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Resumo 

 

A doença de Parkinson é a segunda doença neurodegenerativa mais comum, caracterizada pela 

agregação de alfa-sinucleína nos neurónios dopaminérgicos da substantia nigra pars compacta e, 

consequentemente, pela morte neuronal. Os neurónios dopaminérgicos sobreviventes apresentam 

depósitos de alfa-sinucleína, denominados Corpos de Lewy. 

A origem da doença de Parkinson pode ser esporádica ou ter uma causa genética. Doença de 

Parkinson associada ao SNCA, gene codificante da alfa-sinucleína, apresenta um padrão hereditário 

autossómico dominante. Atualmente, seis mutações foram identificadas no gene SNCA. A alfa-

sinucleína é suscetível de sofrer diversas modificações pós-trasducionais, sendo que a fosforilação é 

uma modificação de elevada importância, pois é a principal modificação encontrada nos agregados, 

podendo ter um papel na regulação da estrutura, oligomerização e toxicidade da alfa-sinucleína. 

Porém, ainda está a ser debatido se a fosforilação promove ou previne estas mesmas propriedades, 

sendo que modelos celulares distintos apresentam resultados contraditórios. 

Saccharomyces cerevisiae é um modelo celular estabelecido para o estudo da doença de 

Parkinson, sendo que permite reproduzir diversas características, tais como agregação e toxicidade 

celular. Neste estudo, plasmídeos multicópia contendo diferentes variações de alfa-sinucleína 

fundidas com GFP sob a regulação do promotor GAL1 foram transformados em levedura. Os efeitos 

da fosforilação de diversos resíduos na formação de inclusões de alfa-sinucleína e na sua toxicidade 

foram avaliados. As seis mutações no gene SNCA (A30P, E46K, H50Q, G51D, A53E e A53T) foram 

caracterizadas quanto à formação de inclusões, toxicidade, níveis proteicos, degradação, acidificação 

vacuolar e produção de ROS. 

A avaliação dos efeitos da fosforilação revelou que tanto o bloqueio como a mímica da 

fosforilação da S129 superam os efeitos da fosforilação da S87, com a alfa-sinucleína S129A 

promovendo um aumento da toxicidade, enquanto a alfa-sinucleína S129D apresenta um efeito 

protetor. Em relação à fosforilação dos resíduos de tirosina, o bloqueio da fosforilação do resíduo 

Y125 provocou uma diminuição na degradação proteica, resultando num aumento de toxicidade, 

comprovado pelo ensaio de viabilidade celular de citometria de fluxo. As mutações familiares A30P, 

G51D e A53E demonstraram uma toxicidade inferior à alfa-sinucleína WT, enquanto que as mutações 

H50Q e A53T apresentaram efeitos semelhantes ao WT. O mutante E46K foi o único que exibiu uma 

toxicidade mais elevada. Seria de esperar uma maior toxicidade por parte das alfa-sinucleínas 

mutantes, tendo em conta que estas provocam um parkinsonismo mais severo e um aparecimento 

precoce da doença. A divergência obtida poderá dever-se ao modelo celular usado, uma vez que as 

leveduras têm um ambiente celular distinto dos neurónios dopaminérgicos afetados na doença de 

Parkinson. 

 

 

Palavras-chave: Doença de Parkinson, alfa-sinucleína, fosforilação, mutações familiares, S. 

cerevisiae 
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Abstract 

 

Parkinson’s disease is the second most common neurodegenerative disorder, characterized by 

an aggregation of alpha-synuclein in the dopaminergic neurons of the substantia nigra pars compacta 

and, consequently, neuronal death. Surviving dopaminergic neurons present alpha-synuclein deposits, 

known as Lewy Bodies.  

Parkinson’s disease can have sporadic or genetic cause. Parkinson’s disease associated with 

SNCA, the alpha-synuclein encoding gene, shows an autosomal dominant inheritance pattern. Until 

now, six SNCA mutations were identified. Alpha-synuclein is prone to suffer several post-translational 

modifications, critical for its function and structural properties. Phosphorylation is a modification of 

major importance, since it it’s the modification most commonly found in aggregates; it may play an 

important role in regulating alpha-synuclein structure, oligomerization and toxicity. However, whether 

phosphorylation promotes or prevents these properties is still under debate, with distinct cellular 

models presenting contradictory results. 

Saccharomyces cerevisiae cells are an established model to study Parkinson’s disease, since it 

can reproduce several features, such as protein aggregation and cellular toxicity. For this study, 

multicopy plasmids containing different alpha-synuclein variants fused with GFP under the regulation 

of a GAL1 promoter were transformed in yeast cells. Effects of phosphorylation at different residues in 

alpha-synuclein inclusion formation and cell toxicity were evaluated. Furthermore, the six known 

SNCA mutations (A30P, E46K, H50Q, G51D, A53E and A53T) were characterized regarding inclusion 

formation, cell toxicity, protein levels, protein clearance, vacuole acidification and ROS production. 

Evaluation of phosphorylation effects revealed that either blockage or mimic of S129 

phosphorylation always overcome the S87 phosphorylation effect, with S129A increasing toxicity, 

while S129D promotes protection. Regarding tyrosine residues phosphorylation, Y125 phosphorylation 

blockage impaired protein clearance, increasing its toxicity. Concerning familial mutations, A30P, 

G51D and A53E aSyn, point to a lower toxicity than WT aSyn, while the H50Q and A53T mutations 

presented results very similar to WT, and E46K aSyn was the only one who presented higher toxicity. 

This divergence is probably due to the cellular model used, since yeast cells present a distinct cellular 

environment than the affected dopaminergic neurons in PD. 

 

 

Keywords: Parkinson’s Disease, alpha-synuclein, phosphorylation, familial mutations, S. 

cerevisiae 
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1 Introduction 

1.1 Neurodegenerative diseases as proteinopathies 

The prevalence of chronic age-related diseases is growing due to the continuing demographic 

shift of worldwide population towards an older society (Bourdenx et al., 2016). The neurodegeneration 

process is long and involves the loss of brain and spinal cord cells, moreover, once the patient 

experiences symptoms, the neurodegeneration is already advanced (Uversky, 2009). 

Several neurodegenerative diseases such as Alzheimer's disease (AD), Parkinson's disease 

(PD), Amyotrophic Lateral Sclerosis, and Huntington's disease share cellular and molecular 

mechanisms and histopathological features. Although the featured protein and the affected brain 

areas are different for each disease (Figure 1.1), generally they have a common protein aggregation 

pathology. Misfolded proteins that accumulate and become aggregate prone and insoluble, are 

commonly found in brain regions most affected by the disease and have, therefore, become known as 

pathological hallmarks of neurodegenerative disorders (Swart et al., 2014). 

 

 

Figure 1.1 Neurodegenerative diseases have in common the presence of misfolded and aggregated 

proteins and, consequently, the presence of protein deposits. 

Each neurodegenerative disease has a specific protein that deposits in a specific region of the neuron, however, 

there are proteins, like alpha-synuclein, that are prone to aggregate in a variety of neurodegenerative diseases 

(Eftekharzadeh et al., 2016). 
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These aggregated proteins have a very ordered structure and often exhibit characteristics of 

amyloid-like protein assemblies (Swart et al., 2014; Eftekharzadeh et al., 2016). In this state, proteins 

develop elongated fibers with backbones consisting of many-stranded β-sheets (Eisenberg & Jucker, 

2012). Both the structure and the biophysical properties of amyloid fibrils are similar across different 

amyloid diseases, even though each disease involves the amyloidogenic aggregation of one or many 

different proteins. Several studies reported that the formation of amyloid fibrils is associated with the 

loss of protein function or a toxic gain of function (Eftekharzadeh et al., 2016). 

Although each disease has specific protein aggregates as hallmarks, there is an overlapping 

pattern e.g., PD shares the presence of alpha-synuclein (aSyn) inclusion bodies with several other 

synucleinopathies (Uversky, 2009). Therefore, despite the diversity of proteins involved in each 

disease, there are common disease mechanisms, indicating typical pathological patterns associated 

with neuronal decline (Swart et al., 2014). 

The main risk factor for all neurodegenerative diseases is still aging, suggesting that a decline in 

protein quality control associated with aging may contribute to misfolding and, consequently, 

aggregation of proteins in specific populations of brain cells (Chen et al., 2011). 

1.2 Synucleinopathies and Parkinson’s Disease 

Synucleinopathies exhibit, as hallmark, the presence of aggregated aSyn deposits in intracellular 

inclusions, but display differences in symptomatology, brain areas and cell types affected, and 

anatomical sites of onset (Dehay & Fernagut, 2016). Synucleinopathies include several diseases such 

as PD, amyotrophic lateral sclerosis, neurodegeneration with brain iron accumulation type 1, pure 

autonomic failure, multiple system atrophy and dementia with Lewy bodies (Uversky, 2009; 

Tagliafierro, 2016). 

PD is the second most prevalent neurodegenerative disorder, following AD, with a prevalence of 

1% to 2% in people over 65 years of age (Lau & Breteler, 2006; Massano & Ferreira, 2016). PD is 

considered a slowly progressive neurodegenerative disease which results from the interaction 

between genetic and environmental factors wherein multiple neuroanatomical areas are implicated 

leading to a range of features that begin years before diagnosis. Most PD cases are sporadic; 

however, approximately 5% to 10% of PD patients have monogenic forms of the disease, exhibiting a 

Mendelian type of inheritance (Kalia et al., 2015). 

The pathological hallmark of PD is the progressive loss of dopaminergic neurons in the substantia 

nigra pars compacta (SNpC) and the presence of Lewy Bodies (LB), as well as, Lewy Neurites (LN) in 

the surviving neurons (Lau & Breteler, 2006; Massano & Ferreira, 2016). The resultant dopamine (DA) 

deficiency leads to a movement disorder characterized by classical parkinsonian motor features, 

described in figure 1.2 (Kalia et al., 2015). 

The axons from the SNpC and other key dopaminergic areas in the brain project extensively to 

form four main pathways namely, the mesocortical, mesolimbic, nigrostriatal and tuberoinfundibular 

pathways, which are responsible for mediating several non-motor features of PD (Chaudhuri & 

Schapira, 2009; Kalia et al. 2015). The motor features are identified relatively late in the pathological 

process, when approximately 70% of the dopaminergic neurons are already dead (Uversky, 2009). 
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Figure 1.2 Parkinson’s disease motor and non-motor features. 

The dopamine deficiency resultant from the loss of dopaminergic neurons in the SNpC leads to a series of motor 

features. Moreover, four main pathways can also be affected leading to the development of non-motor features. 

PD management involves primarily the symptomatic treatment with drugs that increase DA 

concentration or stimulate DA receptors (Kalia et al., 2015). Despite these symptomatic treatment 

efficiency, nowadays, there are no drugs that slow or change the disease course (Noyce et al., 2016). 

The main PD risk factors are age superior than 50 years and male gender, being men 1.5 times 

more likely to develop the disease (Wooten et al., 2004). Unlike the females, where prevalence tends 

to stabilize over time, in males the incidence keeps rising after the age of 80 years (Hirsch & Steeves, 

2016). In women, loss of estrogen production can also compromise protective effects and, some 

evidences suggest that early menopause, ovary removal or hysterectomy increases risk in women, 

similarly to that seen in men. Environmental factors and ethnicity are also considered risk factors for 

the disease development. The prevalence of PD seems to be higher in Europe, North America and 

South America (Dexter & Jenner, 2013; Kalia et al. 2015). Overall, age remains the major risk factor 

for PD for the majority of the patients (Kalia et al., 2015). 

1.3 Alpha-synuclein and the synuclein family 

The synuclein family is comprised of aSyn, β-synuclein (bSyn) and γ-synuclein (gSyn), which are 

small proteins highly conserved and highly expressed in neurons. (George, 2001; Sung & Eliezer, 

2007). aSyn and bSyn are widely expressed in the central nervous system including neocortex, 

striatum, hippocampus, thalamus, and cerebellum and are absent from peripheral tissues. In the other 

hand, gSyn is mostly found in the peripheral nervous system but can also be expressed in other 

tissues, such as in the brain and ovarian and breast cancer. (Lavedan, 1998; Sung & Eliezer, 2007). 

SNCA, the encoding gene of aSyn, which is located on chromosome 4q22.1, has six exons 

encoding a 140 amino-acid protein (Ozansoy & Ba, 2013). Genome wide association studies and 

other gene-based approaches have implicated SNCA as a very significant genetic risk factor for some 

synucleinopathies. Nevertheless, while coding missense mutations and multiplication of the SNCA 

locus leads to familiar PD, the exact variants that contribute to sporadic PD remains unclear 

(Tagliafierro, 2016). 
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aSyn is an intrinsically disordered protein that has a molecular weight of 14 kDa when unfolded 

(Bourdenx et al., 2016). Its structure can be divided into three different regions as demonstrated in 

Figure 1.3: (i) residues between 1 and 60, the N-terminal domain, code for amphipathic α-helices; (ii) 

residues 61-95, the central region, contains the hydrophobic and highly amyloidogenic non-amyloid-

beta component (NAC) region and, at last, (iii) the residues 96-140 make up the C-terminal region rich 

in acidic residues and prolines. The N-terminal and central regions comprise a membrane-binding 

domain, while the C-terminal region is thought to be responsible for the protein-protein and protein-

small molecule interactions (Breydo et al., 2012). Additionally, the central domain is required for 

oligomerization and fibrillation of the protein, since if this region is deleted, aSyn loses its ability to 

form amyloid fibrils (Giasson et al., 2001). 

 

 

Figure 1.3 aSyn is a small protein divided into three regions. 

Firstly, a N-terminal region and a NAC domain, both comprising a membrane-binding domain and, lastly, a C-

terminal region putatively responsible for the protein interaction with proteins and small molecules.  

In terms of structure, aSyn is naturally unfolded when in its monomeric form, however, under 

certain conditions, it is prone to aggregate (Tyson et al., 2016). The process of aggregation begins 

with the formation of relatively soluble oligomers that can self-assemble into insoluble amyloid fibrils, 

resulting in the formation of deposits (Figure 1.4; Mukaetova-Ladinska & McKeith, 2006). These 

deposits were first identified by Fritz Heinrich Lewy, which he named “Negrishen Körperchen” and are 

currently known as LB. PD and DLB are defined by the existence of intracytoplasmic LB in surviving 

neurons soma and LN in processes of degenerating nerve cells. (Dehay & Fernagut, 2016; Peelaerts 

& Baekelandt, 2016). 

