptoms of PD are collectively termed ‘parkinsonism’. They include the hallmark
‘resting tremor’, involuntary shaking, akinesia, bradykinesia (slowness of movement),
reduced spontaneous movement, rigidity, balance problems, difficulty in walking,
disturbances to posture and hypomimia (reduced facial expression). Other non-motor
symptoms include fatigue, sleep abnormalities, constipation and gastric dysmotility (Tanner

et al., 2009). As the disease advances, PD patients may also show autonomic, behavioural
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and psychiatric problems, such as depression and anxiety (Chaudhuri and Schapira, 2009).
Cognitive impairment e.g. slowness in memory and thought, increases with age and disease

progression (Levy, 2007).

Fig 1.1.1 lllustration of Parkinson's disease by William Richard Gowers, first published in A Manual of
Diseases of the Nervous System (1886) [adapted from (Gowers and Barker, 1886)].

1.1.2 Pathology of PD
Lewy Body formation: The hallmark pathological characteristic of PD is the presence of

intracellular proteinaceous inclusions or deposits, termed Lewy bodies (LB), first described in
1912 by Frederic Lewy (Lewy, 1912). The analysis of LBs reveals their major constituent to
be amyloid fibrils made up of the protein, a-synuclein (Spillantini et al., 1997), which is
strongly expressed in presynaptic terminals of the central nervous system (CNS). Another
pathological feature of PD is the appearance of Lewy neurites, which correspond to
abnormal neurites containing inclusions similar to those found in LBs (Dickson et al., 1991).
LBs are particularly abundant in the area of the mid-brain called the substantia nigra
(Tretiakoff, 1919), which plays a role in the control of voluntary movement, learning, reward-
seeking and addiction, specifically in the substantia nigra pars compacta (SNpc) (Braak and
Braak, 2000), the most prominent function of which is motor control (Banich MT, 2011).
Parts of the substantia nigra appear darker than neighbouring areas due to high levels of
melanin in the constituent dopaminergic neurons, lending this region its name, which is Latin

for “black substance”.
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Loss of dopaminergic neurons: Aside from the formation of LBs, PD is characterized by the

progressive loss of dopaminergic neurons in the SNpc of PD patients (Braak and Braak,
2000), and such neuronal degeneration leads to a depigmentation of the area in post-
mortem brains of PD patients (Figure 1.1.2.1) (Forno, 1974). The cause of death of
dopaminergic neurons in the pars compacta is unknown. However, some contributions to the
unique susceptibility of dopaminergic neurons in the pars compacta have been identified.
For one, dopaminergic neurons show abnormalities in mitochondrial complex 1, which may
cause aggregation of a-synuclein. This could result in abnormal protein handling and
neuronal death (Betarbet et al., 2000). Regardless of the cause of neuronal death, the
plasticity of the pars compacta is very robust; Parkinsonian symptoms do not appear until up
to 50-80% of pars compacta dopaminergic neurons have died (Sherer et al., 2003). Most of
this plasticity occurs at the neurochemical level; dopamine transport systems are slowed,
allowing dopamine to linger for longer periods of time in the chemical synapses in the
striatum (Sherer et al., 2003), probably accounting for many of the symptoms previously
described for PD.

Fig 1.1.2.1 Melanized dopaminergic neurons of the substantia nigra from post mortem human brain.
Brain sections taken through the mid-brain of a normal (left) and a Parkinson’s disease patient (right).
The Parkinson’s diseased hemisphere on the right shows a loss of the melanized neurons in the

substantia nigra in the ventral midbrain (Alexi et al., 2000; Mazzio et al., 2011)

Neurons in the SNpc display characteristics which make them highly susceptible to cell
death (as shown in Fig. 1.1.2.2. below), for example a higher dopamine transporter
(DAT)/vesicular monoamine transporter 2 (VMATZ2) ratio and the use of CaV1.3 calcium
(Ca2+) channels for autonomous pacemaking (Venda et al., 2010). Subtle increases in Ca2+
levels in the cytoplasm activate dopamine (DA) synthesis. Impairment of vesicle docking and

recycling due to a-synuclein dysfunction could prevent incorporation of newly synthesized
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and newly taken up DA into vesicles. This could lead to an increase in cytosolic DA
concentration (DAcyt), which causes increased generation of toxic reactive species and
ultimately contributes to dopaminergic neurodegeneration. Thus, the combined action of a-
synuclein dysfunction and increased dopamine in the cytosol of SNpc neurons could drive

cell death in Parkinson's disease (PD).
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Fig 1.1.2.2. A schematic working model illustrating various proposed cellular mechanisms for how
preferential neurodegeneration of substantia nigra pars compacta (SNpc) dopaminergic neurons could
take place [adapted from (Venda et al., 2010)].

Although dopaminergic neurons represent less than 1% of the total amount of neurons in the
human brain, these cells play an important role in the regulation of basic brain functions
(Chinta and Andersen, 2005). While major disease symptoms become evident after
significant loss of dopaminergic neurons projecting from the SNpc to the striatum (Samii et
al., 2004), PD pathology is not limited to the nigrostriatal pathway, as LBs have also been
found in the cortex, amygdala, locus coeruleus, peripheral autonomic system and
particularly, the enteric nervous system innervating the gut (Dickson et al., 2009; Wolters,
2009).

1.1.3 Treatment options
There is presently no cure for Parkinson’s disease. Neither effective treatments nor
preventive measures have been identified so far, and slowing down the disease on a cellular

level is not possible as of yet. Available medication is directed mainly at treating the
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symptoms (low dopamine levels), rather than the underlying problem (the death of
dopaminergic neurons in the substantia nigra), since the initial onset of the disease is not
completely understood and patients often present only after the symptoms have become
strikingly evident and/or cause noticeable disability. Thus, medicine is often first prescribed
at an already advanced stage of the disease. The major focus of treatment is the
replacement of the neurotransmitter dopamine, which is lost due to the death of the
dopaminergic neurons. PD is generally treated with dopamine agonists that stimulate
dopamine receptors in the brain and thus mimic the action of dopamine, or chemical
therapeutics such as levodopa (L-DOPA, the dopamine precursor), which directly replaces
dopamine (Foley et al., 2004).

Levodopa treatment: Levodopa (commonly referred to as L-DOPA) can cross the blood-

brain barrier and increase dopamine levels in the substantia nigra, thus alleviating the
symptoms of PD. As the disease progresses and dopamine neurons continue to be lost,
eventually levodopa - like other drugs - can become ineffective at treatment, and may even
produce complications such as involuntary movements (Zhang et al., 2000). Additional
undesirable side-effects of chronic levodopa administration include end-of-dose deterioration
of function, on/off oscillations, freezing during movement, dose failure (drug resistance),
dyskinesia at peak dose, possible serotonin depletion and possible dopamine dysregulation.
Despite controversy concerning the neurotoxicity of dopamine and L-DOPA (Wood-Kaczmar

et al., 2006), it remains the most potent and most commonly prescribed anti-parkinson drug.
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Fig 1.1.3 The pathway of dopamine synthesis proceeds from tyrosine via tyrosine hydroxylase (TH)
catalysis to levodopa (L-DOPA), and subsequent decarboxylation by dopa decarboxylase (DDC) to
dopamine [adapted from (Youdim et al., 2006)]. Dopamine is metabolized by intraneuronal monoamine
oxidase A (MAOA) and by glial and astrocyte MAOA and MAOBL. Selective inhibitors of MAOA (for
example, moclobemide) and MAOB (selegiline, rasagiline and safinamide) do not alter the steady-state
striatal dopamine levels, although chronic treatment with these drugs does enhance dopamine release,
possibly due to the elevation of endogenous brain amines or receptor modulation. However, non-
selective MAOA/B inhibitors (such as ladostigil) do induce highly significant increases in the levels of
dopamine in the striatum and other regions. Although dopamine does not pass the blood-brain barrier
(BBB), L-DOPA can, and DDC inhibitors that do not pass the BBB, such as benzerazide (benserazide) and
carbidopa, increase its availability to the brain. Inhibitors of catechol-O-methyltransferase (COMT), such
as entacapone, also enhance L-DOPA availability and prevent the inactivation of dopamine by COMT. 3-
OMD, 3-O-methyl dopa; D1, D2, dopamine receptors.

Intensive_measures: Surgery and deep brain stimulation (DBS) are used to reduce motor

symptoms as a last resort in severe cases where drugs are ineffective. Surgical options for
treatment were far more common before the introduction of levodopa in the 1960s (Samii et
al., 2004). DBS involves the implantation of a medical device called a brain pacemaker,
which sends electrical impulses to specific parts of the brain. DBS is recommended for
people who have PD who suffer from motor fluctuations and tremor inadequately controlled
by medication, or to those who are intolerant to medication, as long as they do not have
severe neuropsychiatric problems (Bonifati et al., 2003). Fetal nigral tissue transplantation
has been shown to result in the survival of dopamine neurons, however, either no relevant
motor improvement was noted (Olanow et al., 2003) or severe side-effects occurred (Freed
et al., 1992), which excludes transplantation from the list of treatment options for PD at

present.

Additional protective factors: Caffeine consumption protects against PD (Gosavi et al.,

2002). "Prospective epidemiologic studies performed in large cohorts of men (total: 374,003
subjects) suggest that the risk for PD diminishes progressively as the consumption of coffee
and other caffeinated beverages increases" (Conway et al., 2001). Tobacco smoking has
been related to a reduced risk of having PD. Smokers' risk of having PD may be reduced
down to a third when compared to non-smokers (Beyer, 2006). The basis for this effect is not
known, but possibilities include an effect of nicotine as a dopamine stimulant (Beyer, 2006;
Conway et al., 2000c). Tobacco smoke contains compounds that act as MAO inhibitors that

also might contribute to this effect (Dev et al., 2003).
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1.1.4 Factors contributing to PD
Over 90% of PD cases are considered to be idiopathic or sporadic, i.e. having no specific
known cause or an unknown origin of the disease, hence PD traditionally has been
considered a non-genetic disorder. However, an estimated 5-10% of all parkinsonian cases
are familial; ~15% of individuals with PD have a first-degree relative who has the disease
(Koller et al., 1987). At least 5% of people are now known to have forms of the disease that

occur because of a mutation of one of several specific genes (Norris et al., 2007).

1.1.4.1 Factors contributing to idiopathic PD [environmental factors]

As the underlying cause of this form of PD is still unknown, various hypotheses have been
put forward to explain its appearance, and the role of environmental factors has been
particularly examined. An association between pesticide exposure and PD has been
demonstrated by several studies (Dick et al., 2007; Frigerio et al., 2006; Tanner et al., 2009).
Exposure to paraquat and rotenone leads to development of neurodegenerative phenotypes
resembling PD in mice, rats and primates (Betarbet et al., 2000; Norris et al., 2007; Sherer et
al., 2003). The herbicide paraquat is used to eliminate weeds, and rotenone is used as
insecticide, piscicide and pesticide. Exposure to 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) directly causes parkinsonism (Davis et al., 1979; Langston et al.,
1983). MPTP is a contaminant of artificial heroin (1-methyl-4-phenyl-propionoxypiperidine
(MPPP) and has a similar structure to paraquat. Both paraquat and MPTP bind to the
mitochondrial complex | and interfere with oxidative phosphorylation, leading to
mitochondrial dysfunction (Ayala et al., 2007). As previously mentioned, abnormalities in
mitochondrial complex | are associated with a-synuclein aggregation and are detrimental to
the health of cells. Furthermore, disturbed mitochondrial function leads to an increase in
reactive oxygen species (ROS), which oxidize and damage different components of a cell,
thereby giving rise to toxicity. Heavy metal exposure, particularly excessive exposure to iron,

has been proposed to be a risk factor, through possible accumulation in the substantia nigra.

1.1.4.2 Factors contributing to familial PD [genetic factors]
Most of the familial cases are caused by mutations in the genes SNCA, PARK2, PINK1, DJ1
and LRRK2 (Wood-Kaczmar et al.,, 2006). Fig 1.1.4.2 below shows a diagrammatic

representation of the various domains of the 5 proteins expressed by these genes.
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Fig 1.1.4.2 Diagrammatic representation of the different domains of the proteins expressed by the 5
principal genes known to be involved in Parkinson’s disease (Martin et al., 2011).

The best studied gene in PD is SNCA, the gene encoding a-synuclein, which is in the focus
of this doctoral work. The E3 ubiquitin protein ligase parkin encoded by the gene PARK2
targets misfolded proteins for degradation by the ubiquitin proteasome pathway (Zhang et
al., 2000). Mutations in the PARK2 gene are linked to autosomal recessive early-onset PD
(Kitada et al., 1998; Shimura et al., 2000; Zhang et al., 2000). The serine/threonine-protein
kinase PINK1 accumulates within the intermembrane space of mitochondria (Silvestri et al.,
2005). Some rare forms of familial PD are correlated to mutated PINK1 (Silvestri et al.,
2005). Overexpression of wild-type PINKL1 in cell lines prevents the release of mitochondrial
cytochrome ¢ and subsequent apoptosis, but this function is abolished in cells expressing
familial PD-linked PINK1 mutants (Petit et al., 2005). Loss-of-function mutations in the DJ-1
gene have been associated with rare forms of autosomal recessive early-onset parkinsonism
(Bonifati et al., 2003). The homodimeric protein may function as a scavenger of reactive
oxygen species (ROS) (Canet-Aviles et al., 2004; Taira et al., 2004). It was also suggested
that oxidized DJ-1 acts as a chaperone and might prevent early steps in the formation of a-

synuclein aggregates (Shendelman et al., 2004). Mutations in the leucine-rich repeat kinase
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2 (LRRK2) cause autosomal dominant PD (Paisan-Ruiz et al., 2004; Zimprich et al., 2004).
Furthermore, LRRK2 point mutations have been associated with 1-2% of the idiopathic PD
cases (Di Fonzo et al., 2005; Gilks et al., 2005). A role for LRRK2 as a modulator in a
mitochondrial dependent cell death pathway has been suggested (Paisan-Ruiz et al., 2004).
In summary, the number of genes associated with PD is growing constantly (Nalls et al.,
2011); in fact, according to the PDGene database (a database for Parkinson’s disease
genetic association studies developed by the Max Planck institute for Molecular Genetics
Berlin, the Michael J. Fox Foundation and the Alzheimer Research Forum), 881 different
studies have revealed 915 genes that are thought to be involved in Parkinson’s disease (Lill
et al., 2012).
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1.2 Therole of a-synuclein in PD

PD, along with dementia with LBs and multiple system atrophy, is referred to as a
synucleinopathy (Jellinger, 2003). Synucleinopathies are a heterogeneous group of
neurodegenerative disorders characterized by LBs containing large amounts of aggregated
a-synuclein (hereafter referred to as SNCA in case of the corresponding gene/DNA)
(Jellinger, 2003). Several mutations identified in the SNCA locus have linked a-synuclein to
familial PD. The first mutations were found in Italian and Greek families with a dominantly
inherited form of PD (Polymeropoulos et al., 1997). The authors identified the G209A
missense mutation leading to an A53T (alanine to threonine) amino acid exchange. The age
of disease onset in affected patients was around 40 years. Subsequently, additional point
mutations associated with autosomal dominant PD were identified in the SNCA gene. The
G88C missense mutation leads to an A30P (alanine to proline) amino acid exchange in
German PD patients (Kruger et al., 1998). The third missense mutation was discovered in a
Spanish family (Zarranz et al., 2004). In these patients, the G188A mutation caused the
E46K (glutamic acid to lysine) amino acid exchange, leading to autosomal dominant PD
(Zarranz et al., 2004). In addition, duplication and triplication of the SNCA locus has been
reported in families with an autosomal dominant inheritance pattern (Chartier-Harlin et al.,
2004; Singleton et al., 2003), further confirming the important role of a-synuclein in the
pathogenesis of the disease. Strikingly, a gene dosage effect was identified, as an earlier
disease onset and more severe symptoms were observed in the cases with SNCA
triplication (Fuchs et al., 2007). Several genome-wide association studies (GWAS)
performed recently have associated polymorphisms in the SNCA locus with PD (Latourelle
et al., 2009; Satake et al., 2009; Simon-Sanchez et al., 2009). Taken together, these studies
suggest that a-synuclein also plays an important role in sporadic PD. Consistent with this
hypothesis, SNCA transcript levels are increased in PD brains (Chiba-Falek et al., 2006) and
LBs containing aggregated a-synuclein are also present in the sporadic cases of the disease
(Baba et al., 1998).

Identification of a-synuclein: a-synuclein was first isolated in 1988 from Torpedo californica

(an electric ray) using an antiserum against cholinergic vesicles (Maroteaux et al., 1988).
The protein was localized to the nuclear envelope and presynaptic nerve terminals of
neurons and was thus named synuclein (Maroteaux et al., 1988). Later, a peptide termed
NAC (Non-Amyloid Component of AD amyloid) was found in amyloid plaques of Alzheimer’s
disease (AD) patients. The precursor protein of this peptide (NACP) was identified as a

homolog of rat a-synuclein (Ueda et al., 1993).
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Evolutionary conservation and expression of synuclein: a-synuclein belongs to the family of

synucleins, which also includes beta-synuclein and gamma-synuclein (George, 2002). The
members of the family have a similar domain organization and are 55-62% identical in
sequence (Goedert, 2001). Synucleins are highly conserved between vertebrate species
(Clayton and George, 1998). All members of the synuclein family are abundantly present in
the human brain, but their exact physiological function remains to be determined. o-

synuclein is primarily found in neural tissue and comprises 1% of total cytosolic protein.

Genetic aspects of a-synuclein: The human SNCA gene is located on chromosome 4g21.3-

g22 and spans a region of 111 kb. The gene consists of seven exons, but only five of them
correspond to a region encoding the 140 amino acid a-synuclein protein.

Recent genetic studies have identified common variants at the SNCA locus which are
associated with sporadic PD, as depicted in Fig 1.2 below (Venda et al., 2010). In these
studies, three single nucleotide polymorphisms (SNPs) were found to be most highly
associated with PD, namely, rs2736990, rs3857059 and rs11931074, as shown in Fig.1.2.A.
Such variants could affect a-synuclein function and contribute to PD etiology by altering
levels of gene transcription, altering mRNA stability (via altered miRNA binding) or by
altering the generation of alternative splice isoforms. Some of the 3' SNPs have been shown
to be in linkage disequilibrium (LD) with the REP1 dinucleotide repeat in the promoter region,

previously found to regulate SNCA expression.

Other studies have reported four different a-synuclein isoforms (SNCA140, SNCA126,
SNCA112, and SNCA98) that are generated by alternative splicing of exons 3 and 5 (Beyer,
2006). One of these isoforms, SNCA112 (shown in Fig.1.2.B), is only found in brains from
patients with LB disease (Kalivendi et al., 2010). In addition, this isoform is upregulated in

PD cell culture models using MPTP or rotenone (Kalivendi et al., 2010).
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Fig 1.2. Possible SNCA-associated disease mechanisms [adapted from (Venda et al., 2010)]. (A) The three
single nucleotide polymorphisms (SNPs) that were found to be most highly associated with PD
(rs2736990, rs3857059 and rs11931074) are indicated by green arrows, while the REP1 dinucleotide
repeat in the promoter region is indicated in red. (B) Alternative splicing of exons 3 and 5 generates four
SNCA isoforms of different lengths, one of which (SNCA112; exon 3+5-) has been implicated in Lewy

body formation and neurotoxicity.

1.2.1 Function of a-synuclein
Recently, Burre and colleagues demonstrated that a-synuclein binds directly to the SNARE-
protein synaptobrevin-2/vesicle-associated membrane protein 2 (VAMP2) and promotes
SNARE-complex assembly, both in vitro and in vivo (Burre et al., 2010). Prior to this, no
specific function had been assigned to a-synuclein for the longest time, although it had been
implicated in a variety of roles, e.g. vesicular transport, interactions with membranes and
lipids, and interactions with other proteins, e.g. phospholipase D2. These three broad

categories have been examined in greater detail, below:

Vesicular_transport: In pre-synaptic termini, monomeric a-synuclein exists in an equilibrium

between free and plasma membrane- or vesicle-bound states (McLean et al., 2000), with
approximately 15% of a-synuclein being membrane-bound (Lee et al., 2002a). This close
association with vesicular structures has led to the hypothesis that a-synuclein may regulate
vesicular release and/or turnover and other synaptic functions in the central nervous system
- a hypothesis which was later confirmed by Burre et al. (Burre et al., 2010; Clayton and
George, 1998; Clayton and George, 1999; Davidson et al., 1998; Lavedan, 1998; Ueda et
al.,, 1993). As depicted in Fig. 1.2.1 below, (a) When a-synuclein levels are reduced, the
availability of vesicles in the reserve pool is decreased (Latourelle et al., 2009; Satake et al.,
2009) and more vesicles are readily available to be released (Chiba-Falek et al., 2006),
which can lead to an increase in dopamine release. (b) Under normal conditions a-synuclein
is thought to play a physiological role in regulating vesicle availability in the different pools
and influences vesicle docking and fusion. (c) By contrast, elevated a-synuclein levels or
mutated E46K or A53T a-synuclein can lead to a reduction in dopamine release (Clayton
and George, 1998) possibly by affecting a late step in exocytosis (Maroteaux et al., 1988) or
by decreasing vesicle availability in the recycling pool due to impaired vesicle endocytosis
(Simon-Sanchez et al., 2009).
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Fig 1.2.1. Schematic model of a-synuclein's proposed roles in regulating presynaptic vesicle cycling in
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situations of different a-synuclein levels [adapted from (Venda et al., 2010).

Genome-wide screening in yeast showed that nearly one-third of genes that enhance the
toxicity of a-synuclein are functionally related to lipid metabolism and vesicle trafficking
(Willingham et al., 2003). Expression profiling of transgenic flies revealed that expression of
lipid and membrane transport genes were associated with a-synuclein expression (Scherzer
et al.,, 2003). To prevent neurodegeneration, a-synuclein cooperates with cysteine string
protein-a (CSPa), an abundant synaptic vesicle protein, which possesses a co-chaperone
function and is essential for neuronal survival (Chandra et al., 2005). This cooperation is
accomplished via a downstream mechanism that requires phospholipid binding by a-
synuclein (Chandra et al., 2005). Based on these observations, it has been concluded that
one of the crucial a-synuclein functions in vivo is the protection of the nerve terminals
against injury via cooperation with CSPa and soluble NSF (N-ethylmaleimide sensitive
factor) attachment receptor proteins on the presynaptic membrane interface (Bonini and
Giasson, 2005; Chandra et al., 2005). Finally, a more recent study revealed that a-synuclein

regulates catecholamine release from synaptic vesicles (Larsen et al., 2006).

Interaction _with _membranes and lipids: a-synuclein interacts stably with synthetic

phospholipid vesicles containing negatively-charged head groups (Davidson et al., 1998; Jo
et al., 2000; Ramakrishnan et al., 2003), various phospholipid membranes, fatty acids,
detergent micelles (Cole et al., 2002; Jo et al., 2004; Jo et al., 2000; Kim et al., 2006; Necula
et al., 2003; Perrin et al., 2001; Sharon et al., 2003; Zhu and Fink, 2003; Zhu et al., 2003)
and with biological membranes, such as crude brain vesicles (Jensen et al., 1998), general
cellular membranes (McLean et al., 2000), lipid rafts (Fortin et al., 2004), and lipid droplets
(Cole et al., 2002). The protein has a higher affinity for small vesicles than for vesicles of
larger diameter, possibly because of the higher surface-to-volume ratio of small vesicles
(Davidson et al., 1998; Zhu and Fink, 2003). The association of a-synuclein with negatively
charged membranes of multilamellar vesicles has a profound effect on the integrity of these
bilayers and causes the formation of non-bilayer or small vesicular structures (Madine et al.,

2006). These observations suggest that a-synuclein plays a role in modulating the
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organization of membrane lipid components. Additionally, lipid packing in small unilamellar
vesicles is apparently affected by interaction with a-synuclein (Kamp and Beyer, 2006).
Finally, it has been found that monomeric a-synuclein bound to the lipid membrane can
efficiently prevent lipid oxidation, possibly suggesting that the inhibition of lipid oxidation is a

physiological function of the protein (Zhu et al., 2006).

Interaction with other proteins: a-synuclein was shown to act as a high affinity inhibitor of

phospholipase D2, which hydrolyzes phosphatidylcholine to phosphatidic acid (Jenco et al.,
1998). a-synuclein is also involved in regulation of certain enzymes, transporters, and
neurotransmitter vesicles (Dev et al., 2003). Indeed, a-synuclein can act as a molecular
chaperone assisting in the folding and refolding of synaptic proteins such as NSF (N-
ethylmaleimide sensitive factor) and attachment receptors (Chandra et al., 2005). In case-
by-case studies, a-synuclein has been shown to interact with at least 50 proteins and other
ligands (Dev et al., 2003). In a recent proteomic analysis, 587 proteins were found to be
involved in the formation of complexes with a-synuclein in dopaminergic substantia nigra
and neuroblastoma hybrid cell lines (MES 23.5 or MES) and 141 proteins displayed
significant changes in their relative abundance (increase or decrease) after the substantia
nigra/neuroblastoma hybrid cells (MES cells) were treated with rotenone (Jin et al., 2007). It
is important to note that this large number of a-synuclein-binding partners might be an
overestimate, as some of the proteins could be enriched due to high concentrations of

sodium dodecyl sulfate micelles to which both a-synuclein and its partner proteins can bind.

1.2.2 Therole of a-synuclein in cellular dysfunction
In keeping with the variety of functions attributed to a-synuclein (as described above), the

protein also leads to several forms of cellular dysfunction, as detailed below:

1.2.2.1 Evidence from cell-culture studies

Overexpression of a-synuclein in a neuronal cell line and homozygous deletions of a-
synuclein in mice were both accompanied by noticeable changes in membrane fluidity and
cellular fatty acid uptake and metabolism (Castagnet et al., 2005; Golovko et al., 2005;
Sharon et al., 2003). a-synuclein has been shown to regulate the production of dopamine in
cell culture by physically interacting with tyroxine hydroxylase (TH), a rate-limiting enzyme in
the dopamine synthesis pathway (Liu et al., 2008; Perez et al., 2002). a-synuclein binds TH,
prevents its phosphorylation and inhibits TH activation by increasing protein phosphatase 2A
activity (Peng et al., 2005; Perez et al., 2002). In agreement with these findings, suppression

of a-synuclein in cell culture models leads to increased TH phosphorylation and activity (Liu
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et al., 2008). Consistent with a role of a-synuclein in dopamine biosynthesis, reduced TH
activity has also been demonstrated in mouse models overexpressing a-synuclein (Kirik et
al., 2002; Masliah et al., 2000). Finally, it was shown that a-synuclein can reduce histone

acetylation in the nucleus and thereby promote neurotoxicity (Kontopoulos et al., 2006).

1.2.2.2 Evidence from other studies

Role in synaptic vesicle dysfunction: Various studies show that increased a-synuclein levels

lead to decreased neurotransmitter release, loss of presynaptic proteins, redistribution of
SNARE proteins, enlargement of synaptic vesicles as well as the inhibition of vesicle
recycling, all of which are consistent with a role for a-synuclein in SNARE-complex assembly
(Garcia-Reitbock et al., 2010; Nemani et al., 2010; Scott et al., 2010). Another study (Larsen
et al., 2006) showed that overexpression of a-synuclein inhibits a vesicle ‘priming’ step that
occurs after secretory vesicle trafficking to ‘docking’ sites but before calcium-dependent

vesicle membrane fusion.

Role in _endoplasmic reticular dysfunction: A recent analysis of a yeast PD model with

dosage sensitivity for a-synuclein expression (Outeiro and Lindquist, 2003) revealed that the
earliest defects following a-synuclein expression were an inhibition of the endoplasmic-
reticulum-to-Golgi vesicular trafficking and an impairment of the endoplasmic-reticulum-
associated-degradation pathway, ERAD (Cooper et al., 2006). Other studies in yeast, worms
and mammalian cells described ER/Golgi stress and impaired transport caused by a-
synuclein (Cooper et al., 2006; Gitler et al., 2008; Thayanidhi et al., 2010).

Role in_mitochondrial dysfunction: a-synuclein localizes to mitochondria and causes down-

regulation of complex | activity, similar to mitochondrial toxins (Devi et al., 2008; Li et al.,
2007a; Loeb et al., 2010). In addition, mice overexpressing a-synuclein show aberrant
mitochondrial morphology (Martin et al., 2006). Mitochondrial dysfunction might generate

reactive oxygen species (ROS) and induce neuronal death (Hsu et al., 2000).

Role in other types of dysfunction: a-synuclein might also impair cytoskeletal dynamics, as it

interacts with and influences the polymerization of tubulin (Alim et al., 2004; Zhou et al.,
2010). Furthermore, several studies demonstrated that aberrant a-synuclein can induce
proteasomal dysfunction (Petrucelli et al., 2002; Snyder et al., 2003; Stefanis et al., 2001;
Tanaka et al., 2001) and impair the function of the lysosomal degradation system (Alvarez-
Erviti et al., 2010; Cuervo et al., 2004; Xilouri et al., 2009).
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Despite the several forms of cellular dysfunction caused by a-synuclein, its exact role in the
pathogenesis of Parkinson’s disease remains to be identified. In order to approach the
guestion of how one small protein can have such a diverse set of functions, dysfunctions and
interactions, it is essential to structurally examine a-synuclein, which is a chameleon-like
molecule (i.e. it is extremely sensitive to its environment and can be easily modulated by a
change in conditions) and thereby lacks a single unique or rigid structure (Drescher et al.,
2012; Silva et al., 2012; Uversky, 2003).

1.2.3 Structure of a-synuclein
In order to better understand the structure and function of a-synuclein, it is necessary to
analyze the protein in greater detail at several levels: 1) at a holistic level, i.e. discussing
structural models of the entire a-synuclein protein under various conditions, and 2) at a
deeper level of resolution, i.e. examining the properties and characteristics of individual
regions or domains of the protein.

1.2.3.1 Whole-molecule structural analysis of a-synuclein

a-synuclein is a typical intrinsically disordered (or natively unfolded) protein, which
possesses little or no ordered structure under physiological conditions in vitro (it exists in a
random-coil conformation), as shown by far-UV circular dichroism and Fourier transform
infra red spectroscopy, sedimentation, gel-filtration, dynamic light scattering, and SAXS
(Eliezer et al., 2001; Uversky, 2003; Uversky et al., 2001b; Weinreb et al., 1996). This is in
agreement with computational predictions, and high-resolution NMR which revealed that a-
synuclein is largely unfolded in solution, but exhibits a region with a preference for helical
conformation (Eliezer et al., 2001). While it has recently been proposed (Bartels et al., 2011;
Wang et al., 2011) that a-synuclein, in its native form, may actually exist as a helical
tetramer, there have been hardly any following studies that support this hypothesis. In fact,
counter-reports (Fauvet et al., 2012) have provided comprehensive evidence to the contrary;
namely that the protein lacks a defined tertiary structure in solution and adopts a random-coil
conformation in its monomeric state under native conditions, in keeping with previous studies
(Uversky, 2003; Uversky et al., 2002). Intrinsically disordered proteins have recently been
recognized as a new protein class, and are gaining considerable attention due to the
capability of these proteins to perform numerous biological functions despite the lack of
unique structure (Dunker et al., 2001; Tompa, 2002; Uversky, 2003). These proteins exist as
dynamic and highly flexible ensembles, commonly referred to as monomers that undergo a

number of distinct inter-conversions on different time scales.
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As mentioned in the previous section, a-synuclein is referred to as a protein-chameleon,

which can alter its conformation due to environmental changes. Thus a-synuclein possesses

a remarkable conformational

plasticity,

being able to adopt structurally unrelated

conformations, described in greater detail in Table 1.2.3.1 (Uversky et al., 2002a). The

natively-monomeric, random-coil forms of the protein can also form several morphologically

different types of aggregates, including amyloid fibrils, which are the main components of the

large proteinaceous inclusions seen in PD and other synucleinopathies (described in Table

1.2.3.1) (Uversky, 2003; Uversky et al., 2002a). These amyloid fibrils represent major

building blocks of pathology-related inclusions, such as Lewy bodies (LBs), Lewy neurites

(LNs), glial cytoplasmic inclusions (GCIs), neuronal cytoplasmic inclusions, and axonal

spheroids, which have all been found in neurons affected by synucleinopathies. A summary

of the major known a-synuclein conformations and aggregates is shown in Table 1.2.3.1.

Table 1.2.3.1 Summary of the major known conformations of a-synuclein and the conditions required to

generate them.

Environment or conditions

References

State of the protein

Extended or intrinsic
state of a-synuclein

Physiological conditions in vitro and
in vivo.

(McNulty et al., 2006; Uversky, Li,
et al., 2001a; Weinreb et al., 1996)

Pre-molten globule
state

Low pH, high temperature, low
concentrations of organic solvents,
trimethylamine  N-oxide, various
metal ions & salts, several
pesticides, herbicides & other
glycosoaminoglycans, some
polycations, also stabilized by
spontaneous oligomerization in vitro
& in vivo.

(Cohlberg, Li, Uversky, & Fink,
2002; Goers, Uversky, & Fink,
2003; Abedini & Raleigh, 2009;
Manning-Bog et al.,, 2002,
Munishkina, Henriques, Uversky,
& Fink, 2004; Munishkina, Phelan,
Uversky, & Fink, 2003; Uversky,
Lee, Li, Fink, & Lee, 2001;
Uversky, Li, et al., 2001b; Uversky,
Li, & Fink, 2001c, 2001d)

a-helical membrane
bound form

In the presence of synthetic vesicles
containing acidic phospholipids, e.g.
small unilamellar vesicles containing
30% phosphatidylserine and 70%
phosphatidylcholine, and synaptic
vesicle- proteins such as SNARE
proteins.

(Chandra, Chen, Rizo, Jahn, &
Sudhof, 2003; Davidson et al.,
1998; Perrin, Woods, Clayton, &
George, 2000)

Dimers

Prolonged incubation at high
temperatures results in progressive
aggregation, where dimers are
formed first (non-covalent).

(Uversky, Lee, et al., 2001)

Oxidative dimers &
higher-order oligomers
with di-tyrosine cross-

links

Under oxidative stress, e.g. UV-
irradiation, or via cross-linking
agents, e.g. BS3, DSS, PICUP, etc.
(covalent).

(Souza et al., 2000)
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Oligomers (without
covalent aspects)

Nitration of a-synuclein, incubation
with different metals, such as Cu2+,
Fe3+, Ni2+, Mg2+, Cd2+, Zn2+,
Co2+ and Ca2+.

(Lowe et al., 2004; Yamin, Glaser,
Uversky, & Fink, 2003; Yamin,
Uversky, & Fink, 2003)

Protofibrils

Incubation of spherical a-synuclein
oligomers with brain-derived
membranes produces pore-like ring-
type protofibrils.

(Ding, Lee, Rochet, & Lansbury,
2002)

Insoluble amorphous
aggregates

Solution conditions, presence of
small molecules e.g. EGCG, effect
of modifying proteins, amongst other
factors.

(Ehrnhoefer et al., 2008)

Insoluble amyloid fibrils

In vitro: under conditions of body
temperature,  physiological  pH,
physiological salt concentrations,
constant shaking, presence of a
glass bead, high concentrations of
a-synuclein.

In vivo: during the course of the
disease, as the main component of
pathological protein inclusions
(Lewy bodies)

(Farrer et al.,, 2004; A. Singleton,
Myers, & Hardy, 2004; A. B.
Singleton et al., 2003; Uversky, Li,
et al., 2001b)

1.2.3.2 Region-based structural analysis of a-synuclein

The full-length a-synuclein protein can be divided into three domains: the N-terminal domain,
the NAC region and the C-terminal domain (Cookson, 2005).

N-terminal domain: The highly conserved amphipathic N-terminal domain (residues 1-60)

contains a series of imperfect 11-amino acid repeats. These repeats include the consensus

sequence KTKEGV, which has a structural a-helix propensity and is highly similar to

apolipoprotein lipid-binding motifs. Thus this region adopts an a-helical secondary structure

when bound to phospholipids (Davidson et al.,, 1998). The three missense mutations
associated with familial PD (A30P, E46K and A53T) are located in this domain.

NAC region: The central hydrophobic NAC domain (Non-Amyloid Component, residues 61-

95) of a-synuclein is associated with an increased propensity of the protein to assume a R3-

sheet conformation and to form amyloid fibrils (Bodles et al., 2001). Other members of the a-

synuclein family lack the NAC region and do not efficiently form aggregates (Goedert, 2001),

further underlining the importance of this region for a-synuclein aggregation.
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C-terminal_domain: The highly acidic and proline-rich C-terminal tail (residues 96-140)

contains mostly negatively charged residues and has no distinct structural propensity. The
acidic glutamate-rich C-terminal region (Asp98-Alal40) was shown to behave as a highly
mobile tail. It remained unstructured even in the presence of membranes (Jao et al., 2004;
Ulmer and Bax, 2005; Ulmer et al., 2005), becoming insensitive to protease digestion when

the micelle bound a-synuclein is exposed to calcium (de Laureto et al., 2006).

1 61 S87 96 Y125 S129
B B &
al a2 | |03|
phlpithlcreg I NAC reginn Acidic region

A30P E46K ASJ3T

Imperfect KTKEGV repeats

g Pathological mutations

P Phosphorylationsites

Fig 1.2.3.2 Modular domain structure of a-synuclein. The a-helices in the N-terminal amphipathic region
(al- a4) are required for phospholipid binding. The non-amyloid component (NAC) region confers the R-
sheet potential of the protein. The highly acidic C-terminal region is unstructured and subject to post-
translational modifications. Amino-acid positions are indicated above the regions. The imperfect
KTKEGV repeats that form amphipathic a-helices are also shown. Pathological mutations and the major
(S129) and minor (Y125) phosphorylation sites are also indicated. The figure is based on published
information (Cookson, 2005).
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1.3 Aggregation of a-synuclein

Since amyloid fibrils of a-synuclein play an important role in the pathology of PD, it is crucial
to understand the underlying process of soluble protein aggregation into amyloid fibrils,
referred to in the scientific literature as the amyloid cascade or amyloid hypothesis of a-

synuclein aggregation (Hardy and Higgins, 1992; Kisilevsky and Axelrad, 1976).

1.3.1 Amyloid hypothesis of a-synuclein aggregation
The term amyloid is derived from the early mistaken identification of pathological aggregates
as starch (amylum in Latin) based on crude iodine-staining techniques. ‘Amyloid’ was
originally used to describe the extracellular protein deposits found in Alzheimer’s disease
and systemic amyloid disorders (Kisilevsky and Axelrad, 1976). Recently, it has been
extended to describe intracellular aggregates as well. Amyloid refers to protein aggregates
organized in a cross-f-sheet structure, bound specifically by dyes such as Congo red and
Thioflavin S. They are known to exhibit a high resistance to proteolytic degradation and heat
denaturation, and were shown to have a fibrillar morphology observed by electron
microscopy (Soto, 2003). The following mechanism - commonly referred to as the amyloid
hypothesis of aggregation (see Fig. 1.3.1) - has been put forward to explain the process of

a-synuclein fibrillization:

As a-synuclein is unfolded in aqueous solution with a random coil structure (Li et al., 2002a;
Masino and Pastore, 2002) it may expose hydrophobic surfaces (which would otherwise be
hidden or masked within structured proteins) which can potentially interact with each other or
with other proteins in the surroundings. In vitro studies suggest that the initiation of
aggregation depends on specific intermolecular interactions between folding intermediates
(Wetzel, 1996), or on the disruption of equilibria between unfolded monomeric a-synuclein
and its other intermediate conformations, such as the globular pre-molten state referred to
above. Additionally, point mutations associated with familial variants of the disease, such as
the A53T and A30P a-synuclein mutants in PD, can destabilize the native conformation of
the protein and increase the likelihood of self-association and aggregation (Bertoncini et al.,
2005). This destabilization of monomeric a-synuclein, along with certain interactions
between intermediate conformations, could increase the propensity of the molecule to form
microaggregates, such as dimers, oligomers, tiny spherical particles or protofibrils, which
eventually group together into larger, macromolecular deposits, such as the highly ordered
amyloid fibrils (refer to Fig. 1.3.1). Furthermore, microaggregates often act as ‘seeds’ for the
aggregation reaction, increasing the propensity of the various molecules to aggregate into

amyloid fibrils, thereby arriving at an energetically-favourable equilibrium.