 

 

Figure 1.4 aSyn aggregation process culminates with the formation of Lewy Bodies. 

aSyn is prone to form intracellular aggregates under certain, yet not completely understood conditions. The 

aggregation process starts with the formation of oligomeric structures, following fibril formation, and ending with 

the formation of inclusion bodies, known as Lewy Bodies. 

Since aSyn comprises an intrinsically disordered region, corresponding to the C-terminal region, it 

is considered an intrinsically disordered protein (Bourdenx et al. 2016; Eftekharzadeh et al. 2016). 

These proteins seem to be highly sensitive to misfolding and aggregation, probably because of their 

unfolded nature (Eftekharzadeh et al., 2016). They do not fold into a specific secondary structure, as 
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well as tertiary structure when under normal conditions, staying in a partially folded or even unfolded 

state (Oldfield & Dunker, 2014). 

According with several studies, the major theory for aSyn toxicity is its tendency to aggregate. 

However, it is still unclear whether the toxicity is due to the LB or to the transient oligomeric species 

that are formed along the aggregation process (Volles & Lansbury Jr., 2003). 

1.3.1 Alpha-synuclein – a multifunctional protein 

The exact function of aSyn is still unknown, since it is involved in several cellular processes and 

molecular interactions, especially at presynaptic sites. Although, it is thought to play a role in 

maintaining a supply of synaptic vesicles, axonal transport and DA synthesis and metabolism (Sidhu 

et al., 2004; Dunning et al., 2012). 

aSyn is mostly present at presynaptic terminals and a role in synaptic plasticity has already been 

envisioned. Indeed, aSyn may regulate synaptic vesicle mobilization at nerve terminals. Cabin et al. 

found that cultured hippocampal neurons, where aSyn expression was knocked down, had fewer 

synaptic vesicles when compared with the control neurons, particularly in the reserve pool (Cabin et 

al., 2002). Similarly, the levels of synapsin, a protein essential for synaptic vesicle recycling, 

decreased in cells where aSyn was depleted, suggesting a role of aSyn in genesis or maintenance of 

the reserve pool of synaptic vesicles (Sidhu et al., 2004). 

Regarding the aSyn effects on synapses, other studies demonstrated that aSyn has a role in the 

assembly of the soluble N-ethylmaleimide sensitive factor (NSF) attachment receptors (SNARE)-

complex. This process is essential for several membrane fusion events, indicating a function of aSyn 

in synaptic vesicle docking and fusion. The SNARE-complex is responsible for zipping the vesicles 

onto the plasma membrane, which will then undergo fusion followed by synaptic stimulation 

(Lautenschläger et al., 2017). However, there is still controversy on how aSyn acts on this complex. A 

study developed by Burré et al. demonstrated that aSyn induces an increase in SNARE-complex 

assembly (Burré et al., 2010), while others authors defend that aSyn has a negative regulatory 

function (Darios et al., 2010; Thayanidhi et al., 2010). 

Recently, aSyn was proposed to be a curvature-sensing and stabilizing protein, i.e., aSyn is able 

to sense membrane curvature and stabilize it by inserting its amphipathic helix into the lipid surface 

(Varkey et al. 2010; Middleton & Rhoades, 2010; Lautenschläger et al. 2017). Nuclear magnetic 

resonance studies revealed that aSyn could bind to lipid membrane through its N-terminal and NAC 

domain, possibly tethering two vesicles together or vesicles to the plasma membrane through a 

double-anchor mechanism, facilitating exocytosis and endocytosis (Fusco et al., 2016). Regarding 

neurotransmitters release, aSyn function is also debatable, with studies showing an inhibitory effect on 

neurotransmitter release (Larsen et al., 2006; Gureviciene et al., 2007; Nemani et al., 2010; Scott et 

al., 2010; Wu et al., 2010; Janezic et al., 2013) and others showing a neurotransmitter release 

increase (Liu et al., 2004; Watson et al., 2009). Finally, aSyn has also been suggested to have an 

effect in axonal transport of synaptic vesicles by interacting with numerous proteins that can bind or 

are a part of the cytoskeleton (Sidhu et al., 2004). 
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1.3.2 SNCA Familial Mutations 

PD associated with SNCA shows an autosomal dominant inheritance pattern with an early onset 

and typically develops rapidly. Triplication of the genomic region containing SNCA has been described 

as a cause of PD in several families; nevertheless, SNCA duplications have been reported as a more 

common cause of familial and sporadic PD. These duplications and triplications of the SNCA locus 

cause early-onset PD with the severity, as well as the age of onset, correlating with the number of 

SNCA copies, suggesting a gene-dose effect (Hernandez et al., 2016).Until now, six mutations have 

already been identified, being the A53T mutation the first acknowledged, followed by A30P and E46K. 

On the other hand, the G51D, A53E and H50Q mutations were recently identified (Table 1.1; Pasanen 

et al. 2014). The known mutations are present in the N-terminal region of the protein (Figure 1.5), 

highlighting the importance of this domain in the pathological dysfunction of aSyn (Xu & Pu, 2016). 

 

 

Figure 1.5 Schematic representation of the identified aSyn familial mutations. 

Six SNCA mutations have already been identified, being all of them in the N-terminal region. 

1.3.3 Alpha-synuclein Post-Translational Modifications: Phosphorylation 

Post-translational modifications are critical for the function and the structural properties of 

proteins. aSyn within LBs is subjected to several modifications including phosphorylation, glycation, 

ubiquitination, cross-linking, truncations and nitration, facilitating misfolding and triggering 

oligomerization and, consequently, fibrillation (Oueslati et al., 2010; Muntané et al., 2012). Evidences 

from different models, and biochemical and biophysical studies suggest that phosphorylation of aSyn 

may play an important role in the regulation of its own structure, membrane binding, oligomerization, 

fibril formation, LB formation and neurotoxicity in vivo (Oueslati et al., 2010).
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 Table 1.1 Description of aSyn familial mutations and respective clinical features observed. 

aSyn 

Mutation 

SNCA 

Alteration 
Onset Clinical Features Reference 

A30P 
G>C, 

residue 88 

60-80 

years 

Cognitive impairment was found in 2 of 

the 4 patients carrying the mutation, with 

no other non-motor features 

Similar to typical PD 

(Krüger et al. 1998; 

Petrucci et al. 2016; 

Kasten & Klein, 

2013) 

E46K 
G>A, 

residue 188 

60-70 

years 

Severe parkinsonism with dementia, 

hallucinations, fluctuations of 

consciousness and cognitive decline 

(Zarranz et al., 2003) 

H50Q 
T>G, 

residue 150 

55-60 

years 

Bilateral tremor at the age of 60, with 

micrographia, slow movements and 

problems turning 
 

Later, presence of rigidity and 

bradykinesia, apathy, anxiety and mild 

cognitive impairment 

(Appel-cresswell et 

al., 2013; Proukakis 

et al., 2013) 

G51D 
G>A, 

residue 152 

20-60 

years 

Motor fluctuations, mild to moderate 

response to L-3,4-dihydroxyphenylalanine 

(L-DOPA) and a L-DOPA-induced 

dyskinesia, psychiatric signs, pyramidal 

tract involvement with a rapid progression 

of the disease 

(Lesage et al., 2013; 

Petrucci et al., 2016) 

A53E 
C>A, 

residue 158 

30-60 

years 

Numbness and occasional hypotensive 

attacks 

The phenotype progressed slowly to a 

parkinsonian syndrome associated with 

severe spasticity, myoclonic jerks and 

psychiatric disturbances 

(Pasanen et al., 

2014; Petrucci et al., 

2016) 

A53T 
G>A, 

residue 209 

40-60 

years 

Rapid progression and variable 

occurrence of psychiatric, cognitive, and 

autonomic disorders 

(Polymeropoulos et 

al., 1997; Petrucci et 

al., 2016) 
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Under normal conditions, only 4% of aSyn is constitutively phosphorylated at serine 129 (S129), 

however, approximately 90% of the protein is phosphorylated at S129 in pathological inclusions in 

post-mortem brain samples, being this phosphorylation the most abundant aSyn modification in LBs 

(Anderson et al. 2006; Waxman & Giasson, 2011; Popova et al. 2015; Oueslati, 2016). These 

numbers corroborate the hypothesis that aSyn phosphorylation may play a role in protein aggregation, 

stability and toxicity (Samuel et al., 2016). 

High levels of aSyn phosphorylated at serine 87 (S87) in synucleinopathies were also reported 

(Paleologou et al., 2010). Following studies also revealed that aSyn can be phosphorylated at tyrosine 

125, 133 and 136 (Y125, Y133 and Y136) and that phosphorylation at these sites suppresses 

aggregation and toxicity induced by phosphorylated S129 (Oueslati et al., 2010). Human brains also 

revealed that aSyn could be phosphorylated at tyrosine 39 (Y39) and that phosphorylation at this site, 

as well as in Y125, had no correlation between increased levels of phosphorylation and the 

pathological condition (Figure 1.6;Tenreiro et al. 2014). 

Distinct in vitro phosphorylation experiments demonstrated different results on aSyn aggregation, 

with some studies revealing increased fibril formation, while others showed a decrease (Fujiwara et 

al., 2002; Paleologou et al., 2008; Schreurs et al., 2014). Additionally, the use of phosphomutants that 

either promote or prevents phosphorylation in several in vivo models also presented contradictory 

results (Samuel et al., 2016). Studies in transgenic mouse and Drosophila melanogaster revealed a 

pathogenic role for aSyn phosphorylation, while studies in Caenorhabditis elegans and rats showed a 

protective effect against neuronal dysfunction (Chen & Feany, 2005; Gorbatyuk et al. 2008; Kuwahara 

et al. 2012). The function of phosphorylation is not the only subject needing elucidation, the stage 

when this modification occurs is also a matter of debate. Some evidences suggest that aSyn 

phosphorylation occurs after fibrillization, possibly to clear aSyn aggregates (Samuel et al., 2016).  

In yeast, overexpression of S129A aSyn, a mutant that blocks phosphorylation at S129, caused 

an increase in the growth defect provoked by wild-type (WT) aSyn; however, the S129E mutant, which 

mimics phosphorylation at the same residue, had no effect in cell growth, suggesting that the lack of 

phosphorylation of S129 enhances aSyn toxicity. Furthermore, the S129A mutation also increases the 

percentage of cells with aSyn inclusions, suggesting that phosphorylation blockade leads to an 

increase in trafficking defects caused by WT aSyn (Sancenon et al., 2012; Tenreiro et al., 2014a). 

1.3.4 Mechanisms of alpha-synuclein toxicity 

The precise cellular events that lead to the loss of dopaminergic neurons through aSyn action are 

still poorly understood, however, the generation of reactive oxygen species (ROS) comprises a 

leading hypothesis, since it can cause oxidative neuronal damage. A strong evidence of oxidative 

stress in the nigra of PD patients was provided by post-mortem studies, revealing an increase in iron 

content, mitochondrial dysfunction, oxidative damage to DNA, proteins, and lipids, among others 

(Junn & Mouradian, 2002). 
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Figure 1.6 Schematic representation of the aSyn residues prone to suffer phosphorylation. 

Almost every putative phosphorylation site is localized in the C-terminal region of the protein, except for Y39 and 

S87  

 

Mitochondria are crucial for the synthesis of adenosine triphosphate (ATP), reduction of oxidative 

stress, Ca2+ storage, lipid metabolism and neuronal survival. Studies conducted by Parihar et al. 

revealed that aggregated aSyn binds to mitochondria in a concentration-dependent manner (Parihar et 

al., 2009). Moreover, other studies presented that aSyn, either WT or mutant, was able to interact with 

membranes being crucial for aSyn cytotoxicity (Smith et al. 2005; Volles & Lansbury Jr, 2007). 

Impairment of mitochondrial function has been associated with both WT and mutant aSyn 

overexpression, but the exact interaction between aSyn and mitochondria is still under debate (Wales 

et al., 2013). Numerous researches reported that mitochondrial function can be altered as a result of 

aSyn binding to its inner membrane, where it can associate with mitochondrial complex I, decreasing 

the mitochondrial activity (Liu et al., 2009; Winklhofer and Haass, 2010). Mitochondrial complex I is 

responsible for catalyzing the first step in the electron transport chain which, in turn, is the main source 

of ROS (Turrens, 2003). The binding between aSyn and complex I is followed by cytochrome c 

release to cytosol, and increased in Ca2+ and ROS levels, culminating in cell death (Figure 1.7). The 

precise mechanisms of how complex I inhibition can induce cell death are still poorly understood. 

Nonetheless, three pathways have been proposed: (i) inhibition of complex I can induce mitochondrial 

bioenergetics defects, decreasing ATP biosynthesis; (ii) complex I activity inhibition may increase 

reductive stress, reducing molecular oxygen or activating redox sensitive signaling pathways, possibly 

increasing cytochrome c intermembrane pool, activating mitochondrial-dependent apoptotic 

machinery; (iii) impaired substrate oxidation at complex I can imbalance the NAD+/NADH ration, 

resulting in inhibition of NAD+-dependent enzymes and consequent mitochondrial homeostasis 

dysregulation (Perier et al., 2005; Imaizumi et al., 2015).   

Besides, overexpression of the A53T aSyn mutant in neurons leads to an early time of onset of 

these events (Devi et al., 2008; Parihar et al., 2008). Alterations in ATP production and differences in 

mitochondrial membrane potential have also been reported (Parihar et al., 2009; Banerjee et al., 

2010). 
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Figure 1.7 aSyn affects mitochondrial function by interacting with mitochondrial complex I. 

aSyn is believed to bind to the inner mitochondrial membrane, where it associates with mitochondrial 

complex I. This assembly results in an increase of ROS production and Ca2+ levels and in the release of 

cytochrome c, culminating with cell death. 

 

Abnormalities in the balance between mitochondrial fusion and fission, vital for the maintenance 

of mitochondrial activity, can also contribute to neuron dysfunction and cell death. Hence, mitophagy, 

the delivering of damaged mitochondria to the lysosome, is required for the turnover and removal of 

dysfunctional mitochondria, avoiding the generation and accumulation of ROS (Villacé et al., 2017). 

Both WT and A53T aSyn promote an up-regulation of mitophagy leading to an immense mitochondrial 

degradation, bioenergetic deficits and neuronal death (Chinta et al., 2011; Choubey et al., 2011). 

The formation of aSyn aggregates, specially its mutant variations, is linked to an increase in ROS 

production and, consequently, oxidative stress, which can be defined as a disequilibrium between the 

levels of ROS produced and the system capability to detoxify the reactive intermediates, creating a 

hazardous state and contributing to cellular damage (Dias et al., 2013). In vitro and in vivo studies 

support the belief that an increased oxidative stress in the brain promotes aSyn aggregation, possibly 

causing modifications in the nuclear membrane, and subsequent aSyn translocation to the nucleus 

(Paxinou et al., 2001; Xu et al., 2006). Overall, ROS promotes aSyn aggregation, while 

overexpression of aSyn leads to an increase in ROS levels, creating a cycle that leads to 

neurodegeneration (Junn & Mouradian, 2002; Winklhofer & Haass, 2010). Recently, studies revealed 

that aSyn is in fact not localized to mitochondria, but to a specific domain of the endoplasmic reticulum 

(ER), called the mitochondria-associated ER membranes (MAM; Guardia-Laguarta et al. 2015; 

Paillusson et al. 2017). Mitochondria communicates with the ER through MAM to regulate several 

cellular processes, such as Ca2+ homeostasis, mitochondrial transport and biogenesis, mitochondrial 

ATP production, lipid metabolism, ER stress, ubiquitin-proteasome system (UPS) and autophagy 

(Paillusson et al., 2017). Alterations in the ER-mitochondria contact can cause deregulation of Ca2+ 

homeostasis, resulting in an inappropriate protein folding, metabolic alterations and apoptosis 

(Guardia-Laguarta et al., 2015). 

ER stress plays a crucial role in the development of several neurodegenerative diseases. ER 

stress is usually caused by accumulation of misfolded proteins within the ER. To overcome ER stress, 
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cells activate an unfolded protein response (UPR), which protects cells from misfolded proteins 

accumulation, by ceasing protein synthesis and activating mechanisms capable of decreasing protein 

accumulation. In this case, proteins are translocated to the cytoplasm, where they undergo 

degradation by the proteasome, through a process named ER associated degradation. However, if ER 

stress persists, a cell death cascade is activated (Cooper et al. 2006; Doyle et al. 2011; Colla et al. 

2012). 

Misfolded aSyn could generate ER stress by, either interacting with ER chaperones or by 

disturbing ER function, e.g., by affecting Ca2+ metabolism (Coune et al. 2012). Colla et al. proposed a 

sequence of events connecting aSyn, ER stress and neurotoxicity i.e., low levels of aSyn in the ER 

forms aSyn oligomers that assemble leading to the formation of insoluble aSyn aggregates. This 

compromises the ER membranes integrity and exposes portions of the ER lumen to the cytosol, 

resulting in chronic ER stress and, subsequently, cell death (Colla et al. 2012). 

Moreover, in yeast, aSyn was reported to inhibit trafficking between ER and the Golgi complex, 

strengthening cell toxicity and cell loss. Decrease of the ER-to-Golgi transport results in an 

accumulation of protein in the ER, increasing ER stress (Cooper et al., 2006). 

Originally, aSyn was described as a nuclear and pre-synaptic protein (Maroteaux et al. 1988). 

aSyn mutations associated with PD, namely A30P, G51D and A53T, presented increased nuclear 

localization in comparison to WT aSyn (Kontopoulos et al., 2006; Fares et al., 2014). Deregulation of 

transcription is recognized as an important mechanism in neurodegeneration; indeed, the 

overexpression of either WT or mutated aSyn leads to significant changes in the expression of genes 

involved in neurotransmission, stress response, apoptosis, and transcription factors (Baptista et al., 

2003). Regulation of gene expression also depends on transcription factors distribution within the cell 

and some studies revealed that transcription factors, as well as their regulatory kinases, were present 

in aSyn aggregates, hence leading to transcription deregulation (Desplats et al., 2011; Wales et al., 

2013). 

aSyn can also bind directly to histone-free and transcriptionally active DNA, changing its stability 

and conformation (Hegde & Rao, 2003). Moreover, by increasing ROS levels within the nucleus, 

glycated aSyn induces histone glycation and, subsequently, DNA damages (Padmaraju et al., 2011). 

Regarding neurotransmission, it is known that the synthesis of DA comprises a rate-limiting step, 

which is the conversion of tyrosine into L-DOPA by phosphorylated tyrosine hydroxylase (TH) before 

being converted into DA by DOPA decarboxylase (DDC). TH is only activated when phosphorylated, 

and this process of phosphorylation and dephosphorylation is highly important in the regulation of DA 

biosynthesis (Kumer & Vrana, 1996). aSyn colocalizes with and binds to the dephosphorylated form of 

TH, keeping it in its inactive form and, subsequently, causing a decrease in enzymatic activity and DA 

synthesis (Figure 1.8, Perez et al. 2002).  

1.3.5 Alpha-synuclein clearance 

Unmodified aSyn is degraded via UPS and chaperone-mediated autophagy, whereas insoluble 

and aggregated aSyn is degraded through macroautophagy (Cook & Petrucelli, 2010; Ebrahimi-

fakhari et al. 2011). The presence of aSyn, ubiquitin and proteasomal subunits within LBs reinforces a 
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relation between aSyn and proteasomal degradation dysfunction in PD pathogenesis (Betarbet et al., 

2005). 

 

 

Figure 1.8 Dopamine synthesis is inhibited by aSyn. 

TH phosphorylation is required for conversion of tyrosine into L-DOPA, a crucial step for DA synthesis. aSyn 

binds to TH, hindering TH activation and, consequently, ceasing the conversion of tyrosine into L-DOPA (Perez et 

al., 2002) 

1.3.5.1 Alpha-synuclein degradation through ubiquitin-proteasome system and the 

Rsp5 agent 

The UPS is a multicomponent complex system capable of recognizing and degrading 

unnecessary, misfolded, mutated and oxidatively damaged proteins (Betarbet et al., 2005; Wijayanti et 

al., 2015). 

Proteins to be degraded are first marked by covalent attachment of a polyubiquitin chain to a 

lysine residue on the substrate. This process occurs through a series of enzyme-mediated reactions. 

The ubiquitin-activated enzyme (E1) is responsible for ubiquitin activation, through an ATP-dependent 

manner. The activated ubiquitin is transferred to a ubiquitin conjugating enzyme (UBC, also known as 

E2) and, in the end, E2 associates with a ubiquitin-protein ligase (E3), that may or may not have the 

substrate already bound. Ubiquitin is then transferred to a lysine residue of the substrate, which is 

then degraded by a proteolytic complex – 26S proteasome (Figure 1.9; Weissman 2001; Betarbet et 

al. 2005) The selectivity of ubiquitination and the recognition of substrates are mediated by E3s, either 

alone or in combination with E2s. Additionally, the type of ubiquitin conjugation determines the destiny 

of the ubiquitylated proteins, i.e., a single ubiquitin tag does not target a protein for degradation, 

whereas a polyubiquitin chain does. A minimum of four ubiquitin molecules is required to target 

proteins for degradation (Weissman, 2001). 
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Figure 1.9 Ubiquitin-proteasome system pathway. 

The UPS pathway consists of a series of enzymatic reactions: E1 activates ubiquitin, which is then conjugated 

with E2. E2 interacts with E3, which is bound to the substrate, transferring the ubiquitin to the substrate, which 

marks the protein for degradation by the 26S proteasome. (u – ubiquitin) 

 

Two distinct families of E3 ligases have been identified until now, namely the Really Interesting 

New Gene (RING) and the Homologous to the E6-AP Carboxyl Terminus type (HECT), which differ 

only in the way they transfer ubiquitin from E2 to the substrate (Weissman, 2001). For the present 

study, the focus will be the HECT family. HECT is a domain of circa 350 amino-acids and is found at 

the C-terminus of proteins. The majority of the HECT ligases contain protein-protein or protein-lipid 

interaction domains located in the N-terminus of the protein and, based on this domain architecture, 

the human HECTs can be divided in three groups: neuronal precursor cell-expressed developmentally 

down-regulated gene 4 (Nedd4) family, HERC family and other HECTs. The Nedd4 family members 

have an N-terminal C2 domain responsible for phospholipid binding, two to four WW domains that 

recognize and bind to substrate proteins and a C-terminal HECT domain. (Rotin & Kumar, 2009; 

Wijayanti et al. 2015). The Nedd4 family of enzymes binds specifically to substrates containing 

proline-rich motifs, one of which was found in aSyn (Tofaris et al., 2011). 

Rsp5 is the only Saccharomyces cerevisiae ortholog of NEDD4, and it is known to be involved in 

numerous cellular functions, such as mitochondrial inheritance, chromatin remodeling, regulation of 

transcription and endocytosis, sorting of numerous transmembrane proteins and of cargo into 

multivesicular bodies from endocytic vesicles or from the Golgi apparatus to endosomes. Usually 

Rsp5 modifies its protein target at the plasma membrane or Golgi apparatus with ubiquitin chains 

linked to lysine 63, targeting the protein to being degraded by the endosomal-vacuolar pathway (Rotin 

& Kumar, 2009). Tofaris et al. stated that Rsp5 promotes aSyn degradation through the endosomal-

vacuolar pathway, proving that Rsp5 ligase activity is essential for aSyn degradation and protects from 

inclusion formation (Tofaris et al., 2011). 
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1.3.5.2 Autophagy and the importance of an acidic lysosomal environment 

Autophagy is a self-degradative pathway, crucial for yeast survival during nutrient deprivation, 

since it is responsible for macromolecules recycling, providing nutrients and energy. Autophagy 

substrates comprise aggregate-prone cytoplasmic protein associated with neurodegenerative 

diseases, such as aSyn (Rubinsztein et al., 2011). Three main forms of autophagy were described: 

macroautophagy, microautophagy and chaperone mediated autophagy (Cuervo, 2004), differing from 

each other’s in the mechanisms responsible for lysosomal delivery, whereas the final step of 

lysosomal degradation is common to all forms (Wolfe et al., 2013). 

Macroautophagy is the principal mechanism by which aSyn, and other long-lived proteins, are 

degraded, as well as the only mechanism responsible for mitochondria recycling (Vogiatzi et al., 

2008). This process comprises the formation of autophagosomes that fuse with lysosomes to form 

autophagolysosomes, which content is further degraded by acidic lysosomal hydrolases (Dehay et al., 

2010). The presence of aSyn aggregates in the PD patient’s brains suggests a deficiency in the 

protein handling system, which can be confirmed through the evidence of autophagic vesicles 

accumulation with a lysosomal depletion, as well as with the presence of key components of the 

autophagosomes-lysosome pathway, such as the LC3 protein, as part of LBs (Dehay et al. 2010; 

Bourdenx & Dehay, 2016). Moreover, changes in the morphology of the lysosomal system have been 

observed in PD models (Stefanis et al., 2001). Bourdenx and Dehay proposed that LBs could be 

originated from defective lysosomes or undegraded autophagic vesicles through the deposition of 

other undegraded autophagic vesicles during the disease progression (Bourdenx & Dehay, 2016). 

Defective lysosomal function is a major factor in neurodevelopmental diseases and has been 

recognized as a key factor in the pathogenesis of some late-age onset disorders, including PD 

(Colacurcio & Nixon, 2016). Lysosomes degradation occurs through the action of several hydrolases 

with an optimum function in acidic conditions (pH 4-5) within lysosomes in order to activate the 

mentioned enzymes (Wolfe et al., 2013). The lysosomal acidification is maintained by the vacuolar 

ATPase (v-ATPase), which is an ATP dependent proton pump required to regulate pH homeostasis in 

organelles (Diciccio & Steinberg, 2011). They are composed by 14 different subunits that are 

organized into two domains: V1, a hydrolytic domain, and V0, a proton-translocation domain (Forgac, 

2007). The v-ATPase actively transports H+ ions into the lysosome using energy from ATP hydrolysis, 

making the lumen more acidic (Figure 1.10; Colacurcio & Nixon, 2016). Vacuolar acidification 

mediated by v-ATPase has been identified as a positive regulator of mitochondria stability and lifespan 

in yeast (Hughes & Gottschling, 2012). However, an increase in lysosomal pH was shown to decrease 

lysosomal degradation of toxic proteins and lipids, trailed by downregulation of lysosomal enzyme 

maturation and activity (Lee et al., 2013). 
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Figure 1.10 Vacuolar ATPase activity involved in lysosomal pH maintenance. 

The v-ATPase uses metabolic energy originated from ATP hydrolysis to drive hydrogen proton into the lysosome, 

maintaining the lysosomal pH. 

1.4 CDNF - a non-conventional neurotrophic factor 

Neurotrophic factors (NTFs) are secreted proteins that regulate the life and death of neurons 

during development, responsible for neurons induction, specification, survival, and maturation, as well 

as neurite growth and branching. Some NTFs can act in the adult brain, supporting, protecting, and 

repairing mature neurons. Since PD is caused by the degeneration of dopaminergic neurons, many 

NTFs have been explored for their neurotrophic and protective effects (Sullivan and Toulouse, 2011; 

Voutilainen et al., 2015; Lindahl et al., 2017) . 

Mesencephalic astrocyte-derived neurotrophic factor (MANF) and cerebral dopamine neurotrophic 

factor (CDNF) comprise a conserved protein family with neurotrophic activities. MANF was first 

identified by Petrova et al. from a culture medium of a rat astrocyte cell line as a novel neurotrophic 

factor specific for dopaminergic neurons (Petrova et al., 2003). CDNF, a vertebrate specific paralogue 

of MANF, was identified by bioinformatics and biochemical approaches (Lindholm et al., 2007). Both 

neurotrophic factors are structurally different from the classical NTFs and its cytoprotective 

mechanism of action is still unclear, in contrast with other known NTFs (Lindahl et al., 2017). Several 

mechanisms of action have been proposed for CDNF, such as actions on mitochondrial complex I, ER 

stress, oxidative stress, and anti-apoptotic effect. The analysis of CDNF and MANF structure revealed 

that both proteins can have a double mechanism of action (Airavaara et al. 2012a). 