20



INTRODUCTION

Thus, the formation of a-synuclein amyloid fibrils is a complex process, involving one or
more discrete intermediates, including small oligomers, protofibrils and finally mature fibrils,
all of which have been shown to produce toxicity, to varying levels (Conway et al., 2000a;
Harper et al., 1999; Poirier et al., 2002). The amyloid fibrils are the most energetically stable
(or nearly irreversible) structures generated in this entire process. They are also,

understandably, the most commonly and easily detected aggregates in PD brain tissue.
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Fig 1.3.1 The amyloid hypothesis of a-synuclein aggregation [adapted from (Caughey and Lansbury,
2003)]. A general mechanistic scheme combining information from studies of ex vivo and in vitro protein
aggregation. The conversion of normal a-synuclein protein into disease-associated deposits, such as
Lewy bodies in PD (image at right), occurs via a multi-step process involving the intermediacy of
oligomeric forms that are less stable but potentially more toxic than the end-product fibril. The

mechanism by which these intermediates may cause neuronal dysfunction and death is not clear.

1.3.2 a-synuclein aggregation and cell death
Although the presence of pathological inclusions in neurodegenerative disease brains has
been known for many years, it is still under discussion whether inclusions are the direct
cause and primary toxic species leading to neurodegeneration or rather the result of some
other underlying mechanism. The neuropathological link between protein aggregation and

disease is confused by sometimes poor correlations between the load of amyloid deposits in
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the brain and the severity of disease (Forno, 1996; Gutekunst et al., 1999). Hence, the
guestion arises whether it is the amyloid fibril that is toxic to cells or perhaps one of the other
intermediate conformations of the a-synuclein protein, e.g. oligomers formed early in the

aggregation process (Volles and Lansbury, 2003).

Some a-synuclein oligomers may serve as neuron killers. Oligomeric a-synuclein was shown
to be deposited in detergent insoluble fractions in the brains of patients with the gene
triplication mutation (Miller et al., 2004). The observation that the A30P mutation dramatically
accelerates the initial oligomerization of a-synuclein and significantly retards the formation of
mature fibrils (Conway et al., 2000a; Conway et al., 2000b; Conway et al., 2000c; Li et al.,
2001; Li et al.,, 2002b) represents a key result leading to the theory that oligomeric
intermediates of a-synuclein, rather than mature fibrils, may in fact be the disease-
associated aggregate species in PD (Lansbury, 1999). Annular (doughnut-like) oligomers -
which not only are stabilized during the in vitro studies, but have also been isolated from
human brain samples (Pountney et al., 2004) - may have pore-like properties and may
damage membranes in mammalian cells (Volles and Lansbury, 2002). Additionally, oligomer
toxicity is suggested to be critical in cell model studies, where toxicity is usually seen without
heavily aggregated a-synuclein, leading to the suggestion that soluble species mediate
toxicity (Xu et al., 2002). Proteins that are not associated with amyloid disease but are able
to aggregate into fibrils in vitro, are toxic to cells in culture while they still possess a non-
fibrillar, oligomeric morphology (Bucciantini et al., 2004; Bucciantini et al., 2002). Although
these studies seem to suggest that only the oligomeric species are toxic to cells, there is

also contradictory evidence, described below.

The investigation of amyloid plaques in a transgenic mouse model (Tsai et al., 2004)
revealed that fibrillar amyloid deposits lead to synaptic abnormalities and breakage of
neuronal branches. Interactions with all kinds of exposed hydrophobic surfaces also enable
amyloid fibrils to recruit other proteins, a process that might significantly contribute to the
toxicity of formed aggregates (Busch et al., 2003; Charles et al., 2000; Perutz et al., 1994;
Trojanowski and Lee, 2000). Studies in cell culture models have shown that inclusion bodies
have a very complex structure and include different proteins such as chaperones, parts of
the ubiquitin-proteasome-system, proteins of the centrosome and the cytoskeleton (Rajan et
al.,, 2001; Waelter et al., 2001), as well as different transcription factors such as TCERG1
(also known as CA150) (Holbert et al., 2001), CTBP6 (Kegel et al., 2002) and p53 (Steffan et
al., 2000). The co-aggregation of misfolded proteins with normal proteins could therefore be

responsible for the toxicity of protein aggregates (Nucifora et al., 2001). It remains unclear,
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however, how these complex inclusions are formed and to which extent fibrillar aggregates

and oligomers individually contribute to the cytotoxicity observed in the disease state.

Numerous disease models of PD primarily based on the transgenic overexpression of wild-
type or mutant a-synuclein have been developed. These include cell models of primary
neurons and neuroblastoma-derived cell lines (Falkenburger and Schulz, 2006). Recently,
pluripotent stem cells were derived from a PD patient with triplication of the SNCA locus,
which better mimics the disease phenotype (Devine et al., 2011). Overexpression of wild-
type and mutant a-synuclein in yeast generates large intracellular aggregates and reduces
cell growth (Outeiro and Lindquist, 2003). a-synuclein overexpression also induces loss of
dopaminergic neurons in invertebrates like D. melanogaster (Feany and Bender, 2000).
Furthermore, C. elegans has been used to examine the toxic effects of a-synuclein on
neurons in an in vivo setting and aggregates of a-synuclein have also been detected in this
model organism (Lakso et al., 2003).

Interestingly, a-synuclein aggregation occurs in mouse and primate models of MPTP-
induced parkinsonism (Fornai et al., 2005; Kowall et al., 2000; Meredith et al., 2002; Thomas
et al., 2011), an animal model of parkinsonism which utilizes the selective dopaminergic
neurotoxin MPTP that reproduces the selective neuronal loss seen in PD (Bergman and
Deuschl, 2002; Fornai et al., 2005; Fukuda, 2001). However, studies using rodents with
increased expression of human a-synuclein have led to conflicting results where some
studies show lack of increased sensitivity to MPTP with human a-synuclein expression
(Dong et al., 2002; Rathke-Hartlieb et al., 2001) and other studies show increased sensitivity
associated with MPTP in human a-synuclein transgenic mice (Nieto et al., 2006; Song et al.,
2004). Overexpression of human a-synuclein in rodents has also been shown to produce
varying degrees of neuronal dysfunction and degeneration (Daher et al., 2009; Giasson et
al., 2002a; Lee et al., 2002b; Masliah et al., 2000; Neumann et al., 2002) including
dopaminergic degeneration (Kirik et al., 2003; Kirik et al., 2002; St Martin et al., 2007; Tofaris
et al., 2006; Yamada et al., 2004). However, a variety of human a-synuclein transgenic mice
with increased a-synuclein aggregation, motor dysfunction, and neurodegeneration have
failed to show overt neurodegeneration of dopaminergic neurons (Giasson et al., 2002a; Lee
et al.,, 2002b; Neumann et al, 2002). In addition to rodent models of a-synuclein
overexpression, various knock-out models of this protein have also been generated, e.g. the
‘a-synuclein null mouse’, which is viable and shows a distinctive phenotype of dopaminergic-

neuron-selective MPTP resistance. Several studies show that the expression of endogenous
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mouse a-synuclein is required to sensitize dopaminergic neurons to MPTP (Dauer et al.,
2002; Drolet et al., 2004; Fornai et al., 2005; Robertson et al., 2004; Schluter et al., 2003).

As the relationship of a-synuclein abnormalities to rodent models of PD remains
controversial, many studies focus on in vitro avenues of research, which are particularly
ideal for the modelling of an intrinsically disordered, multi-functional protein, whose
behaviour depends to a large extent on the nature of its environment, something which can
precisely, reproducibly and easily be controlled in vitro. Thus, there is an interest in
developing therapeutic strategies for PD by using in vitro assays, screens and cellular
toxicity models, which are free from some of the drawbacks plaguing animal models of the

disease.

24



INTRODUCTION

1.4 Modulation of a-synuclein’s tendency to aggregate into fibrils, as a

potential neuroprotective therapy

A reasonable approach for finding an effective anti-synucleinopathy drug is a search for
molecules that are able to stabilize the natively unfolded conformation of a-synuclein,
completely blocking its aggregation, or to mediate its off-pathway aggregation into non-toxic,
amorphous aggregates whose characteristics and effects on cells are vastly different from
those of the B-sheet amyloid fibril. The latter option has been previously suggested as an
alternative approach to treat neurodegenerative diseases (Bodner et al., 2006a; Bodner et
al.,, 2006b). Screening for compounds that promote protein aggregation, accelerate
formation of large inclusions, and eliminate the toxic effects of intermediate misfolded protein
conformations (Bodner et al., 2006a; Bodner et al., 2006b) could indeed provide a viable
therapy. In fact, a very potent compound (5-[4-(4-chlorobenzoyl)-1-piperazinyl]-8-
nitroquinoline or ‘B2’) that promotes the formation of inclusions and attenuates pathological
features in models of both Huntington’s disease and PD was found (Bodner et al., 2006b).
Additionally, studies by Ernhoefer and colleagues (Ehrnhoefer et al., 2008) showed that
EGCG, a component of green tea, actually induces the formation of off-pathway amorphous
aggregates of both a-synuclein and amyloid-, which show reduced toxicity in cells as
compared to the B-sheet-rich amyloid fibrils. Based on these observations, it has been
concluded that generating larger deposits of off-pathway aggregated protein could represent

a therapy for affected neurons (Bodner et al., 2006b).

At this point, it is necessary to make a distinction between the terms aggregate and fibril.
The term aggregate includes all types of protein assemblies comprised of more than one
protein molecule, spanning a wide range of differing structures, morphologies, sizes, and
other physical properties. Aggregates may be toxic or non-toxic, dimeric, oligomeric or multi-
meric (e.g. protofibrils), formed as on- or off-pathway products, generated in vitro or detected
in Lewy bodies in pathological brain tissue, amorphous in nature or highly-ordered with a
definite structure, such as amyloid fibrils. The term fibril is more specific and refers to a
special type of aggregate, which is highly ordered, has a p-pleated sheet structure, and a
fibre-like morphology. In vivo fibrils of a-synuclein have been detected as the main
component of Lewy bodies in PD (Bagchi et al., 2013; Sampathu et al., 2003; Trojanowski et
al., 1998), while fibrils of the amyloid-B protein (AB) have been detected as the main
components of amyloid plaques in Alzheimer’s disease (AD) (Glenner and Murphy, 1989;
Gouras et al, 2010). In vitro, fibrils can also be induced spontaneously when high

concentrations of a-synuclein are incubated at 37°C for long periods of time (Lee et al.,
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2009; Wood et al.,, 1999; Yagi et al., 2005). While all fibrils are a type of aggregate by

definition, all aggregates are not necessarily fibrils!

Since amyloid fibrils are a hallmark of PD neuropathology, it would be more accurate to say
that modulation of a-synuclein fibrillization could be a potential neuroprotective therapy. This
is supported by the following studies: 1) In Alzheimer's disease, a strategy using
immunization against the AR-peptide reduces the deposition of fibrillar AR in the brain and
ameliorates the behavioural impairment in a transgenic mouse model (Janus et al., 2000). 2)
Small molecules that inhibit the fibrillogenesis of synthetic AR-peptide rescue long-term
potentiation in brain slice culture models, which is blocked by soluble AR oligomers (Walsh
et al., 2005). Hence, the focus of this study is to identify novel and potent modulators of a-

synuclein fibrillization, rather than a-synuclein aggregation.

1.4.1 Modulation of a-synuclein fibrillization by proteins and small molecules
It has been demonstrated that several proteins can modulate a-synuclein fibrillization and

toxicity, as described below.

1.4.1.1 Directly-interacting, non-chaperone protein modulators

Various proteins which are not known to have any chaperone or neuroprotective activity,
have nonetheless been shown to modulate a-synuclein fibrillization through direct
interaction, for example, synphilin-1, which was initially identified in a yeast-2-hybrid screen
as an interaction partner of a-synuclein (Engelender et al., 1999). Synphilin-1 was found to
promote a-synuclein aggregation and inclusion body formation in cell model systems
(Engelender et al.,, 1999). Strikingly, expression of synphilin-1 in an A53T a-synuclein
expressing mouse strain reduces neurodegeneration, while enhancing the formation of
insoluble a-synuclein inclusions, further supporting the hypothesis that formation of insoluble
aggregate species might represent a cytoprotective mechanism (Smith et al., 2010). The E3
ubiquitin ligase Siah-1 interacts with and facilitates mono- and di-ubiquitination of a-
synuclein in vivo (Lee et al., 2008). However, ubiquitination by Siah-1 does not target a-
synuclein for the degradation by the proteasome but promotes its aggregation and increases
apoptotic cell death (Lee et al., 2008; Samii et al., 2004).

1.4.1.2 Chaperones as modulators of a-synuclein aggregation
Stress or heat shock proteins (HSPs) were first discovered in 1962 as a set of highly
conserved proteins whose expression was induced by different kinds of stress (Ritossa,

1962). It has subsequently been shown that most HSPs have strong cytoprotective effects
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and behave as molecular chaperones for other cellular proteins (Schmitt et al., 2007).
Inappropriate activation of signaling pathways could occur during acute or chronic stress as
a result of protein misfolding, protein aggregation, or disruption of regulatory complexes
(Schmitt et al., 2007). The action of chaperones, through their properties in protein

homeostasis, is thought to restore balance (Schmitt et al., 2007).

Chaperones suppress protein aggregation and participate in protein refolding and/or
degradation. Several chaperones, including torsin A, a protein with homology to the yeast
heat shock protein 104 (Shashidharan et al., 2000a; Shashidharan et al., 2000b; Walker et
al., 2001), aB-crystallin, a small chaperone that binds to unfolded proteins and inhibits
aggregation (Pountney et al.,, 2005), and Hsp70 and Hsp40 (Auluck et al., 2002) are
prominent components of LBs with a-synuclein. The over-expression of torsin A and heat
shock proteins suppressed a-synuclein aggregation in a cellular models (McLean et al.,
2002). In vitro analysis revealed that aB-crystallin serves as a potent inhibitor of WT, A30P
and A53T a-synuclein fibrillation (Rekas et al., 2004). Directed expression of the molecular
chaperone Hsp70 prevented dopaminergic neuronal loss associated with a-synuclein in
Drosophila, whereas the interference with endogenous chaperone activity accelerated a-
synuclein toxicity (Auluck et al., 2002). These data suggest a critical role for chaperones in
pathologies involving a-synuclein in humans, such that they may be a critical part of the

neuronal arsenal that mitigates a-synuclein toxicity (Uversky, 2007).
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1.5 Summary

In brief, various proteins that influence a-synuclein fibrillization have been previously
identified and studied in great depth. However, cells are complex and carry a multitude of
different proteins; hence, there is always the possibility that additional proteins may be
identified through large-scale screening, as novel modifiers of a-synuclein fibrillization,
thereby providing potential for therapeutic intervention. In fact, aggregation inhibitor screens
with purified proteins have been performed on model systems for different diseases such as
HD (Heiser et al., 2002), PD (Conway et al., 2001) or AD (Esler et al., 1997). In vitro model
systems allow the detection of substances that interfere directly with the protein aggregation
process. The purified proteins (e.g. a-synuclein and the candidate protein) are present in a
buffered solution- a system which is extremely simplified compared to the complex
environment of a brain cell. Thus, limiting the number of possible interaction partners for the
molecules in solution shows clearly with which proteins a-synuclein does or does not
interact. ‘Hits’ derived from such a screen are then further validated in cell culture and animal
models, since in vitro effects may not necessarily be representative of a cellular
environment. Within this scope, in vitro screening methods, complemented by downstream
biochemical, biophysical, microscopy-based and cell-assay-focused techniques, are well
suited for the study of direct effects of candidate proteins on a-synuclein fibrillization, and the
molecular mechanisms by which the aggregation process might be influenced. This is what

is aimed at in this study.
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1.6 Aims of the doctoral thesis

1.6.1 To identify novel protein inhibitors of a-synuclein fibrillization by screening
a library of 13,824 proteins

As described above, the detection of proteins that modulate the aggregation of a-synuclein
is of high importance. The identification of proteins that influence a-synuclein aggregation in
vitro suggests that endogenous proteins in vivo might also have such an effect (Lundvig et
al., 2005). Hence, this doctoral work starts with the screening of a library of 13,824 human

proteins, in order to detect novel and potent inhibitors of a-synuclein fibrillization.

1.6.2 To comprehensively characterize the effect of the most potent modifier
using biochemical, biophysical and microscopy-based methods

In order to completely characterize the effect of the most potent inhibitor of a-synuclein
fibrillization to emerge from the screen, an arsenal of biochemical, biophysical and
microscopy-based techniques was employed.

1.6.3 To elucidate the mechanism by which the modifier inhibits fibrillization
In order to understand how the most potent modifier exerts its effect on a-synuclein, it is
important to know the mechanism underlying its effect. For this, a cutting-edge structural
technique, i.e. Nuclear Magnetic Resonance (NMR) has been employed. Time-resolved
NMR is used to reveal the most intricate aspects of a-synuclein aggregation in the presence

of the modifier, at both a residue-specific and region-specific level of information.

1.6.4 To evaluate the effect of the modifier on a-synuclein-mediated toxicity in
cells and in an in vivo system

In vitro studies do not encompass all aspects of the environment within a cell or even in an
organismal context, where multiple biomolecules and overarching processes are constantly
underway. To account for these additional factors, and to establish whether the work carried
out is relevant in a cellular and organismal context, the doctoral work concludes with an
examination of the effect of the modifier on a-synuclein toxicity within rat primary cortical

neurons and a S. cerevisiae model of a-synuclein toxicity.
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2. MATERIALS & METHODS
2.1 Materials

2.1.1 Biological stocks
2.1.1.1 Bacterial strains
(i) Mach1™ T1®
E. coli F— ®80lacZAM15 AlacX74 hsdR(r<", m«*) ArecA1398 endA1 tonA (Invitrogen),

recommended strain for use with the Gateway ® Cloning System.

(i) BL21-CodonPlus(DE3)-RP
E. coli B F ompT hsdS(rB- mB") dcm+ Tet" gal A(DE3) endA Hte [argU proL Cam’] strain
(Statagene); for high level protein expression following IPTG (Isopropyl-1-thio-B-D-galacto-

pyranoside) induction of T7 polymerase driven by lacUV5 promoter.

(i) Rosetta™

E. coli FF ompT hsdSe(rs= me) gal dcm pRARE (CamR); BL21 derivatives designed to
enhance the expression of eukaryotic proteins that contain codons rarely used in E. coli.
These strains supply tRNAs for AGG, AGA, AUA, CUA, CCC, GGA codons on a compatible
chloramphenicol-resistant plasmid. Thus, the Rosetta strains provide for “universal”
translation which is otherwise limited by the codon usage of E. coli. The tRNA genes are

driven by their native promoters.

2.1.1.2 Yeast strain

W303-1A (CRY1) GAL+ MATa ura3-1 trp1-1 his3-11, 15 leu2-3,112 ade2-1 can1-100
2.1.1.3 Mammalian cell
C57BL/6 mouse primary (a kind gift from Prof. Jochen Meier, Max-Delbriick-
neuronal cells Centrum)

2.1.2 Expression vectors and plasmids
0] pDONR™221

A Gateway® vector containing attP sites, this vector is used for cloning PCR products and
genes of interest flanked by attB sites (expression clones) to generate entry clones. It
contains the ccdB gene for negative selection and the kanamycin resistance gene for

selection in E.coli (Invitrogen).
(i) pDESTco

A Gateway® vector containing attR sites, with an insert size of 2342, designed for bacterial

expression. A sequence of 6x-His residues on the N-terminal acts as a tag, which is of
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extreme importance during purification of the recombinant protein. The vector backbone,
pQE-2, is manufactured by Qiagen. This vector confers resistance to ampicillin and

chloramphenicol when present in cells (recommended growth strain: DB3.1)
(i)  pAG425-GAL

A yeast expression plasmid designed to enable the expression of human genes within yeast
cells, in order to examine the function, localization, interaction partners, etc. of the protein of
interest, in S. cerevisiae. Upon addition of galactose to the growth medium, expression of
the protein encoded by the plasmid is turned on. In conjunction with the yeast strain
described above, this plasmid enables the simultaneous over-expression of a-synuclein
(integrated into the yeast genome behind a galactose promoter) and the protein of interest

(in this study, a modifier of a-synuclein fibrillization).

2.1.3 Media

2.1.3.1 Bacterial media

Bacterial media = Composition

LB-medium 10 g/l Bacto peptone, 5 g/l yeast-extract, 10 g/l NaCl, set pHto 7.2
Antibiotics:

Ampicillin 100 mg/ml in ddH2O (stock), final concentration: 100 pg/ml
Tetracycline 12.5 mg/ml in 50% EtOH (stock), final concentration: 20 pg/ml
Kanamycin 30 mg/ml in ddH-O (stock), final concentration: 15 pg/ml

Spectinomycin | 25 mg/ml in ddH»O (stock), final concentration: 50 pg/ml

SOB-medium 20 g Bacto tryptone, 5 g Bacto yeast extract, 0.5 g NaCl, add 1000 ml
ddH.0, after autoclaving add: 10 ml 1 M MgCl>,10 ml 1 M MgSOa

SOC-medium 99 ml SOB-medium, 1 ml 20% glucose
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Yeast media

MATERIALS & METHODS

Composition

YPD (liquid)

10 g/l Bacto yeast extract, 20 g/l Bacto peptone, 20 g/l glucose

SD (liquid)

6.7 g/l Yeast Nitrogen Base, 20 g/l glucose, add 10 ml

supplemental amino acids (100x stock solutions) to 1 | SD medium

Supplemental amino acids (100X stock solutions):

Adenine (Ade)

2 g/l (stock), final concentration: 20 mg/I

Histidine (His)

2 g/l (stock), final concentration: 20 mg/I

Leucine (Leu)

10 g/l (stock), final concentration: 100 mg/I

Tryptophan (Trp)

2 g/l (stock), final concentration: 20 mg/I

Uracil (Ura)

2 g/l (stock), final concentration: 20 mg/l

Note: SD medium contains all essential amino acids except for the ones listed above.
The media are named after the missing and required amino acids or nucleosides:
Anabolytes omitted are marked by a minus sign, while those that are added to the
medium are separated by a slash. For example, SD -ut/ahl lacks uracil and tryptophan,

but contains adenine, histidine and leucine.

NBG (yeast

storage medium)

6,7 g/l Yeast Nitrogen Base, 20 g/l glucose, 5 % glycerol, 0,5 M
betaine, add 10 ml supplemental amino acids (100x stock

solutions) to 1 | SD medium.

Note: For solid SD, NBG or YPD media, 17 g/l agar is added to the media above.

Yeast Lysis Buffer

25 mM TRIS pH 7.5, 50 mM DTT, 2 mM MgClz, 2% SDS
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Benzonase 285 ul buffer, 15 ul Benzonase (Benzonase 20 U/ml)
solution

2.1.3.3 Cell culture media and supplements

Cell culture media and supplements Supplier
Dulbecco’s modifed Eagle medium (DMEM) with 4.5 g/L Gibco
D-Glucose, Sodium Pyruvate, without L-Glutamine Gibco
0.5% Trypsin and 0.53 mM Na-EDTA in Hanks’ B.S.S. Gibco
Fetal calf serum (FBS) from E.G. approved countries Gibco
Dulbecco’s phosphate buffered saline (D-PBS) without Gibco
calcium, magnesium

2.1.4 Buffers & Solutions

Buffers and solutions = Composition

1000x Ampicillin stock 100 mg/ml dissolved in 50% ethanol, stored at -20°C

AttoPhos™ buffer 50 mM Tris-HCI pH 9.0, 500 mM NaCl, 1 mM MgCl;

AttoPhos™ reagent 10 mM AttoPhos reagent dissolved in 100 mM Tris pH 9.0
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1% BSA

Bovine serum albumin was dissolved in 1x PBS to a final

concentration of 1% (w/v)

Coomassie destaining

45% methanol, 10% acetic acid solution

Coomassie staining

45% methanol, 10% acetic acid, 0.05% Coomassie brilliant
blue solution R250

4x DNA sample buffer

0.25% bromophenol blue, 0.25% xylene cyanole FF, 30%
glycerol

1000x Kanamycin

stock 25 mg/ml dissolved in distilled water, stored at -20°C

LB (Luria Bertani)

medium

10 g/l Bacto Peptone, 59/l yeast-extract, 10 g/l NaCl, pH 7.2

MTT-stop buffer

47.75% DMF, 20% SDS, 2% acetic acid, 25 mM HCI

NaP buffer

20mM NacCl, 200 mM NaP (pH 7.2), final pH 7.5

4% paraformaldehyde

4 g of paraformaldehyde dissolved in 100 ml PBS and heated
at 50°C for 5 minutes to obtain a clear solution, stored at -20°C

25x Protease

One tablet of Complete™ protease inhibitor (Roche) dissolved

inhibitors in 2 ml distilled water, stored at -20°C

10x PBS 80 g NaCl, 2 g KCI, 14.4 g Na;HPOy, 2.4 g KH2PO,, in distilled
water upto 1 |

PBS-T 1x PBS, 0.05% Tween-20

PMSF 100 mM PMSEF dissolved in isopropanol, stored at -20°C

10 % SDS resolving

2.5 ml of 40% bisacrylamide, 2.5 ml of 1.5 M Tris-HCI (pH 8.8),
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gel

100 pl of 10% SDS, 4.9 ml dd H20, 100 pl of 10% APS, 10 pl
TEMED

5% SDS stacking gel

0.75 ml of 40% acrylamide, 1.5 ml of 0.5 M Tris-HCI (pH6.8),
60 pl of 10% SDS, 3.6 ml ddH20, 60 ul of 10% APS, 6l
TEMED

4x SDS loading buffer

200 mM Tris-HCI pH 6.8, 400 mM DTT, 8% SDS, 4 mg/ml|
bromophenol blue, 40% glycerol, store at -20°C

1x SDS running buffer

1x WB-buffer, 0.1% SDS

5% milk skimmed milk powder was dissolved in TBS-T to a final
concentration of 5% (w/v)

S.0.C. Medium 2% Tryptone, 0.5% Yeast Extract,10 mM NacCl, 2.5 mM KCI, 10
mM MgCl,, 10 mM MgSQO,, 20 mM glucose

Ix TAE 40 mM Tris-Acetate, 1 mM EDTA, pH 8.0

1x TBE 45 mM Tris-Borate, 1 mM EDTA, pH 8.0

1x TBS 20 mM Tris-HCI pH 7.5, 150 mM NacCl

1Ix TBS-T 20 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.05% Triton X-100

IXTE 10 mM Tris-HCI, pH 7.4, 1 mM EDTA, pH 8.0

10 x WB buffer

30 g/l Tris, 144 g/l Glycine

Western blot buffer

1 x WB-buffer, 10% Ethanol

Cell Lysis Buffer (His-

proteins)

1.0 mg/ml Lysozyme, 300 mM NacCl, 0.5% NP-40, 1% Triton, 1
mM PMSF, 500 U Benzonase in PBS
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Cell Lysis Buffer (a-

synuclein)

Tris-HCI pH 8.0, 1 mM EDTA, 1 mM PMSF

Cell Lysis Buffer
(Ezrin)

0.5% NP-40, 1% Triton-X, 1 mM PMSF, 300 mM NacCL, 20 mM

Imidazole, 2 pl Benzonase, 1 Protease-inhibitor tablet, PBS

Washing buffer (His-
fusion proteins)

20 mM NaH2PO.4, 300 mM NacCl, 20 mM Imidazole pH 7.4

Elution buffer (His-
fusion proteins)

20 mM NaH2PO4, 500 mM NacCl, 500 mM Imidazole pH 7.4

Elution buffer (a-

synuclein)

10 mM NH4HCO3

Binding buffer (Ezrin)

20 mM NaszPQOg4, 0.5 M NacCl, 20-40 mM Imidazole, pH 7.4,
filtered

Elution buffer (Ezrin)

20 mM NazPOg4, 0.5 M NaCl, 500 mM Imidazole, pH 7.4, filtered

NMR buffer

20 mM NaP, 150 mM NacCl, end-pH 6.4, filtered, de-gased

Transformation Mix 1

1 ml1 M LiOAc, 0.5 ml 10x TE, 5 ml 2 M Sorbitol, 3.5 ml ddH,O

Transformation Mix 2

6 ml 1 M LiOAc, 6 ml 10x TE, 40 ml 60% PEG 3350, 8 ml
ddH20

2.1.5 Proteins and Antibodies

All primary antibodies were diluted in 5% milk in PBS-T (5% skim milk powder (w/v)).
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Table 2.1.5.1: Primary antibodies

Primary antibody Species  Dilution Supplier

Ezrin (3C12): sc-58758 mouse 1:5000 Santa Cruz Biotechnology, Inc.

Ezrin (H-276): sc-20773 rabbit 1:5000 Santa Cruz Biotechnology, Inc.

a-synuclein (211): sc-12767 mouse 1:5000 Santa Cruz Biotechnology, Inc.

a-synuclein (C-20)-R: sc-7011-R rabbit 1:5000 Santa Cruz Biotechnology, Inc.

Penta-His HRP Conjugate mouse 1:5000 Qiagen

Table 2.1.5.2: Secondary antibodies

Secondary antibody Conjugate Species Dilution Supplier

Anti-rabbit IgG (# A3687)  Alkaline goat 1:10,000 Sigma-Aldrich
Phosphatase

Anti-mouse 1gG (# A3562) Alkaline goat 1:10,000 Sigma-Aldrich
Phosphatase

Anti-rabbit IgG Peroxidase goat 1:10,000 Chemicon

2.1.6 Enzymes, proteins and markers

Enzymes, proteins and markers

Supplier

15N-labelled a-synuclein (for NMR studies)

(a kind gift from AG Selenko, FMP)

Benchmark pre-stained protein ladder

Invitrogen

Benzonase purity grade Il

Merck
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BSA 10 mg/ml NEB

Herring Sperm Carrier DNA Clontech

BP Clonase® Il enzyme mix Invitrogen

LR Clonase® Il enzyme mix Invitrogen
Ready-Load™ 1 Kb Plus DNA ladder Invitrogen
Lysozyme Sigma-Aldrich

Gel filtration calibration kit LMW

GE Healthcare

Gel filtration calibration kit HMW

GE Healthcare

Trypsin, Sequencing Grade, modified

Roche Applied Science

NativeMark™ Unstained Protein Standard | Invitrogen

2.1.7 Kits
S Supplier
BCA Protein assay reagent Pierce

Chemi-Glow West

Cell Biosciences

QIAprep spin miniprep kit

Qiagen
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QIAquick gel extraction kit Qiagen

LDH-Cytotoxicity colorimetric assay kit Biovision

2.1.8 Chemicals and consumables

Chemicals and consumables Supplier

3-(4,5-dimethylthiazol-2-yl)-2,5- Promega
diphenyltetrazolium bromide (MTT)

386-well microtiter plates Nunc

96-well Fluoronunc plates Nunc

96-well NiINTA-agarose plates Multitrap HP/ Healthcare
96-well PCR plates Thermo Scientific
Agarose Invitrogen

Amicon™ centrifugal filter units, cutoff 10 kDa Millipore

Amicon™ Ultra-15 centrifugal filter units Millipore

Ammonium persulphate Bio-Rad Laboratories
Ammonium sulphate Merck

Attophos powder Europa Bioproducts Ltd.
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Bacto peptone Becton Dickinson
Bacto tryptone Becton Dickinson
Bacto yeast Becton Dickinson
Bromophenol blue Merck Eurolab GmbH
Cell culture flasks DB Falcon

Cellulose acetate membrane 0.2um Schleicher and Schuell
Chloramphenicol Sigma-Aldrich
Complete™ protease inhibitor cocktail Roche Applied Science
Congo Red, analytical standard Sigma-Aldrich
Coomassie brilliant blue G-250 Merck

Dialysis membrane, 10,000 kDa cutoff SpectraPor® Dialysis
Deoxyribonucleotides (ANTPS) Fermentas
Dithiothreitol (DTT) Serva

Dimethyl sulphoxide (DMSO) Sigma-Aldrich
Ethidium bromide solution (10mg/ml) Sigma-Aldrich
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Ethylenediamine tetraacetic acid Merck Eurolab GmbH
Filter paper GB005 Schleicher and Schuell
Glass beads, acid-washed Sigma-Aldrich
Glycerol Merck Eurolab GmbH

HisTrap FF Crude Lysate 1 ml affinity column with GE Healthcare
precharged Ni-Sepharose 6 Fast Flow

Isopropyl-1-thio-p-D-galactoside (IPTG) Applichem

Kanamycin A monosulfate Sigma-Aldrich

Methylene blue Sigma-Aldrich
NiNTA-agarose Qiagen

Nitrocellulose membrane 0.2um Schleicher and Schuell
NMR tubes (5mm diameter) Shigemi (a kind gift from AG

Selenko, FMP)

NP-40 (IGEPAL CA 630) Sigma-Aldrich
p-t-Octylphenyl-polyoxyethylen (Triton X-100) Sigma-Aldrich
Paraformaldehyde Sigma-Aldrich

41




MATERIALS & METHODS

PD-10 desalting columns

GE Healthcare

Phenylmethylsulphonylfluoride (PMSF) Sigma-Aldrich
Polyethylene Glycol 3350 (PEG 3350) Biomatik
Polyoxyethylensorbitan-Monolaureat (Tween 20) Sigma-Aldrich
Polypropylene columns (1 ml and 5 ml) Qiagen
Ponceau S-solution, 0.1% Sigma-Aldrich
Protein LoBind tubes Eppendorf
Quartz glass cuvettes Hellmer
Quartz glass cuvettes 100-QS neolLab
Sodium glycinate Sigma-Aldrich
Streptomycin sulphate Serva

Superdex 30/100_GL column

GE Healthcare

TEMED

Life Technologies

Tetracycline

Sigma-Aldrich

Thiamine

Sigma-Aldrich
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Thioflavin T Merck

Trichloroacetic acid Merck

TrypanBlue solution (0.4%) Sigma-Aldrich

Uranyl acetate dehydrate Serva

Vacuum applicator Qiagen

Whatman chromatography paper 3MM Whatman

Yeast Nitrogen Base Sigma-Aldrich

All other chemicals, salts, buffer substances, solvents, acids and bases were
purchased from Carl Roth GmbH.

2.1.9 Laboratory equipment

Laboratory equipment Supplier

Akta purifier Amersham Biosciences
ArrayScan VTI Thermo Scientific
Avance |Il HD NMR spectrometer Bruker (collaboration with AG Selenko,

FMP) [part of a core facility]

BioAnalyzer (2100) Agilent
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Biomek® FXP pipetting robot

Beckman Coulter

Biophotometer Eppendorf
Centrifuge 5810R Eppendorf
Criterion cell for SDS-PAGE Bio-Rad
DNA electrophoresis chamber Bio-Rad
Electrophoresis Power Supply EPS 601 Amersham
EM910 Zeiss
Freedom EVO pipetting robot TECAN

Gene Genius UV imager

Bio Imaging Systems/ Syngene

HybriDot Manifold vacuum fitration unit Whatman
Infinite M200 microplate reader TECAN
Infinite M1000 microplate reader TECAN

Innova 4430 incubator shaker

New Brunswick Scientific

K4 stamping robot

KBiosystems

LAS-3000 photo imager Fujifilm
Leica TCS SP2 Leica
Micro 22R centrifuge Hettich
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MX40 Light microscope Olympus

NanoDrop 8000 Thermo Scientific/ peQlab

Nanowizard AFM with Zeiss Axiovert 200 JPK Instruments AG

Optima TLX Ultracentrifuge Beckman Coulter
PTC200 Peltier Thermal Cycler MJ Research
Shaking Incubator Infors Unitron
Thermomixer comfort Eppendorf

Trans-Blot SD Semi-Dry Electrophoretic Bio-Rad
Transfer Cell

TWS8 Water Bath Julabo
XCell SureLock™ Mini Invitrogen
Zetasizer Nano Malvern Instruments

2.1.10 Software

Software Source

AIDA 1.0 AIDA, Deutschland

CDNN 2.1 software http://bioinformatik.biochemtech.uni-

halle.de/cdnn
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Lasergene

DNA star Inc.

Generunner

http://www.generunner.com

JPK Data Processing software

JPK Instruments AG

ProtParam

http://au.expasy.org/tools/protparam.html

Sparky 3.114- NMR Assignment and
Integration Software

T. D. Goddard and D. G. Kneller, SPARKY
3, University of California, San Francisco

TopSpin™ Software for NMR data

analysis

Bruker
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2.2 Methods

2.2.1 Molecular biology

2.2.1.1 Plasmid preparation from E.coli

For plasmid amplification, LB medium containing the appropriate antibiotics was inoculated
with E. coli colonies harbouring the plasmid of interest and grown to saturation over night at
37°C in an incubator-shaker. Cells were harvested by centrifugation and plasmids were
purified using the Qiaprep Spin Miniprep Kit for small quantities or the Qiagen Midi Kit for

larger quantities of DNA according to the manufacturer’s instructions.

2.2.1.2 Determination of DNA concentration

DNA concentration of purified plasmid DNA was measured by UV absorption spectroscopy
at a wavelength of 260 nm. In H20, a solution of 50 pg/ml of double stranded DNA exhibits
an absorbance of 1.0.

2.2.1.3 Restriction digestion of DNA

Restriction digestion was performed as recommended by the manufacturer. Reactions were
incubated at 37°C for 1-2 h. Reactions were stopped by adding 4x DNA loading buffer and
separated by agarose gel electrophoresis for DNA fragment analysis. For further cloning the
enzymes were heat-inactivated for 20 min at 65°C.

2.2.1.4 DNA agarose gel electrophoresis

For separation of DNA fragments, loading buffer was added to the samples and samples
were loaded onto a 0.8-1.2% (w/v) agarose gel, depending on the size of the DNA fragment.
0.5x TBE was used as the running buffer. The gels were supplemented with 0.5 g/ml
ethidium bromide to visualize the DNA under UV light after separation. A DNA mass
standard was used for identification of DNA length.

2.2.1.5 Creating cDNA entries using the BP recombination reaction (BP reaction)

150 ng of polymerase chain reaction product containing the attB cloning sites were mixed
with 75 ng of pPDONR221. The volume was adjusted to 8 pl with TE buffer at pH 8.0 and 2 pl
BP clonase was added. The reaction was incubated at 25°C for 2 h and transformed into 12

pl commercial Machl cells (Invitrogen).

2.2.1.6 Gateway shuttling of cDNA into expression vectors (LR reaction)
cDNA was integrated into expression vectors using the Gateway technology (Invitrogen).

1 pl of the entry clone (25 ng/pl), 1 pl of destination vector (150 ng/ul) and 2 pl of TE-buffer
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at pH 8.0 were incubated with 1 pl of LR clonase at 25°C for 3 h. The DNA was transformed

into 10 ul commercial Mach1l cells (Invitrogen), for selection of positive clones.

2.2.1.7 DNA extraction from agarose gels
After separation by agarose gel electrophoresis, bands of interest were excised with a
scalpel and purified using the QIAquick gel extraction kit according to the manufacturer’s

instructions.