The neurotrophic effects of both CDNF and MANF have been described in different animal 

models of PD. CDNF had no effects in rat and mouse DA neurons in healthy rodents (Voutilainen et 

al., 2015). However, when tested in rat 6-hydroxydopamine (6-OHDA) model of PD, CDNF was able 

to protect and repair DA neurons (Lindholm et al., 2007). In mice treated with 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP), CDNF was shown to protect against MPTP toxicity and to restore 

motor function (Airavaara et al. 2012b). 

Both CDNF and MANF are mainly found in the ER suggesting that their most important function is 

to regulate ER stress and UPR, however their mechanism of action is still unknown (Voutilainen et al., 

2015). Its effect in the ER is corroborated by the fact that extracellular CDNF only rescues neurons 

degenerated via ER stress (Voutilainen et al., 2015). Also, a study performed by Zhou et al. revealed 
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that pre-treatment with CDNF was able to reduce the expression levels of proteins related to ER 

stress (Zhou et al., 2016). 

Recently, CDNF was shown to activate the survival promoting phosphatidylinositol 3 kinase 

(PI3K)-Akt signaling pathway which is activated by neurotrophins and growth factors receptors.  

(Figure 1.11; Voutilainen et al., 2017). In mammalian cells, phosphatidylinositol 3,4,5-triphosphate 

(PIP3) generation at the plasma membrane is crucial for regulating proliferation and survival by PI3K-

Akt signaling pathway. PI3K generates PIP3, while phosphatidylinositol 3-phosphatase (PTEN) 

degrades this lipid. PIP3 activates Akt which, in turn, activates the kinase mammalian target of 

rapamycin (mTOR; Rodríguez-Escudeiro et al., 2005). This pathway promotes cell growth, survival 

and differentiation, and is also capable of downregulating apoptotic signals. (Heras-Sandoval et al., 

2014).  

 

 

Latge et al. found that CDNF prevents the toxic effects induced by aSyn oligomers in 

dopaminergic neurons, however they did not find any evidences that CDNF interacts directly with 

aSyn, either in monomeric or oligomeric form. In this sense, three different possible CDFN 

mechanisms of actions were proposed: (i) CDNF binds to a transmembrane receptor, as other NTFs, 

activating survival pathways that suppress aSyn toxic effects; (ii) CDNF stimulates cellular clearance 

pathways and (iii) CDNF interacts with bcl-2-like protein X (BAX), inhibiting apoptosis (Latge et al., 

2015). 

1.5 Yeast as a cellular model to study Parkinson’s Disease 

Saccharomyces cerevisiae is a single-celled eukaryote, which contains membrane-bound 

organelles, e.g., the nucleus, the endomembrane system and mitochondria (Duina et al., 2014). The 

Figure 1.11 Basic schematic representation of the PI3K-Akt signalling pathway. 

CDNF was found to activate the survival PI3K-Akt signalling pathway, leading to activation of mTOR which, 

consequently, alters several cellular pathways. 
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unique features of S. cerevisiae granted its establishment as a robust model system in biology. These 

features include its short generation time, easy handling, non-pathogenic nature, inexpensive culture 

conditions and its amenability for genetic manipulation (Menezes et al., 2015). Its generation time is 

about 90 minutes, under optimal laboratory conditions, through a budding process, in which small 

daughter cells bud of the mother cell (Duina et al., 2014). Thus, sporulation of a particular diploid cell 

generates different combinations of genotypes with desired genetic traits (Menezes et al., 2015). 

Molecular genetics is supported by the high efficient homologous recombination pathway which allows 

to insert, delete or mutate a genomic sequence up to the chromosome level easily (Sugiyama et al., 

2009). 

Yeast cells have similarities to human cells, sharing fundamental aspects of eukaryotic cell 

biology, namely the mechanisms of protein folding, quality control and degradation, the components 

involved in the secretory pathway and vesicular trafficking, mitochondrial dysfunction and oxidative 

stress and the mechanisms underlying cell death and survival. S. cerevisiae was the first eukaryote to 

have its genome sequenced (Goffeau et al., 1996) and about 60% of the its genes display sequence 

homology to a human orthologue and, of the human disease-related genes, over 25% have a 

homologue in yeast (Franssens et al., 2013). Models can be based on the heterologous expression of 

the human gene if the gene underlying the disease is absent in the yeast genome, or through the 

study of the function and pathological role of the yeast corresponding gene, provided that it is present 

in the yeast genome (Tenreiro & Outeiro, 2010). 

Yeast models have been proven useful to understand the molecular mechanisms underlying PD, 

as well as other synucleinopathies, since various features of PD can be reproduced in this model 

(Tenreiro & Outeiro, 2010). The first yeast model of PD was based on the heterologous expression of 

human aSyn, which lacks a yeast ortholog. In the yeast model developed by Outeiro and Lindquist, 

yeast cells express WT aSyn or aSyn mutants fused with green fluorescent protein (GFP) under 

regulation of the GAL1 promoter. This promoter is required for galactose catabolism and is only 

activated in the presence of this sugar (Outeiro & Lindquist, 2003). 

The increase in aSyn mediated toxicity is dose-dependent. Indeed, Petroi et al. demonstrated that 

with only three integrated copies of WT aSyn, growth inhibition and inclusion formation was already 

visible (Petroi et al., 2012). Microscopy analysis revealed that aSyn is localized in the plasma 

membrane when one single copy is being expressed, while simply by doubling the number of aSyn 

copies, aSyn localization shifts, forming cytoplasmic inclusions. Moreover, the number of aSyn copies 

is also correlated with cytotoxicity, since with one single copy, there is no significant effect on 

cytotoxicity, meanwhile, with only two copies, cytotoxicity increases drastically (Figure 1.12; Outeiro & 

Lindquist, 2003; Gitler 2008) The formation of aSyn cytoplasmic inclusions in yeast cells is consistent 

with previous studies in primary cortical neurons (Mclean et al., 2001). Expression of aSyn in yeast 

cells is also known to induce oxidative stress and mitochondrial dysfunction and to affect vesicle 

trafficking (Popova et al., 2015). 
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Figure 1.12 Effects of aSyn expression in yeast cells. 

In the presence of a single aSyn copy, aSyn strongly localizes to the plasmatic membrane (A), whereas with only 

two copies of aSyn, its cellular localization changes drastically, forming cytoplasmic inclusions (B). C) Cell viability 

is not significantly affected in cells expressing only one copy of aSyn, meanwhile, when expressing two or more 

copies, cell growth is completely inhibited (Gitler, 2008). 

1.6 Aims 

PD is characterized by aSyn aggregation, culminating with the formation of Lewy Bodies. aSyn 

familial mutations, as well as duplications and triplications, are associated with familial forms of PD. It 

is known that 90% of aSyn present in pathological inclusions is phosphorylated at S129, and several 

other phosphorylation sites have already been identified. However, it is still unclear how 

phosphorylation in different residues modulates distinct aSyn mechanisms of toxicity. In this context, 

this study aims to clarify the interplay between phosphorylation in distinct aSyn residues using yeast 

as a cellular model of PD. Moreover, this study also intends to characterize the mechanisms of toxicity 

for each aSyn familial mutation. 

Yeast strains expressing aSyn familial and phosphomutants will be characterized with respect to 

aSyn cytotoxicity through evaluation of cell viability assessed by spotting assays and flow cytometry. 

aSyn protein levels, aggregation and protein clearance will be evaluated for all mutants. Known 

pathways of toxicity associated with aSyn will also be analysed, such as ROS production and 

autophagy impairment. 
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2 Materials and Methods 

2.1 Yeast Strains and Plasmids  

The genotypes of the yeast strains used in this project are described in Table 2.1. All the plasmids 

containing aSyn variations transformed in yeast cells, described in table 2.2 are under regulation of a 

GAL1 promoter. 

 

Table 2.1 Description of yeast strains used in this project 

Yeast Strains Genotype Reference 

W303.1A 
MATa can1Δ100 his3Δ11,15 leu2Δ3,112 trp1Δ1 
ura3Δ1 ade2Δ1  

(Thomas and Rothstein, 
1989) 

BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 (Brachmann et al., 1998) 

2.2 Escherichia coli manipulation 

2.2.1 E. coli growth conditions 

E. coli cells were cultivated at 37ºC, the optimum growth temperature, in Luria Broth (LB; Sigma-

Aldrich, St. Louis, MO, USA) media, supplemented with 2% agar or not, previously autoclaved. LB 

selective medium were supplemented with 150mg/L of ampicillin (Amp) or 100mg/L of kanamycin 

(Kan) after sterilization. E. coli cells were grown in the appropriated solid media at 37ºC, following 

storage at 4ºC and regular picking to keep the cultures fresh. For longer periods of storage, glycerol 

stocks were prepared. E. coli cells were inoculated in selective LB liquid media and grown over-night 

at 37˚C with agitation (220rpm) and the glycerol stocks were made with a 1:1 proportion of bacterial 

culture mixed with 50% (v/v) glycerol, and stored at -80˚C in cryovials. 

2.2.2 E. coli transformation 

DNA samples (50 to 100ng DNA) were added to 50µL of competent cells, which were then 

incubated on ice for 30 min. A heat-shock was done by a 40 sec incubation at 42˚C followed by a 2 

min incubation on ice. A volume of 0.9mL of LB liquid media was added to the cells that were then 

incubated during 1 hour at 37˚C with agitation (220rpm). Cells were spun down during 1 min at 

5000rpm, 850µL of media was removed, and the cells were plated on selective LB media, using glass 

beads. The plates were incubated over-night at 37˚C. 

2.2.3 Plasmid DNA extraction 

For plasmid isolation from E. coli, individual clones were inoculated in 3mL of selective LB liquid 

media and incubated over-night at 37˚C with agitation (220rpm). Using the NZYMiniprep kit (NZYTech, 

Lisboa, Portugal), the DNA was extracted according to the protocol given by the manufacturer, with 

the only alteration being the use of 35µL of purified water at 50ºC instead of elution buffer. DNA 
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concentration and purity was assessed by NanoDrop2000/2000c Spectrophometer (Thermo Fisher 

Scientific Inc., Waltham, MA, USA). The DNA recovered was stored at -20˚C until further use. 

 

Table 2.2 Description of the yeast plasmids used in this project 

Plasmid Description 
Type of 
plasmid 

Selection 
mark 

Reference 

p426_Gal Multicopy URA3 (Mumberg et al., 1995) 

p426_Gal_aSyn_WT_GFP Multicopy URA3 (Outeiro & Lindquist, 2003) 

p426_Gal_aSyn_A30P_GFP Multicopy URA3 Host laboratory 

p426_Gal_aSyn_E46K_GFP Multicopy URA3 Host laboratory 

p426_Gal_aSyn_H50Q_GFP Multicopy URA3 This study 

p426_Gal_aSyn_G51D _GFP Multicopy URA3 Host laboratory 

p426_Gal_aSyn_A53E_GFP Multicopy URA3 Host laboratory 

p426_Gal_aSyn_A53T_GFP Multicopy URA3 Host laboratory 

p426_Gal_aSyn_Y39F_GFP Multicopy URA3 Host laboratory 

p426_Gal_aSyn_S87E_GFP Multicopy URA3 Host laboratory 

p426_Gal_aSyn_S87A_GFP Multicopy URA3 Host laboratory 

p426_Gal_aSyn_Y125F_GFP Multicopy URA3 Host laboratory 

p426_Gal_aSyn_S129D_GFP Multicopy URA3 Host laboratory 

p426_Gal_aSyn_S129A_GFP Multicopy URA3 This study 

p426_Gal_aSyn_Y39F_Y125F_GFP Multicopy URA3 Host laboratory 

p426_Gal_aSyn_S87E_S129A_GFP Multicopy URA3 This study 

p426_Gal_aSyn_S87A_S129D_GFP Multicopy URA3 This study 

p426_Gal_aSyn_S87A_S129A_GFP Multicopy URA3 Host laboratory 

p425_Gal Multicopy LEU2 (Mumberg et al., 1995) 

pAG425_Gal_CDNF Multicopy LEU2 This study 

pAG425_Gal_Cerulean_CDNF Multicopy LEU2 This study 

pAG425_Gal_CDNF_DsRed Multicopy LEU2 This study 

pRS415 Integrative LEU2 Stratagene, La Jolla, CA 

pRS415_RSP5_WT Integrative LEU2 (Haitani et al., 2008) 

2.3 Saccharomyces cerevisiae manipulation 

2.3.1 S. cerevisiae growth conditions 

Culture media used to grow S. cerevisiae cells are described in table 2.3. For solid media, 3% 

bacteriological agar (HiMedia, Mumbai, India) was added to the media. All media was prepared with 

purified water and sterilized through autoclaving. For overall yeast cell growth, the Yeast Extract 

Peptone Dextrose (YNB) rich media was used, whereas for selective yeast growth, selective media 

was used according to the auxotrophic marks encoded by each plasmid, both at the optimum growth 

temperature of 30ºC. To grow yeast cells without plasmid expression, selective media was 

supplemented with glucose 2% (Glu; EMD Chemicals, San Diego, CA, USA) since gene expression is 
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under the regulation of a GAL1 promoter, which is repressed in the presence of glucose (Glu) as 

carbon source. To initiate protein expression, cells were grown in selective media supplemented with 

raffinose 1% (Raf; Sigma-Aldrich, St. Louis, MO, USA) to a final optical density (OD) of 0.6, after 

which protein expression was induced using selective media supplemented with galactose 1% (Gal; 

Sigma-Aldrich, St. Louis, MO, USA), activating the GAL1 promoter. For clearance assays, after protein 

expression induction for 6 hours, expression was ceased by changing the media for selective media 

supplemented with Glu. Yeast cells plated in solid media were stored at 4ºC with regular pricking to 

ensure culture freshness. 

 

Table 2.3 Culture media used for yeast growth 

 
Culture Media Components 
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Yeast Extract Peptone 

Dextrose (YPD) 

Glucose 2% (EMD Chemicals, San Diego, CA, USA) 

Peptone 1% (HiMedia, Mumbai, India) 

Yeast Extract 2% (HiMedia, Mumbai, India) 
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CSM-URA 

Yeast Nitrogen Base (YNB) without amino-acids 0.67% 
(Becton Dickinson, Franklin Lakes, Nova Jersey, USA) 

CSM-URA 0.077% (MP Biomedicals, Illkirch, France) 

CSM-LEU-URA 

Yeast Nitrogen Base (YNB) without amino- acids 0.67% 
(Becton Dickinson, Franklin Lakes, Nova Jersey, USA) 

CSM-LEU-URA 0.067% (MP Biomedicals, Illkirch, France) 

CSM-HIS-URA 

Yeast Nitrogen Base (YNB) without Amino Acids 0.67% 
(Becton Dickinson, Franklin Lakes, Nova Jersey, USA) 

CSM-HIS-URA 0.075% (MP Biomedicals, Illkirch, France) 

 

2.3.2 Yeast Transformation 

S. cerevisiae cells, previously grown in YPD liquid media to a final OD of 0.6, were centrifuged, 

washed with sterile water, and resuspended twice in a solution composed of 1/10 Lithium Acetate 

(LiAc) 1M, 1/10 Tris-EDTA (TE) 10x and 8/10 sterile water. Salmon sperm DNA previously boiled, the 

plasmid and a solution composed of 1/10 LiAc 1M, 1/10 TE 1x and 8/10 polietilenoglicol (PEG) 4000 

at 50% (w/v), were added to the cells. After 30 min of incubation at 30ºC with agitation and a 20min 

incubation at 42ºC, the cells were resuspended in sterile water. In the end, the cells were plated in 

selective medium complemented with glu 2% medium with the help of glass beads, and incubated at 

30ºC for two days. Then, three replicas of each transformant were collected and plated in new 

selective media plates containing glu and incubated during two days at 30˚C. 
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2.4 Molecular biology: Plasmids construction 

2.4.1 Yeast plasmid constructions using site-directed mutagenesis 

For site-directed mutagenesis, it was used a DNA template sample, and forward and reverse 

primers specific for the mutations of interest, designed using the PrimerX bioinformatic tool (Table 

2.4). The polymerase used was Pfu Turbo Polymerase (Agilent Technologies, Santa Clara, CA, USA) 

and respective buffer, since this polymerase amplifies complex targets in higher yields than Taq 

Polymerase and has proofreading properties. 

 

Table 2.4 Description of plasmids and primers used for site-directed mutagenesis 

Plasmid of interest Template plasmid Primer Forward Primer Reverse 

p426_Gal_aSyn_H50Q_GFP p426_Gal_aSyn_WT_GFP 
5’GGAGGGAGTGGTGCA

GGGTGTGGCAACAG 3’ 

5’CTGTTGCCACACCCT

GCACCACTCCCTCC 3’ 

p426_Gal_aSyn_S129A_GFP p426_Gal_aSyn_WT_GFP 

5’CTTATGAAATGCCTG

CTGAGGAAGGGTATC 

3’ 

5’GATACCCTTCCTCAG

CAGGCATTTCATAAG 

3’ 

p426_Gal_aSyn_S87A_S129D_GFP p426_Gal_aSyn_S87A_GFP 

5’GGCTTATGAAATGCCT

GATGAGGAAGGGTATC

AAG 3’ 

5’CTTGATACCCTTCCTC

ATCAGGCATTTCATAAG

CC 3’ 

p426_Gal_aSyn_S87E_S129A_GFP p426_Gal_aSyn_S87E_GFP 
5’CTTATGAAATGCCTGC

TGAGGAAGGGTATC 3’ 

5’GATACCCTTCCTCAG

CAGGCATTTCATAAG 3’ 

 

 

The Polymerase Chain Reaction (PCR) conditions used for all amplifications was: initial 

denaturation at 95ºC for 1 minute; 18 cycles of denaturation at 95ºC for 50 sec, annealing at 60ºC for 

50 sec, following elongation at 68ºC during 8 min; a final elongation at 68ºC for 10 min. After 

amplification, samples were treated with DpnI (Agilent Technologies, Santa Clara, CA, USA) during 7 

hours at 37ºC, since this enzyme only cuts methylated plasmids, which happens only in naturally 

amplified plasmids, allowing E. coli transformation with only newly-synthesized plasmids (Figure 2.1). 
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Figure 2.1 Schematic representation of the site-directed mutagenesis protocol. 

2.4.2  CDNF plasmids construction by Gateway Recombination Cloning Technology  

The CDNF plasmid available was a plasmid for expression on mammalian cells, for this reason, it 

was necessary to generate a yeast-expressing plasmid containing the CDNF sequence. For that, 

three different constructions were performed, one with WT CDNF alone, one with a N-terminal fusion 

with Cerulean and, lastly, one with a DsRed fusion at the C-terminus. Three different pairs of primers 

were used to amplify three distinct CDNF sequences (Table 2.5 and 2.6) in order to generate pDONR 

vectors containing each CDNF sequence. 

 

Table 2.5 Description of the PCR reactions performed to amplify the CDNF sequence 

Fusion Primer Forward Primer Reverse 

No fusion S_CDNF AS_CDNF 

N-terminal fusion S_CDNF_N_fusion AS_CDNF 

C-terminal fusion S_CDNF AS_CDNF_C_fusion 

 

Table 2.6 PCR Reaction Mix used for CDNF amplification 

The KAPA HiFi was added only after the first PCR cycle. 

Component Volume (µL) 

5X KAPA HiFi Buffer (KAPA Biosystems, Wilmington, MA, USA) 2.5 

dNTPs (10mM) 0.7 

Primer S (10µM) 1 

Primer AS (10µM) 1 

DNA template (15ng) 1 

KAPA HiFi (KAPA Biosystems, Wilmington, MA, USA)  0.5 

H2O 18.3 

TOTAL 25 
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The PCR conditions used for all amplifications were: denaturation during 2 min at 92ºC; 3 cycles 

of denaturation at 92ºC during 30 sec, annealing at 57ºC during 30 sec and an elongation step during 

45 sec at 72ºC; followed by 25 similar cycles, where the annealing step was performed at 62ºC; 

concluding with a final elongation step of 10 min at 72ºC. 

After PCR, each sample was loaded into an 1% (w/v) agarose gel and ran at 90V to verify if the 

PCR occurred as expected. The DNA was purified from the PCR amplifications using the Wizard SV 

Gel and PCR Clean-Up System (Promega, Madison, WI, USA) and quantified using NanoDrop 

2000/2000c Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). 

A BP reaction was performed to insert the amplified sequences into an intermediate plasmid, the 

pDONR plasmid, using the Gateway BP Clonase Enzyme Mix (Invitrogen, Carlsbad, CA, USA). Each 

mix was incubated at room temperature (RT) for 2 hours, after which were transformed in E. coli cells 

and plated in LB media containing Kan, over-night. The pDONR plasmids containing the CDNF 

sequences were extracted (see Section 2.1.5), followed by a LR reaction, where the CDNF sequence 

was inserted into a series of pAdvanced Gateway (pAG) plasmids through recombination, using a 

Gateway LR Clonase II Enzyme Mix (Invitrogen, Carlsbad, CA, USA). The mix was incubated for 2 

hours at RT, following E. coli transformation (Section 2.2.2; Figure 2.2.). After growth, two colonies 

from each transformation were collected, grown in LB liquid media and the plasmids were extracted as 

described in Section 2.2.3. DNA samples were sent to sequencing by gold-standard Sanger 

sequencing at STAB VIDA (Caparica, Almada, Portugal). 

 

 

Figure 2.2 Schematic representation of the Gateway Recombination Cloning Technique procedure. 
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2.5 Cell Viability Assays 

2.5.1 Spotting Assay 

Cells were grown over-night at 30ºC in liquid media containing raffinose until they reached mid-log 

phase. Initial volumes corresponding to an OD of 0.1 were deposited in the first lane of a 96-well plate 

with sterile water to a final volume of 150µL. For the following lanes, a dilution of 1:3 was performed. 

Using a previously sterilized stamp, the dilutions were plated in YPD media for growth control and SC 

media complemented with gal to assess cell viability. The plates were incubated at optimal growth 

temperature of 30ºC for 48 hours and 72 hours, respectively. 

2.5.2 Flow Cytometry 

Cell viability was also assessed through flow cytometry. After yeast cells growth and after 6 hours 

of protein expression induction, a volume of cells correspondent to 1/OD was collected. Samples were 

centrifuge for 3 min at 3000rpm and the pellet was resuspended in phosphate buffered saline (PBS) 

1X. Propidium Iodide (PI) was added at 0.1mg/mL. Cells were incubated in the dark for 25 min at 30ºC 

with agitation, followed by a spin down. Cells were washed twice with PBS 1X, transferred to flow 

cytometry tubes and vortexed. Positive and negative controls were performed according to the table 

2.7. A BD FACScantoTMII flow cytometer (Becton Dickinson, Franklin Lakes, Nova Jersey, USA), 

equipped with a 20mW solid state 488nm laser was used for GFP and PI excitation (530/30nm and 

485/42nm, respectively).  

 

Table 2.7 Positive and negative controls used for the membrane integrity assessment through flow 

cytometry 

GFP PI Sample Treatment 

- - Empty No PI 

+ - aSyn_WT No PI 

- + Empty 
Yeast dead cells (95ºC 10 min); stained 

with PI 

2.6 Detection of superoxide radical production 

Flow cytometry was used to detect production of superoxide radical, using Dihydroethidium (DHE; 

Life Technologies, Carlsbad, CA, USA). After 6 hours of protein expression induction, a volume of 

cells correspondent to 1/OD was collected. Samples were centrifuge for 3 min at 3000rpm and the 

pellet was resuspended in PBS 1X. DHE (3mM) was added, diluted in 500µL of PBS. Cells were 

incubated in the dark for 15 min at 30ºC with constant agitation, followed by a spin down. Cells were 

washed twice with PBS 1X, transferred to flow cytometry tubes and vortexed. Positive and negative 

controls were performed according to the table 2.8. A BD FACScantoTMII flow cytometer (Becton 
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Dickinson, Franklin Lakes, Nova Jersey, USA), equipped with a 20mW solid state 488nm laser was 

used for GFP and DHE excitation (530/30nm and 518/605nm, respectively).  

Table 2.8 Positive and negative controls used for the superoxide radical production assessment through 

flow cytometry 

GFP DHE Sample Treatment 

- - Empty No DHE 

+ - aSyn_WT No DHE 

- + Empty 
Yeast cells treated with H2O2 (0.2µM), 
20 min with agitation; 30ºC; Addition of 

DHE 

2.7 Evaluation of vacuole acidification 

Vacuole acidification was assessed through flow cytometry, using LysoTracker Red DND 99 

(Thermo Fisher Scientific Inc., Waltham, MA, US), a dye highly specific for acidic organelles. After 6 

hours of protein expression induction, a volume of cells correspondent to 1/OD was collected. 

Samples were centrifuge for 3 min at 3000rpm and the pellet was resuspended in PBS 1X. 

LysoTracker Red DND 99 (1mM) was added, diluted in 1000µL of PBS. Cells were incubated in the 

dark for 30 min at 30ºC with constant agitation, followed by a spin down. Cells were washed twice with 

PBS 1X, transferred to flow cytometry tubes and vortexed. Unstained and GFP positive controls were 

performed. A BD FACSAriaTMII flow cytometer (Becton Dickinson, Franklin Lakes, Nova Jersey, USA) 

with a 375 nm solid state laser, was used for GFP and mCherry excitation (530/30nm and 575/610nm, 

respectively).  

2.8 Protein subcellular localization through fluorescence microscopy 

After 6 hours of protein expression, each sample was spun down and cells were retrieved from 

the pellet to observe at the fluorescence microscope. Images were acquired using an Axio Imager 2 

widefield fluorescent microscope (Carl Zeiss MicroImaging GmbH, Germany) and the Zeiss Zen 

software (Carl Zeiss MicroImaging GmbH, Germany), with an amplification of 63X and with different 

filters according to the tags observed. To see aSyn tagged with GFP, the Alexa Fluor 488 filter was 

used, while to observe Cerulean and DsRed tag, the 4',6-diamidino-2-phenylindole (DAPI) and DsRed 

filters were used, respectively. To see aSyn subcellular localization after protein clearance, protein 

expression was ceased using liquid media complemented with glucose. Cultures were re-incubated for 

6 hours or 13 hours, after which, cells were collected as before. The number of cells with inclusions 

and the total cell number were counted using the ImageJ – Fiji image analysis software (Rasband, 

1997). 

 



Dissecting the role of alpha-synuclein phosphorylation in Parkinson’s Disease 
 

27 
 

2.9 Quantification of protein expression levels  

2.9.1 Protein Extraction and Quantification 

A culture volume correspondent to 2/OD was collected for yeast total protein extraction. The 

culture was centrifuged and resuspended in MilliQ water, followed by a transference to a bead beater 

vial. Cell were spun down and resuspended in tris-buffered saline (TBS) 1X with proteases inhibitors 

(cOmplete™ ULTRA Tablets, Mini, EDTA-free, EASYpack Protease Inhibitor Cocktail by Roche, 

Basel, Switzerland). For cell lysis, acid-washed glass beads were added to the sample and three 

cycles of a 30 sec bead beater vortex followed by a 1 min ice incubation were done. Cells were 

smoothly centrifuged (3 min, 700g, 4˚C) and the supernatant was collected. To quantify protein, the 

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) was used according 

to the manufacturer protocol. 

2.9.2 Protein detection through Western Blot 

Protein sample buffer (200mM Tris-HCl pH 6.8, 6% 2-mercaptoethanol, 8% sodium dodecyl 

sulfate (SDS), 40% glycerol, 0.4% bromophenol blue) was added to each sample with the same total 

protein quantity (8µg), following a 10 min denaturation at 100˚C before loading into a 12% acrylamide 

gel. Protein samples were run in Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) during 20 min at 90V. After protein deposition between stacking and resolving gel, voltage was 

changed to 120V. Protein was transferred to a nitrocellulose membrane using a Trans-Blot Turbo 

transfer system (Bio-Rad, Hercules, CA, USA), according to the manufacturer’s protocol. 

Membranes were blocked with 5% Bovine Serum Albumin (NZYTech, Lisboa, Portugal)/Tris-

buffered Saline – Tween 20 (5% BSA/TBS-T) (w/v), followed by an over-night incubation with a 

primary antibody at 4ºC (Table 2.9). The antibodies were washed three times with TBS-T, followed by 

a 1 hour and 30 min incubation with secondary antibodies, as depicted in table 2.9. Four washes with 

TBS-T were performed after incubation with secondary antibodies, after which membranes were 

revealed at ChemiDoc (Bio-Rad, Hercules, CA, USA) using Pierce™ ECL Western Blotting Substrate 

(Thermo Fisher Scientific, Waltham, MA, USA). Images recovered from ChemiDoc were treated using 

the Image Lab Software (Bio-Rad, Hercules, CA, USA). 