2.2.1.8 Preparation of chemically competent E. coli

50 ml of LB medium were inoculated with a single colony and grown overnight to saturation
at 37°C with shaking at 200 rpm. 10 ml of this overnight culture were used to inoculate 1 | of
LB medium. The culture was grown at 37°C to an optical density of 0.4-0.6 measured at
600 nm. All the following steps were performed on ice and with pre-chilled solutions. Cells
were centrifuged at 2500 rpm for 20 min, washed with 500 ml 0.1 M MgCl. solution, again
centrifuged and washed with 250 ml 0.1 M CacCl, solution. After another centrifugation step
the cells were resuspended in 10 ml 0.07 M CaCl, solution containing 30 % glycerol.
Aligquots were frozen in liquid nitrogen and stored at -80°C.

2.2.1.9 Chemical transformation of E. coli

Frozen chemically competent cells were thawed on ice for 5 min. For transformation, 30 pl of
DH10B or BL21-RP E. coli strains were mixed with 1 pl of plasmid DNA and incubated on
ice for 30 min. The cells were then heat-shocked at 42°C for 45 sec and cooled on ice for
5 min. After addition of 1 ml pre-warmed SOC medium the cells were incubated at 37°C for
1 h with shaking. Subsequently, aliquots of cells were plated on LB agar plates containing
the appropriate antibiotics and incubated overnight at 37°C. In case of BP or LR reactions,
the reaction mix was transformed into 10 pl of Machl cells, subjected to heat-shock as
described before and grown in 100 pl SOC medium. All cells were plated on LB agar plates

containing the appropriate antibiotics.

2.2.2 Protein biochemistry

2.2.2.1 Expression of His-fusion proteins in E.coli in a 96-well format

For the expression of His-tagged fusion proteins in a 96-well format, a single colony of E. coli
containing the expression vector of interest was inoculated in 1.5 ml TB media containing the
appropriate antibiotics, in one well of a micro-titre plate. Thus, the 96 wells of the plate
contained 96 different E. coli colonies, each carrying a vector for the expression of a different
construct or gene. These cultures were grown overnight in an incubator-shaker at 37°C, 200
rpm. The next day, 150 pl of the overnight culture from each well were inoculated into 1.4 ml
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of fresh TB medium (containing the appropriate antibiotics) in a deep-well plate, and
incubated for 1.5 h at 37°C, 200 rpm. Expression was induced by adding 1 mM isopropyl-1-
thio-B-D-galactoside (IPTG) and cells were then incubated overnight at 30°C, 200 rpm. The
next morning, the deep-well plate was centrifuged at 4000 rpm for 10 min at 4°C, and
washed with PBS (on ice) twice. The deep-well plate containing the harvested cell-pellets

was then frozen at -80°C.

2.2.2.2 Purification of His-fusion proteins in a 96-well format

For the purification of His-fusion proteins in a 96-well format, the pellets in the deep-well
plate were resuspended in 100 pl Cell Lysis buffer supplied with benzonase and 1 mg/ml
lysozyme. Lysis was allowed to proceed for 1 h on ice, with vortexing being carried out at 15-
minute intervals. The lysates were then transferred to a 96-well plate containing a
suspension of NiNTA-agarose, which had been pre-washed and pre-equilibrated with water
and washing-buffer, respectively, and allowed to stand for 5 min. The lysates were then
washed thrice before the proteins were eluted using an elution-buffer supplied with 500 mM
imidazole (pH 7.4) into a fresh 96-well plate. After the contents were spun down (2 min, 1000
rpm, 4°C), the protein-containing plate was stored at -20°C.

2.2.2.3 Expression of His-fusion proteins in E. coli in larger volumes (250 ml volume)

For the expression of His-tagged fusion proteins, a single colony of E. coli containing the
expression vector was inoculated in 10 ml TB media containing the appropriate antibiotics.
The culture was grown overnight in an incubator-shaker at 37°C, 200 rpm. The optical
density was measured at 600 nm and 250 ml of fresh TB media with the appropriate
antibiotics were inoculated with overnight culture to a final concentration of 0.1 ODeggo. This
culture was grown until an optical density of 0.4-0.6 measured at 600 nm was reached.
Expression was induced by adding 1 mM IPTG and cells were then incubated overnight at
30°C, 200 rpm. The next morning, cells were centrifuged at 4000 rpm for 10 min at 4°C and

washed with PBS (on ice) twice. The harvested cell pellet was frozen at -80°C.

2.2.2.4 Purification of His-fusion proteins in larger volumes (250ml)

For the purification of His-fusion proteins in larger volumes, the pellets were resuspended in
5 ml Cell Lysis buffer supplied with benzonase and 1 mg/ml lysozyme. Lysis was allowed to
proceed for 1 h on ice, with vortexing being carried out at 15-minute intervals. The lysed cell-
pellets were then centrifuged at 4000 rpm for 1 h at 4°C. The supernatants were then
transferred to 2 ml Eppendorf tubes containing a 300 ul suspension of NiNTA-agarose,
which had been pre-washed and pre-equilibrated with water and washing-buffer,
respectively. The tubes were then placed on a rotating wheel for 1 h at 4°C to allow binding
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of the His-tagged proteins to the NiNTA-agarose suspension. The lysates were then
delivered onto filter-columns (pre-washed and pre-equilibrated with water and washing-
buffer, respectively) and washed four times with washing buffer. The proteins were then
eluted using an elution-buffer supplied with 500 mM imidazole (pH 7.4) into fresh 2 ml

Eppendorf tubes. The proteins were stored at -20°C.

2.2.2.5 Expression of wild-type a-synuclein

For the expression of wild-type, untagged a-synuclein, a single colony of E. coli containing
the expression vector was inoculated in 100 ml LB media containing the appropriate
antibiotics. The culture was grown overnight in an incubator-shaker at 37°C, 200 rpm. The
optical density was measured at 600 nm and 2 | of fresh LB media with the appropriate
antibiotics were inoculated with overnight culture to a final concentration of 0.1 ODego. This
culture was grown until an optical density of 0.4-0.6 measured at 600 nm was reached.
Expression was induced by adding 1 mM IPTG and cells were then incubated overnight at
30°C, 200 rpm. The next morning, cells were centrifuged twice at 4000 rpm for 30 min at
4°C. The harvested cell pellet was frozen at -80°C.

2.2.2.6 Purification of wild-type a-synuclein

For the purification of wild-type a-synuclein, the pellet was resuspended in 20 ml Cell Lysis
buffer and lysed by ultrasound, vortexing and sonification. The lysed cell-pellet was then
boiled at 90°C for 20 min followed by centrifugation at 11,000 rpm for 30 min at 4°C to
precipitate heat-sensitive proteins. The supernatant was then subjected to treatment with 10
mg/ml streptomycin-sulphate and centrifugation at 10,000 rpm for 30 min at 4°C to
precipitate the DNA from the solution. The resulting supernatant was then treated with 361
mg/ml ammonium-sulphate for 15 min at 4°C on a rotating-wheel before centrifugation at
10,000 rpm for 30 min at 4°C to precipitate the a-synuclein from the solution. The pellet was
then stored at 4°C, before being subjected to anion-exchange chromatography, desalting,

flash-freezing and lyophilisation, as described below.

2.2.2.7 Anion-exchange chromatography of a-synuclein

The protein-pellet was re-suspended in 6 ml 25 mM Tris-HCI pH 7.7 and filtered through a
0.2 um-filter. 2.5 ml of the filtered mixture was loaded onto a ResourceQ- 6 ml column fitted
to an Akta purifier system and eluted at a flow-rate of 2 ml/min. The fractionation was carried
out in 1 ml volumes, before the rest of the mixture was loaded onto the column for
purification. 10 pl from each of the collected fractions were then denatured with 5 pl of
loading buffer before being subjected to SDS-PAGE on a 10%-gel followed by Coomassie
staining (as described in sections 2.2.2.12. and 2.2.2.15, below). Finally, the concentration of
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the samples was determined using the Nanodrop (see section 2.2.2.11) and the selected

samples were stored at - 20°C.

2.2.2.8 De-salting of a-synuclein and final steps of purification

The samples selected in section 2.2.2.7 above were then pooled into 2.5 ml volumes and
delivered onto PD-10 desalting columns (pre-equilibrated with Elution buffer). After the
flowthrough had been discarded, the proteins were eluted in 1 ml volumes using the Elution
buffer and the absorption of each eluent at 280 nm was measured. Suitably concentrated
samples were then pooled into 1 ml aliquots, flash-frozen in liquid nitrogen and lyophilized

overnight. The lyophilized samples were then stored at -80°C.

2.2.2.9 Expression of Ezrin

For the expression of Ezrin, a single colony of E. coli containing the expression vector was
inoculated in 10 ml LB media containing the appropriate antibiotics. The culture was grown
overnight in an incubator-shaker at 37°C, 200 rpm. The next day, 15 ml of culture was
inoculated in 1500 ml fresh media with the appropriate antibiotics, allowed to grow at 37°C to
an ODsggo of 0.7 and then induced with 500 uM IPTG overnight at 18°C. The culture was then
spun down at 4000 rpm, 4°C for 10 mins. The supernatant was discarded and the pellet was
frozen at -80°C.

2.2.2.10 Purification of Ezrin

For the purification of Ezrin, the 1500 ml cell-pellet was re-suspended in 10-15 ml of Cell
Lysis buffer, sonicated until the solution turned clear and spun down at 15,000 rpm at 4°C
for 30 mins. The supernatant was then passed through a 0.22 um filter, pre-equilibrated with
the Cell Lysis buffer, before being loaded onto a HisTrap FF Crude Lysate 1 ml affinity
column with precharged Ni Sepharose 6 Fast Flow at 4°C and run at a flow-rate of 1 mg/ml
using step-gradients for 10%, 60%, 70%, 80% and 100% Elution-buffer, each gradient
lasting 5 column-volumes. Samples were eluted into transparent 96-well plates in volumes of
250 ul. Samples were selected for pooling based on an elution-peak at the expected
imidazole concentration and thereafter subjected to size-exclusion chromatography or gel-
filtration into NMR buffer on a Superdex 30/100_GL column at a flow rate of 300 pl/min at
4°C. The eluate was collected in fractions of 1.5 ml and samples eluting at the expected size
for Ezrin were selected for pooling. The protein concentrations of the final pooled samples
were determined by measuring the absorbance at 280 nm, before the samples were

aliquoted into 1.5 ml volumes and stored at -20°C.
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2.2.2.11 Determination of the protein concentration

The protein concentration of His-fusion proteins, a-synuclein and Ezrin was determined
spectrophotometrically based on the absorption at 280 nm, as determined using the
Nanodrop. In order to calculate the concentration from the measured absorbance the
theoretical extinction coefficients were calculated for the respective amino acid sequences
(http://au.expasy.org/tools/protparam.html). The protein concentration of crude cell-lysates
was determined using a BCA protein assay kit. The assay was carried out as per the

manufacturer’s instructions.

2.2.2.12 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins were separated by SDS-PAGE using a discontinuous buffer system under
denaturing and reducing conditions according to Laemmli (Laemmli, 1970). Prior to loading
the samples onto the gel, a 4x loading buffer was added to them and proteins were
denatured at 96°C for 5 min. SDS-PAGE was performed with resolving gels containing 10%
polyacrylamide, and stacking gels containing 5% polyacrylamide. As a protein standard, the
Benchmark™ pre-stained protein ladder from Invitrogen was used. Gels were run in SDS
running-buffer for 15 min at 120 V, followed by 40 min at 180 V.

2.2.2.13 Western blotting

Proteins, separated by SDS-PAGE, were transferred onto a nitrocellulose membrane in a
semi-dry Transblot apparatus at 20V for 1 h. The gel was placed on a nitrocellulose
membrane, sandwiched between two layers of Schleicher and Schuell GB0O05 Whatman
paper. The membrane was placed on the side of the gel facing the anode.

2.2.2.14 Immunodetection of proteins on nitrocellulose or cellulose acetate membranes

Membranes were blocked in 5% milk in TBS-T for 30 min at room temperature or overnight
at 4°C. The first antibody was diluted in 5% milk in TBS-T, if not stated otherwise, and
incubated with the membrane at room temperature for 1 h or overnight at 4°C. After washing
the membrane three times for 5 min each with TBS-T, the secondary antibody, also diluted
in 5% milk in TBS-T, was added and the membrane was incubated for 30 min at room

temperature.

For alkaline phosphatase conjugated secondary antibodies, the membranes were washed
twice with TBS-T, once with TBS and finally once with attophos buffer, for 5 min each. The
membranes were then incubated for 1 min in a 200-fold dilution of AttoPhos reagent in
attophos buffer. Protein bands or dots were visualized by fluorescence under 460 nm UV-

light in a LAS3000 Image reader and quantified using the AIDA software.
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If the secondary antibody was conjugated to peroxidase the membranes were washed twice
with TBS-T and once with TBS, for 5 min each. Chemiluminescence was measured using
the Western Lightning™ kit from PerkinElmer using a LAS3000 Image reader according to

the manufacturer’s protocol.

2.2.2.15 Coomassie staining of SDS gels

Coomassie Brilliant Blue is a dye that forms strong non-covalent complexes with proteins.
The dye is used to stain proteins in SDS-polyacrylamide gels. After SDS-PAGE, the gels
were incubated for 1 h in Coomassie staining solution on a horizontal shaker at room
temperature. To reduce background staining the gels were then washed in de-staining
solution until the bands were clearly visible. For documentation the gel was scanned using a
tabletop scanner.

2.2.2.16 In vitro Thioflavin-T aggregation assay

Thioflavin-T fluorescence was recorded from triplicate experiments of 50 yM a-synuclein
aggregation reactions (in the presence and absence of modifier proteins, at varying
concentrations spanning a range from 10 yM to 0.16 pyM). a-synuclein was incubated along
with the appropriate amounts of modifier protein(s) in a NaP buffer, pH 7.4, with 2 yM
Thioflavin-T and a 2 mm glass-bead for enhanced stirring, in a black-walled, transparent-
bottom 96-well plate, at 37°C, shaking at 200 rpm. Every 2 h for a total time-period of 70 h,
the plate was removed from the incubator to allow for the recording of Thioflavin-T
fluorescence in a fluorescence plate reader (InfinitE M200, Tecan) with 3 s shaking before
each read. The shift in fluorescence was monitored continuously at an excitation wavelength

of 450 nm and an emission wavelength of 485 nm.

2.2.2.17 Filter retardation assay

To detect SDS-insoluble aggregates, 50 pl of 50 uM a-synuclein in vitro aggregation
reactions were mixed with an equal volume of denaturing buffer containing 0.4% SDS and
100 mM DTT and denatured at 96°C for 5 min, followed by filtration through a previously-
equilibrated cellulose acetate membrane with a pore size of 0.2 um. Blots were washed
twice with 100 pl 0.2% SDS solution. Aggregates were detected with a-synuclein (211): sc-
12767, Ezrin (3C12): sc-58758, and/or penta-His HRP Conjugate antibody using the

standard immunodetection protocol.
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2.2.3 Analytical and structural methods

2.2.3.1 Atomic force microscopy (AFM)

20 pl aliquots of 1:5 diluted in vitro aggregation reactions of a-synuclein with and without
Ezrin were spotted immediately on freshly cleaved mica, allowed to adhere for 5 min and
then washed five times with 50 pl distilled water. The samples were dried overnight at room
temperature. The samples were then imaged in air with a digital multimode Nano Wizard® Il

atomic force microscope operating in intermittent contact mode.

2.2.3.2 Nuclear Magnetic Resonance spectroscopy

15N-labelled a-synuclein (as well as spectrometer-time) was a generous gift from Dr. Philipp
Selenko (FMP). Spectrometer-operation, spectra-generation and raw-data conversion were
done in collaboration with Dr. Silvia Verzini (FMP), without whom this work would not be
possible. Both Dr. Philipp Selenko and Dr. Andres Binolfi contributed significantly to data-

interpretation.
(1) Sample preparation and measurement

Test and experimental samples contained 50 uM of *N-labeled recombinant a-synuclein in
the presence and absence of 10 yM Ezrin and 10% (v/v) D20 in 20 mM potassium
phosphate buffer pH 7.5 with 150 mM NacCl, in a total volume of 300 ul each. These samples
were aliquoted into 3 wells of a 96-well plate, in volumes of 100 pl each, to simulate the
exact conditions of the in vitro Thioflavin-T aggregation assays described previously. This
plate was incubated at 37°C, 200 rpm, and samples were removed at regular 4-5 h intervals,
pooled back into 300 ul volumes, loaded in Shigemi NMR tubes (5 mm diameter) and
measured in the NMR spectrophotometer, as described below. After measurement, the
samples were returned to the appropriate wells of the 96-well plate, which was then replaced
in the incubator. The total incubation time of the samples, not including the time spent
outside the incubator (i.e. NMR-measurement and sample-processing time), was 42 h. A
duplicate aggregation assay containing Thioflavin-T was allowed to run as a simultaneous
control, wherein the samples were measured in a Tecan Infinite M200 plate reader at the
exact same time-points as the NMR measurements, to provide corresponding Thioflavin-T-

fluorescence readouts.

(i) Data collection

All NMR measurements were operated at 298K on either a 600 MHz or 750 MHz Bruker
Avance Il HD NMR Spectrometer equipped with a {*H/**C, ®N} cryoprobe. 1D *N/*H

correlation NMR spectra were recorded with 1024 (*H) and acquisition time per experiment
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was approximately 1.5 min. 2D ®*N/*H SOFAST-HMQC correlation spectra of uniformly °N-
labeled recombinant a-synuclein (with and without Ezrin) were recorded with 8 transients
and 2048 (*H) x 256 (**N) complex points (interscan delay=60 ms, 6 min per acquisition
time). Time-resolved NMR data were recorded in an identical setup for the experimental and

the test conditions, across all the different time-points.

(iii) NMR spectra analysis

NMR spectra were processed by zero-filling (ZF) to 2 K and 256 points in the proton and
nitrogen dimension, respectively. 90° (1H) and 90° bell-sine window functions were used for
apodization. All data were processed with TopSpin™ software for NMR data analysis and
the acquisition and processing of NMR spectra, while chemical shift variation analyses were
carried out using the Sparky 3.114 - NMR Assignment and Integration software.

2.2.4 Cell biology

2.2.4.1 Rat primary neuronal cells
Plated primary neuronal cells from rat hippocampus and cortex were obtained as a kind gift
from AG Meier, on the day before the corresponding toxicity assay (i.e. LDH or MTT) was to

be carried out. The cells were maintained in an incubator at conditions of 37°C and 5% CO..

2.2.4.2 LDH Assays for determination of cell survival

Lactate dehydrogenase (LDH), which is a soluble cytosolic enzyme present in most
eukaryatic cells, is released into culture medium upon cell death due to the damage of the
plasma membrane. The increase of the LDH activity in culture supernatant is proportional to
the number of lysed cells. The LDH assay provides a colorimetric method to measure LDH
activity using a reaction cocktail containing lactate and NAD+, among other components.
LDH catalyses the reduction of NAD+ to NADH in the presence of L-lactate, while the
formation of NADH can be measured in a coupled reaction in which the tetrazolium salt INT
is reduced to a red formazan product. The amount of the highly colored and soluble
formazan can be measured at 490 nm spectrophotometrically.

For the LDH assay, fresh LDH Reaction Mix was prepared. After a 2-day incubation of the
cells with the appropriate samples (e.g. a-synuclein alone, or Ezrin + a-synuclein) in a 96-
well format, 10 pl of the supernatant were removed from each well and pipetted into another
transparent 96-well plate. 1 pul of LDH positive control was added to the appropriate wells,
after which 100 pl/well of freshly prepared LDH Reaction Mix (200 pl of WST Substrate Mix

+ 10 ml LDH Assay Buffer) was delivered to the samples. The 96-well plate was then
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incubated for 20 min shielded from light, before the absorption of the formazan solution at

490 nm was measured using the Tecan Infinite M200 plate reader.

2.2.4.3 MTT Assays for determination of cell survival

The MTT assay is another colorimetric assay for detection of cellular growth and survival. It
is based on the reduction of the tetrazole MTT to formazan by cellular redox enzymes in
living cells. Following lysis of the cells, the absorption of the formazan solution at 570 nm
can be analyzed spectrometrically. After a 2-day incubation of the cells with the appropriate
samples (e.g. a-synuclein alone, or Ezrin + a-synuclein) in a 96-well format, 15 pl of MTT
reagent (Methylthiazolyldiphenyl-tetrazolium bromide) was added to each well and the plates
were incubated for 2 hours at 37°C. The cells were then lysed by adding 100 pyl MTT stop
solution per well and incubating for another 2 h at 37°C. The absorption of the formazan
solution at 570 nm was then measured using the Tecan Infinite M200 plate reader.

2.2.5 Yeast Biology

2.2.5.1 Gateway™ cloning reaction

Gateway™ LR cloning reactions were performed to rapidly transfer open reading frames
(ORFs) from entry clones into expression vectors. Each reaction was composed of 1 ul
destination vector (75 ng/ul), 1 ul entry vector (25 ng/ul), 0.5 yl Gateway™ LR Clonase I
Enzyme mix (Invitrogen) and 2.5 ul with TE buffer (pH 8.0). To allow site-specific
recombination, the reaction was incubated at 25°C for 2 h. Reactions were directly used for

chemical E.coli transformation or stored at -20°C.

2.2.5.2 Chemical E. coli transformation

This protocol was used for a 96-well format chemical transformation of E. coli cells with LR
reaction products or other plasmid DNA. Competent bacterial cells were thawed on ice for
15 min. 8 ul cells were distributed into each well of 96-well PCR plates, each well containing
5 ul LR reaction solution. PCR plates were sealed, vortexed at low speed and incubated on
ice for 15 min. The plates were incubated at 42°C for 45 sec and kept on ice for an
additional 5 min. 100 yl SOC-medium (37°C) were added to each well and the plate was
incubated at 37°C for 1 h. 25 ul from each well were streaked out as a line on selective LB
plates including the appropriate antibiotic. Plates were incubated for 16 h at 37°C.
Subsequently, single colonies were transferred into 96-well deep well plates, each well
containing 1.2 ml liquid LB medium including the appropriate antibiotic. The deep well plates

were incubated with shaking for 16 h at 37°C.
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2.2.5.3 Chemical S.cerevisiae transformation

This protocol was used for 96-well format chemical transformation of S. cerevisiae cells with
expression plasmids generated by Gateway™ LR cloning or other plasmid DNA. The W303-
1A yeast strain was used, with the following constructs integrated into the yeast genome:
wild-type-a-synuclein-GFP, A53T-a-synuclein-GFP, and the blank vector-GFP. As A53T a-
synuclein is known to be more toxic when expressed than wild-type a-synuclein, all the yeast
studies in this project were carried out using the A53T-a-synuclein-GFP-containing yeast

strain (with the blank-vector-GFP-containing strain being the control).

A 3 ml overnight culture of the yeast was incubated with shaking at 30°C for 16 h. From this
culture, 30 ml NBG —ut/ahl were inoculated at 0.1 ODeoo and grown with shaking to an ODego
of 0.5 at 30°C (~4 h). Cells were centrifuged for 5 min at 1300 g, washed with 10 ml TE
buffer and incubated with 1100 pl Transformation Mix 1. Herring Sperm Carrier DNA
(Clontech) was boiled for 10 min, cooled on ice for 2 min and 1.5 pl were distributed to each
well of a 96-well PCR plate. 5 pl mini-prep plasmid DNA, 12 ul yeast in Transformation Mix 1
and 60 pl Transformation Mix 2 were distributed to each well. The PCR plates were sealed
and incubated at 30 °C for 30 min. 8 ul DMSO were added to each well and the cells were
heat-shocked at 42 °C for 7 min. Subsequently, yeast cells were stamped onto NBG —ut/ahl
media. After incubation at 30°C for 72 h, several clones were transferred into liquid NBG

-ut/ahl media.

2.2.5.4 Modifiers of a-synuclein induced toxicity

ORFs encoding Ezrin were Gateway™ cloned into the yeast expression vector pAG425-
FLAG. The generated plasmid, along with known suppressors and known enhancers of
toxicity and the empty pAG425-FLAG vector were transformed into the yeast, as described
above. Several yeast clones per construct were used to inoculate liquid NBG -ut/ahl
(-ura-trp/+ade+his+leu) cultures (carbon source: glucose) that were grown with shaking for

48 h at 30°C. Glycerol stocks were then prepared and stored at -80°C.

2.2.5.5 Yeast growth tests on solid agar and in liquid culture
The cultures described above were then used to inoculate liquid NBG —ut/ahl media (carbon
source: raffinose). These cultures were then allowed to grow at 30 °C, 200 rpm, to an ODsoo

of 1, before being used in:

(i) Growth tests on solid agar:

1:5 serial dilutions of the yeast cultures were prepared in 96-well MTPs and stamped onto

NBG -ut/ahl agar plates containing the carbon sources glucose or galactose. Plating on
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galactose activates the GAL-promoter that precedes the a-synuclein-GFP and the blank-
vector-GFP constructs integrated into the yeast genome, as well as the N-terminally FLAG-
tagged gene-containing plasmids transformed into the yeast, resulting in expression of a-
synuclein-GFP and/or N-terminally FLAG-tagged fusion proteins. Upon suitable over-
expression of a-synuclein-GFP, large aggregates of a-synuclein-GFP are formed, which are
toxic to the growth of the yeast cells carrying them, particularly yeast strains expressing
A53T-a-synuclein-GFP (Outeiro and Lindquist, 2003). Plating on glucose, however, does not
activate the GAL-promoter or a-synuclein-GFP expression, resulting in neither aggregate
formation nor ensuing cellular toxicity. The plates were incubated at 30 °C for 120 h and
digital images of yeast colonies were taken. The experiment was performed in triplicate.

(i) Growth tests in liquid culture:

100 ml each of glucose-containing and galactose-containing NBG -ut/ahl media were
inoculated with the yeast cultures at a starting ODsgo 0f 0.01 and incubated at 30 °C for 72 h,
before the final ODsoo Was measured. The experiment was performed in triplicate.

2.2.5.6 Yeast microscopy and quantification of aggregates

25 pl samples were extracted from the liquid cultures described above and dropped onto a
glass slide for examination under an Olympus MX40 light microscope with the following
objectives: 20X, 40X and 80X, using a GFP filter. For a-synuclein-GFP aggregate
guantification purposes, a minimum of 100 cells per test condition was evaluated.

2.2.5.7 Yeast lysis

25 ml of each yeast strain of interest were grown at 30°C to an ODeyo Of 1, before being
centrifuged for 5 min at 3000 g and washed with PBS. Upon addition of 200 ul lysis buffer
and glass beads, the samples were vortexed for 2 min, before being subjected to 30
seconds in liquid nitrogen, followed by a heat-shock at 50°C (treatment repeated thrice). The
samples were then spun down at 3000 rpm for 5 min, and the supernatant was transferred to
a new tube for treatment with 5 ul benzonase solution and incubation for 30 min at 37°C. For
SDS-PAGE, 55 pl 10% SDS were added, along with 4X loading-buffer and the samples
were then incubated for 10 min at 99°C with shaking. SDS-PAGE and immunoblotting were

carried out as previously described.
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3. RESULTS

3.1 Screening of 13,824 proteins reveals potent modifiers of a-

synuclein fibrillization

In order to indentify novel modulators of a-synuclein fibrillization, we screened a library of
13,824 proteins using a fluorescence-based fibrillization assay. The production of both a-
synuclein and library proteins along with the establishment of a fibrillization assay with a
protein-pooling approach have been detailed below. The screening process and downstream
deconvolution strategy have been represented diagrammatically, followed by the outcome of
the screen. Information on the novel modulators discovered and their behavior in dose-
dependence assays has also been provided, leading to the ultimate identification of Ezrin as

the protein modifier of choice for further study.

3.1.1 Expression and purification of a-synuclein
a-synuclein was expressed from the pRK172 vector present in the BL21(DE)3 strain of E.
coli using the protocol first described by the Lansbury group (Weinreb et al., 1996). As
described in Section 2.2.2.5, protein expression was induced by addition of IPTG to the
growth medium overnight at 30°C. The following day, cells were harvested, lysed and
subjected to purification, first by eluting the protein from a Resource Q-6ml anion-exchange
column and then by size-exclusion chromatography. These samples were analyzed by SDS-
PAGE and Coomassie staining (Fig 3.1.1), before pooling of the fractions 18-23, overnight
lyophilisation and storage at -80°C. Using this approach, a-synuclein with a purity of over
90% was produced (gauged by determining the ratio of a-synuclein-bands to the total
amount of protein detected on the Coomassie gel using the AIDA quantification software).
As the purification process for a-synuclein involves multiple stringent steps as well as the
use of various buffers and only the highest purity a-synuclein was desired for use in
experiments, the protein loss during the purification process was not altogether insignificant.
Roughly, 20 | of protein-expressing bacterial culture yielded 200 mg of purified, buffer-

exchanged and lyophilized a-synuclein.
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Figure 3.1.1 Confirmation of the purity of gel-filtered a-synuclein by SDS-PAGE (on a 10% gel) and

Coomassie staining.

3.1.2 Establishment of a cell-free a-synuclein fibrillization assay
In order to establish a cell-free assay with optimal conditions for the detection of modulator
proteins that inhibit a-synuclein fibrillization, a large number of assay conditions were
investigated. These included different multi-well plate formats (384-well vs. 96-well), PBS
and sodium phosphate (NaP) buffers, varying pH values of 6, 6.5, 7 and 7.5, wild-type, A53T
and E46K a-synucleins, room temperature (25 °C) and physiological body temperature (37
°C) conditions, and three different sub-stoichiometric concentrations of control modifier
proteins relative to a-synuclein concentration (i.e. 5uM, 10uM and 15uM). Fig. 3.1.2 depicts
two different assay parameters that were optimized, namely, varying temperatures and
various forms of a-synuclein. Only after optimization of the various conditions was the final

assay established and employed in systematic modulator screening, as described below.
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Fig. 3.1.2 Optimization of parameters for the establishment of a cell-free fibrillization assay. (A)
Thioflavin-T fluorescence traces of a-synuclein (Syn) incubated at physiological temperature (37°C) and
room temperature (25°C). (B) Thioflavin-T fluorescence traces of wild-type a-synuclein (WT Syn), A53T
mutant a-synuclein (A53T Syn) and E46K mutant a-synuclein (E46K Syn) incubated at 37°C.
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50 uM of wild-type a-synuclein were incubated in NaP buffer (pH 7.5) in 96-well plates with 5
UM modifier protein at 37 °C, shaking at 200 rpm, in the presence of a glass bead and the
fluorescent dye, Thioflavin-T. Fluorescence-measurements were taken every 2 hours for a
minimum period of 24 hours up to a maximum period of 70 hours. The glass bead was
included to increase the shearing forces within the solution as well as to act as a nucleating
point within the well, thereby speeding up the fibrillization process, such that the assay
usually reached completion within 70 h after the start of incubation. The fibrillization assay is
based upon the property of the dye Thioflavin-T to emit fluorescence when bound to R3-
pleated sheet structures, such as a-synuclein fibrils (LeVine, 1999). In the presence of an
inhibitor, a reduction in fluorescence should be observed, either as a decreased amplitude of
fluorescence or as a delayed lag phase or both, thereby enabling a quick-and-easy first-level

identification of novel modifiers of a-synuclein aggregation.

3.1.3 Validation of the assay using test set proteins
In order to establish an effective high-throughput screen for modifiers of a-synuclein
fibrillization, a pilot screen was first carried out using a test set of 32 proteins expressed in
triplicate in a 96-well plate format. Of these proteins, some were known inhibitors of a-
synuclein aggregation, such as heat-shock proteins 70 and 90, and others, such as
superoxide dismutase 1, were known to have no effect on a-synuclein fibril formation
(Andrekopoulos et al., 2004; Fan et al., 2006; Hinault et al., 2010; Hyun et al., 2003; Luk et
al., 2008). Thus, by adding known inhibitor proteins to the cell-free assay described above
and evaluating their effect on a-synuclein fibrillization, the suitability of this assay as a

means of identifying novel inhibitor proteins could be gauged.

3.1.3.1 Expression and purification of the protein test set

The proteins used in this study were tagged at their N-terminal end with a six-residue His
sequence. For the production of proteins, E. coli cells carrying the cDNA of interest in the
pDESTco expression plasmid were induced by addition of IPTG to the growth medium. The
following day, cells were harvested, lysed and subjected to purification via the 6xHis-tags by
using Ni-NTA beads (as described in Section 2.2.2.2). The resulting samples were analyzed
by SDS-PAGE and Coomassie staining, before storage at -20°C (a representative sample of
His-tagged and purified proteins is shown in Fig. 3.1.3.1). Due to the heterogeneity of
expression of single clones in small volumes such as 1.3 ml (which is the case in 96-well
plates) each clone was expressed and purified in triplicate, prior to analysis by SDS-PAGE.
As can be seen in Fig. 3.1.3.1, a single clone, e.g. APP-B (amyloid precursor protein-binding

protein 1), shows highly varying expression levels in 3 individual wells. Thus, such a
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‘triplicate’ approach ensured the selection and downstream usage of only the most suitable

clone.

APP-B HSP-40 Dnad HSP-70

Fig. 3.1.3.1. Confirmation of the purity of a representative sample of test set proteins by SDS-PAGE (on a
10% gel) followed by Coomassie staining. The individual proteins were run on gels in triplicate to
overcome any expressional heterogeneity (as described above). APP-B: amyloid precursor protein-
binding protein 1; HSP-40: heat shock protein 40; DnalJ: a heat-shock protein family member; HSP-70:
heat shock protein 70.

3.1.3.2 Validating the cell-free fibrillization assay using test proteins

In order to validate whether the cell-free assay provides a suitable setting for the detection of
inhibitors of a-synuclein fibrillization, known inhibitors of a-synuclein fibrillization, e.g. HSP-
70 and other proteins described above, were tested in the assay. Fig. 3.1.3.2 depicts the
data from a validation assay where 50 yM a-synuclein were incubated either alone or
together with HSP-40, HSP-70, or SOD1. As expected, a-synuclein fibrillization (as detected
by an increase in Thioflavin-T fluorescence) was significantly reduced in the presence of the
known inhibitors, HSP-40 and HSP-70, while the presence of SOD1 in the incubation
mixture had no effect on the fibrillization of a-synuclein. Thus, the assay proved to be
optimal for the detection of novel protein modulators, as established fibrillization-inhibitors

clearly showed an effect within this experimental set-up.
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Figure 3.1.3.2 Validation of a cell-free assay to detect inhibitors of a-synuclein fibrillization. Thioflavin-T
assay of a-synuclein incubated either alone (Syn only) or in the presence of superoxide dismutase 1
(SOD1), heat-shock proteins 40 and 70 (HSP-40 & HSP-70). The positive controls, HSP-40 and HSP-70,

62



RESULTS

reduce the thioflavin-T signal indicative of inhibition of fibril formation, while the negative control, SOD1,
has little effect on the aggregation of a-synuclein. [Concentration of each of the control proteins relative to
a-synuclein was 10:1].

3.1.3.3 Rationale for the selection of test proteins

The heat-shock proteins as well as superoxide dismutase 1 were selected as controls for
assay development as previous studies within the scientific literature indicated that these
proteins may influence protein misfolding and/or aggregation. Studies have shown that in
neurons, the HSP70s and their HSP40-like J-domain co-chaperones are the only known
components of the chaperone network that can use ATP to convert cytotoxic protein
aggregates into harmless natively refolded polypeptides. J-domain co-chaperones may
preferably bind to exposed bulky misfolded structures in misfolded proteins and, thus,
complement HSP70s that bind to extended segments (Hinault et al., 2010). Additionally,
interactions between HSP70 and the hydrophobic core of a-synuclein inhibit fibril assembly
(Luk et al., 2008).

Conversely, one of the proposed mechanisms for aggregation of a-synuclein involves
oxidative and nitrative modifications. Bicarbonate-dependent peroxidase activity of Cu,Zn-
superoxide dismutase (SOD1) has been shown to induce covalent aggregation of a-
synuclein via a COs*--dependent mechanism (Andrekopoulos et al., 2004). Similarly, the
frequency of cells showing immunoreactivity against ubiquitinated- or nitrated- proteins is
enhanced when wild-type and mutant SOD1 are overexpressed, as a result of which
ubiquitinated or nitrated SOD-1 and a-synuclein are observed in aggregates (Hyun et al.,
2003). Such a-synuclein and SOD1 aggregates are also observed in cells overexpressing
mutant Parkin (Del3-5, T240R and Q311'X) (Hyun et al., 2003). For this reason, HSP40,
HSP70 and the SOD1 protein were chosen as appropriate controls for establishment and

validation of the cell-free assay to detect inhibitors of a-synuclein fibrillization.

3.1.4 Optimization of the fibrillization assay for high-throughput screening
The next step towards the identification of novel inhibitors of a-synuclein fibrillization was to
optimize the assay for use in a large-scale screening format. Since the library to be screened
consisted of 13,824 proteins, a high-throughput format was sought so that in just a few
rounds of screening, large numbers of proteins could be sorted through. The following sub-

sections describe how this requirement was met.

3.1.4.1 Adopting a pooling strategy for high-throughput compatibility
In order to accomplish the goal of resource-efficient high-throughput screening, a pooling

strategy was devised. A library consisting of 36 X ‘384-well’ microtiter plates was used, with
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each well containing an E. coli clone carrying the cDNA of interest in the pDESTco
expression plasmid. In brief, 8 E. coli clones were picked and pooled at random into one well
of a 96-well plate in order to reduce the total number of plates (and thereby, samples) in the
initial screen from 144 X 96-well plates to 18 X 96-well plates. Expression of the eight library
proteins per pool was then induced in the usual way, by addition of IPTG to the growth
medium followed by downstream protein purification methods involving Ni-NTA beads (as
described in Section 2.2.2.2). Each pool was then treated as one test sample and examined
in the cell-free fibrillization assay as such. Hence, one 96-well plate contained 96 test
samples from which 96 distinct Thioflavin-T fluorescence traces were generated. Thus, test
samples, i.e. entire pools which showed no decrease in fluorescence, could be discarded in
the first screening round, minimizing the amount of work that would otherwise be required to
screen 13,824 proteins individually. It should be noted here that the screening assay is blind
to false-negatives such as poorly expressed proteins, proteins without functional fold, cross-
inhibition of protein activity by other proteins in the pool, etc. However, although potential
false-negatives may be overlooked via such a process, this ‘pooling-based approach’ allows
for the processing of the whole protein library in just a few screening rounds and significantly
speeds up identification of those proteins that appear to function as inhibitors of a-synuclein
fibrillization.
3.1.4.2 Equivalence of ‘pooled test proteins’ and ‘individual test proteins’ when used as
inhibitors in the fibrillization assay
Before directly employing the pooling strategy for a high-throughput screen, it was necessary
to confirm that the results yielded by a pool of test proteins containing at least one ‘hit’
among them were truly equivalent to the results obtained when the individual ‘hit’" protein
was tested in the assay alone. Fig. 3.1.4.2 below highlights the equivalence of pooled hit
proteins and individually examined hit proteins for the purposes of this study.

A Syn + HSP-90-containing pool B Syn + HSP-90 alone
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Fig. 3.1.4.2 Equivalence of protein-pools and proteins incubated alone. (A) Thioflavin-T fluorescence
traces of a-synuclein incubated alone (Syn only) or with a pool of proteins, one of which is known to be
HSP-90 (Syn + Protein-pool). (B) Thioflavin-T fluorescence traces of a-synuclein incubated alone (Syn

only) or with a single member of the protein-pool, HSP-90 (Syn + Protein alone). N.B. The difference in

64



RESULTS

the scales of the Y-axes arises from the difference in the settings of the two TECAN fluorescence-readers

that were used in the experiments.

3.1.5 High-throughput screening of 13,824 proteins using the fibrillization assay
As previously mentioned, in the very first screen (Round 1) the total number of plates was
reduced from 144 to 18, thus, 1,728 protein pools were systematically screened. After the
elimination of pools of proteins which showed no change in Thioflavin-T-fluorescence in
Round 1, roughly 313 pools or approximately 2,504 proteins were selected as potential
modulator candidates. A potential candidate pool was defined as any pool that exhibited (i)
an increase in Tso of 2 25% (where Tso is the time, T, taken to achieve 50% of the maximum
fluorescent signal), (ii) a decrease in the maximum fluorescent signal of = 25%, or (iii) both.
In a subsequent round of screening (Round 2), these candidate pools were subjected to a
confirmatory re-screen using a more stringent selection based only on Tso. In other words,
only pools which showed an increase in Tso of 2 50%, i.e. pools which took twice as long to
achieve half-maximum fluorescence as compared to the control a-synuclein pool were
chosen. This resulted in the identification of 33 pools or 264 potential modulator candidates.

Round 3 of the screening consisted of the de-convolution of candidate pools, i.e. each of the
264 proteins was individually tested in a fibrillization assay. As before, only proteins which
showed an increase in Tso of 2 50% as compared to a-synuclein alone were chosen. By
using this step-by-step approach, 25 proteins were revealed to be inhibitors of a-synuclein
fibrillization, of which 20 were novel and 5 were previously known from the existing scientific
literature. These 5 proteins encompassed mainly HSP-protein family members and
associated proteins, namely, heat shock 90 kDa protein 1 alpha, heat shock 70 kDa protein
8 isoform 1, HSPCO009 protein, HSPC038 protein and ubiquitin-like protein 1 (sentrin),
thereby providing positive confirmation of the accuracy and functionality of the screen.
However, not being novel, they were eliminated from the pool of proteins chosen for further
analyses and in Round 4 (the final round of screening) the 20 novel modulators were
systematically investigated in an initial dosage study. The term initial dosage study refers to
preliminary concentration-response studies carried out with only three concentrations of the
modifier with respect to 50 uM a-synuclein, i.e. a-synuclein:Ezrin 2:1, 4:1, 8:1. Modifiers that
succeeded in demonstrating a strong inhibition of a-synuclein fibrillization within this initial
dosage study (13 in total) were then carried forward for examination in detailed
concentration-response assays. Fig. 3.1.5 summarizes the various rounds of the high-

throughput screen and their outcomes in a schematic form.
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assynuclein 8 proteins/well

96-well plate

18 plates > 13824 individual proteins

Round 1: 313 pools/2504 potential proteins yielded
Round 2: 33 final pools/264 proteins to be evaluated
Round 3: 20 novel + 5known inhibitors yielded
Round 4: 13 novel modulators finalized

Concentration-response assays

Figure 3.1.5. A diagrammatic representation of the screening process. a-synuclein was incubated in the
cell-free assay with 8 randomly-pooled candidate proteins in a 96-well plate format. Screening consisted of
multiple rounds, with the identification of primary pools in Round 1, confirmation of target pools in Round
2, deconvolution of pools in Round 3 and initial dosage assays of the top 20 novel hits in Round 4, before
proceeding to the evaluation of the top 13 candidates in systematic concentration-response assays.

3.1.6 Thirteen novel proteins revealed as potent inhibitors of a-synuclein
fibrillization

The 13 “hits” yielded by the high-throughput screen above, in alphabetical order of gene
names, are: EZR (Ezrin), HMG20A (High-mobility group protein 20A), HMGN2 (High-mobility
group nucleosomal binding domain 2), HNRPDL (Heterogeneous nuclear ribonucleoprotein
D-like), IGSF4 (Immunoglobulin superfamily member 4), NBL1 (Neuroblastoma, suppress-
ion of tumourigenicity 1), NONO (Non-POU domain containing, octamer-binding), OTUD5
(OTU [Ovarian Tumour] domain-containing protein 5; deubiquitinating enzyme A), PABPC1
(Poly(A) binding protein, cytoplasmic 1), PFDN5 (Prefoldin 5, subunit alpha), PNMAl
(Paraneoplastic antigen, Mal), RPL7 (Ribosomal protein L7) and RPS4X (Ribosomal protein
S4, X-linked).

These proteins were next examined in concentration-response assays, using a range of

concentrations relative to a-synuclein. To maintain uniformity throughout the screen and to

ensure 100% reproducibility, the same maodifier protein stocks used in the previous rounds of

the screen were used for the concentration-response assays. Wherever enough protein was
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available from the original modifier stock, higher concentrations of the modifier, such as
modifier:a-synuclein 1:5, were also incorporated. Where such amounts were unavailable,
concentrations towards the lower end of the range were included, e.g. modifier:a-synuclein
1:320. Thus, the range of concentrations was kept uniform for all modifiers (6 different
dosages) and was always maintained at sub-stoichiometric levels. Alongside the
concentration-response graph for each modifier (Fig 3.1.6.) is a representation of the Tso
values for different concentrations of that modifier when incubated with a-synuclein.

It is important to note that some of the modifiers identified from the screen were present as
protein fragments in the library, particularly ribosomal protein S4 X-linked (RPS4X) and
Ezrin. However, for the validation experiments and all the downstream studies, the full-length
forms of these proteins were used, as these were present in other protein libraries available
in the laboratory. Hence, the data shown in Fig. 3.1.6 represent the wild-type forms of

ribosomal protein S4 X-linked and Ezrin.
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Figure 3.1.6 (Left) Concentration-response assays of various modifier proteins incubated with a-
synuclein (SNCA) at sub-stoichiometric concentrations. Thioflavin-T fluorescence of SNCA in the
presence or absence of EZR, HMG20A, HMGN2, HNRPDL, IGSF4, NBL1, NONO, OTUD5, PABPC1, PFDNS5,
PNMA1, RPL7 and RPS4X, respectively, is depicted. The concentrations of each protein relative to a-
synuclein are represented for each graph. In all cases, ‘sigmoidal dose-response — variable slope’ curves
provide the best fit to the data-points. (Right) Alongside each fluorescence assay is a depiction of the
different Tso values corresponding to the different concentrations of the modifier with which a-synuclein
is incubated (Tso: the time, T, taken to achieve 50% of the maximum fluorescent signal). In all cases,
curves plotted for inhibitor-concentration vs. response, using a variable slope function, provide the best
fit (R?) for the data, except in the case of RPL7. Here, the variable slope function provides no R?value,
hence, the curve is plotted without the variable slope function (R? for RPL7 is represented by *). Error

bars represent s.e.m. n=3

While most of the proteins demonstrated a concentration-dependent decrease in the rate of
a-synuclein fibrillization, none was as potent as Ezrin. Ezrin (at concentrations as low as

Ezrin:a-synuclein 1:5) was the only protein that completely inhibited a-synuclein fibrillization,
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as evidenced by the Thioflavin-T fluorescence-levels, which remained practically unaltered

throughout the experiment. A detailed description of each of the modifiers, with respect to its

location, site/s of expression, function and/or misfunction, involvement in disease and role in

the nervous system (where relevant) is provided in Table 3.1.6.

Table 3.1.6 A detailed description of the top 13 protein modifiers revealed by systematic

aggregation screens

Gene Protein Protein Location/ Expression Protein Function/ Misfunction
Name/ID Name
1 EZR/ Ezrin Initially identified in the microvilli [ An  actin-regulatory  protein  that
of the gut & respiratory tract | regulates epithelial cell morphology,
7430 TS . - L
lining; it is also expressed in the | motility, death, migration & surface
brain: in rat dorsal root ganglia, | structure adhesion. A cytoplasmic
hippocampus & micro-vascular | peripheral membrane protein, it
endothelial cells & in glial tube | functions as a protein-tyrosine kinase
cells of the rostral migratory | substrate in microvilli (Bretscher et al.,
stream and sub-ventricular | 2002; Crepaldi et al., 1997; Frame et
organ in adult mice (Cleary et | al., 2010; Gould et al., 1989; Gould et
al., 2006; Mooseker, 1983; | al., 1986).
Persson et al., 2010; Trofatter
etal., 1993).
2 HMG20A/ | High- Extensively poly-adenylated, it [ The HMG box encodes a conserved
10363 mobility is expressed almost | DNA-binding domain involved in the
group ubiquitously- in spleen, testis, | regulation of transcription and
protein 20A | heart, leukocytes and brain | chromatin conformation (Artegiani et
(Sumoy et al., 2000). al., 2010; Sumoy et al., 2000; Wynder
et al., 2005).
3 HMGNZ2/ | High Cells of the thyroid gland, | Like other HMGN proteins which bind
3151 mobility epididymis, alveoli, gall bladder | to chromatin in a cell-cycle-dependent
group and glial cells in the CNS show | manner, HMGN2 interacts with
nucleo- strong nuclear HMGN2 | nucleosomes. It acts in opposition to
somal expression, while neurons show | ATP-dependent chromatin remodeling
binding none (Lucey et al., 2008; West | factors to restrict nucleosome
domain 2 et al., 2001). Moderate levels of | mobility. It also modulates global
nuclear expression are seen in | genome  repair and mediates

most normal tissues.

lipopolysaccharide-induced

expression of B-defensins in A549
cells. HMGNZ2 inducibly binds a novel
transactivation domain in nuclear
PRLr to coordinate Stat5a-mediated
transcription (Cherukuri et al., 2008;
Deng et al., 2011; Fiorillo et al., 2011;
Gerlitz, 2010; Rattner et al.,, 2009;
Subramanian et al., 2009).
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HNRPDL/ | Hetero- The protein is ubiquitously | Belonging to the subfamily of
9987 geneous expressed and found in the | ubiquitously expressed hnRNPs:
nuclear nucleus, although it may also | RNA-binding proteins that complex
ribo- shuttle between the nucleus | with hnRNA, hnRNPD is associated
nucleo- and cytoplasm. It is particularly | with pre-mRNAs in the nucleus &
protein D- overexpressed in cells of the | influences pre-mRNA processing,
like hematopoietic and lymphatic [ mMRNA metabolism and transport
system (Kamei et al., 1999; | (Omnus et al., 2011; Reboll et al.,
Kawamura et al, 2002; | 2007).
Tsuchiya et al., 1998).
IGSF4/ Immuno- Neuropil in the CNS and | Also known as nectin-like protein 2, it
(also globulin peripheral nerves show distinct | mediates nerve-mast cell and smooth
referred superfamily | IGSF4 staining, along with | muscle-mast cell interaction. It is
to as member 4 granular layer cells of the | involved in both oncogenesis and
CADM1) or cerebellum. Islets of | spermatogenesis. It is a tumour-
23705 Langerhans (pancreas) and | suppressor of non-small-cell lung
Cell adrenal glands, amongst a | cancer (hence, termed TSLC1) and
adhesion variety of other glandular cells, | also drives synaptic formation of
molecule 1 also show the membranous | neural cells (hence, termed SynCAM)
staining typical of CADM1 (Ito | (Murakami, 2008; Watabe et al.,
et al,, 2008; Maekawa et al., | 2003).
2011).
NBL1/ Neuro- NBL1 shows ubiquitous nuclear | This is the founding member of the
4681 blastoma, and cytoplasmic expression, | evolutionarily conserved CAN
suppress- particularly in neuronal cells of | (Cerberus and DAN) family of
ion of the cerebral cortex, | proteins, which contain a domain
tumouri- hippocampus and lateral | resembling the CTCK (C-terminal
genicity 1 ventricle, all cell types within | cystine knot-like) motif found in a
the cerebellum, lymph nodes | number of signaling molecules. These
and bone marrow, most cell | proteins are secreted and act as BMP
types within the gastrointestinal | (bone morphogenetic protein)
tract, endocrine glands, skin, | antagonists by binding to BMPs and
skeletal and smooth muscle, | preventing them from interacting with
gall bladder, wurinary tract, | their receptors. They may thus play
respiratory system, male and | an important role during growth and
female reproductive system and | development (Enomoto et al., 1994;
placenta (Enomoto et al., 1994; | Hung et al., 2012; Olakowski et al.,
Gerlach-Bank et al., 2002; | 2009; Sakiyama and Ozaki, 1997,
Hayashi et al., 2013; Kim and | Shinbo et al., 2002).
Pleasure, 2003).
NONO/ Non-POU Localized in the nucleus, it is | DNA- and RNA- binding protein,
4841 domain. expressed in the heart, brain, | involved in several nuclear processes;
containing, placenta, lung, etc. and in | multi-functional regulator of
octamer- breast tumor cell lines (Pavao | transcription/RNA metabolism. The
binding et al., 2001; Schiffner et al., | NONO protein blocks oxidative stress

2011).

and ‘mutant-a-synuclein’-induced cell
death (Xu et al., 2005). It may
regulate the expression of a
neuroprotective genetic program in
DA neurons with other coactivators
(Dong et al., 2009; Yang et al., 1993).
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8 OTUDS5/ OoTuU Most normal tissues display | OTUDS5 is a cysteine protease; it has
55593 (Ovarian cytoplasmic positivity. It is | deubiquitinating  activity  directed
Tumour) highly expressed in white blood | towards 'Lys-63'-linked poly-ubiquitin
domain- cells and the amygdala | chains. a-synuclein stimulates the
containing (Bruzzone et al., 2008; | assembly of Ub-Lys-63 chains:
protein 5; Gousseva and Baker, 2003; | although this is not directly involved in
deubiquitin Lee et al, 2006; Xu et al., | proteasomal degradation, it can
- ating 2011). interfere  with  Ub-Lys-48  chain
enzyme A interaction with the proteasome.
Excessive stimulation of Ub-Lys-63
chain assembly by A30P, E46K &
A53T could indirectly interfere with
proteasome function, resulting in
stabilization and aggregation of
proteolytic  substrates (Gonzalez-
Navajas et al., 2010; Huang et al.,
2012; Kayagaki et al., 2007; Todi et
al., 2009; Zhang et al., 2011).
9 PABPC1/ | Poly(A) PABPC1 is localized in | It shuttles between the granules and
26986 binding cytoplasmic mRNP granules | the nucleus. It binds the poly(A) tail of
protein, and shows high staining in | mMRNA, which promotes ribosome
cyto- neuronal cells of the cerebral | recruitment and translation initiation. It
plasmic 1 cortex, tonsils, islets of | is also required for poly(A) shortening-
Langerhans, appendix & naso- | the first step in mMRNA decay (Behm-
pharynx, among other tissues [ Ansmant et al., 2007; Hosoda et al.,
(Damrath et al., 2012; Hofmann | 2006; Zekri et al., 2009).
et al, 2006; Kimura et al.,
20009).
10 | PFDN5/ Prefoldin 5, | While it s strongly-to- | One of 6 subunits of prefoldin, a
5204 subunit moderately expressed in the | molecular chaperone complex,
alpha cytoplasm of all normal tissues, | prefoldin binds to non-native/unfolded
it is particularly strongly [ but not native/aggregated states of
expressed in the | the target protein. In vivo it directs
gastrointestinal tract and | newly synthesized/ degraded proteins
pancreatic ducts as well as in | to cytosolic chaperonin, preventing
neuronal cells of the lateral | them from aggregation, degradation,
ventricle (Myung et al., 2004). etc. (Danno et al., 2008; Lee et al.,
2011; Simons et al., 2004).
11 | PNMAY/ Paraneo- Mal mRNA is expressed in the | Unknown function (although it is
9240 pla_stic brain and testis (Dalmau et al., | homologous to Ma2- a human
antigen, 1999; Schuller et al., 2005; | neuronal protein) with a suggested
Mal Voltz et al., 1999). role in phospho-dependent RNA
processing. Some patients  with
paraneoplastic neurological disorders
develop Mal antibodies (Chen and
D'Mello, 2010; Hoffmann et al., 2008;
Pellkofer et al., 2004; Rosenfeld et al.,
2001; Schuller et al., 2005).
12 | RPL7/ Ribosomal It is located in the cytoplasm [ A component of the 60S subunit, it
protein L7 and particularly strongly | plays a regulatory role in the
6129 . . X
- expressed in cells of the | translation apparatus. It is an
(eliminated
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from further

hematopoietic and lymphatic

autoantigen in patients with systemic

evaluations, | system, fetal brain and spinal | autoimmune diseases, e.g. systemic
as no R? cord, among other tissues | lupus erythematosis (SLE). It displays
value could (Biggiogera et al., 1993; Kim et | an ER-binding property and is
be al., 2009; von Mikecz et al., | involved in ribosome-ER association.
generated 1994). RPL7 plays a role in sexual
using a differentiation of the zebrafinch song
variable system (avian brain) (Duncan et al.,
slope 2009; Linke et al., 2001; Seshadri et
function) al., 1993; Wu et al., 2008).
13 | RPS4X/ Ribosomal While most normal cells show | A component of the 40S subunit of
6191 protein S4, moderate to strong cytoplasmic | cytoplasmic ribosomes that catalyze
X-linked expression, RPS4X levels are | protein synthesis, belonging to the

high in neuronal cells of the
cerebral cortex, Purkinje cells of
the cerebellum and various
cells of the gastro-intestinal
tract, among other tissues (Just
et al.,, 1992; Omoe and Endo,
1994).

S4E family of ribosomal proteins, it is
the only ribosomal protein encoded by
>1 gene (RPS4X & RPS4Y). The 2
isoforms are not identical, but are
functionally equivalent. This gene is
not subject to X-inactivation.
Haploinsufficiency may play a role in
Turner syndrome (Fisher et al., 1990;
Watanabe et al., 1993; Zinn et al.,
1994).

3.1.7 Selection of Ezrin for further validation studies
While all the modifiers presented above showed a concentration-dependent inhibition of a-
synuclein fibrillization, the extent of the effect, the kinetics of the reaction and the type of
inhibition varied significantly across the different modifiers, with some appearing to be more
potent than others. For instance, Ezrin was found to be the most potent modulator of a-
synuclein fibrillization, because at concentrations as low as 1.5 (Ezrin:a-synuclein)
fibrillization appeared to be completely inhibited. Thioflavin-T fluorescence was nearly
completely absent, even at the late stages of the reaction, suggesting that Ezrin may be
sufficient to completely block the formation of fibrils with a typical cross-R-pleated sheet
Although

Heterogeneous nuclear ribonucleoprotein D-like, Poly(A) binding protein cytoplasmic 1,

structure (which would readily be recognized by the Thioflavin-T dye).
Prefoldin 5 subunit alpha, Paraneoplastic antigen Mal, Ribosomal protein S4 X-linked and
others showed robust inhibitory effects (refer to Fig. 3.1.6), at later time-points (usually by 48
hrs) the reactions proceeded to attain the full magnitude of fluorescence of the control (or
showed a clear and definite increase in fluorescence in this direction). This was one of the
major reasons for the selection of Ezrin as the modifier of choice for further experiments. A
second major argument for Ezrin was the presence of various studies from the scientific

literature which suggest a role for Ezrin not only in the nervous system but also in PD:
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A role for Ezrin in the nervous system: Ezrin expression is detected in human cerebrum at

20 weeks of gestation (Johnson et al., 2002). Ezrin is abundantly expressed in the
periventricular germinal matrix, extending out toward the intermediate zone in processes
similar to radial glia. Columnar bundles of cells apparently migrating along these processes
may represent neuronal precursors. Ezrin expression in the cerebrum at 30 weeks of
gestation prominently labels the cell bodies and processes of cells within the intermediate
zone in prenatal cerebral cortex (Johnson et al.,, 2002). Secondly, a model has been
proposed for the role of the telencephalon (TLCN)—Ezrin interaction in dendritic filopodia,
where Ezrin and Ezrin-like proteins are phosphorylated to the active forms that can bind
TLCN in the plasma membrane. In dendritic shafts and spines, inactive Ezrin and Ezrin-like
proteins are present in the cytoplasm (Furutani et al., 2007). The interaction between TLCN
and phospho-Ezrin mediates the formation, elongation, and maintenance of dendritic
filopodia and slows spine maturation (Furutani et al., 2007). Additionally, Rho kinase
activates Ezrin and Ezrin-like proteins and mediates their function in cortical neuron growth,
morphology and motility in vitro (Haas et al., 2007). Lastly, the cytoplasmic domain of the
neural cell adhesion molecule L1 (L1CD), which mediates neurite outgrowth, plays a critical
role in neurite branching through two regions that serve as ezrin-moesin-radixin-binding sites

(Cheng et al., 2005). Thus, Ezrin also plays a role in L1-mediated neuritic branching.

Lastly, glutamate-receptor-mediated phosphorylation of Ezrin and Ezrin-like proteins has
been implicated in filopodial protrusion of primary cultured hippocampal neuronal cells (Kim
et al., 2010). The neurotransmitter glutamate induces phosphorylation of Ezrin-family
proteins in cultured hippocampal cells and phosphorylated Ezrin localizes at the newly
formed filopodia of neurites. This glutamate-induced phosphorylation is calcium-dependent
and inhibition of protein kinase C abolishes phosphorylation as well as RhoA activation. The
inhibition of RhoA and RhoA kinase also diminishes glutamate-induced phosphorylation in
cultured hippocampal cells. The knock-down of the Ezrin-like protein, Moesin, or the
inhibition of phosphorylation results in the reduction of glutamate-induced filopodia
protrusion and diminishes the increase in active synaptic boutons induced by glutamate
treatment. These results indicate that glutamate-induced phosphorylation of Ezrin-like
proteins in primary cultured differentiated hippocampal neurons is mediated by calcium-
dependent protein kinase C, RhoA and RhoA kinase, and that the phosphorylated Ezrin-
family protein, Moesin, is necessary for the formation of filopodial protrusions and may be

involved in pre-synaptic trafficking.
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Thus, there is a significant amount of evidence from the scientific literature which points

towards a prominent role for Ezrin within the nervous system.

A potential role for Ezrin in PD and other diseases: Variants of the leucine-rich repeat kinase

2 (LRRK2) gene are associated with an increased risk of PD (Paisan-Ruiz et al., 2004).
Expression of LRRK2 mutants implicated in autosomal dominant PD causes shortening and
simplification of the dendritic tree in vivo and in cultured neurons (MacLeod et al., 2006). The
Gly2019Ser mutation in LRRK2 is a relatively common cause of familial PD in Caucasians
(Gilks et al., 2005) and may also cause sporadic PD. This mutation elicits a post-synaptic
calcium imbalance, leading to excess mitochondrial clearance from dendrites by mitophagy
(Cherra et al., 2013). LRRK2 functions as a putative protein kinase of ezrin family proteins
and the G2019S substitution in the kinase domain of LRRK2 further enhances their
phosphorylation (Parisiadou et al., 2009). The phosphorylated proteins are restricted to the
filopodia of growing neurites in which they tether filamentous actin (F-actin) to the
cytoplasmic membrane and regulate the dynamics of filopodia protrusion. In cultured
neurons derived from LRRK2 G2019S transgenic mice, the number of phosphorylated-ezrin-
family proteins and F-actin-enriched filopodia is significantly increased and this correlates
with the retardation of neurite outgrowth. Conversely, deletion of LRRK2, which lowers
phosphorylated-ezrin-family proteins and F-actin contents in filopodia, promotes neurite
outgrowth. Furthermore, inhibition of phosphorylation or actin polymerization rescues the
G2019S-dependent neuronal growth defects. These data support a model in which the
G2019S mutation of LRRK2 causes a gain-of-function effect that perturbs the homeostasis
of phosphorylated-ezrin-family proteins and F-actin in sprouting neurites critical for neuronal
morphogenesis. Thus, the phosphorylation of Ezrin and Ezrin-like proteins by LRRK2
promotes the rearrangement of the actin cytoskeleton in neuronal morphogenesis
(Parisiadou et al., 2009).

Due to its strong inhibition of a-synuclein fibrillization at sub-stoichiometric concentrations, its
presence in the nervous system and its potential involvement in PD, Ezrin was considered to

be the most promising modifier for detailed analyses, as described in the following sections.

3.1.8 Chapter Summary
In brief, 13,824 candidate proteins were expressed in E. coli and purified using the 6X-His-
tag system, while a-synuclein was expressed and purified using anion-exchange and gel-
filtration columns prior to lyophilization. An in vitro fluorescence-based fibrillization assay

was validated and employed in a high-throughput screen to identify novel modulators of a-
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synuclein fibrillization. Candidate proteins were randomly pooled into groups of eight,
incubated with a-synuclein and subjected to a second round of screening, prior to
deconvolution of the pools. The individual proteins identified in this way were subjected to
additional rounds of screening and successive concentration-response studies, resulting in
the identification of 13 proteins that reproducibly and potently modulate a-synuclein
fibrillization. Finally, Ezrin, the most potent inhibitor of a-synuclein fibrillization, was selected
for further, more detailed investigations, as described in the following sections.

77



RESULTS

3.2 Confirmation of Ezrin as the modifier of choice and characterization

of Ezrin-mediated inhibition of a-synuclein fibrillization

As detailed in Section 3.1, an extensive high-throughput screen for modifiers of a-synuclein
fibrillization in vitro revealed Ezrin as being the most potent candidate. Furthermore, Ezrin
has been shown to play a role in the nervous system as well as in Parkinson’s disease,
highlighting, once again, that Ezrin is the optimal choice for further investigations. In this
chapter, additional experiments are presented to conclusively underline that Ezrin is not just
the ideal screening candidate, but also a potent inhibitor of a-synuclein fibrillization in its own
right. This has been shown by a variety of biophysical, biochemical and microscopy-based
experiments, starting with in vitro aggregation assays and SDS-PAGE experiments
conducted on a-synuclein incubated with additional members of the protein family to which
Ezrin belongs. Following a brief description of Ezrin, the chapter continues with time-
resolved SDS-PAGE, filter-retardation assays and atomic force microscopy experiments on
a-synuclein incubated with Ezrin, all of which underscore the potency of Ezrin as an inhibitor

of a-synuclein fibrillization.

3.2.1 Highly homologous family-members of Ezrin inhibit a-synuclein fibrillization
as well

Ezrin is an evolutionarily highly conserved protein and putative homologues have been
found in species as distantly related as Arabidopsis thaliana. In vertebrates, Ezrin is a
member of a three-protein sub-family called ERM, including Ezrin, Radixin and Moesin
(Membrane-Organizing Extension Spike protelN), which share an extremely high homology
to each other, as shown in Fig. 3.2.1.1 below (Polesello and Payre, 2004). Even C.elegans
and D. melanogaster have one ERM protein each (CeERM-1 and Dmmoesin, respectively),
with similar function and homology to the higher metazoan members (Polesello and Payre,
2004; Speck et al., 2003). Mouse Ezrin cDNA was cloned and sequenced in 1991 and
shares 96.2% identity with human Ezrin cDNA (Funayama et al., 1991).

3.2.1.1 The Ezrin family

Collectively, the three vertebrate ERM proteins belong to the Band 4.1 superfamily along
with their more distant cousins, Merlin (Moesin Ezrin Radixin Like proteIN) and Band 4.1
(erythrocyte band protein 4.1, the first of all these proteins to be identified). They all have a
conserved domain in their N-terminal region: the FERM domain (Band Four-point-one, Ezrin,
Radixin Moesin domain). Fig 3.2.1.1 below represents the homology of the Band 4.1 protein

superfamily in greater detail.
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N-ERMAD C-ERMAD
T567
1aa 85 202 296/298 470 497 552 ‘P 586
Ezrin a-helical PP-rich C-term F
T564
1aa 296/298 P 583
Radixin PP-rich
T558
1aa 296/298 P 577
Moesin
1aa 296/298 P 595
Merlin
1aa 270 406 473 588
Band 4.1

Fig 3.2.1.1 A diagrammatic representation of the homology between the various members of the Band 4.1
superfamily. Ezrin is most highly homologous to Radixin, followed by Moesin, while Merlin and,
subsequently, Band 4.1 (the founding member) are relatively distant. As described in Fig. 3.2.2.2., F1, F2,
F3 represent the three sub-domains of the N-terminal FERM region, followed by an a-helical stretch and a
polyproline-rich region (PP-rich). The C-terminal domains of all the proteins (except Merlin) contain an F-
actin binding site (F) at the very end, in which a residue is phosphorylated (P) as part of the activation
process of the protein (in all cases except for Band 4.1 — the most distant family member — which is not
phosphorylated at its C-terminal at all). In the case of Ezrin, this residue is T567, for Radixin it is T564, for
Moesin it is T558, and for Merlin it is S518. Upon phosphorylation, the N-terminal Ezrin-Radixin-Moesin
Association Domain (N-ERMAD) and the C-terminal Ezrin-Radixin-Moesin Association Domain (C-
ERMAD) cease to associate with each other, resulting in complete activation of the protein into its fully

opened conformation.

In mammals, Ezrin, Radixin and Moesin - the three ERMs - are encoded by three different
genes. In humans, these genes are located on chromosomes 6, 11 and X, respectively
(Fehon et al., 2010). The proteins show some tissue specificity: Ezrin is most abundantly
expressed by epithelial cells, Moesin by endothelial cells and Radixin by hepatocytes (Fehon
et al.,, 2010). ERMs share striking amino acid identity, but a few notable features suggest
that there is possible functional diversity; for example, Ezrin can be phosphorylated on Tyr
residues that are not present in Moesin or Radixin, and Moesin lacks Pro-rich sequences
that are found in Ezrin and Radixin (Fehon et al., 2010). Ezrin-deficient mice die by 3 weeks
of age with defects that are limited to the gastrointestinal tract, whereas inactivation of

Radixin in mice yields viable animals that show subtle liver defects and Moesin-deficient
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mice do not exhibit overt phenotypes at all (Fehon et al., 2010). The paucity of phenotypes in
these mice suggests that other ERMs can compensate for the loss of individual ERMs in
many tissues. This conservation of the protein’s structure and function across multiple
species led to the question: Could non-Ezrin ERM proteins also have an effect on a-

synuclein fibrillization?

3.2.1.2 Highly homologous family members of Ezrin inhibit a-synuclein fibrillization, while
more distant relatives do not

In order to answer the question posed in Section 3.2.1.1 above, a-synuclein was incubated
with Ezrin, Radixin, Moesin or Band 4.1 protein, as described previously in Section 3.1.2: 50
UM of a-synuclein were incubated with 5 uM protein in NaP buffer, at 37 °C, shaking at 200
rpm in the presence of a glass bead and the fluorescent dye, Thioflavin-T. Fluorescence-
measurements were made every 2 hours and revealed that Ezrin, Radixin and Moesin (all of
which share an extremely high homology) are similarly potent inhibitors of a-synuclein
fibrillization, while the most distant member of the family, i.e. the Band 4.1 protein, had
hardly any effect on a-synuclein fibrillization. As Merlin was not present in the protein
libraries available in this laboratory, it could not be used for analysis in this experiment.
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Fig 3.2.1.2 Thioflavin-T assay of a-synuclein incubated either alone (Syn only) or in the presence of Ezrin,
Radixin, Moesin or Band 4.1. The highly homologous proteins Radixin and Moesin reduce the thioflavin-T
signal, indicative of inhibition of R-sheet-structured fibril formation, while Band protein 4.1 has little effect

on the aggregation of a-synuclein. [The concentration of each protein relative to a-synuclein was 1:10].

3.2.1.3 A highly homologous family member, Radixin, also reduces the formation of higher-
molecular-weight SDS-resistant species of a-synuclein

In a final set of experiments to determine whether highly homologous ERM proteins do,
indeed, affect a-synuclein fibrillization, a-synuclein was incubated in the presence and
absence of Radixin (the family member with the highest homology to Ezrin). Samples were

removed at different time-points spanning the entire length of the incubation assay (i.e. 0, 4,
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10, 18, 24 and 65 hrs). These samples were analyzed by SDS-PAGE followed by
immunoblotting. As seen from Fig. 3.2.1.3 below, Radixin inhibits formation of the higher
molecular weight, SDS-resistant a-synuclein species which form over time in fibrillization
reactions of a-synuclein alone. Such inhibition of the formation of higher-molecular-weight-
species of a-synuclein is also seen in the case of Ezrin incubated with a-synuclein (as
described in Section 3.2.4).

Syn only Syn + Radixin
time(th) 0 4 10 18 2465 0 4 10 18 24 65

95kDa-
55kDa- ~-- =

36kDa- “p T e o G —

Fig 3.2.1.3 SDS-PAGE and immunoblotting of samples of a-synuclein incubated alone (Syn only) and in

the presence of Radixin (Syn + Radixin) for varying periods of time. The membrane was developed with
an anti-a-synuclein mouse monoclonal antibody (sc-12767; Santa Cruz Biotechnology). The sample
containing a-synuclein alone shows a build-up of SDS-resistant dimeric, trimeric, tetrameric and higher-
molecular weight species. The sample of a-synuclein incubated with Radixin, however, shows a
significant reduction in (or complete absence of) trimeric, tetrameric and higher-molecular weight

species of a-synuclein.

Proteins sharing high homology with Ezrin also inhibited a-synuclein strongly, thereby
providing confirmation that Ezrin was not just the best candidate to emerge from the screen,
but also a potent inhibitor in its own right. Hence, Ezrin was selected for downstream
characterization experiments and also subjected to structural analyses and cell-based
experiments (as described in Sections 3.3 and 1.1, respectively). In order to appreciate the
effect of Ezrin on a-synuclein, however, it is important to first have a detailed understanding
of Ezrin itself. This is laid out in Section 3.2.2 below, in terms of structure, function and sub-

cellular localization of Ezrin.

3.2.2 Background on Ezrin
In 1981, a polypeptide of 81 kDa was shown to be rapidly phosphorylated on tyrosine
residues in A-431 carcinoma cells in response to the addition of epidermal growth factor

(EGF) (Hunter and Cooper, 1981). During the characterization of the components of
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microvilli, a minor component of 80 kDa was purified (Bretscher, 1983). This polypeptide was
named Ezrin in recognition of Ezra Cornell University where it was purified (Louvet-Vallee,
2000). Independently, using an antibody directed against a synthetic peptide deduced from a
cloned human endogenous retroviral gag-related DNA sequence, erv-1, a polypeptide of 75
kDa was identified in cell surface structures (Pakkanen et al., 1987). This protein, called
cytovillin, was shown to be identical to Ezrin (Gould et al., 1989; Turunen et al., 1989). Ezrin
was also identified in studies concerned with the regulation of acid secretion in parietal cells
of gastric glands (Hanzel et al., 1991; Hanzel et al., 1989). Cloning and sequencing of the
human Ezrin cDNA were reported in 1989 (Gould et al., 1989).

3.2.2.1 Introduction to Ezrin

Ezrin is a cytoplasmic peripheral membrane protein, which functions as a protein-tyrosine
kinase substrate in microvilli and serves as a linker between the plasma membrane and the
actin cytoskeleton. The gene encoding Ezrin is located on chromosome 6 at locus 6g25.3.
The protein, Ezrin, plays a key role in cell surface structure organization, adhesion, migration
and cell-signalling, by binding specifically to F-actin when in the activated form. Ezrin is a
protein of 586 amino acids with an isoelectric point of 6.15 and a molecular mass of 69 kDa.
It is a highly charged protein (38.5% of the residues are charged) (Louvet-Vallee, 2000).

3.2.2.2 Structure of Ezrin

Ezrin is characterized by the presence of an ~300 AA plasma membrane-associated domain
in the N-terminus (called N-ERMAD or N-terminal ERM-association Domain), followed by a
long region with a high a-helical propensity and terminating in a C-terminal domain (called C-
ERMAD or C-terminal ERM-association Domain) which has the ability to bind the N-terminal
ERMAD (in the closed conformation) or filamentous actin [F-actin] (in the open
conformation), as shown in Fig 3.2.2.2 (Fehon et al., 2010). Thus, ERMAD refers to the two
Association Domains present in Ezrin, Radixin and Moesin proteins, allowing the association
of the N- and C- terminal domains either within a protein itself (leading to a closed
conformation) or across multiple protein molecules, such that the C- and N- terminal
domains of two distinct molecules are consecutively linked to form dimers or chain-like
structures. Since not just Ezrin, Radixin and Moesin, but also the more distant members of
the Band 4.1 protein superfamily show the presence of such a domain at the N-terminus, the
N-ERMAD domain is also referred to as FERM (refer to Section 3.2.1.1). The N-terminal
FERM domain can be divided into three subdomains (F1, F2 and F3) that have structural
(but not sequence) homology to known protein folds. Specifically, F1 is structurally similar to

ubiquitin, F2 to acyl CoA-binding protein and F3 to a pTB domain (Bretscher et al., 2002).
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The C-terminal domain contains an F-actin-binding site in the last 34 residues of Ezrin
(Bretscher et al., 2002).

N-ERMAD C-ERMAD
T567
laa 85 202 296/298 470 497 552 (P 586
a-helical PP-rich C-term F

Fig 3.2.2.2. A schematic representation of the full-length Ezrin protein. F1, F2, F3 represent the three sub-
domains of the N-terminal region, followed by an a-helical stretch and a polyproline-rich region (PP-rich).
The C-terminal domain contains an F-actin binding site (F) at its very end, in which the residue T567 is
phosphorylated (P) as part of the activation process of the protein. Upon phosphorylation, the N-terminal
Ezrin-Radixin-Moesin Association Domain (N-ERMAD) and the C-terminal Ezrin-Radixin-Moesin
Association Domain (C-ERMAD) dissociate from each other, resulting in complete activation of the
protein into its fully-opened conformation.

Regulation of Ezrin function: Ezrin function is conformationally regulated by head to tail
folding, i.e. binding of the C-ERMAD to the N-ERMAD, in such a way that the ~80 C-terminal
residues of Ezrin - when bound tightly to the ~300 N-terminal residues - mask the F-actin-

binding site (Fehon et al., 2010). It is now known that Ezrin exists in an apparently dormant,
closed conformation and that release of the C-ERMAD from the N-ERMAD is necessary for
full activation (Fehon et al., 2010). This then exposes binding sites within the N-ERMAD as
well as the F-actin-binding site of the C-ERMAD and the molecule changes to an open
conformation, allowing it to connect the plasma membrane with the underlying actin
cytoskeleton. The first experiments indicating this mechanism (Algrain et al., 1993) showed
that the N-terminal domain of Ezrin associates with the plasma membrane whereas the C-

terminal domain associates with the cytoskeleton.

3.2.2.3 Functions of Ezrin

Ezrin mediates multiple interactions at the cell cortex and is involved in a wide variety of
functions, as shown in Fig 3.2.2.3 below. For instance, Ezrin contributes to the functional
organization of actin and plasma membrane proteins during the formation of microvilli in a
polarized epithelial cell (Bretscher et al.,, 2002). Ezrin is believed to be necessary for
exclusion of the glycoprotein CD43 from the immunological synapse (Takai et al., 2008). In
the epithelial-cell and kidney-podocyte systems, the PDZ-containing proteins EBP50 and
E3KARP are associated with Ezrin and may contribute to membrane linkage (Ingraffea et al.,
2002).

83



RESULTS

b T-call receptors
F D"‘t rocess of :)oclu-t‘_,. (1]

MPC
| Basement
e ol e | Mambeang

-.'\ o=

Adhorons
INChcn
Polarized epithalial call

Immunological Filtralion sits |_1:r'-MI atnd
synapse enciothedium

Mature Reviews | Molecular Cell Bielogy

Fig 3.2.2.3. Diagram from Bretscher et al. 2002. Ezrin contributes to the functional organization of specific
plasma-membrane domains. (A) The apical aspect of a polarized epithelial cell in which Ezrin links actin
filaments laterally to the plasma membrane, specifically in microvilli. (B) A T-cell forming an
immunological synapse with an antigen-presenting cell (APC). (C) The filtration barrier in the kidney
glomerulus, in which the filtration slits between podocyte foot processes are believed to be maintained
by restriction of podocalyxin to the apical membrane by Ezrin.