To incubate a second antibody, membranes were stripped using a stripping solution (glycine, 10% 

SDS, ddH2O; pH 2.0) during 45 min, followed by three washes with TBS 1X and three washes with 

TBS-T. Membranes were again blocked and incubated with new antibodies, restarting the membrane 

hybridization with new primary antibodies. 
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Table 2.9 Description of the antibodies used in this project 

Antibody Manufacturer Description 
Secondary 
Antibody 

Anti-aSyn BD Transduction Laboratories, San Jose, 
CA, USA 

1:4000, mouse 1:10000, mouse 

Anti-pS129 aSyn Wako Chemicals USA, Inc., Richmond, VA, 
USA 

1:4000, mouse 1:10000, mouse 

Anti-PGK Life Technologies, Grand Island, NY, USA 1:2000, mouse 1:5000, mouse 

Anti-DsRed Clontech Laboratories, Inc., Montain View, 
CA, USA 

1:2000, rabbit 1:5000, rabbit 

Anti-GFP Neuromab, Davis, CA, USA 1:1000, mouse 1:5000, mouse 

2.10 Statistical Analysis 

To perform the statistical analysis, the Prism 6 (GraphPad Software Inc., La Jolla, CA, USA) was 

used. Statistical analysis was performed using one-way ANOVA or two-way ANOVA, with Bonferroni’s 

multiple comparison test, comparing the mean between distinct groups. A P value ≤ 0.01 was 

considered statistically significant. Results are shown as mean ± standard deviation, for at least, three 

independent experiments. 
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3 Results and Discussion 

3.1 Plasmid constructions 

Several plasmids used in this study were already available in the laboratory, nevertheless, some 

plasmids had to be constructed, namely: aSyn_H50Q, aSyn_S129A, aSyn_S87E_S129A and 

aSyn_S87A_S129D. To construct these plasmids, the site-directed mutagenesis technique was 

performed using template plasmids and pairs of primers specific for each wanted mutation (see 

Materials and Methods 2.4.1, Table 2.3). Plasmids were sequenced and aligned with the WT aSyn 

sequence using the Clustal Omega bioinformatic tool, confirming the presence of the wanted 

mutations (Supplementary Data, Figure 6.1). 

3.2 Evaluation of the phosphomutants effects in inclusion formation and cell 

viability 

To unveil the role of aSyn phosphorylation, plasmids containing aSyn mutants where 

phosphorylation-prone residues were mutated to mimic or block phosphorylation were transformed in 

W303.1A yeast cells (Table 3.1). Since alanine (A) and phenylalanine (F) are phosphorylation-

resistant amino acids chemically similar to serine and tyrosine, respectively, they are used to block 

phosphorylation in each residue; while glutamic acid (E) and aspartic acid (D) are non-phosphorylated 

amino-acids chemically similar to phosphorylated serine amino acid, thus mimicking phosphorylation. 

 

Table 3.1 Phosphomutants used in this study.  

Every aSyn phosphomutant was expressed in a multicopy plasmid under the regulation of a GAL1 promoter. 

Phosphomimics Phosphoblockers Double Mutants 

S87E 

S129D 

Y39F 

S87A 

Y125F 

S129A 

Y39F_Y125F 

S87E_S129E 

S87E_S129A 

S87A_S129E 

S87A_S129A 

  

Phosphomutants effects were evaluated regarding inclusion formation, clearance, and cell 

toxicity, through spotting assay and flow cytometry. Inclusion formation was assessed after 3 and 6 

hours of protein induction.  

After 3 hours of protein induction (Figure 3.1B), WT aSyn presented a higher percentage of cells 

with aSyn inclusions, suggesting a quicker aggregation process. Regarding Y phosphorylation, 

phosphorylation blockade in each Y residue individually, it revealed a decrease in inclusion formation 

when compared to WT aSyn. Additionally, when both Y residues (Y39 and Y125) are not 

phosphorylated, inclusion formation decreases even further, pointing to a toxic effect of Y residues 

phosphorylation and to an additive protective effect of Y phosphoblocking. 
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Figure 3.1 Assessment of aSyn inclusion formation and respective clearance for each aSyn 

phosphomutant through fluorescence microscopy. 

A) Intracellular localization of WT aSyn and each aSyn mutation after 3 and 6 hours of protein expression, and 

after 6 hours of protein clearance in W303.1A yeast cells. B) Percentage of cells containing aSyn-GFP inclusions 

after 3 hours of protein expression. C) Percentage of cells containing aSyn-GFP inclusions after 6 hours of protein 

expression. D) Percentage of cells containing aSyn-GFP inclusions after 6 hours of clearance (6H Clearance), 

normalized to 0H Clearance. Percentage values of each mutant were normalized to 0H Clearance. (***p<0.001, 

****p<0.0001; one-way ANOVA with Bonferroni’s multiple comparison test; values represent mean ± SD from four 

biological replicas). 
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Previous studies revealed that phosphorylation blocking of S129 (S129A) promoted aSyn 

aggregation and cytotoxicity in different models (Gorbatyuk et al., 2008; Sancenon et al., 2012; 

Tenreiro et al., 2014a; Azeredo da Silveira et al., 2017), and other studies exposed opposite results, 

with S129A suppressing neuronal loss in Drosophila melanogaster (Chen and Feany, 2005). In yeast 

cells, blockade of S129 phosphorylation was revealed to highly increase toxicity in yeast cells, 

moreover, it also induced a significant increase in inclusion formation (Tenreiro et al., 2014a). Indeed, 

probably due to its high toxicity, it was not possible to grow yeast cells containing the S129A aSyn 

mutant expressed in a multicopy plasmid. 

Nevertheless, S129A toxic effect can be supposed, since when expressing the double mutant 

S87E_S129A aSyn, it is possible to see an increase in aSyn aggregation, when compared to S129D 

aSyn, or even when compared to S87E and S87E_S129D mutants, indicating that the blocking of 

S129 phosphorylation effects in aSyn inclusion formation overcomes the protective effect induced by 

S87 phosphorylation. In contrast, blocking of S87 phosphorylation seems to induce a protective effect 

over blockade of S129 phosphorylation (S87A_S129A), decreasing the percentage of cells with aSyn 

inclusions. The protective effect of S87 phosphorylation blocking is supported by the results published 

by Kim et. al, which stated that increased levels of S87 phosphorylation increased toxicity in H19-7 

cells (Kim et al., 2006). Though, other study revealed that S87 phosphorylation inhibits aSyn fibrillation 

and oligomerization (Paleologou et al., 2010). 

With 6 hours of protein induction (Figure 3.1C), the percentage of cells containing aSyn inclusions 

was similar between all aSyn variants, with exception for the double tyrosine mutants (Y39F_Y125F) 

and the double mutant S87A_S129D, which presented a decrease in inclusion formation. These 

results were in agreement with the results obtained only after 3 hours of protein expression. Once 

again, blockage of S87 phosphorylation and blockage of both Y residues phosphorylation seem to 

induce a protective effect. About the double tyrosine mutant, its reductive effect in aSyn inclusion 

formation was also stated by Kleinknecht et. al in yeast cells (Kleinknecht et al., 2016). 

Concerning inclusion clearance (Figure 3.1D), with only 6 hours of protein clearance, all 

phosphomutants presented a similar inclusion clearance, with no significant differences amongst each 

other. Clearance time could be increased to see more prominent differences between each 

phosphomutant clearance, especially since aSyn S129 and Y39 phosphorylation were already found 

to  promote aSyn clearance in yeast cells (Mahul-Mellier et al., 2014; Tenreiro et al., 2014a). 

Since a correlation between aSyn subcellular localization and cytotoxicity has been established by 

several groups (Outeiro and Lindquist, 2003; Zabrocki et al., 2005; Gitler, 2008), spotting assay 

(Figure 3.2) was performed to see the effects of each aSyn phosphomutant in cell viability. Cell 

viability was also assessed through flow cytometry (Figure 3.3), using PI, which marks cells with a 

compromised plasma membrane by binding to their nucleic acids. Flow cytometry allowed to see that 

every aSyn mutant is being expressed at the same levels, since the percentage of GFP+ cells is 

similar between samples (Figure 3.3B). 

Regarding tyrosines phosphorylation, phosphorylation blockade at Y39 appears to have a 

cytoprotective effect when compared with WT aSyn, however, phosphorylation blockade of Y125 

decreases these protective effect, inducing a similar cell growth to cells transformed with WT aSyn. 
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When both Y phosphorylation is being blocked, toxicity is higher, suggesting that Y125F effect 

overcomer the protective effect of Y39F. These results contradict the correlation between inclusion 

formation and toxicity. 

Regarding S phosphorylation, the toxic effect of S129 phosphoblocking can be deduced, since the 

double mutant S87E_S129A present a decreased cell growth when compared to S87E_S129D and 

S87E mutants, as well as when compared to WT aSyn. Corroborating the inclusion formation assay, 

when phosphorylation of both S residues is being blocked, S87 phosphoblockade seem to induce a 

protective effect over S129 phosphoblocking, since there is an increase in cell growth when compared 

to S87E_S129A aSyn mutant. Moreover, similar to the obtained results, previous studies revealed that 

S87E_S129D aSyn restored cell viability when compared to S87E aSyn, pointing to a protective effect 

of S129 phosphorylation over S87 phosphorylation. Additionally, protein analysis revealed that yeast 

cells expressing S87E aSyn present lower phosphorylated S129 levels, suggesting that S87 

phosphorylation might be reducing S129 phosphorylation and, consequently, increasing toxicity 

(Madaleno, 2017). However, when S87E is expressed with S129A, toxicity is increased, indicating that 

S129A toxic effect adds to S87E toxicity, supporting the hypothesis that S87E toxicity is induced by 

S129 phosphorylation levels decrease. 

 

Figure 3.2 Evaluation of toxicity induced by each aSyn phosphomutant by spotting assay. 

Spotting assay of the W303.1A yeast cells transformed with the indicated aSyn phosphomutants. Cell cultures 

were adjusted to the same OD, serially diluted, and spotted into YPD and selective media complemented with Gal 

as carbon source. (Image representative of four biological replicas) 
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In summary, blockage of S87 phosphorylation has a protective effect over S129 phosphoblocking 

toxicity. Nevertheless, protein should be analyzed, to see phosphorylated S129 and S87 levels, as 

well as total aSyn levels for each mutant, to understand how each residue phosphorylation is being 

affected and its effect in cell viability. 

 

 

 

 

 

 

3.3 Evaluation of aSyn familial mutations in aSyn inclusion formation and cell 

toxicity 

The subcellular localization of distinct aSyn variants was evaluated through fluorescence 

microscopy. W303.1A yeast strain cells were transformed with plasmids containing distinct aSyn 

variants (mutations) fused with GFP, under regulation of an inducible GAL1 promoter. Protein 

expression was induced with selective media supplemented with Gal for 6 hours, after which cells 

were collected for microscopy (Figure 3.4). 

Concerning WT aSyn, about 60% of the cells present aSyn inclusions, whereas the remaining 

cells do not present inclusions, presenting aSyn bound to the membrane, after 6 hours of expression 

induction. Regarding the A30P mutant, microscopy revealed that it does not form aggregates when 

overexpressed, keeping its cytoplasmic localization in a diffused manner, as described before (Outeiro 

and Lindquist, 2003). A decrease in the percentage of cells containing aSyn inclusions was also 

Figure 3.3 Evaluation of toxicity induced by aSyn phosphomutants through flow cytometry using PI. 

A) Representative graphs of aSyn-GFP versus PI fluorescence assessed through flow cytometry in W303.1A 

yeast cells transformed with each aSyn phosphomutant after 6 hours of protein expression. B) Frequency of GFP 

positive cells in the indicated yeast cells. C) Frequency of PI positive cells in the indicated yeast cells. (*p<0.1, 

one-way ANOVA with Bonferroni’s multiple comparison test using WT as control; values represent mean ± SD 

from three biological replicas). 
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observed with the G51D mutation (7.74±1.06%), presenting a cytoplasmic localization in the majority 

of cells, as described by Fares et. al and Rutherford et. al (Fares et al., 2014; Rutherford et al., 2014). 

 

Figure 3.4 Assessment of aSyn inclusion formation for each aSyn variant through fluorescence 

microscopy. 

A) Intracellular localization of WT aSyn and each aSyn mutation after 6 hours of protein expression in W303.1A 

yeast cells. B) Percentage of cells containing aSyn-GFP inclusions after 6 hours of protein expression 

(***p<0.001, ****p<0.0001; one-way ANOVA with Bonferroni’s multiple comparison test; values represent mean ± 

SD from three biological replicas) 

 

The E46K and A53E aSyn mutants showed a slightly decrease in inclusion formation with 

45.84±2.94% and 46.9±3.06% of cells with inclusions, respectively; A53E aSyn results were in 

agreement with the previous studies (Ghosh et al., 2014; Rutherford and Giasson, 2016), whereas the 

E46K aSyn aggregation decrease showed contrary results to previous studies in SH-SY5Y cells 

(Pandey et al., 2006), corroborating the fact that aSyn ability to aggregate varies from different cellular 

models. Regarding the H50Q mutant, the percentage of cells with aSyn inclusions was similar to WT 

aSyn (60.91±0.64%). However, several studies support that the H50Q mutation increases aSyn 

aggregation (Ghosh et al., 2013; Khalaf et al., 2014; Rutherford et al., 2014; Xiang et al., 2015). While 

distinct studies revealed an increase in A53T aSyn aggregation when compared to WT aSyn (Narhi et 

al., 1999; Li et al., 2001; Lázaro et al., 2014), this assay showed a similar percentage of cells with 

aSyn inclusions (57.19±1.42%) when compared to WT aSyn. All of these differences in inclusion 

formation might be due to different cellular models used in each study, indicating that the differences 

in the cellular environment are sufficient to modulate aSyn ability to aggregate. 

Toxicity induced by each aSyn familial mutant was evaluated through spotting assay (Figure 3.5). 