Formation of cell-surface structures and their role in membrane dynamics: Various studies

have demonstrated multiple roles for Ezrin in membrane structure formation (Bretscher,
1989; Chen et al., 1994; Hanzel et al., 1991). As shown in Fig 3.2.2.3.A above, Ezrin links
actin filaments laterally to the plasma membrane in microvilli, by using its C-terminal domain
to bind specifically to F-actin and its N-terminal domain to bind to plasma membrane-
associated proteins (e.g. phosphatidylinositol 4,5-bisphosphate, PIP2). Ezrin also connects
cells together at gap-junctions, e.g. T cells and antigen-presenting cells (APCs), as shown in
Fig 3.2.2.3.B. Furthermore, by restricting podocalyxin to the apical membrane, Ezrin helps to
maintain the filtration slits between podocyte foot processes at the filtration barrier in the
kidney glomerulus. Lastly, transfection experiments of different domains of Ezrin have
identified the sites involved in membrane extension formations, namely residues 13-30,
280-310 and 566-585 (Martin et al., 1997).

Maintenance of cell shape and cell motility: Ezrin is a regulator of cell shape (Edwards et al.,

1994). The role of Ezrin in cell shape maintenance and motility was characterized during
Fos-mediated transformation of rat fibroblasts by micro-CALI (chromophore-assisted laser
inactivation) (Lamb et al., 1997). In Fos-transformed rat cells, Ezrin was concentrated at the
leading edge of extension and was mainly cytosolic. Functional ablation of Ezrin by micro-
CALI blocked plasma membrane ruffling and motility of Fos-transformed fibroblasts. Ablation
of Ezrin in normal rat cells caused a marked collapse of the leading edge of the cell. Thus,

Ezrin is important in pseudopodial extension and maintains cell shape (Lamb et al., 1997).
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Cell-substrate and cell-cell adhesion: The suppression of Ezrin expression by antisense

oligonucleotides in thymoma cells as well as in mouse epithelial cells leads to the destruction
of both cell-cell and cell-substrate adhesion (Takeuchi et al., 1994). The same result was
obtained with two colorectal cancer cell lines in which Ezrin expression was inhibited by
antisense oligonucleotides (Hiscox and Jiang, 1999). Overexpression of Ezrin in insect cells
enhances cell adhesion (Martin et al., 1995). This modification of cell adhesion was also
observed in other cell lines: immortalized fibroblasts overexpressing Ezrin lost their contact
inhibition (Kaul et al., 1996).

Membrane trafficking: Ezrin and the actin cytoskeleton have a specialized function in the

endocytic sorting of a subset of membrane proteins (Cao et al., 1999). Ezrin appears to be
part of a minimal machinery that needs to be recruited by phagosomes from the cytoplasm
for actin assembly (Defacque et al., 2000a; Defacque et al., 2000b).

Involvement in signaling pathways:

1) Rho pathway: Several studies have demonstrated that ERM activation is linked to the Rho
signaling pathway. Rho, a small GTP-binding protein, is essential for the localization of Ezrin
at the plasma membrane (Kotani et al.,, 1997). The RhoA-dependent phosphorylation of
Ezrin occurs before its translocation to the membrane (Shaw et al., 1998). Ezrin is a
downstream effector of Rho in the reorganization of the actin cytoskeleton (Mackay et al.,
1997; Matsui et al.,, 1999). Rho regulates the interactions between the cell-surface
glycoprotein - CD44 - and Ezrin (Hirao et al., 1996). This is of importance as CD44 and Ezrin
have properties suggesting that they may play a role in the process of tumour—endothelium
interactions, cell migration, cell adhesion, tumour progression and metastasis (Martin et al.,
2003). RhoGDI (Rho GDP dissociation inhibitor) binds to the N-terminal domain of Ezrin
(Takahashi et al., 1997). In vivo the RhoA-dependent phosphorylation of Ezrin and microvilli
formation requires the kinase activity of PI4P5K (Matsui et al., 1999). It has also been shown
that the interaction of the TSC1 tumor suppressor hamartin, a physiological binding partner

of Ezrin, is required for activation of Rho by lysophosphatidic acid (LPA) (Lamb et al., 2000).

The model proposed to explain all these interactions is as follows: Upon extracellular
activation of Rho, Rho in turn activates its targets, e.g. phosphatidylinositol-4-phosphate 5-
kinase (P14P5K), which induce an increase in phosphatidylinositol 4,5-bisphosphate (PIP2)
levels. PIP2 binds to the N-terminal domain of Ezrin (and Ezrin-like protein, Radixin), thus
inhibiting the interaction between the domains C-ERMAD and N-ERMAD. This causes the

formation of an open configuration that allows the phosphorylation of a threonine in the C-
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terminal domain. C-terminally phosphorylated Ezrin (or Radixin) is stabilized as the activated
form and functions as a cross-linker between actin filaments and the plasma membrane to
form microvilli. Once activated, Ezrin/Radixin can activate Rho: the N-terminal domain
interacts with Dbl, a stimulatory GDP/GTP exchange protein of the Rho family (Takahashi et
al., 1998). Rho GDI displaces Dbl from Ezrin/Radixin since it can also interact with the N-
terminal domain. This interaction leads to the activation of Rho by releasing the Rho-GDI
inhibition. Thus, Ezrin and its highly homologous proteins such as Radixin play an important
role in the activation of Rho family members by recruiting their positive and negative
regulators (lvetic and Ridley, 2004).

2) PI3-kinase/Akt pathway: Phosphatidylinositol 3-kinase (PI3-kinase) is a critical component
in survival signaling. In some culture conditions, LLC-PK1 cells form tubules and the
overproduction of Ezrin can potentiate this process (Crepaldi et al., 1997). The replacement
of Tyr-353 of Ezrin by phenylalanine induces cell apoptosis. It has been shown that Ezrin
interacts with p85, the regulatory subunit of PI3-kinase (Gautreau et al., 1999). Two sites are
involved in this interaction: the N-terminal domain containing the first 309 amino acids and
the phosphorylated Tyr-353 residue, which binds to the C-terminal SH2 domain of p85. The
activation of the PI3-kinase/Akt pathway, necessary for cell survival, requires
phosphorylation of Ezrin at Tyr-353 (Gautreau et al., 1999). Thus, Ezrin determines the

survival of epithelial cells by activating the PI13-kinase/Akt pathway.

3.2.2.4 Subcellular localization of Ezrin

Ezrin is highly concentrated in intestine, stomach, lung and kidney (Funayama et al., 1991;
Tsukita and Hieda, 1989). It is present in the apical domain of polarized cells, a region
usually characterized by the presence of microvilli, e.g. the brush border of the kidney
proximal tubule epithelium (Berryman et al., 1993; Schwartz-Albiez et al., 1995). It has also
been shown that the epithelial cells lining the bile ducts express Ezrin (Amieva et al., 1994).
Although Ezrin is prominent in epithelial tissues and mesothelial cells, other cell types within
the body can also express the protein, e.g. glia of the rostral migratory stream (Berryman et
al., 1993; Schwartz-Albiez et al., 1995). Cultured cell lines usually express Ezrin (Amieva
and Furthmayr, 1995; Sato et al.,, 1992). Immunofluorescence studies with specific
antibodies have shown that Ezrin is particularly concentrated in actin-rich surface structures
such as microvilli, membrane ruffles and filopodia (Amieva and Furthmayr, 1995; Franck et
al., 1993). Immuno-electron microscopy of Ezrin in human placental syncytiotrophoblast and
mouse mesothelia has shown that Ezrin is highly concentrated in the microvilli where it is

associated with the cytoplasmic aspect of the plasma membrane (Berryman et al., 1993).
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The relatively low level of Ezrin on adjacent regions of the apical membrane between
microvilli supports the notion that Ezrin plays a special role in the attachment of
microfilaments to the membrane, specifically within microvilli. Ezrin is also concentrated in

adherens junctions (Takeuchi et al., 1994).

3.2.3 Production of Ezrin for downstream studies

In order to carry out extensive experiments on Ezrin and its role in inhibiting a-synuclein
fibrillization, it was first necessary to produce large amounts of pure full-length Ezrin. The
full-length Ezrin used in this study was tagged at its N-terminal end with a six-residue His
sequence based on which it was subsequently purified. In brief, the Ezrin cDNA was cloned
into a pDESTco vector and transformed into the rosetta strain of E. coli. Gene expression
was induced by addition of IPTG to the growth medium overnight at 18°C. The following day,
cells were harvested, lysed and subjected to purification on a HisTrap column for crude
lysate (as described in Sections 2.2.2.9 and 2.2.2.10). The samples were further purified by
gel filtration on a FPLC column and eluted into a standard physiological NaP buffer, free of
imidazole and other salts. These samples were analyzed by SDS-PAGE and Coomassie
staining (as shown in Fig. 3.2.3), before being pooled together and stored at -20°C.

eluted fractions of Ezrin

KD S e -
[

Fig 3.2.3 SDS-PAGE and Coomassie staining of the eluents containing full-length His-labelled Ezrin after
gel-filtration, demonstrating the purity of the protein. The first lane represents the eluent from a HisTrap

crude lysate column; the eluent was then subjected to gel filtration.

3.2.4 Ezrin reduces the formation of SDS-resistant higher-molecular-weight
species of a-synuclein

To answer the question of whether Ezrin prevents the formation of pre-fibrillar species of a-
synuclein such as trimers, tetramers, etc., samples of a-synuclein - in the presence and
absence of Ezrin - were incubated for different lengths of time spanning the entire duration of
the fibrillization assay (i.e. 0-65h). They were subjected to regular Thioflavin-T fluorescence

measurements, before finally being removed for SDS-PAGE followed by immunoblotting. As
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seen in Fig 3.2.4.A below, Ezrin does, indeed, inhibit the formation of higher molecular
weight SDS-resistant species of a-synuclein which are clearly visible in samples of a-
synuclein incubated alone. For example, the addition of Ezrin reduced the intensity of the 55
kDa (trimer), 72 kDa (tetramer) and 95 kDa (higher order species) a-synuclein bands at
t=18h and t=24h, as shown in Fig 3.2.4.A below. Fig. 3.2.4.B depicts the corresponding
Thioflavin-T fluorescence traces for the samples incubated for varying lengths of time.
Additionally, Thioflavin-T fluorescence traces were generated for samples of a-synuclein
incubated alone, to which Ezrin was added at different time-points, namely, after the onset of
the exponential phase and before the onset of the plateau phase (in this experiment, 10h
and 18h after the start of the assay, respectively). Fig. 3.2.4.C shows that the addition of
Ezrin to the a-synuclein fibrillization assay at later time-points had no effect on a-synuclein
fibrillization. Thus, the results suggest that Ezrin interferes with a relatively early step in the
process of a-synuclein aggregation, thereby inhibiting the build-up of higher molecular
weight species of a-synuclein which are seen when a-synuclein is allowed to aggregate

alone.
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Fig 3.2.4 (A) SDS-PAGE and immunoblotting of samples of a-synuclein incubated alone (Syn only) or in
the presence of Ezrin (Syn + Ezrin), for varying periods of time. a-synuclein alone over time showed a
build-up of SDS-resistant higher molecular weight forms, which were significantly reduced when a-
synuclein was incubated with Ezrin. The membrane was developed with an anti-a-synuclein mouse
monoclonal antibody (sc-12767; Santa Cruz Biotechnology). HMWA = higher molecular weight
aggregates; Tet = tetramer; Tri = trimer; D = dimer, M = monomer. (B) Thioflavin-T fluorescence data
corresponding to the various time-periods shown in (A). (C) Thioflavin-T fluorescence data for samples
of a-synuclein to which Ezrin was added at different time-points, i.e. before the start of the exponential

phase and before the start of the plateau phase of aggregation. [a-synuclein:Ezrin 5:1]
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3.2.5 Ezrin reduces the formation of SDS-resistant a-synuclein aggregates

Upon incubation at 37 °C in a shaker for extended periods of time, a-synuclein has been
shown to form insoluble, SDS-resistant aggregates which are easily retained on a filter
membrane and detected by the binding of relevant antibodies, referred to as a filter-
retardation assay (Ehrnhoefer et al., 2008). Hence, samples of a-synuclein incubated for 65
hours with and without Ezrin were tested in a filter-retardation assay, to detect whether
highly insoluble SDS-resistant aggregates of a-synuclein were also formed in the presence
of Ezrin or whether Ezrin could inhibit the formation of such aggregates. As shown in Fig.
3.2.5 below, while a-synuclein incubated alone formed SDS-resistant aggregates that were
retained on a filter membrane, a-synuclein incubated with Ezrin revealed an almost complete
absence of aggregates on the membrane. Ezrin incubated alone, as a control, did not show
detectable aggregates on the filter membrane. Thus, these studies indicate that Ezrin
significantly inhibits the formation of SDS-resistant aggregates of a-synuclein.

Syn only .

Syn:Ezrin 5:1

Ezrin only

Fig 3.2.5 Filter-retardation assay of 50 yM a-synuclein incubated alone (Syn only), a-synuclein incubated
with Ezrin (Syn:Ezrin 5:1) and Ezrin incubated alone (Ezrin only) for a period of 65h. The sample
containing a-synuclein alone clearly shows SDS-resistant aggregates retained on the membrane, which
are absent in the samples of a-synuclein incubated with Ezrin and Ezrin incubated alone. The membrane
was developed first with an anti-Ezrin mouse monoclonal antibody (sc-58758: Santa Cruz Biotechnology)

and then with an anti-a-synuclein mouse monoclonal antibody (sc-12767; Santa Cruz Biotechnology).

3.2.6 Atomic force microscopy images suggest that Ezrin promotes the formation
of atypical, non-fibrillar aggregates of a-synuclein

a-synuclein was incubated in the presence and absence of Ezrin, as previously described
[molar ratio of a-synuclein:Ezrin 5:1] for up to 65h. The samples were then examined using
atomic force microscopy at two different resolutions, as displayed below (see Fig. 3.2.6). The
samples containing a-synuclein alone formed typical 3-sheet-rich fibrils, whereas the Ezrin-
containing samples formed round, regular structures, suggesting that Ezrin may promote the

formation of atypical and non-fibrillar aggregates of a-synuclein.
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Syn only

Fig 3.2.6 Atomic force microscopy of a-synuclein [Syn; 50 uM] incubated for 65 hours with and without
Ezrin [10 puM]. a-synuclein alone forms aggregates with a typical fibrillar morphology, while a-synuclein
incubated with Ezrin yields regular, spherical aggregates that tend to cluster together in large
conglomerates. Images on the left are at a resolution of 10 um X 10 um, while those on the right are 3 um
X 3 pum.

3.2.7 Chapter Summary
The data presented in this section demonstrate that Ezrin is a potent inhibitor of a-synuclein
fibrillization. Family members sharing high homology with Ezrin (e.g. Radixin) demonstrate a
potent inhibition of a-synuclein fibrillization, while lower-homology proteins (e.g. Band 4.1)
fail to do so, indicating that the modulatory effect of Ezrin on a-synuclein fibrillization may
even be conserved across proteins with similar structure. Ezrin reduces the formation of
higher molecular weight SDS-resistant oligomers and almost completely prevents the
formation of SDS-resistant aggregates of a-synuclein. In addition, Ezrin mediates the
formation of spherical and regular aggregates of a-synuclein, unlike the well-described fibrils
found in the disease state (Bagchi et al., 2013). Thus, the next step in the study of Ezrin-
mediated inhibition of a-synuclein fibrillization is to elucidate the mechanism by which Ezrin

brings about its potent effect.
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3.3 Time-resolved nuclear magnetic resonance (NMR) spectroscopy
studies elucidate the mechanism by which Ezrin inhibits a-

synuclein fibrillization

Nuclear magnetic resonance (NMR) is a physical phenomenon in which nuclei in a magnetic
field absorb and re-emit electromagnetic radiation. NMR spectroscopy is a technique that
exploits the magnetic properties of NMR-active atomic nuclei, e.g. *H and *N, and is used to
investigate the properties of organic molecules such as proteins. In NMR spectroscopy, the
chemical shift is the resonant frequency of a nucleus relative to a standard; often the position
and number of chemical shifts are diagnostic of the structure of a molecule (Silverstein R.M.,

1991). Chemical shift is calculated as follows:

o= difference between a resonance fequency and that of a reference substance

operating frequency of the spectrometer

Since the numerator is usually in Hertz (Hz) and the denominator in Megahertz (MHz), & is
usually expressed in parts per million (ppm) by frequency. The detected frequencies (in Hz)
for *H-nuclei are usually referenced against TMS (tetramethylsilane) or DSS (4,4-dimethyl-4-
silapentane-1-sulfonic acid), both of which are assigned the chemical shift of zero. Lastly,
chemical shifts are very sensitive to the electronic environment of a nucleus (Higman, 2013).
Perturbations in the chemical shift can be caused not only by a change in the covalent
molecular structure, but also through non-covalent interactions with solvent molecules or
binding partners. This makes chemical shifts a very sensitive probe for the identification of
interaction surfaces in protein complexes, usually by a method referred to as chemical shift

perturbation or mapping:

Chemical shift perturbation (CSP, chemical shift mapping or complexation-induced changes

in chemical shift, CIS) follows changes in the chemical shifts of a protein when a ligand is
added, and uses these to determine the location of the binding site, the affinity of the ligand
and/or possibly the structure of the complex (Williamson, 2013). For determining the location
of a bound ligand on the basis of shift change, the most appropriate method is usually to
measure N-HMQC spectra, calculate the geometrical distance moved by the peak,
weighting *N shifts by a factor of about 0.14 compared to 'H shifts, and select those
residues for which the weighted shift-change is larger than the standard deviation of the shift

for all residues (Williamson, 2013). However, there is no good way to distinguish changes in
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chemical shift due to direct binding of the ligand from changes in chemical shift due to

allosteric change (Williamson, 2013).

NMR spectroscopy is of particular use in yielding information about the interaction of a-
synuclein with other proteins, for instance, the interaction between endosulfine-a (ENSA)
and a-synuclein (Woods et al., 2007). This interaction was characterized in detail by NMR
experiments, which demonstrated a highly selective interaction between ENSA and specific
residues in the N-terminal helical domain of a-synuclein. This observation was extended to
the demonstration of a similar interaction between a-synuclein and cAMP-regulated
phosphoprotein 19 (ARPP-19), a protein highly related to ENSA which is also enriched in the
brain (Woods et al., 2007). Hence, in order to elucidate the mechanism by which Ezrin
inhibits the formation of Thioflavin-T-positive a-synuclein fibrils, solution-state NMR
spectroscopy was employed to track the a-synuclein-Ezrin interaction systematically over

time.

To this end, ®N-labelled a-synuclein was incubated with Ezrin (a-synuclein:Ezrin 5:1), as
previously described, and NMR measurements were carried out on the samples at regular
time intervals, yielding a comprehensive, time-resolved and residue-specific dataset for a-
synuclein. Experiments were carried out thrice to establish reproducibility. a-synuclein was
also incubated alone and tracked by NMR over multiple time-points to obtain a suitable
control for the experiment. The data generated from the NMR experiments are described in

detail below.

As mentioned in Section 2.2.3.2, ®N-labelled a-synuclein (as well as spectrometer-time) was
a generous gift from Dr. Philipp Selenko (FMP). Spectrometer-operation, spectra-generation
and raw-data conversion were done in collaboration with Dr. Silvia Verzini (FMP) without
whom this work would not be possible. Both Dr. Philipp Selenko and Dr. Andres Binolfi
contributed significantly to data-interpretation.

3.3.1 Establishment of a Thioflavin-T-based fluorescence-tracking assay for
correlation with NMR spectroscopy

In order to be able to correlate any new NMR data with the data hitherto obtained, a
Thioflavin-T-based ‘tracking’ assay was carried out in parallel with the NMR experiment. In
brief, 50 uM *N-a-synuclein were incubated with and without Ezrin (a-synuclein:Ezrin 5:1) in
NMR buffer (20 mM NaP, 150 mM NaCl, end-pH 6.4, filtered and de-gased) at 37°C, shaking
at 200 rpm. Samples destined for NMR experiments contained no Thioflavin-T, while

samples intended for Thioflavin-T fluorescence assays contained 2 uM of the compound.
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For the latter assay, Thioflavin-T fluorescence was measured at regular and systematic 4-5
hour time intervals which corresponded exactly to the time-intervals at which NMR
measurements were taken. The two sample-sets were treated as being identical in all
respects other than the type of measurements they were subjected to (i.e. NMR vs.
fluorescence). Fig. 3.3.1 represents the fluorescence data obtained, which may also be used

as a reference for the NMR experiments presented in the following sections.

Thioflavin-T 'tracking assay'

50000+ ® Syn:Ezrin 5:1
® Synonly

O T IA h g T - :I T IA 1
0 5 10 15 20 25 30 35 40 45
t (hrs)

Fig 3.3.1 Thioflavin-T (ThT) ‘tracking’ assay of 50 pgM a-synuclein incubated either alone (Syn only) or in
the presence of Ezrin (Syn:Ezrin 5:1) at 37°C, 200rpm, as a control for the NMR measurements being
carried out in parallel. The NMR readings span the entire length of the aggregation curve of a-synuclein,
from the initiation of the experiment to the end-stages of a-synuclein aggregation, i.e. several hours after

a plateau has been established.

3.3.2 Time-resolved 1D-NMR reveals that Ezrin mediates the accelerated
aggregation of a-synuclein

For the generation of 1D-NMR traces or H-signal intensity profiles of *N-a-synuclein
incubated alone and with Ezrin (Syn:Ezrin 5:1) in the absence of Thioflavin-T, samples were
analyzed in the spectrometer at regular 4-5h intervals spanning a total time-period of 42 h.
As shown in Fig. 3.3.2, 1D-NMR traces over multiple time-points revealed an unexpected
trend: a-synuclein aggregated faster in the presence of Ezrin than when incubated alone.
The 1D-NMR profiles below show selected time-points throughout the a-synuclein
aggregation process including the start of the experiment (0 h), the exponential growth
phase (21 h), the plateau phase (39 h) and the end of the reaction (66 h). The profiles clearly
show that after 39 h incubation with Ezrin almost all the a-synuclein molecules have
aggregated, as depicted by the nearly complete disappearance of monomeric a-synuclein
!H-signal intensity. In contrast, in the absence of Ezrin, even after 66h of incubation, a-
synuclein has not significantly aggregated, as evidenced by the high intensity of detectable
!H-signal typical for monomeric a-synuclein. This suggests that Ezrin induces accelerated

aggregation of a-synuclein.
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Syn only 0 hours Syn + Ezrin

21 hours
39 hours

Fig 3.3.2 Representative 1D-NMR traces (or 'H-signal intensity profiles) of 50 uM a-synuclein incubated in
the presence and absence of Ezrin (Syn:Ezrin 5:1) generated at different time-points in the aggregation
process. The four 'H-signal intensity profiles for each test condition span the start (0 h), the exponential
phase (21 h), the plateau phase (39 h) and the end (66 h) of the experiment and have been selected to
highlight the dramatic increase in the rate of a-synuclein aggregation in the presence of Ezrin, as
compared to the significantly slower rate of a-synuclein aggregation in the absence of Ezrin.

3.3.3 Residue-specific time-resolved *H-*>N HMQC values of a-synuclein
incubated in the presence and absence of Ezrin

The Heteronuclear Multiple Quantum Coherence (HMQC) or Heteronuclear Multiple
Quantum Correlation experiment, first described in 1980, is used frequently in NMR
spectroscopy of organic molecules and is of particular significance in the field of protein
NMR (Bodenhausen G, 1980). The resulting spectrum is two-dimensional with one axis for
'H and the other for a heteronucleus (an atomic nucleus other than a proton), such as °N.
The spectrum thus contains a peak for each unique proton attached to the heteronucleus
being considered. In other words, as each residue of the protein (except proline) has an
amide proton attached to a nitrogen in the peptide bond, the HMQC provides the correlation

between the nitrogen and amide proton and each amide yields a peak in the HMQC spectra.
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As described already in Section 3.3.1, 50 yM *N-a-synuclein were incubated with and
without Ezrin (a-synuclein:Ezrin 5:1) in NMR buffer (20 mM NaP, 150 mM NacCl, end-pH 6.4,
filtered and de-gased) at 37°C, shaking at 200 rpm. The samples were subjected to *H-°N
HMQC experiments at regular 4-5 h intervals spanning a total time-period of 42 h. These H-
5N HMQC (2D-NMR) analyses confirmed the accelerated rate of aggregation in the
presence of Ezrin (*H-signal intensity = 0 at time 39 h) as compared to a-synuclein
incubated alone (*H-signal intensity = ~80% of the original at time 39 h). Furthermore,
examination of the residues across the length of the protein at various time-points revealed
strikingly different phenomena of aggregation across the two conditions (see Fig. 3.3.3):

a-synuclein incubated alone showed a uniform loss of H-signal intensity across the entire
length of the molecule. A decrease in *H-signal intensity at the early-N-terminal region (also
referred to as “broadening”) became prominent only at a very late stage of a-synuclein
aggregation (66 h). In the presence of Ezrin, however, the a-synuclein molecule did not
undergo uniform changes throughout its entire length. Ezrin treatment caused a pronounced
broadening of early N-terminal residues in a-synuclein (AA 1-10) as early as 4h, with a
nearly complete disappearance of these residues after 26 h of incubation, while the C-
terminal residues (AA 96-140) remained clearly visible and showed essentially unchanged
intensities even after 26 h of incubation, when the rest of the molecule was already
significantly broadened. The NAC region showed a rate of loss of intensity which was
intermediate between the rapid loss of the N-terminus and the considerably slower loss of
the C-terminus. After 39 h of incubation, the a-synuclein with Ezrin sample had completely
broadened (across all regions) and was therefore detected by NMR as a signal of marginal
or nearly-zero H-intensity, whereas the corresponding sample of a-synuclein incubated
alone had an intensity that approached its baseline intensity, i.e. the intensity of a-synuclein
alone at t=0h.

As a comparison to the NMR data, Thioflavin-T fluorescence data from the ‘tracking’ assay
are presented in parallel in Fig. 3.3.3 below, highlighting certain disparities between the two
types of results. While the Thioflavin-T data in Fig. 3.3.3.C seem to suggest that a-synuclein
incubated alone has attained complete aggregation by 21h, the NMR data suggest that only
a very small fraction of a-synuclein incubated alone for 21h has aggregated (visible by the
minimal drop in I/lo in Fig. 3.3.3.B). Similarly, a-synuclein incubated alone for 39 h and
examined by NMR indicates that the vast majority of the sample is still monomeric, with only

a small sub-population that may have aggregated (visible as a slight drop in I/lo in Fig.
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3.3.3.B), while the corresponding Thioflavin-T signal still shows maximal fluorescence,

indicative of total aggregation of a-synuclein. This difference can be explained as follows:

The tiny fraction of a-synuclein which has aggregated after 21 h of being incubated alone
(detected as a slight decrease in I/lo in Fig. 3.3.3.B) may be sufficient to bind all the
available Thioflavin-T molecules in the solution, resulting in maximal fluorescence as
detected by the ‘tracking’ assay. Thereby, a complete and saturated binding of Thioflavin-T
by a-synuclein has been effected, rather than the complete aggregation of a-synuclein
molecules. Thus, a maximal fluorescent signal is obtained from the ‘tracking’ assay for a-
synuclein incubated alone, although only a small sub-population of a-synuclein has
aggregated and the majority of the protein still exists as a monomer. This difference in
sensitivity and accuracy of the two assays points towards the greater applicability and
suitability of NMR spectroscopy for a-synuclein aggregation studies as compared to

Thioflavin-T fluorescence measurements.

In the case of a-synuclein incubated with Ezrin (Fig 3.3.3.D and E), the Thioflavin-T data are
in accordance with the NMR data as both experiments indicate that traditional cross-R3-
pleated-sheet-containing fibrillar aggregates of a-synuclein are not formed in the presence of
Ezrin. Thioflavin-T assays show no fluorescence whatsoever, indicating the absence of
fibrillar aggregates in solution. Similarly, NMR data do not suggest typical fibril formation, as
fibrillar aggregates would be detected by NMR as a uniform drop in intensity across the
entire a-synuclein molecule, with no changes in the positions of the original resonance
peaks of a-synuclein in the *H-®N HMQC spectra (as observed for a-synuclein incubated

alone).

In conclusion, an analysis of 'H-signal intensity for each residue of a-synuclein across
multiple time-points in its aggregation process confirmed that a-synuclein aggregates
significantly faster in the presence of Ezrin than in its absence. The analysis also showed,
rather unexpectedly, that the response of the aggregating protein to Ezrin is not uniform but
varies considerably across the 3 regions of a-synuclein - the N-terminal, NAC and C-terminal
regions. The N-terminal region — as the first region of a-synuclein to experience a change in
the presence of Ezrin, namely, a rapid broadening — may be the first site of contact between
Ezrin and a-synuclein and the changes that it undergoes may then lead to or facilitate
additional conformational changes in the NAC — an effect which then continues down the

length of the molecule to ultimately affect the C-terminal domain as well.
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Fig 3.3.3. (A) A schematic representation of the three regions of the a-synuclein molecule: the N-terminus
(Residues 1-60), the NAC region (Non-Amyloid Component; Residues 61-95) and the C-terminus
(Residues 96-140). (B) *H-1>N HMQC-based intensity values for each residue of a-synuclein incubated
alone at different time-points throughout the aggregation process. (C) Thioflavin-T ‘tracking’ assay
fluorescence data corresponding to the time-points from the NMR experiment on a-synuclein incubated
alone. (D) 'H-15N HMQC-based intensity values for each residue of a-synuclein incubated with Ezrin (a-
synuclein:Ezrin 5:1) at different time-points throughout the aggregation process. (E) Thioflavin-T
‘tracking’ assay fluorescence data corresponding to the time-points from the NMR experiment on a-
synuclein incubated with Ezrin (a-synuclein:Ezrin 5:1).
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3.3.4 Time-resolved 2D-NMR reveals that the N-terminal, NAC and C-terminal
regions of a-synuclein respond differently to Ezrin

The data from Fig. 3.3.3 suggest that the broadening of residues within the C-terminus, NAC
and N-terminus of a-synuclein occurs at different time scales. Therefore, a more detailed,
time-resolved analysis of residue-broadening was carried out for each of the three regions of
a-synuclein (see Fig 3.3.4 below). This confirmed that the N-terminal (AA 1-60), the NAC
(AA 61-95) and the C-terminal (AA 96-140) regions all show significantly differing trends over
time, in the presence of Ezrin. The N-terminal domain of a-synuclein was the first part of the
protein to undergo broadening in the presence of Ezrin and also demonstrated the most
rapid broadening of all the 3 regions, as depicted in the graphs below. While the N-terminal
intensity was reduced to less than half after only 11 h of incubation with Ezrin, the central
NAC region showed a 50% intensity-loss only after 29 h and the C-terminal region lost over
50% intensity only after 41 h. Additionally, while the N-terminus showed an exponential loss
of intensity, the NAC region showed a more gradual loss of intensity and the C-terminal
region appeared to stay more-or-less consistent until right before the end of the experiment
[i.e. at t=41 h or at the penultimate reading]. The final NMR measurement at t=42 h showed
a complete disappearance of *H-'°N signal intensity across all regions of a-synuclein, hence,
the data for this time-point have not been included in the graphs below. In fact, at 24 h and
29 h, the overall intensity value of the C-terminal region even approached its original value at
t=0 h. The control sample of a-synuclein incubated alone, however, maintained a consistent
intensity across all regions throughout the experiment (as depicted by the unwavering red
line in Fig. 3.3.4. below). There was no indication of variation in the loss of intensity across

the different regions, suggesting that this phenomenon was specific to a-synuclein incubated

with Ezrin.
N-terminal NAC C-terminal
4,0x10°5 4,0%10°5 4,0%100%
Syn only
> 30x10% Synonly 30x10% 1 3.0%10%% Syn only
;- 3
2 2.0%10%% 2,0x10%% 2,0x1005
S
1.0x1005 1.0%1005 1.0%109%
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Fig 3.3.4. Total 1H-intensity values measured over time for the N-terminal, NAC and C-terminal regions of
a-synuclein when incubated with Ezrin (black bar-graphs; a-synuclein:Ezrin 5:1). NMR measurements are
shown for 10 different time-points. The corresponding 1H-intensity values of a-synuclein incubated alone
are represented by the red line marked ‘Syn only’, signifying that the 1H-intensity of a-synuclein alone

has not decreased even at the latest time-points and that there is no region-based difference in intensity
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for a-synuclein incubated alone. a-synuclein incubated with Ezrin, however, shows a rapid drop in
intensity at the N-terminal region over time, followed by a somewhat slower decrease in intensity at the
NAC region. In contrast, the C-terminal region maintains a more-or-less constant intensity over a long
period of time. However, the signal intensity is dramatically reduced at the penultimate time-point, 41 h,
suggesting that this part of the molecule may be the last to be incorporated into higher-order structures

or aggregates.

3.3.5 Time-resolved analysis of individual residues in the N-terminal, NAC and C-
terminal regions of a-synuclein

An in-depth analysis of the N-terminal, NAC and C-terminal regions of a-synuclein revealed
that even within a region different stretches of amino acids behave differently from their
neighbours. Certain stretches appear to broaden significantly faster than neighbouring
stretches (e.g. the motif MDVFMKGL, AA 1-8 in Fig 3.3.5.1), while other stretches show
distinctive broadening trends even within the stretch (e.g. AA 69-73 and AA 75-83 in Fig
3.3.5.2). Furthermore, while overall intensity values represent general trends across a
region, they fail to highlight that individual residues may actually show a behaviour opposite
to the trend (e.g. the entire C-terminal region shows a similar overall intensity at 4 h and 35 h
(refer to Fig. 3.3.4 above), yet AA 135-137 and 139-140 show an increase in intensity from 4
h to 35 h (Fig 3.3.5.3). Hence, it is critical to examine each region on a residue-specific level
in order to obtain a truly representative picture of the behaviour of that region, and by

extension, of the entire a-synuclein molecule.

1) N-terminal region (AA 1-60): The first 8 residues of a-synuclein along with the stretch
from AA 30-49 show a reduction in intensity to less than one-third of the original value after
only 24 h of incubation with Ezrin. While neighbouring residues also show a drop in intensity
after 24 h, the values are not less than half the original value (e.g. AA 17 and 50).
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Fig 3.3.5.1. 'H-intensity values of each residue of the N-terminal region of a-synuclein after treatment with
Ezrin (a-synuclein:Ezrin 5:1). Three distinct time-points in the aggregation process are shown: 4 h (early
phase), 24 h (mid-phase) and 35 h (end-phase). The regions shaded in grey represent stretches of amino
aids that show a more rapid drop in intensity than their neighbours. The horizontal lines coloured blue,
green and red represent the mean intensity of all the residues within this region at 4 h, 24 h and 35 h,

respectively.

2) NAC region (AA 61-95): As mentioned previously, the NAC region shows an overall
decrease in intensity which is slower than the decrease in intensity of the N-terminal region,
yet faster than the decrease in intensity of the C-terminal region. However, within this region
certain trends are clearly visible, demonstrating that not all the amino acids respond
uniformly to the presence of Ezrin. For instance, the stretches AA 69-83 and AA 87-95
broaden much faster than their neighbours, but even within these stretches there is a clear
trend visible, with AA 69-73 broadening relatively slower than AA 75-83 and AA 87-95,
indicating a tendency of the latter part of the NAC region to broaden faster than the initial

part.
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Fig 3.3.5.2 H-intensity values of each residue of the NAC region of a-synuclein upon incubation with
Ezrin (a-synuclein:Ezrin 5:1). Three distinct time-points in the aggregation process have been shown: 4 h
(early phase), 24 h (mid-phase) and 35 h (end-phase). The regions shaded in grey represent stretches of
AAs that show a more rapid drop in intensity than their neighbours and suggest that the mid-to-late NAC
region may undergo broadening before the rest. The horizontal lines coloured blue, green and red
represent the mean intensity of all the residues within this region at 4 h, 24 h and 35 h, respectively,

highlighting the difference in drop in intensity of the NAC region with respect to the N-terminal region.

3) C-terminal region (AA 96-140): In contrast to the N-terminal and the NAC regions, the C-
terminal region shows an overall intensity that stays more or less consistent until the

penultimate time-point of 41 h. What is not evident from the overall intensity analyses,
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however, is that certain residues actually show an increase in intensity at 24 h and 35 h (e.g.
AA 110, 126 and 130) as compared to Oh. This indicates that although the overall intensity of
the C-terminal region stays largely unchanged (24 h) or decreases slightly (35 h), certain
residues become more flexible in the course of aggregation, resulting in greater visibility by
NMR. This may be interpreted as follows: the C-terminal is the last region of the a-synuclein
molecule to undergo Ezrin-mediated changes, indicating that its interaction with Ezrin may
be minimal and certainly takes place after the interaction of the N-terminal and NAC domains
with this modifier. This results in additional freedom and flexibility of this region of a-

synuclein, which may also explain its relatively late broadening.
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Fig 3.3.5.3 H-intensity values of each residue of the C-terminal region of a-synuclein when incubated
with Ezrin (a-synuclein:Ezrin 5:1) over 3 distinct time-points in the aggregation process: 4 h (early
phase), 24 h (mid-phase) and 35 h (end-phase). The C-terminal region - in contrast to the N-terminal and
the NAC regions - shows an overall intensity that stays practically consistent over the three time-points
depicted in the diagram. Furthermore, at the later time-points of 24 h and 35 h, the intensity of certain C-
terminal residues (e.g. AA 126 and 130) actually increases relative to the intensity at 0 h, indicating that
these C-terminal AA may become more flexible in the course of aggregation. The horizontal lines
coloured blue, green and red represent the mean intensity of all the residues within this region at 4 h, 24
h and 35 h, respectively.

3.3.6 Multiple, transient conformations of a-synuclein are generated in the
presence of Ezrin

In order to better understand the effect of Ezrin on a-synuclein aggregation over time, the
!H-15N HMQC spectra for both a-synuclein incubated alone as well as for a-synuclein
incubated with Ezrin were examined at each time-point at which NMR measurements were
taken. Upon examination of the individual residues of a-synuclein at every step of the
aggregation reaction (both in the presence as well as absence of Ezrin) certain trends in

residue behavior became apparent, pointing towards a curious phenomenon:
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At later time-points in the incubation process of a-synuclein with Ezrin (i.e. t=11 h onwards),
secondary conformations or ‘double-peaks’ started to appear for many residues, indicative of
chemical shift variations. These secondary conformations were transient, in that they
appeared at a later stage of incubation, generally grew stronger in intensity before waning
again and finally disappeared (sometimes before the disappearance of the original peak, and
sometimes simultaneously with the disappearance of the original peak). Thus, at any given
time-point in the mid to later stages of aggregation, variations in the chemical shifts of
various residues of a-synuclein were detected, i.e. multiple conformations of a-synuclein
were present. In other words, Ezrin appears to mediate the formation of various novel
conformations of a-synuclein which have a typical NMR profile and which appear to co-exist
with the monomeric form of a-synuclein, which is still detectable. This could be indicative of
the formation of intermediates of a-synuclein which then go on to form the round, non-fibrillar
aggregates of a-synuclein discussed in Section 3.2.6. In contrast, a-synuclein incubated

alone shows only the conformation typical of monomeric, random-coil a-synuclein.

In Fig 3.3.6.A below, an overlay of a representative section of a spectrum of a-synuclein with
Ezrin at time 15 h and time 0 h is shown, with the secondary conformations and
corresponding original peaks clearly marked on it (within blue dashed circles). The
development and disappearance of these secondary conformations was tracked over time
for each residue that underwent a chemical shift variation. Only residues that showed the
appearance and persistence of a secondary peak over at least 3 time-points were
highlighted. Residues from all the different regions of the a-synuclein molecule (i.e. N-
terminus, NAC and C-terminus) could be identified in this image, indicating that multiple
residues undergo a change in chemical shift. In addition, sites on a-synuclein that undergo
broadening in the presence of Ezrin have been marked in green in Fig. 3.3.6.A. In the
interest of space, only the three most-broadened sites have been marked, which confirm
again that broadening of a-synuclein in the presence of Ezrin initiates and is most rapid at

the N-terminus of the protein.

Fig. 3.3.6.B in contrast, shows an overlay of a-synuclein incubated alone at 15 h and at O h,
and clearly depicts the complete lack of chemical shift variation within this sample over time.
Only histidine 50 (His-50) shows a slight change in chemical shift for the sample of a-
synuclein incubated alone (marked in purple). However, His-50 is an amino acid which is
extremely sensitive to even minor changes in its chemical environment (e.g. pH). As the pH
of the incubation mixture varies slightly over the course of the experiment (due to marginal

and unavoidable loss of water over the course of a 42 h incubation at 37°C), it is not
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unexpected that the His-50 residue would respond by undergoing a slight change in
chemical shift. His-50 also undergoes a similar chemical shift variation in the sample of a-
synuclein incubated with Ezrin, confirming that this effect is common in both conditions.
However, in addition to this common chemical shift ‘displacement’, additional variations of
the His-50 residue in the ‘a-synuclein with Ezrin’ sample are also visible, indicating a
phenomenon of extensive chemical shift variations specific to a-synuclein incubated with
Ezrin (see Fig. 3.3.6.A). Lastly, a-synuclein incubated alone shows practically no broadening
at 15 h, in stark contrast to a-synuclein incubated with Ezrin, where the majority of the early
N-terminal has broadened to the extent that it is completely invisible by NMR at 15 h.
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Fig 3.3.6.(A) 'H-1>N HMQC spectrum of a-synuclein incubated in the presence of Ezrin for 15h (shown in
red) overlaid on to the spectrum of a-synuclein with Ezrin at t=0h (black). Residues that show the
formation of a second conformation in their vicinity are highlighted in blue dashed circles and named
alongside. Residues that undergo broadening are highlighted in green dashed circles and also named
alongside. For greater ease of viewing, only some of the residues undergoing conformational changes/

broadening have been circled, instead of all such residues. This representative selection incorporates
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residues spanning the N-terminal, NAC and C-terminal regions of a-synuclein. (B) *H-1>N HMQC spectrum
of a-synuclein incubated alone for 15h (shown in red) overlaid on to the spectrum of a-synuclein alone at
t=0h (blue). His-50, a residue sensitive to fluctuations in its chemical environment, demonstrates a mild
chemical shift ‘displacement’ as a result of perturbations in the pH of the incubation mixture and is
highlighted by a purple dashed circle. Other chemical shift variations and/or broadening of residues
within this sample are conspicuously absent.

3.3.7 Residue-specific chemical shift variation analysis across the N-terminal,
NAC and C-terminal regions of a-synuclein

As mentioned above, the formation of secondary peaks was detected across the entire
length of the a-synuclein molecule in the presence of Ezrin, prompting a detailed region-
specific analysis of this large-scale variation. Fig 3.3.7.1 shows chemical shift variations
upon 15h of incubation of a-synuclein with Ezrin across the 3 different regions of a-
synuclein, clearly depicting that secondary conformations appear to cluster most strongly
within the NAC region, as compared to the N-terminal and C-terminal regions. Even the
flanking residues on either side of the NAC region, i.e. AA 59 and AA 97 undergo chemical

shift variations.
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Fig 3.3.7.1. (A) An inset of the overlay depicted in Fig. 3.3.6.A - the *H-15N HMQC spectrum of a-synuclein

incubated in the presence of Ezrin for 15 h (shown in red) overlaid on to the spectrum of a-synuclein with
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Ezrin at t=0 h (black). The inset highlights the chemical shift variation of one particular residue — E83 — in
closer detail. The chemical shift variation is a function of the distance between the original peak and the
secondary peak that has been formed in its immediate environment (pictorially represented by the blue
arrow pointing from the original resonance to the newly-generated one). (B) Chemical shift variation
values of all the secondary conformations of residues of a-synuclein when incubated with Ezrin for 15 h,
represented region by region. While secondary conformations are detected for residues spanning the
entire length of the a-synuclein molecule, there is evident clustering of a majority of these conformations
in the central NAC region (and in the immediately flanking residues from the late N- and early C-
terminals). Residues adopting secondary conformations are depicted in red. Those residues not
adopting secondary conformations are represented in black. The absence of secondary conformations in
these cases can be attributed to one of two causes, namely (i) those residues simply did not undergo a
change in chemical shift, hence there were no secondary conformations corresponding to the original
peak, e.g. M5, or (ii) the residue was present in a cluster of residues which were all too closely packed
together to allow for unambiguous assignment of the correct original peak to each secondary
conformation, e.g. A19 and L100.

Table 3.3.7.2 depicts the proportional distribution of secondary conformations across the
different regions of the molecule, relative to the length of each region. The residues flanking
the NAC region, referred to previously as T59 and K97, have been depicted as straddling the
boundaries between the three regions, and have been both included and excluded from the
overall NAC region analysis. This numerical approach shows that approximately half of the
NAC region undergoes a change in chemical shift resulting in the formation of second
conformations, as compared to ~20-25% of the N- and C- terminal regions each. These
results suggest a special role for the NAC region in the process of a-synuclein fibrillization
(or inhibition thereof), thereby paving the way for more detailed and qualitative analyses of

the secondary conformations.
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Table 3.3.7.2 Proportional distribution analysis of secondary conformations across the 3 regions of a-

synuclein: N-terminus, NAC and C-terminus.

Region of the | Identity of # of AAs Total # of AAs in | Percentage (%)
protein AAs showing showing the region of region
secondary secondary showing
conformations | conformations secondary
conformations
N-terminal S9, A11, A17, 14 60 23.33%
A19, V26, A27,
A29, V37, L38,
K43, H50, G51,
A53, A56,
T59 -
NAC 18 (+ 2 flanking | 35 54.23%
Q61, G67, G68, | residues)
AB9, V71, T72,
T75,A76, V77, 18 (NAC only) 35 48.57%
T81, V82, E83,
188, G84, A89,
A90, T92, V85
C-terminal nae 9 45 20.00%
A107, E110,
D119, D121,
N122, E126,
5129, E130,
A140

3.3.8 Directionality analyses of chemical shift variation

Upon close observation of the development of variation in chemical shifts across the a-
synuclein molecule over time in the presence of Ezrin, another feature became apparent,
namely, the trends in directionality of the various chemical shift variations. Directionality of
chemical shift variation (as represented in Fig. 3.3.8 below) is a function of the chemical shift
of the residue at t=24 h (a time-point at which all the secondary conformations have been
clearly and consistently detected by NMR) relative to the chemical shift of the same residue
at t=0 h (a time-point at which no secondary conformations are detected). In other words, the
variations in chemical shift appear to be taking place across all the different directions of the
field: upwards, downwards, left-shift, right-shift and intermediates thereof (e.g. a downward
left-shift, which is indicative of a de-shielding of electrons of the corresponding residues).
This calls for a characterization of the directionality of chemical shift variations, whereby,
once again, region-specific effects become evident.

Within the N-terminal region, chemical shift displacements seem to take place along both
directions of the A15N-axis (i.e. upwards and downwards relative to the original residue).
However, rightward displacements are never observed. Within the C-terminal region, there
appears to be a converse trend of chemical shift displacements, with secondary
conformations being formed upward and downward, but never leftward. However, the most

striking effect is seen within the NAC region, namely, a uni-directionality of all chemical shift
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variations in the left-downward direction (the exceptions being T81, 188, T92 and V95). Such
uniformity of direction of chemical shift variation implies a symmetric change in the
immediate environment of the NAC region. Such a homogenous effect is indicative of a de-
shielding of electrons, which may occur as a result of hydrogen-bonding of the residues of
the NAC region into ordered structures. This points towards the development of 3-sheets or
aggregates within this region, suggesting a possible oligomerization of a-synuclein, brought
about by an interaction of a-synuclein molecules. However, additional detailed NMR

experiments are required to confirm this hypothesis.
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Fig 3.3.8. Directionality analysis of chemical shift variations across the three regions of a-synuclein.
Directionality of chemical shift variation (shown as a dotted line) is a function of the chemical shift of the
residue at t=24 h (shown as a circle containing the residue identity, e.g. E83) relative to the chemical shift
of the same residue at t=0 h (shown as the grey circle at the center: ‘chemical shift time 0’). N-terminal,
NAC and C-terminal residues are coloured green, orange and blue, respectively. The majority of the NAC
residues undergo a uni-directional, left-downward displacement as compared to residues in the N- and C-

terminal regions.
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3.3.9 Certain residues of a-synuclein give rise to three simultaneously-detectable
conformations in the presence of Ezrin

Chemical shift variation analyses of late-to-end aggregation time-points (e.g. 24h onwards)
revealed yet another unusual phenomenon: the formation of three different conformations of
certain residues, i.e. “third” conformations or additional chemical shift variations of residues
that had already undergone chemical shift variation once previously. Nine such ‘additional’
chemical shift variations were observed, distributed throughout the a-synuclein molecule: 2
in the N-terminal region (A29, L38); 4 in the NAC region (T81, E83, G84, A89) and 3 in the
C-terminal region (A107, D119, E130), as shown below in Fig 3.3.9.A. Again, 4 of the 9 new
conformations appeared to be closely clustered within the NAC region. The presence of
‘additional’ chemical shift variations confirms that a-synuclein adopts multiple conformations
(of which at least three can be simultaneously detected for a single residue). These
conformations appear to be in flux during the process of aggregation of a-synuclein into
round, non-fibrillar structures in the presence of Ezrin. a-synuclein is constantly evolving
from one state to another and simultaneously adopting multiple conformations in the
presence of Ezrin, as can be seen for AA E83, shown in Fig. 3.3.9.B below. Both the second
and third conformations of a-synuclein are best described as being transient, since they
appear and disappear over the time-course of aggregation.
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Fig 3.3.9. (A) Representation of the positions of third conformations of certain residues of a-synuclein
(when incubated with Ezrin for 24 h). The asterisks and AA-identities of the third conformations (shown
in red) are represented above the corresponding second conformation (black bars). (B) A subset of a 'H-

15N HMQC spectrum of a-synuclein incubated with Ezrin for 24 h (red) overlaid onto the spectrum of a-
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synuclein incubated with Ezrin at t=0 h (black) is shown. AA E83 is clearly seen to give rise to a third

conformation (in contrast to V71 which only gives rise to two conformations).

3.3.10 Chapter Summary

In brief, time-resolved NMR was used to elucidate the mechanism by which Ezrin mediates
the formation of off-pathway aggregates of a-synuclein. To this end, a-synuclein was
incubated with Ezrin (a-synuclein:Ezrin 5:1) and analyzed every 4-5 h by NMR
spectroscopy. This revealed that a-synuclein aggregates faster in the presence of sub-
stoichiometric concentrations of Ezrin than in its absence. Furthermore, the N-terminal
region, the NAC region and the C-terminal region of a-synuclein responded differently to the
presence of Ezrin. The N-terminal region showed the first and most rapid broadening of
residues, followed by the central NAC region, whereas the C-terminal region remained
mostly visible, right up to the time-points preceding complete aggregation. On closer
examination, differences within the 3 regions of a-synuclein (when incubated with Ezrin) also
became evident. In contrast, a-synuclein incubated alone showed no differences across the
different protein regions and broadening was observed at more-or-less the same rate across
all residues (with the exception of the first few amino acids at later time-points).

At later stages of incubation, various residues of a-synuclein underwent chemical shifts to
form second conformations, suggesting the presence of oligomeric assemblies of a-
synuclein molecules. The presence of these additional conformations also showed regional
differences. Clustering was predominantly observed in the NAC region and its flanking
residues, while changes were also detected in the N- and C- terminal regions. Furthermore,
the direction of chemical shift variation of these residues provided detailed information.
Nearly all the second conformations of the NAC residues appeared to uniformly shift in a left-
downward direction, indicative of electron-de-shielding or of hydrogen-bonding of the
residues into structured forms, such as B-sheets or aggregates. Lastly, at later stages in the
aggregation process, certain residues adopted yet another conformation, resulting in the
simultaneous presence of three distinct populations of a-synuclein as detected by NMR
spectroscopy. Once again, 4 of the 9 tertiary conformations were found within the NAC
region, suggesting an important role for this region in the off-pathway aggregation of a-

synuclein in the presence of Ezrin.

Thus, Ezrin mediates the accelerated formation of multiple off-pathway, transient and distinct
species of a-synuclein with a typical NMR profile. Having established how Ezrin mediates its
effect, the next question to be asked was whether these aggregates show reduced toxicity in

a cellular context as compared to the toxic, on-pathway fibrillar forms of a-synuclein.
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3.4 Ezrinis a potent inhibitor of a-synuclein-mediated toxicity

After having elucidated from NMR spectroscopy and biophysical analyses that Ezrin
accelerates the formation of off-pathway aggregates of a-synuclein, the next question to be
answered was whether these atypical aggregates are toxic to cells. To answer this question,
LDH (lactate dehydrogenase) assays and MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assays were conducted on rat primary neuronal cells (as
described in Sections 2.2.4.2 and 2.2.4.3). Next, a S. cerevisiae model expressing the toxic
a-synuclein mutant, A53T, was used to evaluate whether Ezrin affects a-synuclein toxicity in
vivo. This revealed that Ezrin actually reduces the toxicity associated with a-synuclein in
yeast. Lastly, Ezrin’s effect on the formation of intracellular inclusions was analyzed by
microscopy, using the same yeast model. Co-expression of Ezrin significantly reduced the
number of A53T-a-synuclein inclusions in cells. Thus, Ezrin appears to modulate both a-
synuclein-mediated toxicity and aggregation in vivo.

3.4.1 Ezrin reduces a-synuclein-mediated LDH release in primary neurons
In order to determine whether Ezrin is a modifier of a-synuclein toxicity as well as a-
synuclein aggregation, cellular toxicity assays were employed. a-synuclein has been
reported to aggregate into annular structures that form pores that disrupt membrane integrity
(Lashuel et al., 2002a). Therefore, the lactate dehydrogenase (LDH) assay was employed to
measure membrane integrity by monitoring the amount of cytoplasmic LDH released into the
medium, thereby providing a readout of the viability of the cells. In other words, healthy,
viable cells should have an intact membrane and thereby release only minimal amounts of
LDH into the medium, whereas dying or compromised cells should have a weakened
membrane, allowing for the release of larger amounts of LDH into the medium. The assay is
based on the reduction of NAD (Nicotinamide Adenine Dinucleotide; a coenzyme found in all
living cells) to NADH (the reduced form) by LDH. The NADH is then utilized in the
stoichiometric conversion of a tetrazolium dye into a coloured compound, which is measured
spectrophotometrically (Mosmann, 1983). The amount of LDH in cell-free aliquots of media
from control- and test- samples can be used as an indicator of relative cell viability as well as

a function of membrane integrity.

The LDH assay was utilized to measure whether Ezrin influences a-synuclein toxicity in
cells. Hence, a-synuclein incubated with and without Ezrin for 42 h (i.e. the end-point
samples from the NMR experiment described in Section 3.3 above) was added to the culture
media surrounding primary rat neuronal cells, at a final concentration of 1 uM (n=3). After
incubation at 37 °C for 24 h, the LDH assay was carried out.
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As seen in Fig. 3.4.1, the a-synuclein-Ezrin sample (Syn:Ezrin 5:1) results in significantly
reduced LDH release as compared to the a-synuclein sample without Ezrin (Syn only). This
is indicative of greatly reduced toxicity in the a-synuclein-Ezrin sample. In fact, the LDH
release of the a-synuclein-Ezrin sample is comparable to the LDH release of the buffer-only
(healthy control) sample, indicating that Ezrin reduces a-synuclein-mediated toxicity to the
level of the healthy control. Furthermore, cells incubated with Ezrin alone (Ezrin only)
showed the same LDH release as the buffer-only healthy control. In conclusion, the
presence of Ezrin at a substoichiometric (1:5) molar ratio during a-synuclein aggregation
rescues a-synuclein-mediated toxicity and restores membrane integrity in primary neurons to

that of healthy control cells.
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Fig 3.4.1 LDH release assay on primary neurons to which 1 uM samples of a-synuclein incubated with
Ezrin (Syn:Ezrin 5:1) and without Ezrin (Syn only) for 42 h were delivered. The cells were then allowed to
incubate with the samples for 24 h at 37°C, before the assay was performed. All data were normalized to
the values obtained for lysed cells (set to 100%). Cells incubated with Syn:Ezrin 5:1 showed a LDH
release level consistent with that of cells to which only buffer had been added (Buffer only), i.e. the
healthy control. In contrast, cells incubated with Syn only showed significantly higher levels of LDH
release, often surpassing the LDH release levels of lysed cells or the positive control (i.e. 100%). Error
bars represent s.e.m. * indicates P< 0.05. (n=3)

3.4.2 Ezrin incubated with a-synuclein increases MTT reduction in primary
neurons

In order to confirm the results obtained from the LDH assay, another test of cellular toxicity,
namely the MTT assay, was employed. The MTT assay is a colorimetric assay for
measuring cellular proliferation. Cellular enzymes reduce the tetrazolium dye, MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a yellow tetrazole), to insoluble
formazan, giving a purple color. Efficient MTT reduction indicates high metabolic activity of
the cells. If Ezrin were indeed capable of reducing the toxicity of a-synuclein, one would
expect that cells incubated with the a-synuclein-Ezrin sample would generate more of the

purple formazan produced by MTT reduction than cells incubated with a-synuclein only. A

112



RESULTS

solubilization solution containing SDS and dimethyl sulfoxide is added to cells to dissolve the
insoluble purple formazan product into a colored solution, the absorbance of which is
guantified by measuring the colour at a specific wavelength (around 560 nm) using a
spectrophotometer. Reduction takes place only when mitochondrial reductase enzymes are
active and therefore conversion can be directly related to the number of viable cells. Thus,
the intensity of the absorbance is used as a readout of the number of metabolically active
cells.

Similar to the LDH assay described above, a-synuclein was incubated with and without Ezrin
(Syn:Ezrin 5.1) and delivered to primary cultures of rat neurons (n=3) for 24 h at three
different concentrations, namely 4 uM, 2 yM and 1 pM. The MTT assay results (displayed in
Fig 3.4.2 below) once again demonstrate that a-synuclein incubated with Ezrin results in
significantly greater MTT reduction than a-synuclein incubated alone (which shows marginal
MTT reduction). This is indicative of a toxicity-diminishing role for Ezrin within the cellular
context. In fact, at higher concentrations, e.g. 4 pM, the a-synuclein-Ezrin mixture even
appears to confer an advantage (i.e. increased MTT reduction) over control cells to which
only buffer was added. This effect cannot simply be attributed to a beneficial role of Ezrin in
the cells, as the ‘Ezrin only’ sample does not show a significantly larger MTT reduction as
compared to the ‘Buffer only’ control. At lower concentrations of a-synuclein its toxicity
decreases, which means that the difference in toxicity between a-synuclein incubated with

Ezrin and a-synuclein incubated without Ezrin becomes less pronounced.

In all cases Ezrin rescued the metabolic activity at least to the level of control cells
incubated with buffer only. In conclusion, and in keeping with expectations, when a-
synuclein incubated with Ezrin was delivered to cells there was a significant rescue of
metabolic activity, suggesting that co-incubation with Ezrin leads to an aggregation product
that is non-toxic to cultured primary neurons. Thus, both cellular toxicity assays
independently demonstrate that Ezrin significantly decreases the cytotoxicity of aggregated

a-synuclein.
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Fig 3.4.2 MTT reduction assay on primary neurons to which a-synuclein alone or a-synuclein incubated
with Ezrin were delivered, over a range of concentrations. 4 pM a-synuclein incubated with Ezrin
(Syn:Ezrin 5:1) showed a significantly greater MTT reduction than the same concentration of a-synuclein
incubated alone (Syn only). A similar effect was observed for the experiment at 2 pM, whereas at a
concentration of 1 uM the differences between the two a-synuclein conditions ceased to be significant.
Ezrin incubated alone (Ezrin only) showed a value of MTT reduction that did not vary significantly from
the ‘Buffer only’ control. Hence, Ezrin alone neither inhibited nor greatly enhanced MTT reduction. All
data were normalized to the values obtained for cells to which only buffer was added (“Buffer only”
control, set to 100%) and took into account the background MTT reduction observed even in lysed cells.
Error bars represent s.e.m. * indicates P< 0.05 (n=3).

3.4.3 Ezrin rescues a-synuclein-mediated toxicity in vivo in S. cerevisiae
As mentioned in the introduction, baker's yeast - S. cerevisiae, one of the simplest
eukaryotic organisms - is commonly used for modeling various intracellular processes that
are of relevance even in higher species, such as rodents and humans (Karathia et al., 2011;
Zakrajsek et al., 2011). It has been used extensively to model protein misfolding and toxicity
in human neurodegenerative disorders (Miller-Fleming et al., 2008). The simplicity of the
yeast genome allows many processes such as protein-protein interactions and intracellular
aggregation of amyloidogenic proteins to be examined directly and easily in this organism.
Keeping this in mind, certain research-groups have taken advantage of S. cerevisiae to
develop a model for studying a-synuclein aggregation and toxicity in vivo (Outeiro and
Lindquist, 2003). Briefly, in this model the gene coding for the highly toxic mutant of a-
synuclein - A53T- was fused at its C-terminus to a GFP-construct and integrated into the
yeast genome just after a galactose-inducible promoter (2 copies), such that addition of
galactose to the growth medium induces the expression of a-synuclein. This a-synuclein
protein is not only highly toxic to the yeast (as measured by growth assays) but also forms
intracellular aggregates, which can be detected as large, GFP-positive inclusions using a

fluorescence microscope (Outeiro and Lindquist, 2003). When grown in glucose-medium,
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however, expression of mutant a-synuclein is not induced and the yeast cells remain healthy
and inclusion-free. Upon transformation of the yeast cells with a pAG425-FLAG plasmid
containing a galactose-inducible promoter and the Ezrin gene (or known toxicity enhancer-
and suppressor- genes), it is possible to simultaneously induce the expression of a N-
terminally Flag-tagged fusion protein (Ezrin/ toxicity enhancers/ toxicity suppressors) and a-
synuclein in yeast cells grown in galactose-containing medium. This allows one to evaluate

the effect of Ezrin in vivo on a-synuclein-mediated toxicity and aggregation.

3.4.3.1 Growth in galactose-containing medium results in the expression of A53T-a-synuclein
and Ezrin

In order to confirm that neither a-synuclein nor Ezrin is produced in glucose-containing
medium, but that both are expressed in galactose-containing medium, yeast cells were
grown in parallel in both types of media, lysed and then analyzed by SDS-PAGE and
immunoblotting using anti-a-synuclein and anti-Flag-tag antibodies. As seen in Fig 3.4.3.1,
both proteins are expressed only in the presence of galactose in the medium and neither is
expressed in glucose-containing medium, confirming the validity of the system as a suitable
assay for gauging the effects of Ezrin on a-synuclein. Although A53T-a-synuclein is a small
protein and usually resolves at 17-19 kDa, the presence of the large GFP-tag (~27 kDa) at
its C-terminus causes it to resolve at 44-46 kDa. This is in accordance with the data in Fig.
3.4.3.1. Similarly, full-length wild-type Ezrin usually resolves at 69 kDa, and with the 1 kDa
Flag-tag at its N-terminal end, it is expected to resolve at 70 kDa, which is in keeping with
the results in Fig 3.4.3.1.

Syn Flag
Gal Glu Gal Glu

72 kDa-

55 kDa-
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Fig 3.4.3.1 SDS-PAGE and immunoblotting of lysates of yeast cells grown for 24 h in galactose- and
glucose-containing media. a-synuclein and Ezrin were detected with anti-a-synuclein and anti-Flag
antibodies, respectively. As expected, the a-synuclein-GFP fusion protein resolved at ~46 kDa, while
Flag-tagged Ezrin resolved at ~70 kDa. The smeary appearance of the Flag-tagged Ezrin (Gal lane) could
be due to degradation of the protein, along with background noise contributed by proteins to which the
anti-Flag antibody non-specifically binds. Similar background noise is detected at a lower level by the

anti-Flag antibody even in the non-expressing condition (Glu lane).

3.4.3.2 Ezrin enhances the growth of A53T-a-synuclein-expressing yeast cells

After having confirmed that Ezrin and A53T-a-synuclein are co-expressed in galactose-
containing medium, the next step was to carry out growth assays using yeast cells
expressing both proteins, in order to determine whether Ezrin also acts as an inhibitor of a-
synuclein toxicity in living organisms. To this end, two distinct types of growth tests were
carried out to assess possible Ezrin-mediated changes in yeast growth, both qualitatively

and guantitatively, as detailed below:

Growth tests on solid agar: As described in Section 2.2.5.5, serial dilutions of the yeast

cultures were prepared in 96-well plates and stamped onto NBG -ut/ahl agar plates
containing the carbon sources glucose or galactose. Plating on galactose activates the GAL-
promoter that precedes the a-synuclein-GFP and blank-vector-GFP constructs integrated
into the yeast genome, as well as the N-terminally Flag-tagged-gene in the plasmid
transformed into the yeast, resulting in over-expression of a-synuclein-GFP and/or Flag-
tagged fusion proteins. Plating on glucose, however, does not activate the GAL-promoter,
thus, neither a-synuclein-GFP expression nor Flag-tagged fusion protein expression is
induced. After 120 h of incubation at 30°C digital images of yeast colonies were taken, and

colony growth was examined densitometrically.

The proteins ATP2C1 and NRG1 were used as negative controls as they are toxicity
enhancers well-described in the literature and known to significantly inhibit the growth of
yeast via their interaction with a-synuclein (Outeiro and Lindquist, 2003). As expected, the
toxicity they induce in yeast cells - when expressed - was so strong that their growth on
galactose-containing media (Rows 2 and 3 in Fig. 3.4.3.2.A below) was negligible. Similarly,
the protein RAB1A, known to suppress a-synuclein-associated toxicity in yeast (Outeiro and
Lindquist, 2003) was used in this study as a positive control for yeast growth. Coexpression
with a-synuclein-GFP resulted in improved growth of yeast cells on galactose-containing
medium (Row 4) as compared to A53T-Syn and Vector only (Row 5). Finally, yeast colonies
expressing both A53T-Syn and Ezrin grew better than yeast cells expressing A53T-Syn and

Vector only (Row 1 vs. Row 5, lower concentrations) and even grew better than the positive
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control- A53T-Syn + Tox. Supp. (Row 1 vs. Row 5, lower concentrations), suggesting that

Ezrin does, indeed, act as a suppressor of a-synuclein-mediated toxicity in living organisms.
OD: 0.10.020.0040.00080.000160.10.020.0040.00080.00016

AS53T-Syn + Ezrin

AS53T-Syn + Tox. Enh. 1
ATP2CH

A53T-Syn + Tox. Enh, 2
NRG1

AS3T-Syn + Tox. Supp.
RAB1A

A53T-Syn + Vector only

Glucose Galactose
(un-induced) (proteins induced)

Fig 3.4.3.2.A Ezrin inhibits a-synuclein-mediated toxicity in yeast. Both the toxicity-enhancing proteins

are only toxic in the galactose-induced condition in which a-synuclein is also expressed. Closer
examination reveals that the galactose-induced Ezrin- and a-synuclein- expressing yeast strain contains
numerous, large and distinct colonies at more than one concentration, indicating healthy growth of the
yeast. This strain shows a significant increase in healthy, round colonies even at the lower dilutions,
than the vector only- and Tox. Supp.- strains. N.B. Enhancers of toxicity are not toxic in the control-GFP-
vector-containing strain which does not express a-synuclein. Expression vector: pAG425-FLAG (Gal
promoter); yeast strain with gene expressing A53T-a-synuclein integrated in genome: a kind gift from
Outeiro & Lindquist.

Growth tests in liquid culture: As described in Section 2.2.5.5, 100 ml each of glucose-

containing and galactose-containing NBG -ut/ahl media were inoculated with yeast cultures
to a starting ODsoo Of 0.01 and incubated at 30°C for 72 h, before the final ODeyo Was
measured. The same proteins used as positive and negative controls in the previous growth
test (namely, RAB1A, ATP2C1 and NRG1) were employed as toxicity suppressor/enhancers
in this assay and they yielded identical results. A53T-Syn and NRG1 co-expression resulted
in a significant decrease in yeast cell growth, whereas A53T-Syn and RAB1A co-expression
partially rescued this effect, resulting in enhanced yeast cell growth as compared to the
A53T-Syn and vector only sample. Similar to the results obtained from the growth tests on
solid agar, the growth tests in liquid culture (see Fig. 3.4.3.2.B below) showed that yeast
colonies expressing both A53T-Syn and Ezrin, grew better than yeast cells expressing
A53T-Syn and the vector only. Furthermore, as expected, growth of the A53T-Syn + Ezrin
sample was comparable to that of the AbL3T-Syn + toxicity suppressor sample,
demonstrating that co-expression of Ezrin in A53T-a-synuclein-expressing yeast cells not
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only rescues the toxicity-phenotype, but even enhances cell-growth to the level of the well-
established toxicity-suppressor, RAB1A. Hence, examination of the same yeast strains and
controls in multiple formats confirms a role for Ezrin as a potent suppressor of a-synuclein-

mediated toxicity in yeast.

8-
7. Em A53T-Syn + Vector only
6 Bl A53T-Syn + Ezrin

B A53T-Syn + Tox. Supp. (RAB1A)
Em A53T-Syn + Tox. Enh. (NRG1)

ODggg [AU]
w -llh [4.]

Glucose Galactose
Media conditions

Fig 3.4.3.2.B Ezrin inhibits a-synuclein-mediated toxicity in liquid yeast cultures. ODsoo measurements
were carried out after 60 hours of incubation of the yeast cultures at 30°C. In the galactose-induced
condition, A53T-a-synuclein is seen to be highly toxic to the yeast cells, a condition which is further
enhanced by the NRG1 protein (a known toxicity-enhancer), considerably suppressed by the RAB1A
protein (a known toxicity-suppressor) and also significantly suppressed by Ezrin (to the level of toxicity-
suppression seen for RAB1A, the positive control). Under conditions in which a-synuclein is not
expressed, i.e. growth on a glucose-containing medium, all 4 types of yeast cultures show similar ODsoo
values (generally above 5.5 AU, with inter-sample variability being non-significant). Error bars represent

s.e.m. * indicates P< 0.05. (n=3).

3.4.3.3 Ezrin inhibits A53T-a-synuclein aggregation in yeast

As mentioned above, ‘A53T-a-synuclein-GFP’ yeast cells carry 2 copies of the mutant- a-
synuclein gene integrated into their genome. Galactose-inducible expression of A53T-a-
synuclein-GFP results in the formation of foci or aggregates of a-synuclein within yeast cells
(as seen in Fig 3.4.3.3.A below). Simultaneous co-expression of Ezrin significantly
decreases the formation, size and numbers of such foci or aggregates. This was further
confirmed by quantification, in which the number of aggregate-forming cells relative to the
total number of a-synuclein-expressing cells (with and without Ezrin co-expression) was
counted (refer to Fig 3.4.3.3.B). As expected, the proportion of yeast cells expressing A53T-
Syn and Ezrin and containing aggregates was significantly lower than the proportion of yeast

cells expressing A53T-Syn and vector only and containing aggregates. Thus, Ezrin not only
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reduces a-synuclein-mediated toxicity in S. cerevisiae but also decreases the abundance of

a-synuclein aggregates.

A B
A53T-Syn + Ezrin A53T-Syn + Vector only

80+

% of cells containing aggregates

Vector only Ezrin

Fig 3.4.3.3 Ezrin inhibits aggregation of A53T-a-synuclein in yeast. (A) Co-expression of Ezrin
significantly reduces the size and number of punctate aggregates formed in A53T-a-synuclein-
expressing yeast cells. Also, the numbers of cells producing A53T-Syn aggregates under conditions of
co-expression with Ezrin are greatly decreased. (B) Quantification of the numbers of aggregate-forming
cells relative to total numbers of A53T-a-synuclein-expressing cells in the presence and absence of Ezrin
(Ezrin and Vector only, respectively). Values are represented as the percentage of A53T-Syn-expressing
cells containing aggregates. For each quantification, at least 100 A53T-Syn-expressing cells per
condition were counted (n=3, where n refers to a single quantification per condition). Error bars
represent s.e.m. * indicates P< 0.05.

3.4.4 Chapter Summary
In order to determine whether Ezrin can reduce a-synuclein-mediated toxicity- in addition to
its role in modifying a-synuclein aggregation- it is necessary to examine the effect of Ezrin
on a-synuclein aggregation in various in vivo settings. This has been approached in multiple
ways, starting with the usage of two distinct cellular toxicity assays- the lactate
dehydrogenase assay and the MTT assay. Both assays clearly demonstrate that a-synuclein
fibrils are highly toxic to cells, whereas the aggregates of a-synuclein obtained in the
presence of Ezrin are not. In fact, the lack of toxicity of Ezrin-mediated a-synuclein-
aggregates on primary neuronal cultures is comparable to the toxicity levels of untreated

control cells, indicating a complete rescue of a-synuclein toxicity under these conditions.

Furthermore, yeast cells that are capable of being induced to express both a-synuclein and
Ezrin simultaneously provide the ideal in vivo environment in which to study the effect of
Ezrin on a-synuclein toxicity and aggregation in a simple model organism. Co-expression of
Ezrin rescues the toxicity mediated by A53T-a-synuclein when induced in liquid and plated

yeast cultures, and simultaneously reduces the occurrence of large, intracellular aggregates
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of AB3T-a-synuclein in induced cultures. Thus, Ezrin plays a role in inhibiting the toxicity

associated with typical aggregates of a-synuclein.
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4. DISCUSSION

The formation of insoluble amyloidogenic protein aggregates is a characteristic hallmark of
many neurodegenerative diseases, including Parkinson’s disease. In this disease, a-
synuclein is known to form not only the traditional amyloid fibrils referred to above, but also
pre-fibrillar, small, soluble aggregates called oligomers, which are intermediates in the
amyloid formation cascade and are thought to play an important role in disease
pathogenesis. Despite large bodies of data implicating a role for a-synuclein in the
pathogenesis of PD, and intensive analysis of the various forms of a-synuclein thought to
mediate toxicity, there is presently no cure for the disease, and particularly, no treatment that
targets the misfolding and deposition of the protein. Therefore, the aim of this project was to
screen a large number of protein candidates in order to find novel modifiers that directly
inhibit the aggregation of a-synuclein into the insoluble amyloid fibrils typical of PD and
thereby help to identify new targets for therapeutic drugs that could interfere with early
processes in the disease pathology.

4.1 An unbiased screen of 13,824 proteins reveals novel and potent

modulators of a-synuclein fibrillization

An unbiased protein library encompassing 13,824 proteins had previously been generated
by “shotgun cloning” for expression in E.coli (RZPD cDNA Library; Source: RZPD -
Deutsches Ressourcenzentrum fur Genomforschung [http://www.rzpd.de/]). The proteins in
this library were expressed in pools of eight and then purified through His-tag affinity. As
previously described in Section 2.2.2.16, a-synuclein was incubated with the various
proteins together with the amyloid-binding fluorescent dye, Thioflavin-T, and aggregation
kinetics were recorded so that an increase in fluorescence would act as a readout of amyloid
formation. Several proteins were thus identified that strongly delayed or - in the case of Ezrin
- completely prevented the formation of Thioflavin-T-binding fibrils, which indicated that the
candidate protein in that mixture acted as an inhibitor of a-synuclein fibrillization. In this way,
subsequent to successive rounds of screening, the following thirteen novel modifiers of a-
synuclein fibrillization were identified: EZR, HMG20A, HMGN2, HNRPDL, IGSF4, NBL1,
NONO, OTUD5, PABP1, PFDN5, PNMA1, RPL7 and RPS4X.

It was interesting to see that these modifiers were highly diverse proteins, in terms of size,
localization, binding partners, etc., yet within this small sub-group of ‘final hits’, certain
functional classes (e.g. RNA-binding) and particular expression patterns (e.g. expression in

the testis) were strongly represented. Thus, by employing an unbiased screen, certain
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categories of proteins seemed to emerge as inhibitors of a-synuclein fibrillization and one
might speculate that these classes play an important (albeit undeciphered) role in this
process. A minimum of 3 modifiers was deemed as being necessary to define a category

which was ‘strongly represented’ among the hits from the screen.

Fig 4.1 below depicts the ‘strongly represented’ categories of protein modifiers, which can be
further divided into ‘functional’ and ‘expression-based’ categories. The following discussion
of modifiers and their properties has been based on information presented and referenced in
the table presented in Section 3.1.6:

1) Functional categories: The top 13 modifiers from the screen were seen to be involved

in multiple processes, of which ‘RNA-processing/binding or poly(A)-related function’ was the
most strongly represented, with six member proteins (see Fig. 4.1 below). The next
functional class to be strongly represented was ‘40S/60S ribosomal protein-associated’ with
four members, followed by ‘chaperone/UPS-associated’ proteins and ‘cytoskeleton-
associated’ proteins, with three members each. Interestingly, three of the ‘hits’ (namely,
EZR, NONO and OTUDS5) were already known to be indirectly associated with Parkinson’s
disease mutations (PD mutant-associated) as shown in Section 3.1.6, although no direct role
had been demonstrated for their involvement in this disease. Four modifiers were known
from the scientific literature to be ‘neurological disorder- associated’ (i.e. HMG20A in mental
retardation and nocturnal frontal lobe epilepsy; PNMAL in paraneoplastic neurological
disorders; RPS4X in Turner syndrome (rarely associated with cognitive deficits) and RPL7 in
systemic lupus erythematosis (which may affect the brain and nervous system)). Four other
modifiers were similarly known to play a role in cancer, i.e. EZR in metastasis; NBL1 as a
suppressor of tumorigenicity; HMGN2 in tumour endothelial cells and IGSF4 as a tumour

suppressor of non-small-cell lung cancer, were all termed ‘cancer-associated’.

2) Expression-based categories: Strikingly, the majority of the modifiers (eight in
number, namely, EZR, HMG20A, HMGN2, IGSF4, NBL1, NONO, OTUD5 and PNMA1) were
proteins showing ‘brain expression’, while four modifiers (HMG20A, HMGN2, HNRPDL and

NONO) unsurprisingly showed ‘ubiquitous expression’. It was unexpected that five modifiers
were expressed in the testis, if not exclusively, then certainly in enriched proportions (‘testis
expression’ of HMG20A, HMGN2, HNRPDL, IGSF4 and PNMAL1). This was a novel finding

and could be of potential interest for further studies.
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HNRPDL, PABP1,

RPL7, RPS4X

405/60S ribosomal
wotein-associated,

HMG20A, PNMA1,
RPL7, RPS4X
Neurological
disorder-associate

OTUDS5, PABPC1,
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Chaperone/UPS-
associated

EZR, HMG20A,
HMGN2, IGSF4,
NBL1, NONO,
OTUD5, PNMA1

rain expressio
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Fig. 4.1 Classification of the top 13 modifiers from the screen into functional and expression-based
categories. The category name, e.g. RNA-processing, is shown in italics below the names of the genes
that make up the category, while a-synuclein (SYN) is shown in the center.

In addition, it has been shown that the transcriptional co-factor high mobility group protein 1
(HMG1) is able to bind preferentially to aggregated a-synuclein and is present in a-synuclein
filament-containing LBs isolated from brain tissue affected with LBD and PD (Lindersson et
al.,, 2004). This is of particular interest as two high mobility group proteins: HMGN2
(nucleosomal binding domain 2) and HMG20A (protein 20A) were identified in the screen as
being two of the most potent inhibitors of a-synuclein fibrillization. Further work on the family
of HMG proteins and their striking involvement in a-synuclein fibrillization could shed more

light on this issue.