The A30P and the G51D mutations seem to be non-toxic, since their growth is similar to the growth of 

yeast cells transformed with an empty plasmid. The previous microscopy results showed that, in fact, 

these mutations induce less inclusion formation. On the other hand, E46K, H50Q and A53T aSyn, 

appear to be more toxic, presenting a similar decrease in cell growth as WT aSyn. The A53E mutation 

is more toxic than A30P or G51D mutation, but appears to be less cytotoxic when compared with WT 

aSyn and the remaining aSyn mutations.  
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The spotting assay and the inclusion formation assay were in agreement, since the aSyn variants 

with higher percentage of cells with inclusions (WT, E46K, H50Q, A53E and A53T aSyn) were the 

ones who presented higher toxicity. 

To quantitatively evaluate cytotoxicity induced by each aSyn variant, flow cytometry was 

performed after 6 hours of protein expression (Figure 3.6). Flow cytometry results revealed that all 

aSyn mutants are being expressed at the same levels, since the percentage of cells expressing GFP 

is similar between each culture (Figure 3.6B). PI staining revealed that the E46K aSyn mutant is the 

most cytotoxic, when comparing to WT aSyn. The A30P mutant revealed to be the less toxic (Figure 

3.3C).  

However, with only 6 hours of protein induction, cell viability was still high, with low percentages 

of dead cells. Despite not having significant cell death, cells can still be being affected in several 

pathways, leading to a later cell death. To obtain a more prominent cell death, protein was expressed 

for a longer period, i.e., 13 hours of protein expression, after which flow cytometry was performed 

(Figure 3.7). After 13 hours of protein expression, aSyn was still being expressed at the same level 

between different variants (Figure 3.7B). Moreover, cell viability after 13 hours of protein expression 

decreased dramatically, with higher percentages of PI-positive cells. Nevertheless, A30P aSyn 

presented a low percentage of PI-positive cells, consistent with the spotting assay results and the 

absence of inclusions (Lázaro et al., 2014).  

Figure 3.5 Evaluation of toxicity induced by each aSyn variant by spotting assay. 

Spotting assay of the W303.1A yeast cells transformed with the indicated aSyn variants. Cell cultures were 

adjusted to the same OD, serially diluted, and spotted into YPD and selective media complemented with Gal as 

carbon source. (Image representative of three biological replicas) 
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Figure 3.6 Evaluation of cytotoxicity induced by aSyn familial mutants through flow cytometry using PI 

after 6 hours of protein induction. 

A) Representative graphs of aSyn-GFP versus PI fluorescence assessed through flow cytometry in W303.1A 

yeast cells transformed with each aSyn variant. B) Frequency of GFP positive cells in the indicated yeast cells. C) 

Frequency of PI positive cells in the indicated yeast cells. (**p<0.01, one-way ANOVA with Bonferroni’s multiple 

comparison test using WT as control; values represent mean ± SD from three biological replicas). 

 

The E46K was the most cytotoxic mutant, when comparing to WT aSyn, similar to the results 

obtained after 6 hours of protein expression and also with the results obtained by Lázaro et. al (Lázaro 

et al., 2014). However, the flow cytometry results did not show any consistent relation between cell 

viability and inclusion formation for the E46K mutation, since it forms less cytoplasmic inclusions than 

WT aSyn, but appears to be more cytotoxic. In a recent study, E46K was shown to be highly toxic in 

primary neurons model, however, it did not promote an obvious increase in aSyn aggregation. Iñigo-

Marco et. al speculated that E46K toxicity was mediated by soluble species, not by aSyn in its 

aggregated form (Íñigo-Marco et al., 2017).  

The remaining mutations revealed a similar percentage of PI-positive cells, as observed with the 

spotting assay. However, the G51D mutant presented controversial results, with a similar percentage 

of dead cells when comparing to WT, while in the spotting assay it revealed low cytotoxicity. Literature 

revision also revealed discordant conclusions (Fares et al., 2014; Rutherford et al., 2014). Further 

investigation is required to reach a conclusion. 
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Figure 3.7 Evaluation of cytotoxicity induced by aSyn familial mutants through flow cytometry using PI 

after 6 hours of protein induction. 

A) Representative graphs of aSyn-GFP versus PI fluorescence assessed through flow cytometry in W303.1A 

yeast cells transformed with each aSyn variant. B) Frequency of GFP positive cells in the indicated yeast cells. C) 

Frequency of PI positive cells in the indicated yeast cells. (**p<0.01, ***p<0.001, one-way ANOVA with 

Bonferroni’s multiple comparison test using WT as control; values represent mean ± SD from three biological 

replicas) 

3.4 Phosphorylation levels of different aSyn variants 

Total aSyn and phosphorylated aSyn levels at S129 were evaluated by Western Blot, in order to 

search for a correlation between phosphorylation, inclusion formation and cytotoxicity (Figure 3.8). 

Protein was collected after 6 hours of protein expression. Western Blot revealed similar levels of total 

aSyn between each mutant, indicating that the toxicity differences observed for each mutant are not 

caused by differences in aSyn expression (Figure 3.8B). Meanwhile, phosphorylated aSyn levels at 

S129 differed amongst mutants were also evaluated (Figure 3.8C). When comparing to WT aSyn, 

A30P and A53E mutants presented higher levels of phosphorylation, while the remaining mutants 

were less phosphorylated, in the tested conditions. 

When comparing the results obtained with familiar and phosphomutants, it is possible to 

hypothesize phosphorylation in residues other than S129. For instance, the A30P aSyn mutant, 

exhibits high levels of S129 phosphorylation and low cytotoxicity in yeast cells, accordingly to the 

known fact that S129 phosphorylated levels confers protection. Likewise, E46K aSyn presents 

decreased phosphorylation levels at S129 and high toxicity in the cell viability assay performed by flow 

cytometry, reinforcing the toxic role of S129 phosphorylation blockade. A53E aSyn, on other hand, 

was revealed to have an increased S129 phosphorylation, however, its toxicity was shown to be 

similar to WT aSyn, while its aggregation propensity was still high. However, phosphorylation at S87 

can also be playing an important role, since blockade of S87 phosphorylation exerts a protective effect 

over S129 phosphorylation (Figure 3.3C). 

These results were not in agreement with the results published by Mbefo et. al, where E46K is 

shown to be hyperphosphorylated, and A30P and A53T mutants have no significant phosphorylation 
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levels differences when comparing to WT aSyn in BY4741 yeast cells (Mbefo et al., 2015). To 

corroborate this, BY4741 yeast cells were transformed with the different plasmids, grown and protein 

was induced and collected after 6 hours of protein expression. Western Blot analysis were also 

performed (Figure 3.9). These findings suggest that different yeast strains may have distinct 

expression of kinases and/or phosphatases and, consequently, different phosphorylation profiles. 

 

 

Figure 3.8 Total and phosphorylated aSyn levels after 6 hours of protein induction in W303.1A yeast cells. 

A) Total aSyn, pS129 aSyn and PGK expression levels in W303.1A yeast cells transformed with the indicated 

aSyn variants assessed through Western Blot analysis of total protein extracts after 6 hours of protein expression. 

B) Total aSyn expression levels normalized to total aSyn expression levels. C) S129 phosphorylated aSyn 

expression levels were normalized to the respective PGK expression levels Protein expression levels were 

normalized to WT aSyn. (**p<0.01, ****p<0.0001; one-way ANOVA with Bonferroni’s multiple comparison test; 

values represent mean ± SD from six biological replicas from two independent experiments) 

 

 

Figure 3.9 Phosphorylated aSyn levels after 6 hours of protein induction in BY4741 yeast cells. 

A) Total aSyn, pS129 aSyn and PGK expression levels in BY4741 yeast cells transformed with the indicated 

aSyn variants assessed through Western Blot analysis of total protein extracts after 6 hours of protein expression. 

B) S129 phosphorylated aSyn expression levels were normalized to the respective PGK expression levels Protein 

expression levels were normalized to WT aSyn. (*p<0.1; one-way ANOVA with Bonferroni’s multiple comparison 

test; values represent mean ± SD from five biological replicas from two independent experiments) 
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3.5 Protein Clearance 

To test aSyn inclusions clearance, cells were collected for microscopy after 6 hours of protein 

expression and after 6 hours of protein clearance (Figure 3.10). Microscopy revealed that inclusions 

clearance was effective for all mutations. The G51D mutant was the only mutant with total inclusions 

clearance, however, it induced a decreased aSyn aggregation beforehand. Regarding the percentage 

of cells with inclusions after clearance, all mutations showed a decrease in comparison to the WT 

aSyn, despite H50Q and A53E being the only mutations with a significantly lower percentage of cells 

with inclusions, when comparing to WT aSyn clearance.  

 

 

To see more a more prominent inclusion clearance, clearance time was increased for 13 hours. 

The percentage of cells with inclusions after 13 hours of protein clearance was lower than after 6 

hours of clearance, as expected (Figure 3.11). However, with a longer clearance, the E46K, the H50Q 

and the A53T mutations, presented a higher percentage of cells with inclusions when comparing to the 

WT aSyn, despite it not being statistically different. These findings suggest that clearance of aSyn 

aggregates is not time-dependent, i.e., macroautophagy, responsible for degrading aggregated aSyn, 

acts at different time points or with distinct rates for each mutant, which would explain why, after 13 

Figure 3.10 Assessment of aSyn inclusions clearance through fluorescence microscopy. 

A) Intracellular localization of each aSyn mutant fused with GFP at both time points indicated in W303.1A yeast 

cells B) Percentage of cells containing aSyn-GFP inclusions before (0H Clearance) and after 6 hours of clearance 

(6H Clearance). Percentage values of each mutant were normalized to 0H Clearance. (*p<0.1; one-way ANOVA 

with Bonferroni’s multiple comparison test at 6H Clearance; values represent mean ± SD from three biological 

replicas)  
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hours of protein clearance, WT aSyn presents a higher clearance when compared to the H50Q and 

A53E mutants. The lack of statistically differences between each sample might be due to the low 

percentages of all samples. 

 

 

Figure 3.11 Assessment of aSyn inclusions clearance through fluorescence microscopy after 13 hours of 

protein clearance. 

A) Intracellular localization of each aSyn mutant fused with GFP at both time points indicated in W303.1A yeast 

cells B) Percentage of cells containing aSyn-GFP inclusions before (0H Clearance) and after 13 hours of 

clearance (13H Clearance). Percentage values at 0H of clearance were normalized to 100% and the values at 

13H of clearance were normalized to the values at 0H. (*p<0.1; two-way repeated measures ANOVA with 

Bonferroni’s multiple comparison test; values represent mean ±SD from three independent experiments)  

 

Protein clearance was also evaluated by Western Blot. Protein levels of total and phosphorylated 

aSyn at S129 were evaluated before and after 6 hours of protein clearance (Figure 3.12). Regarding 

total levels of aSyn, the A30P mutant presented a higher protein clearance. Nonetheless, this high 

clearance might be due to the high levels of total aSyn after 6 hours of protein induction (0H 

Clearance). Meanwhile, concerning the phosphorylated aSyn, the E46K and G51D mutants show a 

tendency to impair protein clearance, nevertheless there is no statistically significant differences 

between each aSyn variant clearance. It would be interesting to assess which clearance mechanism is 

being affected for each mutant, i.e., evaluate autophagy and proteasome function. 
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Figure 3.12 Clearance of total and phosphorylated aSyn is similar between distinct aSyn mutations. 

A) Total aSyn, pS129 aSyn and PGK expression levels in W303.1A yeast cells transformed with the indicated 

aSyn variants assessed through Western Blot analysis of total protein extracts after 6 hours of protein expression 

(0H Clearance) and after 6 hours of protein clearance (6H Clearance). B) Total aSyn and pS129 aSyn expression 

levels were normalized to the respective PGK expression levels. Protein levels at 6H Clearance were normalized 

to levels at 0H Clearance. (two-way repeated measures ANOVA with Bonferroni’s multiple comparison test; 

values represent mean ± SD from five biological replicas from two independent experiments) 

3.5.1 Assessment of Rsp5 effect in inclusion clearance of each aSyn familial mutant 

Rsp5 is a Nedd4 ortholog in S. cerevisiae, which was shown to promote aSyn degradation 

through the endosomal-vacuolar pathway and to protect from inclusion formation. In this study, we co-

transformed yeast cells with a plasmid containing a Rsp5 sequence or a similar empty plasmid, with 

each aSyn plasmid. Inclusion formation was assessed by fluorescence microscopy at 0, 3 and 6 hours 

of clearance (Figure 3.13). 

The results obtained were different than described by Tofaris et. al 2011. Rsp5 overexpression 

decreased aSyn inclusion formation only in some aSyn mutants. Regarding WT aSyn, the aSyn 

variant used by Tofaris et al, Rsp5 overexpression decreased inclusion formation after 3 hours of 

protein clearance, however, after 6 hours of protein clearance, despite the absence of significant 

differences, cells where Rsp5 was being overexpressed presented a higher inclusion formation than 

cells transformed with the control plasmid. A decrease in inclusion formation was only visible in some 

aSyn mutants, namely G51D, A53E and A53T. E46K aSyn mutant was the only mutant not showing 

any protective effect for Rsp5; this could suggest that E46K aSyn is not mainly degraded by the 

endosomal-vacuolar pathway or that it inhibits said pathway. 
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3.6 Vacuole acidification evaluation 

Lysosomal function was found to be altered in PD, and impairment of protein degradation 

pathways is involved in several neurodegenerative disorders. Lysosomal acidification is required for 

the proper function of hydrolases involved in lysosomal degradation. In yeast cells, vacuole 

acidification was identified as a positive regulator for mitochondrial stability and yeast lifespan. To 

assess vacuolar acidification, flow cytometry was performed after 6 and 13 hours of protein induction 

using LysoTracker Red DND 99, a red-fluorescent probe that labels acidic organelles in live cells 

(Figure 3.14). LysoTracker probes contain a fluorophore connected to a weak base, since weakly 

basic amines accumulate in cellular compartments with low pH. They are permeant to membrane cells 

and typically concentrate in spherical organelles. Although, their mechanism of action is still not fully 

understood, but it is believed to involve protonation and retention in organelle’s membranes. 