It is also interesting to note that the screen did not reveal modulators that increase the rate
of a-synuclein fibrillization, i.e. promoters of fibrillization. Many proteins have been reported
to stimulate or speed up the fibrillization process of a-synuclein in the scientific literature:
The list of these aggregation promoters includes tau protein (Giasson et al., 2002b), brain-

specific protein p25a (Lindersson et al., 2005), and tubulin (Alim et al., 2002). However,
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none of the proteins screened in this study appeared to significantly accelerate the rate of a-

synuclein fibrillization, which may be explained as follows:

The presence of the stirring glass-bead brings about shearing forces within the solution,
which results in the fragmentation of newly-formed or forming fibrils into smaller species, e.g.
oligomers, proto-fibrils, etc. These act as nuclei for the available monomeric a-synuclein in
the solution, which then also starts to fibrillize. So, instead of just one or a few nucleating
centers being present within the solution, as shearing forces are generated by the stirring
glass-bead over the course of a-synuclein fibril formation, multiple nucleating centers are
generated, which seed the accelerated fibrillization of a-synuclein. In this case, the rate-
limiting factor may be considered to be secondary seed formation through fibril
fragmentation by the stirring bead (Knowles et al.,, 2009). Proteins that accelerate a-

synuclein fibrillization by a similar mechanism may thus have been obscured.
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4.2 Ezrin- the most potent inhibitor of a-synuclein fibrillization: Its role

in the nervous system and diseases thereof

While all the thirteen modifiers represented in Fig 4.1 showed a concentration-dependent
inhibition of a-synuclein fibrillization, Ezrin stood out as being the most potent modulator.
The reason for this was that at concentrations as low as Ezrin:a-synuclein 1:5, fibrillization
appeared to be completely inhibited. Thioflavin-T fluorescence was nearly completely absent
even at the late stages of the reaction [refer to Section 3.1.6], suggesting that Ezrin may be
sufficient to completely block or prevent the formation of fibrils with a typical cross-p-pleated-
sheet structure. This was one of the major arguments for the selection of Ezrin as the
modifier of choice for downstream experiments. Another reason for the selection of Ezrin
was the presence of various studies from the scientific literature which suggested a role for
Ezrin not just in the nervous system, but also in the pathogenesis of Parkinson’s disease (as

discussed in detail in Section 3.1.7).

In the following sections, the potential role of Ezrin in the brain and in brain-related diseases
(Section 4.2.1) is examined, followed by a discussion of the biophysical and biochemical
data that demonstrate the powerful inhibition of a-synuclein fibrillization by Ezrin (Section
4.2.2).

4.2.1 Therole of Ezrin in the nervous system and in neurological disease
As mentioned previously in Section 3.1.7, various studies from the literature reveal a role for
Ezrin in the nervous system, and in particular, a role in Parkinson’s disease and other
neurological diseases. For instance, phosphorylated Ezrin influences cortical neuron growth,
morphology and maotility in vitro (Li et al., 2007b). Ezrin expression is detected in the
cerebrum at 20 weeks of gestation (Johnson et al., 2002) and later at 30 weeks of gestation
(Johnson et al., 2002) indicating a role for Ezrin in neurogenesis. The phosphorylation of
Ezrin by leucine-rich repeat kinase 2 (LRRK2) promotes the rearrangement of the actin
cytoskeleton in neuronal morphogenesis (Parisiadou et al., 2009), which provides an indirect

link to Parkinson’s disease, as follows:

Variants of the LRRK2 gene are associated with an increased risk of Parkinson's disease
(Paisan-Ruiz et al., 2004). Furthermore, the expression of LRRK2 mutants implicated in
autosomal dominant Parkinson's disease causes shortening and simplification of the
dendritic tree in vivo and in cultured neurons (MacLeod et al., 2006). The Gly2019Ser

mutation in LRRK2 is a relatively common cause of familial Parkinson's disease in
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Caucasians (Gilks et al., 2005) and may also cause sporadic Parkinson's disease. This
mutation elicits post-synaptic calcium imbalance, leading to excess mitochondrial clearance
from dendrites by mitophagy (Cherra et al., 2013). LRRK2 functions as a putative protein
kinase of ezrin-family proteins, and the G2019S substitution in the kinase domain of LRRK2
further enhances their phosphorylation (Parisiadou et al., 2009). The phosphorylated
proteins are restricted to the filopodia of growing neurites in which they tether filamentous
actin (F-actin) to the cytoplasmic membrane and regulate the dynamics of filopodia
protrusion. In cultured neurons derived from LRRK2 G2019S transgenic mice, the number of
phosphorylated ezrin-family proteins and F-actin-enriched filopodia is significantly increased
and this correlates with the retardation of neurite outgrowth.

Conversely, deletion of LRRK2, which lowers phosphorylated ezrin-family proteins and F-
actin content in filopodia, promotes neurite outgrowth. Furthermore, inhibition of
phosphorylation or actin polymerization rescues the G2019S-dependent neuronal growth
defects. These data are supported by the finding that LRRK2 has been seen to
phosphorylate Moesin (a protein with extremely high homology to Ezrin, described in detall
in Section 3.2.1.3) at threonine-558, thereby characterizing how Parkinson’s disease
mutants affect kinase activity (Jaleel et al., 2007). Lastly, an analysis of the susceptibility
genes in Chinese pedigrees with early-onset familial Parkinson's disease (FPD) revealed
two missense mutations, one of which was a single-nucleotide polymorphism at exon 5 of
LRRK2 (Xu et al., 2010). Taken together, these studies suggest a potential involvement of

Ezrin in some of the underlying mechanisms of Parkinson’s disease.

A final search for a direct connection linking a-synuclein and Ezrin did not readily appear in
the literature (pointing once again to the novelty of this work), however an interesting
connection of another nature was revealed: A study on aberrant expression of proteins in the
hippocampus of patients with mesial temporal lobe epilepsy (MTLE) showed that although
certain cytoskeleton proteins, e.g. tubulin a-1 chain, were significantly reduced, Ezrin levels
were significantly increased in MTLE, as were the levels of synaptosomal proteins, e.g.
synaptotagmin | and a-synuclein (Yang et al., 2006). The authors concluded that the findings
may indicate cytoskeletal impairment and that altered synaptosomal protein expression
possibly reflects simultaneous synaptic impairment in MTLE. Thus, while no studies exist in
the literature that directly link a-synuclein with Ezrin, there is ample indirect evidence for a
potential interaction of Ezrin with a-synuclein, and further, for a potential role of Ezrin in

Parkinson’s disease.
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4.2.2 The potent inhibition of a-synuclein fibrillization by Ezrin
In addition to the presence of Ezrin in the nervous system and its potential involvement in
Parkinson’s disease, the strong inhibition of a-synuclein fibrillization at sub-stoichiometric
concentrations by Ezrin resulted in this protein being selected as the most promising
modifier for downstream analyses. Various methods have been employed in this study to
demonstrate that Ezrin inhibits the formation of traditional SDS-resistant higher-molecular-
weight oligomers and aggregates by re-directing a-synuclein into off-pathway species

instead.

Biochemical methods: Western blot analysis of samples of a-synuclein incubated with and

without Ezrin for different lengths of time [refer to Section 3.2.4] and filter-retardation assays
of end-point samples of a-synuclein incubated with and without Ezrin [refer to Section 3.2.5]
clearly showed a significant decrease in the build-up of SDS-resistant higher-molecular-
weight-oligomers and aggregates, respectively, in the presence of Ezrin.

Biophysical analysis: Atomic force microscopy (AFM) images clearly showed the formation

of round, off-pathway aggregates of a-synuclein in the presence of Ezrin as opposed to the
traditional long fibrils formed by a-synuclein when incubated alone [refer to Section 3.2.6].

Supporting evidence: This strong inhibitory effect on a-synuclein fibrillogenesis is not just

limited to Ezrin, as protein family members sharing a high homology with Ezrin have an
analogous effect on a-synuclein fibrillization, while proteins with lower homology to Ezrin do
not [refer to Section 3.2.1.3]. Additionally, Ezrin affects early-stage oligomers or
intermediates of a-synuclein — and not later-stage structures — as it only succeeds in
inhibiting a-synuclein fibrillization when added to the solution at the early stages of
incubation, i.e. before 10 hours of incubation have elapsed (refer to Section 3.2.4). Ezrin
added later, i.e. 10 or more hours after the start of incubation, no longer has an effect on a-

synuclein fibrillization.

In conclusion, Ezrin appears to directly modulate the fibrillization of a-synuclein. In the next
section, therefore, we compare the effect of Ezrin on a-synuclein aggregation with that of
other known modifiers of a-synuclein fibrillization, including small molecule inhibitors and

chaperone proteins.
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4.3 Comparison of the effect of Ezrin on a-synuclein fibrillogenesis with

that of other known modifiers from the scientific literature

Keeping in mind the potency and nature of the effect of Ezrin on a-synuclein fibrillization, it
may be of use to compare Ezrin with other known modifiers of a-synuclein fibrillization from
the scientific literature. This may help to uncover common underlying features, if any, and
also highlight striking differences in the actions of the different modifiers. For ease of
analysis, this comparison has been divided into two sections:

4.3.1 Small molecule inhibitors of a-synuclein fibrillization
In the fields of pharmacology and biochemistry, a small molecule is a low-molecular-weight
organic compound that may serve as a regulator of biological processes (Arkin et al., 2003).
(The upper molecular weight limit for a small molecule is approximately 800 Daltons, which
makes it possible for the molecule to rapidly diffuse across cell membranes so that it can
reach intracellular sites of action (Veber et al., 2002)). In pharmacology, specifically, the term
is usually restricted to a molecule that binds to a biopolymer such as a protein, nucleic acid,
or polysaccharide and acts as an effector, thereby altering the activity or function of the
biopolymer (Wilson and Arkin, 2011). Small molecules may function across a variety of cell
types and may inhibit a specific function of a multifunctional protein or disrupt protein-protein
interactions (Arkin and Wells, 2004). They may also have diverse biological functions,
serving as cell-signalling molecules, tools in molecular biology and drugs in medicine,

amongst others.

In this section, we provide an overview of different small molecules in order to introduce
different possible mechanisms of intervention, e.g. inhibition of fibril formation, dissolution of
large fibrils and induced formation of off-pathway aggregates or oligomers. Natural
compounds, such as dopamine, baicalein and epigallocatechin gallate, as well as artificial

compounds, e.g. rifampicin, have been provided as examples:

Dopamine and other catecholamines. The common pathway for both idiopathic and familial
PD involves the damage and subsequent loss of dopaminergic neurons (Maguire-Zeiss and
Federoff, 2003). This neurodegeneration, being accompanied by the formation of a-
synuclein-containing LBs and LNs in the SN pars compacta (SNpc), clearly brings together
a-synuclein, its aggregation and dopamine. The products of the oxidation of catecholamines,
such as L-DOPA (L-3,4-dihydroxyphenylalanine) and dopamine, are inhibitors of a-synuclein

fibrillization that are even more potent than the catecholamines themselves (Li et al., 2004a).
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In a systematic analysis of the inhibitory effect of a library containing 169 drug-like molecules
on a-synuclein fibrillization, it was established that all but one of 15 fibril inhibitors were

catecholamines related to dopamine (Conway et al., 2001).

The inhibitory activity of dopamine was attributed to the formation of covalent adducts
between the o-quinone derivative of dopamine and a-synuclein, causing an accumulation of
covalently modified protofibrils that were unable to fibrillize (Conway et al., 2001). In
agreement with this conclusion, it has recently been shown that in the initial phase of a-
synuclein aggregation, dopamine induces soluble sodium dodecyl sulphate (SDS) - resistant
oligomers which are non-amyloidogenic (Cappai et al., 2005). This is of interest when
compared with the action of Ezrin (and homologous family members), as it is highly likely
that Ezrin acts at exactly this initial phase of a-synuclein aggregation to inhibit the formation
of sodium dodecyl sulphate - resistant oligomers, as presented in Section 3.2.4.

Baicalein. Baicalein, a component of the traditional Chinese herbal medicine Scutellaria
baicalensis, is known to have multiple biological activities including anti-allergic, anti-
carcinogenic and anti-HIV properties (Gao et al.,, 2001; Li et al., 2000). Micromolar
concentrations of baicalein and its oxidized forms were shown to inhibit the formation of a-
synuclein fibrils and to disaggregate the preformed fibrils in vitro giving rise to soluble
oligomers (Zhu et al., 2004). In some ways, the effect of baicalein on a-synuclein also
mirrors the effect of Ezrin on a-synuclein, as here, too, micromolar quantities are sufficient to
almost completely inhibit a-synuclein fibrillization, and off-pathway, transient oligomeric
species are generated during the process of a-synuclein aggregation, as shown in Section
3.3.6. However, unlike baicalein, Ezrin is unable to disaggregate preformed fibrils in vitro.
Moreover, in contrast to the studies from the literature which show that the action of certain
small molecules could actually result in increased toxicity, Ezrin — due to its unique
mechanism of action — actually brings about the formation of distinct, non-toxic oligomers of
a-synuclein and even reduces a-synuclein-mediated toxicity in vivo when delivered to

neuronal cell cultures or expressed in yeast.

Rifampicin. Rifampicin is a semi-synthetic derivative of the rifamycins, a class of antibiotics
that are fermentation products of Nocardia mediterranei (Furesz, 1970). Rifampicin was
shown to inhibit a-synuclein fibrillization in vitro and to disaggregate preformed fibrils in a
concentration-dependent manner, leading to the formation of soluble oligomers comprised of
partially folded a-synuclein (Li et al., 2004b). This mechanism of inhibition would presumably

vary significantly from the mechanism of action of Ezrin on a-synuclein, because
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aggregates, and not oligomers, are the end-product of the Ezrin-a-synuclein incubation

reaction, and because Ezrin does not disaggregate preformed fibrils, as discussed above.

Epigallocatechin gallate (EGCG): Also known as (-)-epigallocatechin-3-gallate, EGCG is the
ester of epigallocatechin and gallic acid. EGCG is the most abundant catechin in tea and is a
potent antioxidant. It is found in green tea but not in black tea, because during black tea
production the catechins are converted to theaflavins and thearubigins (Lorenz et al., 2009).
The polyphenol (-)-epigallocatechin gallate efficiently inhibits the fibrillogenesis of both a-
synuclein and amyloid-f3 by directly binding to natively unfolded polypeptides, preventing
their conversion into toxic, on-pathway aggregation intermediates. Instead of [3-sheet-rich
amyloid, the formation of unstructured, non-toxic a-synuclein and amyloid-3 oligomers of a
new type is promoted, suggesting a generic effect on aggregation pathways in
neurodegenerative diseases (Ehrnhoefer et al., 2008).

In some ways, this provides a parallel for the effect of Ezrin on a-synuclein, in that Ezrin also
prevents the formation of the traditional, toxic, on-pathway aggregation intermediates of a-
synuclein. Instead of [-sheet-rich amyloid, the formation of round, non-toxic a-synuclein
aggregates of a new type is promoted. The difference, of course, is that while EGCG binds
to natively unfolded polypeptides, Ezrin appears not to do the same. The data suggest,
instead, that Ezrin mediates its effect on early-stage oligomers of a-synuclein, diverting them
into an alternative “off’-pathway. Additionally, while EGCG-induced a-synuclein aggregates
are stable against SDS-denaturation, Ezrin reduces the formation of SDS-resistant
aggregates (and other species) of a-synuclein. Furthermore, EGCG does not slow a-
synuclein fibrillization at low sub-stoichiometric concentrations. Only at a 1:1 ratio of
EGCG:a-synuclein does EGCG mediate its effect of complete inhibition of fibril-formation.
Ezrin has quite the opposite effect, whereby rather low molar ratios of Ezrin:a-synuclein (1:5
and below) inhibit a-synuclein fibrillization and divert a-synuclein into “off-pathway”
aggregate formation. Despite all these differences, Ezrin can still be considered to be most

similar to EGCG in terms of overall mechanism of action and outcome.

4.3.2 Chaperone proteins

Molecular chaperones are proteins that assist in the non-covalent folding or unfolding and
assembly or disassembly of other macromolecular structures, but do not form part of these
structures when the structures are performing their normal biological functions after having
completed the process of folding/assembly (Ellis, 2006). Because the tendency of proteins to

aggregate increases with cellular stress, and elevated temperatures contribute strongly to
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increased stress, it is no surprise that a large fraction of molecular chaperones are heat-
shock proteins, e.g. Hsp70, Hsp90, Hspl04, etc., which are recruited in times of stress
(Glover and Lindquist, 1998; Macario and Conway de Macario, 2000). Thus, chaperones
play an important role in the cell’'s defence system against misfolded proteins. For example,
chaperones may protect against neurodegeneration by converting toxic conformations of
misfolded proteins into non-toxic forms which are tolerable for cells and which might be
turned over more easily by the proteolytic machinery (as shown in Fig 4.3. below) (Maries et
al., 2003).

Another characteristic feature of many chaperones, particularly heat-shock proteins such as
Hsp104, Hsp110, Hsp40 and Hsp70, is their ATP-dependence (Shorter, 2011). In order to
carry out their functions in the cell (for e.g. protein disaggregase and reactivation activity),
many heat-shock proteins require energy in the form of ATP. Fig 4.3 below represents the
interplay between multiple heat-shock proteins and their dependence on ATP.

Disordered aggregate Amyloid fibers

= W
L ¢

HSP 70/40

(’ N ADP + i

HSP 70/40

R

Functional native structure

Fig 4.3 Protein disaggregation by Hsp104 (Vashist et al., 2010). Hsp104 couples energy from ATP-binding
and hydrolysis to dissolve denatured protein aggregates and amyloid fibers. Hsp70 and Hsp40 co-
ordinate the disaggregation of denatured protein aggregates, whereas they are less essential for the

dissolution of amyloid structure.
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4.3.2.1 The effect of chaperones on aggregating proteins

Molecular chaperones of the heat shock protein 70 (Hsp70) family have been shown to
counteract protein misfolding in a variety of neurodegenerative disease models (Luk et al.,
2008). In vitro assembly of a-synuclein fibrils was shown to be efficiently inhibited by
substoichiometric concentrations of purified Hsp70 in the absence of cofactors (Luk et al.,
2008). Further in vitro experiments have revealed that the chaperonin TRIC is a potent
modulator of amyloid formation (Behrends et al., 2006; Kitamura et al., 2006; Tam et al.,
2006). TRIC in combination with Hsp70 and Hsp40 prevents Huntingtin fibrillogenesis but
stimulates the assembly of soluble polyglutamine-containing Huntingtin oligomers of a new
type. These structures are non-toxic and are probably formed by an alternative aggregate
formation pathway (Behrends et al., 2006). Additional in vitro studies have shown that the
Hsp70/Hsp40 chaperone system inhibits the assembly of polyQ proteins into fibrils in an
ATP-dependent manner (Muchowski et al., 2000).

Of particular relevance to this work is the fact that multiple studies indicate that chaperones

play a beneficial role in inhibiting a-synuclein fibrillization and/or toxicity, for example:

(i) Studies involving heat-shock proteins: A groundbreaking study (Auluck et al., 2002)

reported that directed expression of the molecular chaperone Hsp70 prevented
dopaminergic neuronal loss associated with a-synuclein in Drosophila melanogaster and
that interference with endogenous chaperone activity accelerated a-synuclein toxicity.
Furthermore, the same study also showed that Lewy bodies in human postmortem tissue
demonstrated positive immunostaining for molecular chaperones, thereby suggesting that
chaperones may play a role in Parkinson's disease progression. Another study revealed that
the molecular chaperone Hsp90 modulates intermediate steps of amyloid assembly of a-
synuclein (Falsone et al., 2009), while Hsp104 was shown to antagonize a-synuclein
aggregation and reduce dopaminergic degeneration in a rat model of Parkinson disease (Lo
Bianco et al., 2008). [The role of heat-shock proteins in the inhibition of a-synuclein
aggregation/neurotoxicity has been described in greater depth in the following section, and

is, therefore, not analyzed in further detail here].

(i) Studies involving chaperone-mediated autophagy: Various groups have shown that

wild-type a-synuclein is degraded by chaperone-mediated autophagy and macroautophagy
in neuronal cells (Vogiatzi et al., 2008). Aberrant a-synuclein is known to confer toxicity to
neurons in part through inhibition of chaperone-mediated autophagy (Xilouri et al., 2009),
while dopamine-modified a-synuclein blocks chaperone-mediated autophagy (Martinez-

Vicente et al., 2008). Another groundbreaking study (Cuervo et al., 2004) showed that wild-
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type a-synuclein was selectively translocated into lysosomes for degradation by the
chaperone-mediated autophagy pathway, whereas the pathogenic A53T and A30P a-
synuclein mutants bound to the receptor for this pathway on the lysosomal membrane, but
appeared to act as uptake blockers, inhibiting both their own degradation and that of other
substrates. This finding was thought to underlie the toxic gain-of-function by the mutants. Yet
other studies indicated that regional deficiencies in chaperone-mediated autophagy underlie
a-synuclein aggregation and neurodegeneration (Malkus and Ischiropoulos, 2012) and that
boosting chaperone-mediated autophagy in vivo mitigates a-synuclein-induced
neurodegeneration (Xilouri et al., 2013).

(iii) Studies involving other chaperones: Lastly, even less well-known chaperones have

been linked with a-synuclein, for example, the mitochondrial chaperone protein TRAP1
(tumor necrosis factor receptor associated protein-1) has been shown to mitigate a-
synuclein toxicity (Butler et al., 2012); a chemical chaperone, sodium 4-phenylbutyric acid,
has been shown to attenuate the pathogenic potency in transgenic mice carrying two
mutations of human a-synuclein, namely, A30P and A53T (Ono et al., 2009) and
observations from another study (Zhou et al., 2006) confirm the suggestion that DJ-1 may
act as an oxidative-stress-induced chaperone to prevent a-synuclein fibrillization. Since
oxidative stress has been associated with PD, this last observation may explain why

mutations of DJ-1 could be a contributing factor in PD.

In summary, a large number of chaperones has been associated with a-synuclein, giving
rise to the question: “Does Ezrin also act as a chaperone, and is the mechanism of inhibition
of a-synuclein fibrillization by Ezrin in any way similar to that of chaperones, particularly the

heat-shock proteins?” The following section aims to answer this question.

4.3.2.2 The effect of heat-shock proteins on a-synuclein aggregation: a comparison with Ezrin

In this section, the effect of Ezrin on aggregating a-synuclein is compared in depth with the
action of three distinct heat-shock proteins, namely, Hsp70 (together with Hsp40), Hsp90

and alphaB-crystallin on a-synuclein.

(i) Heat-shock protein 70: Various studies have indicated a role for Hsp70 in a-

synuclein-mediated aggregation and/or toxicity. For instance, geldanamycin has been shown
to induce Hsp70 and thereby prevent a-synuclein aggregation and toxicity in vitro (McLean
et al., 2004), while chemically-induced Hsp70 has been shown to reduce a-synuclein

aggregation in neuroglioma cells (Kilpatrick et al., 2013). In another study, introducing the
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molecular chaperone Hsp70 into an in vivo model by breeding a-synuclein transgenic mice
with Hsp70-overexpressing mice led to a significant reduction in both high molecular weight
and detergent-insoluble a-synuclein species (Klucken et al., 2004). Concomitantly, Hsp70
overexpression in vitro similarly reduced detergent-insoluble a-synuclein species and
protected cells from a-synuclein-induced cellular toxicity, leading the authors to conclude
that the molecular chaperone Hsp70 can reduce the amount of misfolded, aggregated a-
synuclein species in vivo and in vitro and protect cells against a-synuclein-dependent

toxicity.

In many ways, the effect of Ezrin on a-synuclein is similar to that of Hsp70 on a-synuclein, in
that Ezrin also led to a significant reduction in both high molecular weight and detergent-
insoluble a-synuclein species, as depicted in Sections 3.2.4 and 3.2.5. In addition, Ezrin also
protected cells from a-synuclein-induced cellular toxicity (refer to Sections 3.4.1 and 3.4.2).
However, Ezrin did not reduce the total amount of aggregated a-synuclein, instead it
mediated the accelerated aggregation of a-synuclein into off-pathway, non-toxic species,
thereby reducing the amount of misfolded toxic a-synuclein aggregates. Furthermore, in
neurons, Hsp70 and its Hsp40-like J-domain co-chaperones are the only known components
of the chaperone network that use ATP to convert cytotoxic protein aggregates into harmless
natively-refolded polypeptides (Hinault et al., 2010), which stands in direct contrast to Ezrin,
which - as described in the previous section - mediates its effect on a-synuclein fibrillization

in an ATP-independent manner (as no ATP was provided in the experimental set-up).

Lastly, chaperones such as Hsp40 and Hsp70 cause the formation of amorphous, detergent-
soluble aggregates and are most effective when added in the lag-phase of the aggregation
reaction (Muchowski et al., 2000). This mechanism of action shows similarities to the
mechanism of action of Ezrin on a-synuclein. Within the scope of the incubation assay, the
inhibition of a-synuclein fibrillization takes place only if Ezrin is added at the start or at latest
during the lag-phase of the aggregation reaction [as shown in Section 3.2.4]. Ezrin added

during or after the exponential growth phase fails to inhibit a-synuclein fibril formation.

(i) Heat-shock protein 90: Chaperones such as Hsp90 (and Hsp70) have been found to

be co-localized with Lewy bodies and the expression levels of Hsp90 have been found to be
increased in brains of PD patients (Daturpalli et al., 2013). This group used various
biophysical methods to reveal that Hsp90 prevents a-synuclein from aggregating in an ATP-
independent manner and forms a strong complex with the transiently populated toxic

oligomeric a-synuclein species formed along the aggregation pathway. It has also been

134



DISCUSSION

shown that, upon forming a complex with Hsp90, the oligomers are rendered harmless and
non-toxic to cells. In many ways, this mechanism is similar to the mechanism of action of
Ezrin on a-synuclein: Ezrin also acts in an ATP-independent manner (as no ATP was
provided in the experimental set-up), and appears to complex with transient oligomers that
are formed along the a-synuclein aggregation pathway (refer to Section 3.3.6). It thereby
mediates the formation of harmless, non-toxic aggregates of a-synuclein, as determined
from the toxicity assays detailed in Sections 3.4.1 and 3.4.2. However, unlike Hsp90, Ezrin
does not prevent a-synuclein from aggregating; instead it accelerates off-pathway
aggregation of a-synuclein by binding to early oligomeric species. It then directs them
towards formation of non-toxic aggregates. Furthermore, it does not appear to form a strong
complex with a-synuclein, as evidenced by the NMR data (refer to Section 3.3), appearing to
form a transient complex instead. This type of mechanism has also been described
elsewhere in the scientific literature and extends to other chaperones as well (Maries et al.,
2003). Fig. 4.3.2 below details not just this mechanism but also the downstream effects and
various outcomes of chaperone-mediated intervention at the oligomeric stage of the a-

synuclein aggregation pathway, with a particular focus on toxicity.

Non-toxic

. a-synuclein

conformatlons
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Interaction with potential depletion
neurotoxic proteins
Dopamine neuron cell death
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Fig 4.3.2 The relation between chaperones and a-synuclein aggregation and toxicity, adapted from
(Maries et al., 2003). It has been proposed that chaperones may alter the conformation of highly toxic
protofibrils or oligomers — the intermediates of fibril formation — and reduce their neurotoxicity through
changes in protein structure (1). By modulating the structure of a-synuclein, chaperones inhibit their
interaction with other neurotoxic proteins that would activate cell death pathways (2). In the
synucleinopathies, chaperone molecules become sequestered in Lewy bodies and Lewy neurites,

leading to chaperone depletion, which might be directly responsible for cell death (3).
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(iiiy alphaB-crystallin: alphaB-crystallin, a molecular chaperone also found in Lewy bodies

has been shown to be a potent in vitro inhibitor of a-synuclein fibrillization, of both the wild-
type and the two mutant forms (A30P and A53T) that cause familial, early onset PD (Rekas
et al.,, 2004). Upon inhibiting a-synuclein fibrillization, large irregular aggregates of a-
synuclein and alphaB-crystallin are formed, implying that alphaB-crystallin redirects a-
synuclein from a fibril-formation pathway towards an amorphous aggregation pathway,
thereby reducing the amount of physiologically stable amyloid deposits in favour of easily
degradable amorphous aggregates. Once again, some similarities can be detected between
the mechanism of inhibition of a-synuclein fibrillization by Ezrin as compared to that of
alphaB-crystallin, namely, Ezrin also ‘redirects a-synuclein from a fibril-formation pathway’
towards an alternative pathway, thus reducing the amount of fibrillar deposits in favour of
round, non-toxic aggregates. In addition, Ezrin does reduce the amount of SDS-stable
amyloid deposits in favour of SDS-soluble aggregates (refer to Sections 3.2.4 and 3.2.5).
However, as characterized by AFM in Section 3.2.6, the aggregates of a-synuclein formed in
the presence of Ezrin are not particularly large, irregular or amorphous, and are better

described as being round and regular instead.

In another study (Waudby et al., 2010), alphaB-crystallin was demonstrated to be an inhibitor
of a-synuclein amyloid fibril formation in an ATP-independent manner in vitro. The authors
investigated the mechanism underlying this inhibitory action of alphaB-crystallin and
established by means of a variety of biophysical techniques that alphaB-crystallin interacts
with a-synuclein, binding along the length of mature amyloid fibrils. This binding was shown
to strongly inhibit further growth of fibrils and was also demonstrated to shift the monomer-
fibril equilibrium in favour of dissociation. In certain aspects, Ezrin appears to mediate a
similar effect, as it was also ‘demonstrated to be an inhibitor of a-synuclein amyloid fibril
formation in an ATP-independent manner in vitro’; however, its mechanism of action differs
yet again from the chaperone in question. While alphaB-crystallin binds along the length of
mature amyloid fibrils, Ezrin appears to bind to early oligomers of a-synuclein (refer to
Section 3.3.6), thereby preventing the formation of amyloid fibrils. Furthermore, while
alphaB-crystallin strongly inhibits further growth of fibrils, Ezrin appears to have no effect
when added to the aggregation reaction at later stages which are indicative of the formation
of protofibrils (refer to Results Section 3.2.4), thereby leading to the conclusion that Ezrin

has no effect on fibril-elongation and is not capable of fibril-dissociation.
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4.3.2.3 The effects of other chaperone (and non-chaperone) modifiers on a-synuclein

In a yeast model system, the mammalian ribosomal and chaperone protein RPS3A has been
observed to counteract a-synuclein aggregation and toxicity (De Graeve et al.,, 2013). In
other cell culture systems, the overexpression of heat shock proteins inhibits the formation of
large inclusion bodies, resulting instead in detergent-soluble aggregates (Cashikar et al.,
2005; Sittler et al., 2001). This phenomenon is also observed in the case of over-expression
of Ezrin in yeast [see Section 3.4.3], where Ezrin not only reduces the toxicity mediated by

a-synuclein in yeast, but also significantly inhibits the formation of large inclusion bodies.

Thus, in many ways, the effect of Ezrin on a-synuclein fibrillization closely resembles the
effects of various chaperones on amyloid formation, while simultaneously differing from
chaperone action in multiple ways. One of the most significant differences is the absence of
ATP-dependence for mediation of the inhibition of a-synuclein fibrillization. The next
guestions to be asked, then, are, “Could it be that Ezrin is not a chaperone and mediates its
effect, instead, via a related but inherently different mechanism? And are there other known

non-chaperone protein modifiers of a-synuclein that mediate a similar effect?”

As an answer to these questions, in a related study, an evolutionarily highly conserved
modifier of aggregation, MOAG-4/SERF (Modifier of aggregation-4/Small EDRK rich factor),
was identified as being a positive regulator of aggregate formation in C. elegans models for
polyglutamine diseases (van Ham et al., 2010). Inactivation of MOAG-4/SERF suppressed
the formation of compact polyglutamine aggregation intermediates required for aggregate
formation. The role of MOAG-4/SERF in driving aggregation extended to amyloid- and a-
synuclein and appeared to be independent of heat-shock-factor-1-induced molecular
chaperones, proteasomal degradation, and autophagy. A representative biophysical analysis
of the human short isoform SERF1a:a-synuclein complex revealed that the amyloid-
promoting activity resulted from an early and transient interaction (as is the case for Ezrin
and a-synuclein as well), which was sufficient to provoke a massive increase of soluble a-
synuclein amyloid nucleation templates (Falsone et al., 2012). Thus, MOAG-4 is similar to
Ezrin in many aspects of its mechanism of action, although it ultimately enhances amyloid-

formation as compared to the amyloid-inhibition mediated by Ezrin.
In summary, Ezrin appears to mediate the accelerated aggregation of a-synuclein into off-

pathway, non-toxic species via an altogether novel, hitherto unknown mechanism of action,

which is analysed based on its own merit in the following section.
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4.4 Ezrin mediates the accelerated formation of off-pathway aggregates

of a-synuclein via a unique mechanism

NMR spectroscopy has long been known for its ability to characterize macromolecular
structures, as well as molecular and supramolecular dynamics (Pellechia et al., 2004). It is,
therefore, a powerful technique for investigating both static and transient features of various
reactions, for e.g. the a-synuclein-Ezrin incubation reaction. NMR has the advantages of
being able to detect and quantify interactions of various natures with high sensitivity, without
requiring prior knowledge of the details of the interaction. Hence, a transient interaction such
as the association between Ezrin and a-synuclein is best suited to analysis using NMR
methods. Indeed, this is the only technology that can be utilized to study such a fluctuating
interaction, as traditional methods, such as co-immunoprecipitation, do not serve their
purpose in a scenario where Ezrin does not bind to monomeric a-synuclein, and where
early-stage a-synuclein intermediates are practically impossible to stabilize for the duration
of a co-immunoprecipitation experiment. Thus, the high-resolution, bio-structural technique
of NMR spectroscopy has been availed of to elucidate the mechanism of the Ezrin-a-
synuclein interaction, in this study. Based on the collective results from the biochemical,
biophysical and NMR-based experiments, the following mechanism is proposed to explain

the inhibition of a-synuclein fibrillization by Ezrin.

4.4.1 Structural basis of a-synuclein aggregation

Structural properties of a-synuclein in solution: Solution-state NMR studies propose that the

N-terminus and the C-terminus of the molecule engage in transient long-range contacts,
while the C-terminal and NAC region are involved in hydrophobic contacts, in such a way
that the entire ensemble masks the aggregation-prone NAC region (see Fig 4.4.1)
(McClendon et al., 2009). The disruption of these interactions by heating, stress, action of
other proteins, etc. may increase the propensity of random-coil monomeric a-synuclein to
aggregate. Such an increase in aggregation may be caused directly by the release of the
contacts themselves, or indirectly, by an increase in overall hydrophobicity as a result of

disruption of the contacts (McClendon et al., 2009).
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. long-range contacts

| hydrophobic contacts

Fig 4.4.1 Schematic representation of the intra-molecular contacts within monomeric a-synuclein. The N-
terminus and C-terminus engage in long-range contacts, while the C-terminus and NAC region are

involved in hydrophobic contacts, thereby shielding the aggregation-prone NAC region.

Supporting evidence from the literature: Even in the absence of endogenous factors, there is

equilibrium between the natively unfolded and the partially folded conformations in a-
synuclein. Therefore, high protein concentration may result in an accelerated fibril growth
(Uversky et al., 2001b), if there is excessive disruption of the intramolecular contacts within
the a-synuclein molecule as a result of molecular crowding. For instance, a large family
developed autosomal dominant PD associated with the friplication of the a-synuclein locus,
which led to an elevated level of a-synuclein production (Farrer et al., 2004; Singleton et al.,
2004; Singleton et al., 2003). Thus, it is possible that disruption of long-range and
hydrophobic contacts within a-synuclein - due to high concentrations of the protein - result in
increased overall hydrophobicity and give rise to a pre-molten globule-like a-synuclein
conformation. This has also been described elsewhere in the scientific literature: A pre-
molten globule-like conformation was stabilized by a highly selective self-assembly process
during prolonged incubation of a-synuclein at elevated temperatures, and these oligomers
have been thought to evolve into the fibril nucleus (Uversky et al., 2001a). Furthermore,
early stages of fibril formation involve the formation of a highly fibrillization-prone pre-molten
globule-like conformation of a-synuclein, which represents a critical intermediate in the
fibrillization pathway (Uversky et al., 2001b). The fact that in vitro oligomerization produced
the same oligomeric species as those found in human LB preparations suggested that this in
vitro process may in fact reflect the in vivo mechanism of a-synuclein aggregation in the
early stages of PD pathogenesis (Uversky et al., 2001a). Hence, factors (e.g. point

mutations) that shift the equilibrium in favor of this conformation facilitate fibril formation.

Structural mechanism of inhibition of a-synuclein fibrillization by Ezrin: Once a certain

concentration of these globular forms has been reached, the binding of Ezrin to this

otherwise-minor population can be detected by NMR spectroscopy. This binding of Ezrin
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appears to be mediated primarily at the N-terminus of a-synuclein (particularly, residues 1-
10), which is the first region to undergo broadening of its residues as revealed by NMR [see
Sections 3.3.3 and 3.3.4]. When these N-C long-range contacts are disturbed, the NAC
region becomes more exposed to the environment and may adopt a number of alternative
conformations due to its hydrophobic nature. These conformations may be detected by NMR
as multiple, simultaneous resonances for the same residue [see Section 3.3.6]. These
resonances appear only transiently and disappear at later time-points when large insoluble
aggregates are formed that cannot be detected by NMR. The energetically-unfavourable
exposure of the hydrophobic NAC region may result in the faster formation of aggregates, in
an attempt to mask or bury the hydrophobic regions from the water-containing solvent,
thereby explaining the accelerated rate of a-synuclein aggregation in the presence of Ezrin
[refer to Section 3.3.2].

Lastly, the exposure of the NAC region would also affect the C-terminal-NAC hydrophobic
contacts, releasing them. This could then result in increased freedom or flexibility of the C-
terminus in the later stages of aggregation, once all the contacts have been disrupted. This
is, indeed, what is reported by NMR. At the later stages of aggregation, not only is the *H-
intensity strongest for the C-terminus, as compared to the rest of the molecule, but it is
equivalent in value to the H-intensity at time O hours [see Section 3.3.4]. This is consistent
with the proposition put forth above that disruption of the C-terminal-NAC hydrophobic
contacts results in an increased flexibility of the newly-released C-terminus. Additionally,
right upto the penultimate NMR measurement, i.e. the measurement preceding complete
aggregation, the only residues detectable by NMR lie in the C-terminal region, in keeping
with expectations [see Section 3.3.4]. The aggregates formed through incubation with Ezrin
would then be different from the traditional fibrillar aggregates of a-synuclein alone, as
confirmed elsewhere by AFM experiments [refer to Section 3.2.6]. a-synuclein incubated
alone shows no broadening of N-terminal residues, and therefore, presumably, no significant
disruption of long-range N-C contacts [see Section 3.3.3]. This explains the absence of
multiple transient species with a typical NMR profile when a-synuclein aggregates in the
absence of Ezrin [see Section 3.3.6]. It also explains the uniform loss of intensity across all
regions of the a-synuclein molecule in the absence of Ezrin, with no extensive flexibility of

the C-terminus [see Section 3.3.3].