LysoTracker staining revealed that A30P has a decreased vacuole acidification, when comparing 

to WT aSyn, which, according to Hughes and Gottschling, indicates a decrease in mitochondrial 

stability and yeast lifespan (Hughes and Gottschling, 2012). However, A30P was shown, both in 

Figure 3.13 Assessment of Rsp5 effect in aSyn inclusions clearance through fluorescence microscopy 

after 3 and 6 hours of protein clearance. 

A) Intracellular localization of each aSyn mutant fused with GFP at the time points indicated in W303.1A yeast 

cells co-transformed with a control plasmid or a plasmid containing a Rsp5 WT sequence. (OE – over-expression) 

B) Percentage of cells containing aSyn-GFP inclusions after 3 and 6 hours of clearance. Percentage values were 

normalized to the values at 0H Clearance. (*p<0.1, ****p<0.0001; two-way repeated measures ANOVA with 

Bonferroni’s multiple comparison test; values represent mean ±SD from three independent experiments) 
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spotting assays and flow cytometry with PI, to be less cytotoxic when comparing to the remaining 

aSyn variants. The observed decrease in Median Fluorescence Intensity for the A30P mutant can also 

be affecting hydrolases activation, reducing A30P aSyn clearance. Once again, this is not in 

agreement with the protein clearance assay, where A30P aSyn was shown to have a higher total aSyn 

clearance. Besides, A30P was shown to be highly proteolytically degraded in the vacuole, after A30P 

aSyn-containing vesicles merge with the vacuolar membrane with the support of Ypp1, a aSyn 

protective protein (Flower et al., 2007). This decrease in LysoTracker fluorescence in the A30P 

mutants can be a result of different vacuole morphology. Smaller vacuoles would internalize less 

LysoTracker and, consequently, express less fluorescence. To test this hypothesis, vacuole 

morphology could be assessed using probes specific for vacuoles, such as LysoTracker or FM 4-64, 

and visualizing at the fluorescence microscope.  

 

Figure 3.14 Evaluation of vacuole acidification in yeast cells transformed with each aSyn variant after 6 

and 13 hours of protein induction.  

A) Representative graphs of aSyn-GFP versus LysoTracker Red DND 99 fluorescence assessed through flow 

cytometry in W303.1A yeast cells transformed with each aSyn variant after 6 and 13 hours of protein expression. 

B) Median fluorescence intensity of each cell population after 6 hours of protein induction. C) Median 

fluorescence intensity of each cell population after 13 hours of protein induction (**p<0.01; one-way ANOVA with 

Bonferroni’s multiple comparison test using WT as control; values represent mean ± SD from three biological 

replicas) 

 

Regarding the remaining mutants, their vacuole acidification was similar to WT aSyn, indicating a 

similar mitochondrial function, as well as a similar autophagy induction. This could also be assessed 

by evaluating autophagy flux and induction, through Western Blot, by analyzing aSyn levels before 

and after clearance in yeast strains where autophagy is inhibited, or using yeast cells co-transformed 

with aSyn variants and plasmids expressing ATG8, which encodes for an autophagy related protein, 
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required for autophagosomal membranes formation, that is degraded in the vacuole. By quantifying 

Atg8 protein levels, it would be possible to infer autophagy induction and flux (Tenreiro et al., 2014a). 

3.7 Evaluation of ROS and superoxide production 

The production of ROS was evaluated through flow cytometry at 6 and 13 hours of protein 

induction, using DHE, a superoxide indicator (Figure 3.15). DHE usually displays blue fluorescence 

when in the cytosol, but when oxidized by superoxides or by other sources of ROS, it intercalates with 

DNA, staining the nucleus red. DHE fluorescence intensity was similar between all the aSyn mutants, 

having no differences when comparing to WT aSyn, i.e., the ROS production is similar amongst all 

aSyn variants. However, E46K and G51D seem to exhibit a more intense fluorescence, indicating a 

higher production of ROS. Since a higher production of ROS would induce aSyn aggregation, and 

vice-versa, these results are not in agreement with the inclusion formation results. However, increased 

ROS levels also causes oxidative stress, which leads to cell death, which is in agreement with the 

E46K cell viability results obtained with flow cytometry. This suggests that E46K toxicity might be 

mainly due to an excessive ROS production, and not due to aSyn aggregation alone. 

Mitochondrial dysfunction also provokes ROS accumulation, which means that E46K and G51D 

could be impairing mitochondrial function, somehow, leading to ROS production and, eventually, cell 

death. 

 

Figure 3.15 Evaluation of ROS production in yeast cells transformed with each aSyn variant after 6 and 13 

hours of protein induction. 

A) Representative graphs of aSyn-GFP versus DHE fluorescence assessed through flow cytometry in W303.1A 

yeast cells transformed with each aSyn variant after 6 and 13 hours of protein expression. B) Median 

fluorescence intensity of each cell population after 6 hours of protein induction. C) Median fluorescence intensity 

of each cell population after 13 hours of protein induction (values represent mean ± SD from three biological 

replicas) 
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3.8  CDNF effects on aSyn toxicity 

3.8.1 Plasmid Construction through Gateway Recombination Technique 

CDNF sequence was only available in a mammalian plasmid, so to generate constructs in 

yeast expression vectors with N-terminal and C-terminal fusions to fluorescent proteins and without 

fusion, the Gateway Recombination Cloning Technique was performed according to Materials and 

Methods 2.3.2. Three constructs were performed: (i) CDNF with no fusion; (ii) CDNF with an N-

terminal fusion with Cerulean and (iii) CDNF with a C-terminal fusion with DsRed. Plasmids were sent 

to sequencing to confirm proper plasmid construction (Supplementary Data, Figure 6.2). 

3.8.2 CDNF effects on cell viability, inclusion formation and aSyn expression levels 

To evaluate whether the distinct CDNF constructions would affect CDNF effects, as well as to 

assess the putative CDNF cytoprotective effect against aSyn induced toxicity in yeast cells. W303.1A 

yeast cells were transformed with WT aSyn alone or co-transformed with each CDNF plasmid. Cell 

viability was assessed through spotting assay (Figure 3.16A), which revealed a similar aSyn cytotoxic 

effect in the presence of CDNF when compared to aSyn effect per si. Moreover, this assay allowed to 

conclude that, by tagging CDNF at N-terminus or C-terminus, the CDNF effect produced is similar, 

indicating that the tags do not affect CDNF function. The CDNF effect in the aSyn inclusions formation 

was also assessed through fluorescence microscopy (Figure 3.16B) after 6 hours of protein induction. 

CDNF tagging with both Cerulean and DsRed revealed a cytoplasmic localization. The percentage of 

cells with aSyn inclusions were counted to evaluate the CDNF effect in inclusion formation as well as 

the tags effect on CDNF function. The presence of CDNF did not affect inclusion formation, as well as 

the presence of each tag (Figure 3.16C). 

CDNF effects on total aSyn expression levels were also evaluated through Western Blot (Figure 

3.17A). There were no significant effects for each CDNF construction in the total aSyn levels (Figure 

3.17B). Overall, CDNF expression did not caused any significant changes in toxicity, inclusion 

formation and total aSyn protein levels in yeast cells, despite the CDNF protective effect observed 

against aSyn oligomers in mice mesencephalon neurons cultures (Latge et al., 2015). 

CDNF mechanism is still unknown, nevertheless it is believed that CDNF is involved in ER stress 

and UPR regulation (Voutilainen et al., 2015). Recently, it was proposed that CDNF activated the 

survival promoting PI3K-Akt signaling pathway (Voutilainen et al., 2017). This pathway involves the 

generation of PIP3 in the plasma membrane, which is responsible for activating Akt, culminating with 

the regulation of mammalian cell proliferation and survival. However, in S. cerevisiae cells, PIP3 

appears to have no role in its physiology (Wera et al., 2001), ceasing the survival pathway. 

Accordingly, the results here obtained with no effect of CDNF expression on aSyn toxicity can be due 

to the non-conservation of the CDNF function in the yeast model. 
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Figure 3.16 Cell viability and inclusion formation assessment through spotting assay and fluorescence 

microscopy, respectively. 

A) Spotting assay of the indicated W303.1A yeast cells. Cell cultures were adjusted to the same OD, serially 

diluted, and spotted into YPD and selective media complemented with Gal as carbon source. B) Intracellular 

localization of WT aSyn and CDNF without fusion or fused with Cerulean or DsRed at N- or C-terminus, 

respectively, after 6 hours of protein expression. C) Percentage of cells containing aSyn-GFP inclusions after 6 

hours of protein expression. (one-way ANOVA with Bonferroni’s multiple comparison test; values represent mean 

± SD from three biological replicas). 
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Figure 3.17 Evaluation of total aSyn levels in the presence and absence of each CDNF plasmid.  

A) Total aSyn and PGK expression levels in W303.1A yeast cells transformed with the indicated CDNF variants 

and WT aSyn assessed by Western Blot analysis of total protein extracts after 6 hours of protein expression. B) 

Total aSyn expression levels were normalized to the PGK expression levels. Protein levels were normalized to 

WT aSyn. (one-way ANOVA with Bonferroni’s multiple comparison test; values represent mean ± SD from three 

biological replicas) 
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4 Concluding remarks and future perspectives 

 

PD, being the second most common neurodegenerative disease, needs, undoubtedly, a more 

comprehensive study. It is known that the dopaminergic neurons in the SNpC present aSyn 

aggregates, however, despite all the efforts, it is still unknown whether aggregation prevents or 

induces aSyn toxicity. Likewise, it is known that aSyn is prone to suffer several PTMs, including 

phosphorylation. However, it is still unclear whether phosphorylation prevents or promotes toxicity. 

These uncertainties are due to distinct results obtained in different cellular models. 

Coding missense mutations and multiplication of the SNCA locus leads to familiar PD. Until now, 

six aSyn mutations were already identified, however, their exact effects in several cellular pathways is 

still not completely understood.  

In this work, S. cerevisiae cells, being a well-established model to study PD, were used to study 

the effects of aSyn phosphorylation in different phosphorylation-prone residues. Similarly, toxicity of 

each aSyn familial mutant was also characterized using the budding yeast. Multicopy plasmids were 

used to express aSyn fused with GFP, under the regulation of a GAL1 promoter.  

Overexpression of each phosphomutant in yeast cells, revealed that S129 phosphorylation plays 

a major role, with its phosphoblockers and phosphomimics mutants presenting an effect capable of 

overlapping S87 phosphorylation or its blockage. Blockage of S129 phosphorylation induces a toxic 

effect, however, S87 phosphorylation blockade exerts a protective effect, even capable of protecting 

against S129 phosphoblocking. A great limitation of this work was the lack of a proper antibody 

specific for phosphorylated S87, making it impossible to evaluate S87 phosphorylation levels. 

Regarding the Y residues, blockage of both residues revealed a protective effect in inclusion 

formation; however, this effect was not observed in the cell viability assay by flow cytometry, 

contradicting the theory that aSyn inclusion formation is related to its toxicity. The inclusion clearance 

assay suggested that Y125 phosphorylation impairs protein clearance, even though the differences 

are not significant. This could explain the observed toxicity, despite the decreased inclusion formation. 

The effects of aSyn familial mutants were evaluated regarding inclusion formation, cell toxicity, 

protein clearance, ROS production and vacuolar acidification. Results obtained for each familial 

mutant, comparing to WT aSyn, are resumed in Table 4.1. In summary, A30P aSyn was revealed to 

be a less toxic mutation; despite E46K showing a decrease in inclusion formation, it presented the 

highest ROS production, suggesting that this is the mechanism by which E46K exerts its elevated 

toxicity; H50Q and A53T mutations presented similar results regarding inclusion formation, cell toxicity 

and ROS production in comparison to WT; G51D and A53E presented less inclusions, less toxicity 

and higher clearance, suggesting to be less toxic than WT aSyn. 

Familial mutations in the SNCA locus induce a more severe parkinsonism with an early onset, 

however, the results obtained for several mutations, specially A30P, G51D and A53E aSyn, point to a 

lower toxicity than WT aSyn in yeast cells, while the remaining mutations presented results very 

similar to WT. This divergence can be due to the cellular model used. Indeed, a major limitation for the 

study of PD has been the inexistence of a perfect model, since every model has its advantages and 

limitations. For example, even in vivo studies in mice, were revealed to have a major limitation, since 
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mice are not able to reproduce the DA alterations observed in PD (Burbulla et al., 2017). Yeast cells 

are able to reproduce several PD events; however, the yeast cellular environment is distinct than the 

dopaminergic neurons cellular environment. This is corroborated by the existence of several studies 

revealing dissimilar results in different cellular models. Indeed, it was already suggested that the 

result’s discrepancy is due to distinct efficiencies or expression levels of distinct kinases or 

phosphatases in the different cellular models (Oueslati et al., 2013; Schreurs et al., 2014). Besides, 

the mechanisms by which each aSyn mutations is inducing toxicity might not be conserved in yeast 

cells. 

 

Table 4.1 Resume table of the results obtained in distinct assays for each aSyn familial mutant. 

For this table, each aSyn familial mutant was compared to WT aSyn ( increased results;  decreased results, ≈ 

similar results) 

 
Inclusion 
Formation 

Cell Toxicity 
pS129 
Levels 

Protein 
Clearance 

Lysosomal 
Acidification 

ROS 
production 

A30P      ≈ 

E46K     ≈  

H50Q ≈ ≈   ≈ ≈ 

G51D     ≈ ≈ 

A53E     ≈ ≈ 

A53T ≈ ≈   ≈ ≈ 

 

Despite the rarity of familial PD cases, their exhaustive study can bring light to aSyn function and 

increase the understanding about this aging disorder. With this in mind, the study of each SNCA 

familial mutation should be carried on in a mammalian cellular model, since these are more similar to 

the affected neurons in the SNpC and different cellular models present contrasting results. Regarding 

the studies in S. cerevisiae cells, aSyn degradation should be better elucidated, to understand which 

degradation pathway is more prominent during aSyn clearance.  
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6 Supplementary Data 

 

 

 

 

 
Figure 6.1 Sequence alignments between aSyn WT sequence and the described aSyn mutants. 

Plasmids were obtained through site-directed mutagenesis, according to Material and Methods 2.4.1. 
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Figure 6.2 Sequence alignments between CDNF sequence and the described plasmids. 

Plasmids were obtained through Gateway Recombination Cloning Technique, according to Material and 

Methods 2.3.2. 
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