4.4.2 Mechanism of Ezrin-mediated aggregation of a-synuclein
As described in Section 3.3, NMR spectroscopy was used to elucidate the mechanism by

which Ezrin mediates inhibition of a-synuclein fibrillization. By generating *H-'®°N HMQC
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spectra of a-synuclein incubated in the absence and presence of Ezrin (a-synuclein:Ezrin
5:1), at regular 4-5hr intervals until 42hrs (i.e. for the duration of the entire experiment), it
became evident that Ezrin mediates the accelerated aggregation of a-synuclein into off-
pathway species. As seen from NMR spectroscopy at 0 hours of incubation, Ezrin does not
bind monomeric a-synuclein. It follows that Ezrin binds to early intermediates of fibrillization,
e.g. early-stage oligomers. Binding to these oligomers would correspond to the broadening
of a-synuclein residues visible in NMR spectra after 4 hours of incubation. The altered H-
5N HMQC spectrum of a-synuclein in the presence of Ezrin thereafter, with multiple
resonances being detected for a single peak and appearing/disappearing over time,
indicates that Ezrin mediates the formation of multiple conformations of a-synuclein. This
could alternatively be interpreted as the binding of Ezrin to multiple conformations of a-
synuclein, resulting in the accelerated aggregation of a-synuclein in the presence of Ezrin as
compared to a-synuclein aggregated alone. This may explain the transient nature of many of
these conformations, as Ezrin could bind to them and thereby draw them out of the available

pool for on-pathway aggregation, detected by NMR as a loss of the species over time.

In this way, by mediating and/or binding to altered forms of a-synuclein, Ezrin ensures that
none of the early-stage intermediates is available for traditional on-pathway aggregation into
fibrils, which would be detectable as an increase in Thioflavin-T fluorescence over time.
Instead, the complete lack of Thioflavin-T signal at a molar concentration of Ezrin 5-fold
lower than a-synuclein, seems to confirm the absence of early-stage intermediates (e.g.
oligomers) available for traditional fibrillization. Having bound to various oligomeric or proto-
oligomeric states of a-synuclein, it is also more probable that sub-stoichiometric
concentrations of Ezrin are able to effect such a potent inhibition of a-synuclein, as the a-
synuclein protein has already started grouping into “clusters” before it becomes suitable for
the action of Ezrin. Smaller amounts of Ezrin are required for targeting oligomers than for
targeting monomeric a-synuclein, explaining the extreme potency of the effect of this
modifier on a-synuclein fibrillization. The accelerated formation of such a-synuclein “clusters”
may induce the formation of successive a-synuclein “clusters”, leading to the rapid formation
of off-pathway “supra-clusters” or aggregates. The two pathways proposed for a-synuclein
fibrillization and non-typical aggregation of a-synuclein in the presence of Ezrin, respectively,

have been schematically represented in Fig 4.4.2 below.
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Fig 4.4.2 A proposed mechanism for the off-pathway aggregation of q-synuélein into alternate non-toxic

a-synuclein

species in the presence of Ezrin.

4.4.3 Comparison of a-synuclein with the 3- and y- synucleins
Having previously discussed the effect of proteins highly homologous to Ezrin on a-synuclein
fibrillization, it may now be useful to closely examine proteins highly homologous to a-
synuclein, to better understand the structural details of a-synuclein fibrillization. Human 3-
and y-synucleins, which are 78% and 60% identical to a-synuclein, respectively, preserve
some characteristic features of a-synuclein, while missing others (see Fig 4.4.3). The 3- and
y- synucleins share a conserved C-terminus with three identically placed tyrosine residues.
However, B-synuclein lacks 11 residues within the NAC region (Clayton and George, 1998;
Lucking and Brice, 2000) and y-synuclein specifically lacks the tyrosine rich C-terminal

signature of a- and 3- synucleins (Clayton and George, 1998).
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Fig. 4.4.3 The synucleins, adapted from (Mukaetova-Ladinska and McKeith, 2006). Synuclein mutations

(%) and phosphorylation sites ('P') are represented, along with the imperfect repeats of 11 amino acids

containing a KTKEGV core (i), conserved across all the 3 synucleins.
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Comparison of the structural properties of the members of the synuclein family by several
physicochemical methods revealed that although all three synucleins behaved as typical
‘natively unfolded’ proteins, they possessed some structural variability. 3-synuclein exhibited
the properties of a typical random coil, whereas a- and y-synucleins were slightly more
compact and structured (Uversky et al., 2002b), as represented in Fig 4.4.3. Hence, one
could question whether Ezrin could possibly have a similar effect on the less-structured R3-
synuclein, which lacks the long-range N-C termini contacts of a-synuclein to start with. Both
a- and y-synucleins were shown to form fibrils, whereas 3-synuclein did not fibrillate when
incubated under the same conditions (Uversky et al., 2002b). However, even apparently
‘non-amyloidogenic’ 3-synuclein can be forced to fibrillate in the presence of metals, such as
Zn2+, Pb2+, and Cu2+ (Uversky et al.,, 2002c) or pesticides (Yamin et al.,, 2005).
Furthermore, the metal-induced fibrillization of 3-synuclein was further accelerated by the
addition of glycosaminoglycans (GAG) or high concentrations of macromolecular crowding
agents (Yamin et al., 2005). Intriguingly, the addition of either 3-synuclein or y-synuclein in a
1:1 molar ratio to a-synuclein substantially increased the duration of the lag-time and
dramatically reduced the elongation rate of a-synuclein fibrillization (Uversky et al., 2002b).
Fibrillization was completely inhibited at a 4:1 molar excess of B-synuclein or y-synuclein
over a-synuclein (Uversky et al., 2002b). In contrast, the addition of excess a-synuclein to a
solution only serves to speed up the process of aggregation further and shorten the lag
phase even more, underlining a fundamental difference in the properties of B- and y-
synucleins from a-synuclein. B-synuclein inhibited a-synuclein aggregation in animal models,
too (Hashimoto et al., 2001). This suggests that R-synuclein and y-synuclein may act as
regulators of a-synuclein fibrillization in vivo, potentially acting as chaperones (Uversky et
al.,, 2002b) and thereby exhibiting similarity to the action of Ezrin on a-synuclein fibril

formation.
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4.5 Ezrin rescues a-synuclein-mediated toxicity

As proteins whose expression has been detected in the brain (Moon et al., 2012; Persson et
al., 2010; Solano et al., 2000; Wirdefeldt et al., 2001), both a-synuclein and Ezrin are
relevant for study in neuronal cell cultures. Multiple assays that assess different readouts of
toxicity reveal that Ezrin rescues the toxicity mediated by a-synuclein in rat primary neurons
[see Sections 3.4.1 and 3.4.2]. Furthermore, in vivo studies of the effect of Ezrin on a-
synuclein using the model organism, yeast, show that Ezrin indeed rescues the toxicity
mediated by a-synuclein, at an organismal level. Multiple growth assays on a-synuclein- and
Ezrin- expressing yeast cells, strengthened by microscopy analyses & quantifications,
confirm once again that Ezrin has a protective role in vivo in terms of a-synuclein-mediated
toxicity and aggregation. In order to analyze the mechanism underlying the reduction in a-
synuclein toxicity by Ezrin, the ‘off’-pathway aggregates of a-synuclein generated in the
presence of Ezrin are compared, below, to other pre-fibrillar aggregates, oligomers and

intermediates of a-synuclein previously described in the literature.

Although fibrillar a-synuclein is a major component of Lewy bodies (LBs), recent data
implicate prefibrillar, oligomeric intermediates as the toxic species in PD (Colla et al., 2012;
Outeiro et al., 2008). These studies indicate that some small prefibrillar a-synuclein species
are highly neurotoxic, a theory commonly referred to as the ‘toxic oligomer hypothesis’. A
recent study used bimolecular fluorescence complementation (BiFC) to directly visualize a-
synuclein oligomerization in living mammalian cells, allowing the study of the initial events
leading to a-synuclein oligomerization, the precursor to aggregate formation. Stabilization of
a-synuclein oligomers via BiFC resulted in increased cytotoxicity, which could be rescued by
Hsp70 in a process that reduced the formation of a-synuclein oligomers. Another study
(Lashuel et al.,, 2002a) showed that mutant amyloid proteins associated with familial
Alzheimer's and Parkinson's diseases form morphologically indistinguishable annular
protofibrils that resemble a class of pore-forming bacterial toxins, suggesting that
inappropriate membrane permeabilization might be the cause of cell dysfunction and even
cell death in amyloid diseases. Yet another study (Lashuel et al., 2002b) showed that two
mutations in the a-synuclein gene (A30P and A53T) that are linked to autosomal dominant
early-onset Parkinson’s disease promote the formation of transient protofibrils (prefibrillar
oligomers), suggesting that protofibrils are linked to cytotoxicity. Even wild-type a-synuclein

after extended incubation forms annular protofibrils.

After evaluating the results of these studies, it would appear that halting the fibrillization
process at early stages associated with the formation of small oligomers could create more
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harm than benefit, as these species are potentially more neurotoxic than neuroprotective.
Similarly, small molecules that are able to disaggregate fibrils to smaller oligomers or soluble
aggregates could also promote neurodegeneration. In this respect, the finding of a modifier
such as Ezrin, which actually diverts the fibrillization pathway away from the traditional, toxic
oligomeric species towards the formation of off-pathway, non-toxic and non-seeding
oligomers, confers some advantages. Not only is the traditional fibrillization process altered,
but also the outcome of the alternative process - here, the formation of off-pathway
aggregates - reduces the toxicity otherwise associated with fibrillar a-synuclein.
Furthermore, the AFM data described in this work provide evidence that the Ezrin-mediated
‘off-pathway aggregates are not annular protofibrils, but rather regular, round aggregates,
and the various cellular assays show clearly that these aggregates are not linked to
cytotoxicity and do not give rise to cell dysfunction or death as a result of inappropriate
membrane permeabilization. Instead, Ezrin actually reduces a-synuclein-mediated toxicity.
Thus, it is plausible that Ezrin may reduce a-synuclein-mediated toxicity by diverting the
fibrillization pathway away from the formation of toxic, protofibrillar, cytotoxicity-causing

oligomers to give rise to round, non-toxic ‘off’-pathway aggregates of a-synuclein instead.
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4.6 Parkinson’s disease in the gut: a possible physiological relevance

of the a-synuclein-Ezrin interaction

a-synuclein is primarily a neuronally-expressed protein and even Ezrin expression has been
detected in the brain. Furthermore, various studies have indicated an indirect role for Ezrin
and Ezrin-like proteins in Parkinson’s disease [see Section 3.1.7]. Thus, there is already
plentiful evidence from the scientific literature for an association of Ezrin with Parkinson’s
disease in the brain. On the other hand, Ezrin was first identified (and is most abundantly
expressed) in gastro-intestinal tissues, so it may be of interest to examine the role of a-
synuclein in the gut (i.e. the natural habitat of Ezrin) and a possible role of the
gastrointestinal tract in the pathology of PD. The rest of this section, therefore, deals with PD
in the gut and any potential physiological relevance that the a-synuclein-Ezrin interaction

may have within this region.

It is now well established that PD lesions occur outside the CNS and, in particular, in the
enteric nervous system or ENS (Lebouvier et al., 2009). A majority of PD patients present
with disorders of gastric motility or suffer from other gastro-intestinal (GI) problems
(Lebouvier et al., 2009). Since Ezrin is expressed predominantly in the gut, there may be
multiple possibilities for a neuroprotective role of Ezrin in PD, spanning both the CNS and
ENS. While a role for Ezrin-mediated inhibition of a-synuclein fibrillization in the gut is indeed
speculative at this stage, there is no ambiguity about the involvement of the gut and the ENS

in Parkinson’s disease, as described in detail in the following sections:

4.6.1 The Enteric Nervous System viewed as “a second brain”
The postulate that the gut is a second brain arose in the early 1900s, when it was found that
the ENS control of intestinal motility and secretion was largely independent of influences
from the CNS. The ENS contains as many neurons as the spinal cord (approximately 80—
100 million) and the functional and chemical diversity of enteric neurons closely resembles
that of the CNS (Benarroch, 2007; Goyal and Hirano, 1996). There is also a relatively small
proportion of dopaminergic neurons in the ENS. Enteric dopaminergic neurons, which
express tyrosine hydroxylase (TH) and the dopamine transporter but lack dopamine R3-
hydroxylase, have been identified in mice, guinea pigs (Li et al., 2004c) and humans (Anlauf
et al., 2003). Moreover, all subtypes of dopaminergic receptors (D1-D5) are expressed by
enteric neurons (Li et al., 2004c). Approximately 10-13% of both myenteric and submucosal
neurons in the ileum and bowel of mice are dopaminergic (Li et al., 2004c). In humans, a

detailed survey of the proportion of dopaminergic neurons has clearly demonstrated that
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these neurons are distributed along an oral-aboral gradient. Dopaminergic neurons are
abundant in both plexuses of the upper Gl tract, accounting for 14—-20% of the total enteric
neurons, whereas their proportion decreases to 1-6% in the lower small intestine and large
intestine (Anlauf et al., 2003). A comprehensive review of the putative role of dopaminergic
neurons in the ENS has been recently published (Natale et al., 2008). Although their precise
function remains largely unclear, it has been suggested that enteric dopaminergic neurons
exert an inhibitory effect upon motility because: (i) dopamine transporter knockout mice
show a decrease in electrically induced contractions of colonic smooth muscle (Walker et al.,
2000); and (ii) mice invalidated for the gene encoding D2 have an increase in intestinal
motility (Li et al., 2006).

4.6.2 The ENS of patients is affected by the pathological process of PD
It has become increasingly evident that PD is a multicentric neurodegenerative process that
affects several neuronal structures outside the SN (Braak and Del Tredici, 2008; Braak and
Del Tredici, 2009). Various reports suggest that among the structures affected outside the
CNS, the ENS is affected by the pathological process of PD (Braak and Del Tredici, 2008;
Braak and Del Tredici, 2009). In a seminal paper (Qualman et al., 1984), the authors
compared the neuropathological features in autopsies of 22 PD patients and 50 controls
matched for age and sex. Among PD patients, three suffered from upper Gl tract symptoms,
especially dysphagia. Lewy Bodies (LBs) were found in the myenteric plexus (MP) in two of
three PD patients suffering from dysphagia. In contrast, no LBs were identified in the GI
tracts of PD patients without dysphagia or in controls. A subsequent case report showed the
presence of LBs in the colonic submucosal and myenteric neurons of a patient with PD and
colon motility disorders (Kupsky et al., 1987), further supporting the assumption that LBs are
present in the ENS of PD patients with Gl symptoms. These first observations led to further

systematic assessment of the presence of LBs in the ENS of PD patients.

In a further study (Wakabayashi et al., 1988), the authors found LBs in the Gl tracts of seven
consecutive autopsied PD patients. The LBs were distributed widely in both the MP and
SMP (sub-mucosal plexus), from the upper oesophagus to the rectum. They occurred in
neuronal cell bodies and processes, and were most frequent and numerous in the MP of the
lower oesophagus. In eight of 24 age-matched controls, the LBs were fewer in number, and
in the remaining control cases they were absent. The same group then performed additional
immunohistochemical analyses of specimens from three autopsied patients with PD
(Wakabayashi et al., 1992). In a post-mortem survey (Braak et al., 2006), the authors

systematically compared the gastric MP and SMP from five individuals with LB diseases of
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increasing severity with corresponding samples from five individuals whose brains were
devoid of inclusions. a-synuclein-immunoreactive inclusions were found in both the MP and
the SMP of all LB disease individuals. The inclusions observed in the SMP were reminiscent
of Lewy neurites, whereas the ones observed in the MP were similar to Lewy bodies. This
led Braak to make the assumption that the ENS could be targeted by the pathological
process at a very early stage of the disease (Braak et al., 2006). Immunohistochemical
staining with an antibody against phosphorylated a-synuclein revealed that four of five PD
patients had phospho-a-synuclein-immunoreactive neurites, a pattern that was absent in all
control patients (Lebouvier et al., 2008).

In addition to the pathological studies on PD patients described above, which suggest that
PD pathology progresses from the enteric nervous system and the olfactory bulb into the
central nervous system, it has recently been shown that the resection of the autonomic
nerves stops this progression (Pan-Montojo et al., 2012). This study also indicated that
environmental toxins such as rotenone promote the release of a-synuclein by enteric
neurons, which is then taken up by presynaptic sympathetic neuritis, and retrogradely
transported to the soma, where it accumulates. These results strongly suggested that the
progression of PD pathology is based on the transneuronal and retrograde axonal transport
of a-synuclein, initiating within the enteric nervous system. Fig 4.6 below exemplifies the
details of such a pathway initiating in the ENS and continuing upward to specific regions of
the CNS.
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Fig. 4.6. Parkinson’s disease in the gut (Lebouvier et al., 2009). (A) a-synuclein pathway: along the CNS-
ENS axis. A high endogenous content of a-synuclein seems to predispose the neural structures to the
degenerative changes observed in PD. Within the brainstem, the dorsal motor nucleus of the vagus
nerve, locus coeruleus and substantia nigra (shaded red) are intrinsically rich in a-synuclein.
Interestingly, vagal efferent axons (red), which are the only ones to degenerate in PD, are differentiated
from the afferent fibers (blue) by selective a-synuclein expression. Here, a neuron is depicted in red in
the myenteric plexus (MP). Hence, a putative retrograde and ascending pathway following a-synuclein-
rich structures can be drawn from the ENS towards the CNS. (B) Whole mount of colonic MP from an
end-stage PD patient (autopsy sample). Double-labeling with antibodies against neurofilament and
phosphorylated a-synuclein reveals some Lewy neurites (arrow) in most of the myenteric ganglia, and
occasional Lewy bodies (insert). (C) Whole mount of colonic submucosal plexus from a living PD patient
(colonoscopic biopsy). Although no intrinsic submucosal neuron seems to be affected, the same
immunolabeling shows degenerative changes within presumably extrinsic fibers (arrows). Asterisk:

submucosal ganglion. NOS, nitric oxide synthase.

4.6.3 Evidence for neuronal loss in the ENS of PD patients
In an interesting study (Singaram et al., 1995), the authors compared colonic tissue from 11
patients with advanced PD to that from 22 controls (17 patients with adenocarcinoma, and

five who underwent colectomy for severe constipation). Using anti-dopamine antibodies,
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they showed that nine of 11 PD patients had fewer myenteric dopaminergic neurons than the
controls. This was associated with a reduction in submucosal dopaminergic neurons in PD
patients, but this difference did not reach statistical significance. In the particular context of
experimental parkinsonism, in mice acutely treated with 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), the numbers of dopamine-immunoreactive neurons in the SN
were dramatically reduced at day 4 after MPTP, and further markedly reduced at day 25
(Mori et al., 1988). However, such a dramatic drop in the numbers of dopaminergic neurons
described in PD patients should be interpreted cautiously and requires further confirmation:
In contrast to the results of the aforementioned autopsy survey, other studies found no
neuronal loss and, especially, no dopaminergic neuronal loss in the SMP of PD patients
(Lebouvier et al., 2008). However, the main limitation of such studies was the lack of access
to myenteric ganglia, which, is likely to be primarily affected by the pathological process
during PD.

4.6.4 The consequences of the lesions of the ENS in PD
The presence of the lesions in the ENS during PD occurs at an early stage of the disease.
Hence, they could play a central role in the pathophysiology of the disease per se, namely,
in the spread of the pathological process from the gut to the brain. These lesions could also
explain, at least in part, the Gl dysfunction frequently encountered by PD patients. Since the
neurons of the ENS are directly in contact with the environment, they could represent a route
of entry for a putative environmental factor to initiate the pathological process (Hawkes et al.,
2007). Braak and co-workers determined that the appearance of a-synuclein-positive Lewy
pathology initially occurs in the earliest stage of PD in the ENS (Braak et al., 2003). This led
Braak to put forth the general proposal that PD may be produced by an environmental
pathogen that breaches the mucosal barrier of the Gl tract and that the pathological process
further spreads to the CNS via the vagal preganglionic innervation of the gut (Braak et al.,
2006; Hawkes et al., 2007), as has already been demonstrated for scrapie (McBride et al.,

2001) and neural tracers (Powley et al., 1987).

If Braak’s theory is true, an uninterrupted pathway that expresses a-synuclein throughout its
trajectory should allow the retrograde transport of the pathological process from the Gl
mucosa to the CNS. A very elegant study has demonstrated that such a pathway indeed
exists: A group of researchers performed an in-depth characterization of a-synuclein-
immunoreactive neurons in the ENS of rats, and showed that vagal efferent axons and
terminals are positive for a-synuclein, and that some of these preganglionic efferent neurons

synapse on a-synuclein-positive intrinsic neurons in the MP of both the stomach and
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duodenum (Phillips et al., 2008). Further reinforcing the role of these neurons in the spread
of the pathological process is the occurrence of a-synuclein inclusions in the DMV (Dorsal
Motor nucleus of the Vagus) neurons of rats that received intragastric injections of a
proteasome-inhibitor (Miwa et al., 2006). The identification of such a pathway provides

support for the development and spread of Lewy pathology in PD.

4.6.5 The pathophysiology of Gl dysfunction in PD
The lesions of the ENS are commonly considered to be responsible for the debilitating
digestive symptoms (Pfeiffer, 2003). However, due to the paucity of available data on the
structural and neurochemical alterations of myenteric neurons, it could also be argued that
the lesions of the medullar, spinal and peripheral autonomic nervous system, which are also
present in PD patients, are sufficient to induce Gl dysfunction (Benarroch et al., 2005;
Wakabayashi and Takahashi, 1997). It is likely that the respective roles of intrinsic and
extrinsic innervation in Gl dysfunction during PD could be difficult to resolve. In this regard,
multiple system atrophy, a neurodegenerative disorder belonging to the atypical
parkinsonian syndromes, provides some interesting clues concerning the respective roles of

extrinsic and intrinsic innervations in the pathophysiology of Gl dysfunction.

Multiple system atrophy is characterized by an early and severe pan-dysautonomia, due to
the massive degeneration of the autonomic nucleus of the brainstem and spinal cord
(Benarroch et al., 2006a; Benarroch et al., 2006b; Benarroch et al., 2007). In contrast to PD,
where postsynaptic peripheral neurons degenerate first (including those from the ENS),
multiple system atrophy can be considered a paradigmatic extrinsic dysautonomia. In this
disorder, the postsynaptic intrinsic neurons are indeed spared or affected later, in a
centrifugal pattern (Sone et al., 2005). Interestingly, Gl dysfunction in general, and
constipation in particular, have the same prevalence and severity in multiple system atrophy
and PD, suggesting that extrinsic lesions prevail in causing digestive symptoms (Stocchi et
al., 2000; Wenning et al., 1994).

4.6.6 A putative role for Ezrin in the context of PD in the gut
Several reports strongly support the idea that a-synuclein could indeed be a key element in
the spread of the pathological process during PD: a-synuclein has been shown to be
secreted by neuronal cells in vitro, and this secreted a-synuclein is prone to aggregate (Lee
et al.,, 2005). In a recent, compelling study (Pan-Montojo et al., 2012), it has been
demonstrated that an environmental toxin (i.e. rotenone) promotes the release of a-

synuclein by enteric neurons and that released enteric a-synuclein is up-taken by
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presynaptic sympathetic neurites and retrogradely transported to the soma, where it
accumulates. This could provide the perfect setting for Ezrin and a-synuclein to meet in the
gut, as the a-synuclein excreted by the ENS neurons would naturally find itself in the
epithelial cell space where Ezrin is abundantly expressed. Furthermore, the Ezrin towards
the basal end of the epithelial cells (where the ENS neurons innervate) is predominantly
unphosphoryated, or in its inactivated form, identical to the form of Ezrin used in this study.
The phosphorylated or activated Ezrin, by virtue of its binding to F-actin and to membrane-
associated proteins, is localized at the apical end of the epithelial cell, further removed from
the ENS innervation.

These “secreted” aggregates of a-synuclein can be taken up from the extracellular space by
neurons (Liu et al., 2009; Sung et al., 2001) and induce cell death in human neuroblastoma
cells (Sung et al.,, 2001), suggesting that a-synuclein secreted into or present in the
extracellular space may exert its cytotoxic effect on neighbouring neuronal cells. If a-
synuclein is released into the epithelial cell environment where it interacts with Ezrin, which
prevents it from aggregating into on-pathway species, its toxicity to neighbouring neurons
would also be correspondingly diminished. Thus, Ezrin would bring about a decrease in a-

synuclein-mediated toxicity in an in vivo environment.

It could then be further postulated that when excessive amounts of a-synuclein accumulate
inside neurons, which eventually die, its aggregates leak out of the dead neurons and
spread its cytotoxic effect to the neighboring cells. Such a hypothesis is further reinforced by
the recent description of LBs in grafted neurons in PD patients. Three patients who had long-
term survival of transplanted fetal mesencephalic dopaminergic neurons, for more than 10
years, developed LBs in grafted neurons (Kordower et al., 2008a; Kordower et al., 2008b; Li
et al., 2008). Taken together, these results support a prion disease-like mechanism in the
spread of the Lewy pathology, relying on a-synuclein misfolding and post-translational
changes, which may account for the transmission of the pathological process from the ENS
to the CNS (Haik et al., 2004). This could provide a potential environment in which Ezrin is
brought into close contact with a-synuclein, where it could presumably mediate its inhibitory
effect on a-synuclein aggregation and thereby reduce a-synuclein-mediated toxicity, before
being overpowered by large amounts of misfolded or otherwise abnormal forms of a-

synuclein, resulting in the spread of pathology upwards from the ENS towards the CNS.
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4.7 Significance of the study

The principal problem with Parkinson’s disease is two-sided, in that there exists neither a
cure for the disease, nor a detailed understanding of what exactly causes it. Due to lack of
appropriate medications, long-term-hazardous side-effects from the existing symptomatic
treatments, and an ever-increasing pool of patients, it is quite critical to explore different
avenues in search of a suitable therapeutic target. The real problem with drugs that inhibit a-
synuclein fibrillization or which promote the disaggregation of preformed fibrils is the lack of
a clear understanding of the mechanisms of aggregation-related neurotoxicity, coupled with
the observation that not a single drug has succeeded in curing or halting the process of
Parkinson’s disease. Screens for drugs against a-synuclein aggregation or for small
molecule inhibitors of a-synuclein fibrillization also face the standard challenges of
establishing safety, efficacy, absence of side-effects, etc. The discovery of a non-chaperone,
CNS-expressed protein modifier confers some advantages in this respect, and can thus be

thought of as a potential new drug target:

Implications for potential therapeutic intervention: A naturally produced biomolecule such as

Ezrin, which of its own accord does not give rise to any disorders or debilitating conditions
(i.e. it is not an oncogene, or otherwise detrimental protein), may bypass some of the toxicity
concerns associated with using drugs or other proteins that are known to play a role in
cancer. As an example, a comprehensive study of the direct transactivating effects of heat-
shock factor 1 (HSF1) in cancer revealed that HSF1 regulates diverse cellular processes
that extend far beyond heat-shock genes, and that HSF1 activation in multiple cancers is
strongly associated with metastasis and death (Mendillo et al., 2012). Heat-Shock Factor 1 —
although a master regulator of the heat-shock response - facilitates malignant
transformation, cancer cell survival, and proliferation in model systems. Hence, upregulating
either HSF1 or chaperone-levels through HSF1 is not the optimal strategy to suppress a-
synuclein fibrillization. Ezrin, in contrast to HSF1, actually reduces a-synuclein-mediated
toxicity in vivo, thereby providing a much more viable option for potential therapeutic

intervention.

As the field of gene therapy develops further, Ezrin may provide an alternative strategy in the
future to the classical drug-development paradigm for treating PD. The fact that ATP is not
necessary for the effect mediated by Ezrin on a-synuclein and that sub-stoichiometric
concentrations of the protein are sufficient to re-direct the harmful fibrillization process of a-
synuclein to an alternative, rapid, non-toxic and structurally-defined pathway is already a
positive indicator for the applicability of Ezrin to future studies with a therapeutic focus.
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Novelty of the work: At the time of production of this work, no study has provided evidence

of such a structurally-detailed, time-resolved, multi-component and fundamentally unique
mechanism of inhibition of an aggregating protein. Ezrin would appear to be the first modifier
of its kind, which requires neither high concentrations nor ATP to mediate an effect that is
very potent. In addition, this effect is not mediated on monomeric a-synuclein, but rather on
early-stage oligomers or intermediates of the fibril formation pathway, adding to the novelty

of the mechanism.
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4.8 Outlook

In this study, we have aimed to identify, characterize and explain the effect of a novel protein
modulator on the fibrillization of a-synuclein, with particular emphasis on the physiological
relevance of this phenomenon. In order to confirm a role for Ezrin in Parkinson’s disease, it
would be extremely informative to examine pathological brain tissue for changes in
expression of Ezrin, for the presence of Ezrin in Lewy bodies or for co-immunoprecipitation
of Ezrin with a-synuclein. Furthermore, studies on other model organisms, such as C.
elegans or D. melanogaster, in which a-synuclein has been engineered to aggregate, may
confirm the effect of Ezrin on a-synuclein fibrillization that was observed in yeast, thereby
establishing a conserved role for this protein in protection against neurodegeneration. In
terms of cellular work, Chevalier and co-workers (Chevalier et al., 2008) developed primary
cultures of ENS whose enteric neurons expressed a-synuclein. This may provide the ideal
setting in which to study the effects of Ezrin on a-synuclein aggregation. Not only could the
effect of Ezrin on a-synuclein aggregation and toxicity be monitored in a physiologically
relevant environment, but also its interaction with a-synuclein (or early-stage, on-pathway
species thereof) could be confirmed, by employing standard pull-down experiments or co-

immunoprecipitation assays.

From a structural perspective, it may be useful to generate fragments of the Ezrin protein for
use in Thioflavin-T-based a-synuclein fibrillization assays or for incubation with a-synuclein
as examined by NMR spectroscopy, to determine the region/s of the protein important for
mediating this effect. A comparison in this study with Radixin, Moesin and Band 4.1 proteins
could serve to pinpoint those residues/stretches of amino acids that are critical for inhibiting
a-synuclein fibrillization. Fibrillization assays with permanently-phosphorylated and inducibly-
phosphorylatable forms of Ezrin may also shed light on structural aspects of Ezrin-mediated
a-synuclein-inhibition, as well as on possible internal cellular mechanisms of Ezrin
regulation. Lastly, generating and employing *N-Ezrin in solution-state NMR spectroscopy
experiments may explain many structural details of the process of inhibition of a-synuclein-

fibrillization.

Finally, solid-state NMR spectroscopy of the Ezrin-mediated a-synuclein aggregates may
provide additional insights into the structure of these species. Together with CD
spectroscopy, electron microscopy and other biophysical tools, it is possible to draw up a
highly-detailed picture of the nature of a-synuclein aggregates formed in the presence of
Ezrin. Thus, additional downstream experiments could provide a more complete
understanding of various facets of Ezrin-mediated inhibition of a-synuclein fibrillization.
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5. ABSTRACT/ ZUSAMMENFASSUNG
5.1 Abstract

a-synuclein - a key protein involved in Parkinson's disease (PD) - forms large insoluble
deposits of amyloid fibrils that are toxic and cause the loss of dopaminergic neurons - a
hallmark characteristic of PD. Some proteins (e.g. heat-shock proteins) interact with a-
synuclein and interfere with aggregate formation, thereby providing a source of potential
neuroprotective intervention. In this study, a library of 13,824 proteins was screened in vitro
to detect inhibitors of a-synuclein fibrillization. After several stringent rounds of screening,
the cytoskeletal linker protein, Ezrin, was identified as being the most potent modulator of a-
synuclein aggregation. An arsenal of biophysical and biochemical assays, including atomic
force microscopy, SDS-PAGE and in vitro fibrillization assays was then used to demonstrate
the potency of Ezrin and closely-related family members as powerful modulators of a-
synuclein fibrillization. Nuclear magnetic resonance (NMR) spectroscopy studies were
employed to elucidate the novel and unique mechanism by which Ezrin mediates its effect
on a-synuclein fibrillization. Namely, Ezrin interacts with early-stage oligomers of a-synuclein
rather than monomers to divert the protein into off-pathway, regular aggregates, structurally
distinct from fibrils. Additionally, multiple cell-based assays demonstrated that Ezrin
significantly reduced a-synuclein-mediated toxicity in primary neuronal cell cultures. Yeast
cells overexpressing a-synuclein and Ezrin served to confirm this rescue of a-synuclein-
mediated toxicity by Ezrin in an in vivo setting. Lastly, microscopy studies revealed a
decrease in the number of a-synuclein aggregates formed in yeast in the presence of co-

expressed Ezrin.

The discovery of a novel mechanism of regulation of a-synuclein fibrillization by a
cytoskeletal protein may provide insight into the cellular mechanisms of regulation of a-
synuclein fibril formation. In the long run, this could uncover new aspects of the
misregulation of this process in PD patients. It could also lead to a better understanding of
hitherto unknown processes that may be involved in the neuropathology seen in brain tissue
from PD patients. Lastly, as Ezrin is strongly expressed in the gastro-intestinal tract — a site
believed by many to be the primary location for the initation of PD pathology — additional
studies may shed light on the physiological onset and progression of PD as a condition that

is quite commonly thought to originate in the gut.
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5.2 Zusammenfassung

a-Synuclein — ein Schlusselprotein in der Parkinson Krankheit (PD) — bildet grof3e unldsliche
Ablagerungen bestehend aus Amyloidfibrillen. Diese sind toxisch und verursachen den
Verlust von dopaminergen Neuronen — ein Charakteristikum der PD. Manche Proteine (z.B.
Hitzeschock-Proteine) interagieren mit a-Synuclein und verhindern dessen Aggregatbildung.
Sie sind somit ein Ausgangspunkt fir weiterfiihrende therapeutische Untersuchungen. In
dieser Arbeit wurde daher in einer Bibliothek bestehend aus 13.824 Proteinen nach
Inhibitoren der a-Synuclein Fibrillenbildung gesucht. Nach mehreren sehr stringenten
Screening-Runden wurde das Zytoskelettprotein Ezrin als ein Modulator mit dem hdchsten
Potential identifiziert. Dieses Potential wurde durch zahlreiche biophysikalische und
biochemische Methoden einschlieBlich Rasterkraftmikroskopie, SDS-PAGE und in vitro
Fibrillisierung Uberprift. AuBerdem wurde auch gezeigt, dass nahverwandte Mitglieder der
Ezrin-Familie, als starke Fibrillisierungsmodulatoren wirken. Nuklear-Magnet-Resonanz
(NMR) Spektroskopie wurde eingesetzt, um den neuartigen Wirkmechanismus von Ezrin bei
der a-Synuclein Aggregation zu untersuchen. Es konnte gezeigt werden, dass Ezrin mit
kleinen, krankheitsrelevanten a-Synuclein Oligomeren aber nicht mit Monomeren interagiert.
Dies fuhrt zur Bildung von off-pathway a-Synuclein Aggregaten, die sich strukturell von
Fibrillen unterscheiden. Auf3erdem wurde in zellbasierten Versuchen mehrfach demonstriert,
dass Ezrin die a-Synuclein vermittelte Toxizitat auf primare Neurone in Kultur signifikant
verringern kann. Diese Ergebnisse wurden auch in einem Hefezellmodell erfolgreich
bestatigt. SchlieBlich konnte auch durch Mikroskopie-Studien eine Abnahme von o-

Synuclein Aggregaten in Ezrin co-exprimierenden Hefezellen gezeigt werden.

Zusammenfassend kann gesagt werden, dass in dieser Arbeit ein neuartiger, sehr potenter
a-Synuclein Fibrillisierungsinhibitor identifiziert wurde. Das Protein Ezrin wurde im Detalil
charakterisiert und die durchgefuihrten Untersuchungen lieferten wichtige Einblicke in den
Mechanismus der spontanen a-Synuclein Aggregation. Gleichzeitig beweist die Arbeit durch
Zell-basierte und in vivo Studien, dass Ezrin die Toxizitdt von a-Synuclein Aggregaten in
Zellen reduzieren kann. Das Protein ist somit ein wichtiger neuer Ansatzpunkt fur
weiterflihrende therapeutische Studien. Des Weiteren flihrten die Untersuchungen der a-
Synuclein Fibrillisierung mit Ezrin zu neuen Einblicken in die zellularen Regulations-
mechanismen der a-Synuclein Fibrillenbildung in Zellen. Die Studien werfen ein neues Licht
auf die Fehlregulation dieses Prozesses in PD Patienten und kdnnten langerfristig zu einem
besseren Verstdndnis der Pathogenese bei PD flihren. Da Ezrin verstarkt im gastro-

intestinal Trakt exprimiert wird, einem Areal in dem viele Forscher den Ursprung der PD
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Pathologie vermuten, kdnnten weiterfiihrende Studien zur Aufklarung der potentiellen

Krankheitsmechanismen im Darm beitragen.
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LIST OF ABBREVIATIONS

7. LIST OF ABBREVIATIONS

°C

Mg

Ml

UM
3-AT
6-OHDA
A30P
A53T
AD
ADP
ALS
Amp
ATP
AU
p-gal
BD

bp

C. elegans
CD
cDNA
CMA
CNS
co-IP
D. melanogaster
ddH.O
DLB
DMSO
DNA
DTT
E46K
E. coli
EDTA
ENS
ER

g
GAG

degrees Celsius
microgram

microliter

micromolar
3-amino-1,2,4-triazole
6-hydroxydopamine

a-synuclein mutation (alanine [A] to proline [P] at position 30)
a-synuclein mutation (alanine [A] to threonine [T] at position 53)

Alzheimer’s disease
adenosine diphosphate
amyotrophic lateral sclerosis
ampicillin

adenosine triphosphate
arbitrary units
3-galactosidase
DNA-binding domain

base pair

Caenorhabditis elegans
circular dichroism
complementary DNA
chaperone-mediated autophagy
central nervous system
co-immunoprecipitation
Drosophila melanogaster
double-distilled water
dementia with Lewy bodies
dimethyl sulphoxide
deoxyribonucleic acid
dithiothreitol

a-synuclein mutation (glutamic acid [E] to lysine [K] at position 46)

Escherichia coli

ethylene diamine tetraacetic acid
enteric nervous system
endoplasmic reticulum

Earth’s gravity
glycosaminoglycan
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GClI
GFP
Gl
GWAS

HD
HEK
HEPES
HSF1
Htt
Kan
kDa
L-DOPA
LB
LBD
LDH
LN
MATa
MATa
mg
min
mi

MP
MPTP
MRNA
MS
MTP
MTT
NAC
NGF
nm
NMR
NOS
ODeoo
ORF
PBS
PCR

LIST OF ABBREVIATIONS

glial cytoplasmic inclusion

green fluorescent protein
gastro-intestinal

genome-wide association studies

hour

Huntington’s disease

Human Embryonic Kidney 293 cells
4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid
heat-shock factor 1

Huntingtin

kanamycin

kilodalton

L-3,4-dihydroxyphenylalanine

Lysogeny broth / Lewy body

Lewy body disease

lactate dehydrogenase

Lewy neurite

yeast mating type o

yeast mating type a

milligram

minutes

milliliter

myenteric plexus
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
messenger ribonucleic acid

mass spectrometry

microtiter plate
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
non-Af3 component of AD amyloid

nerve growth factor

nanometer

nuclear magnetic resonance

nitric oxide synthase

optical density at a wavelength of 600nm
open reading frame

phospho-buffered saline

polymerase chain reaction
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PD

PPI

PTM

ROS

RNAI

S. cerevisiae
SCA

SD

SDS
SDS-PAGE
SiRNA
SMP

SNCA

SN

SNpc

Tet

TH

TF

TNF

Tris

UPS
wWB
WT
Y2H
YPD

LIST OF ABBREVIATIONS

Parkinson’s disease
protein-protein interaction
post-translational modification
reactive oxygen species

RNA interference
Saccharomyces cerevisiae
spinocerebellar ataxias
synthetically defined broth
sodium dodecyl sulfate

sodium dodecyl sulfate polyacrylamide gel electrophoresis

small interfering ribonucleic acid
sub-mucosal plexus

gene encoding a-synuclein
substantia nigra

substantia nigra pars compacta
tetracycline

tyroxine hydroxylase
transcription factor

tumor necrosis factor
tris(hydroxymethyl)aminomethane
unit of enzyme activity
ubiquitin-proteasome system
Western blot

wild-type

yeast two-hybrid

yeast full medium
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